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Theory

Semi-classical formalism of Robert and Bonamy

m Complex formalism - halfwidths and line shifts

m Free from cut-off procedure and adjustable
parameters

m Trajectories from solution of Hamilton’s eqs. or
R-B parabolic approximation

m General spherical tensor expansion for the
Intermolecular potential



Intermolecular Potential
H,O-N, and H,0-0, systems

m L_eading electrostatic components:

d-g, g-q

m Atom-atom potential: expanded to 8™

order

m The vibrational depende
Isotropic potential uses t

nce of the
ne Induction and

LLondon dispersion poter

tials



Spherical Tensor Expansion of the Potential
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mwhere C(¢; ¢ , /; m; m, m) Is a Clebsch-Gordan coefficient,
Q,=(a, By, v7) and Q ,=(a,, B,, 7,) are the Euler angles describing
the molecular fixed axis relative to the space fixed axis. = (0,¢)
describes the relative orientation of the centers of mass.

m Electrostatic interactions: g=1 and w=0

m Atom-atom interactions: g=12 or 6 and w defined by the order of
the expansion where Order=/+4,+2w



S, term

Depends strongly on the vibrational

dependence of polarizability. The
coefficients for H,O are taken from the work

of Luo et al. J. Chem. Phys. 98, 7159 (1983).

o =9.86+0.29 (v1 +%) +0.03 (Vz +%) +0.28 (Vs +%)



S, term

Depends strongly on the vibrational

dependence of polarizability. The
coefficients for H,O are taken from the work

of Luo et al. J. Chem. Phys. 98, 7159 (1983).
o 9.86+O.2‘9(v1\}6) +0.03 (v, + 1) +0.28 (v, + 1)

Note, stretch modes have roughly the
same contribution.



Halfwidth and Line Shift in RB theory
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Connecting states

Absorbing Molecule
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optical transitions

collisionally induced transitions
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N, and O, as perturbers

B(N,) =2.0006 cm* B(O,) =1.4377 cm

Energy gaps
~24 t0 960 cm! ~17 to 690 cm!

Most probable states
AE = ~150 cm™? AE = ~110 cm™?
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L_ow J transitions

—____ } AE small

AE, 5,
AEj 55

On resonance collisions, collisional
contributions dominate the half-width



High J transitions

AE } AE large

AEJZ%JZ’

Off-resonance collisions, collisional
contributions small, half-width
dominated by vibrational terms.



& (mk/atm)

v, H,O-N, P and R Doublet Transitions

y (mk/atm)

6.+ I
. ﬂlﬂ
“ ] Eﬁ ﬁlﬁ (J+1; oy =doy and J1g 515 ¢Jy )
Z E L E % I ®and O are calculated values
41 T E%L l : Efﬂ associated with P and R lines
. IEB such that (Ka’-Ka”)=(J’-J") and
8 e (Ka?-Ka?)=-(J7-J"), respectively.
] fﬁ %&% The horizontal dashed line
E: = Indicates the pure dephasing
2 E contribution
T =,
wd JE E o Gamache and Hartmann, JQSRT 83, 119-
] gi %% 147 (2004).




& (mk/atm)

v, H,O-N, P and R Doublet Transitions

y (mk/atm)

6.+ I
. ﬂlﬂ
* Eﬁ ﬁlﬁ (1 jyy <oy and J£1g yy¢J; )
2 EE@L I EI %E;g . ®and O are calculated values
4 I | T i" || associated with P and R lines
o IEB such that (Ka’-Ka”)=(J’-J") and
8 e (Ka?-Ka?)=-(J7-J"), respectively.
f%ijj& %, The horizontal dashed line
E: = Indicates the pure dephasing
< E contribution
T =
wd JE o Gamache and Hartmann, JQSRT 83, 119-
5 gt %% 147 (2004).




& (mk/atm)

v, H,O-N, P and R Doublet Transitions

y (mk/atm)

6.+ I
. ﬂlﬂ
* Eﬁ ﬁlﬁ (1 jyy <oy and J£1g yy¢J; )
2- E L EI % 7 7/ ®and O are calculated values
4 I 1 E%L l Efﬂ associated with P and R lines
o IEB such that (Ka’-Ka”)=(J’-J") and
8 (Ka'-Ka?)=-(J7-J7), respectively.
f%ijj& %, The horizontal dashed line
E: = Indicates the pure dephasing
< E contribution
o =,
wd JE o Gamache and Hartmann, JQSRT 83, 119-
§T ) %«% 147 (2004),
— ot Im(S;) —




& (mk/atm)
® & A NN O N M~ o ®
| |

KN
o

100.

v (mk/atm)

10. A

v, H,O-N, Doublet Q-branch Transitions

TheJ j«Jg andJ <=4 54) Q
line doublets of the v, band.

| are experimental values. ® and O
are calculated values of the Ka’-
Ka”’=1 and Ka’-Ka”= -1 transitions,
respectively.

The horizontal dashed line indicates
the pure dephasing contribution

Gamache and Hartmann, JQSRT 83, 119-147
(2004).



o (mk/atm)

v (mk/atm)

Calculated H,O-N, y and 6 for the

J-1j 3.4¢-J; ; transitions
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Calculated H,O-N, y and 6 for the
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Transitions with Kc=J in bands involving

v (mk/atm)

three quanta of stretching vibration

100.

10.

! i

{ I
I.. I
i

Q.T‘A

e three quanta of stretch
A v, band

T measurement




Transitions with Kc=J in bands involving four
guanta of stretching vibration
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Calculations agree well with measurement.

What can theory tell us about the
temperature dependence of the half-width?



Temperature Dependence “Rule-of-thumb”

For “on resonance” collisions the
temperature dependence of the half-
width Is given by

(n+4)

y a T "
Interaction n  Interaction n
d-d 4  d-q, g-d 6

-9 8  dispersion 10



Temperature Dependence of ¥

m Power law form

y(T)=r(To) =

m |n practice plot (fit)
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H,0-N, system

“Dipole-Quadrupole” system — “rule-of-thumb” gives
temperature dependence of 5/6
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H,0-N, system

“Dipole-Quadrupole” system — “rule-of-thumb” gives
temperature dependence of 5/6

Temperature Exponent




T-dependence for individual lines

13 temperatures studied from 150-400 K
150., 200., 212., 225., 238., 275,
288., 296., 312, 325., 338., 350., 400.K



Low J”

half-widths are dominated by rotational
contributions (S,, on resonance).
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High J”

half-widths are dominated by vibrational
contributions (S,, off resonance).
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Intermediate J”

a mixture of rotational and vibrational
contributions. (S, and S,)
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Temperature Range of the fit

The derived temperature exponents
are dependent on the range of the fit.




In{yn/ 7\

015

0.1

0.05

296-225 K

Results of fit: Slope=

0.593748 Carrelotion Coefficient=0.88997




In{y\n/y\npi

0.2

—-0.2

—0.4

—0.6

HzD—Gir V2

5 0 5 <——

700-200 K

Results of fit: Slope=

~11%

D.65870 Carrelogtion Coefficient=0.99894

-0.4

—-0.2

In{To/T3




Temperature Exponent
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Temperature Exponent
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Temperature Exponent
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Comparison with measurement

Calculations are Ref 710, fit to 4 temperatures:
200, 225, 275, 296 K

Ref 70 Remedios, J. J., PhD University of
Oxford, (1990)

Ref 79 Q. Zou and P. Varanasi, P., J. Quant.
Spectrosc. Radiat. Transfer, 82, 45-98 (2003).

Ref 155 M. Birk and G. Wagner, DLR, Private
Communication, 2006. (5% error bar added)
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Temperature exponent
and
error In the measurement
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HITRAN Algorithm
for temperature exponents of H,O



Temperature exponents on
the HITRAN database
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0.73 13 0.37
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0.59 16 0.38
0.53 17 0.41
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Ve band transitions
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Conclusions

mWhen y an N are from rotational
contributions. Vibrational dependence
of v 1s small, N is positive and follows
the power law.




Conclusions

mWhen y an N are from rotational
contributions. Vibrational dependence

of v 1s small, N is positive and follows
the power law.

mWhen y an N are from vibrational
contributions. Vibrational dependence of

v 1S large, N can be negative, the power
law Is approximate.




Conclusions

mWhen y an N are from a mix of
rotational and vibrational contributions.
N 1s not described by the power law
expression.



Conclusions

mWhen y an N are from a mix of
rotational and vibrational contributions.
N 1s not described by the power law
expression.

m N IS dependent on the temperature range
of the fit.



Conclusions

m \When the temperature range is large, the
power law becomes less valid.

m N IS sensitive to the error In the half-

width (R. R. Gamache, Eric Ari¢, Corinne
Boursier, and Jean-Michel Hartmann, "A Review of
Pressure-Broadening and Pressure-Shifting of
Spectral Lines of Ozone," Spectrochimica Acta A

54, 35-63 (1998). )
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