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Spectrum for each compound is unique = remote detection

Helium: solar in 1868, terrestrial in 1895
What causes the spectrum?

Newton didn’t know
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Simplest spectrum: Hydrogen Atom
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re complicated: Na

THE SODIUM ATOM SPECTRUM
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Qantum Mechanics

ih%lpa (11) = [-3 V2 4V (2)]W, (1) = H (x) @, (x.1)

N (x, t) _ —iEat/hl/ja (x)

cC=AV
hvy,, =E;, - E,
[y (x) M (x), (x) o]
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Quantum numbers

n: principle quantum number
1,2,3,4,...

I: electronic angular momentum quantum number

0 (S for sharp), 1 (P for principle), 2 (D for diffuse), 3 (F), 4 (G), ...

A: electronic angular momentum along diatomic axis
0 (2%), =1 (M), £2 (4), £3 (D), ...
S: electron spin angular momentum quantum number
0,12, 1, 3/2, ...
Spin multiplicity: 2S+1
1 (S=0, singlets), 2 (S=1/2, doublets), 3 (S=1, triplets), ...
Interchange symmetry: g,u
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- iie and Conquer

1: Freeze nuclei, solve for electron wave functions
high dimensionality, low density of states

2: Allow nuclei to move under forces of electron wave functions
low dimensionality, high density of states

Born and Oppenheimer 1927

H=Hgelec4+Hnuc Hcross
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»iidie and Conquer

1: Freeze nuclei, solve for electron wave functions
high dimensionality, low density of states

2: Allow nuclei to move under forces of electron wave functions
low dimensionality, high density of states

Born and Oppenheimer 1927

H=Helec4Hnuc+ s
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| Diie and Conquer

1: Freeze nuclei, solve for electron wave functions
high dimensionality, low density of states

2: Allow nuclei to move under forces of electron wave functions
low dimensionality, high density of states

Born and Oppenheimer 1927

H=Helec4Hnuc+ s

justify by low density of states, my/m,>>1
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Solving for electron motion

Integral-differential equation with homogenous boundary conditions at infinity
=>expand in terms of analytic basis functions
Assign electrons to basis functions in all possible ways & diagonalize:
full configuration interaction (FCI) i
For 10 e-, 92 basis functions, ( 952 ) ~25%10"
Or
«  Optimize molecular orbitals with small FCI: 536 variables
« Allow 0, 1, or 2 e outside of small FCI space: 1,729,808 functions

«  Contract pair excitations: 47,375
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Advances in potential energy curve calculatioff;

02 1Sig+g

-149.8

A) Dynamic weighting for valence MO determination

-149.85 |

A) Adjust weighting by value of energy

-149.9 |

2) Rydberg Orbital Calculation

A) First compute valence MOs: inward

-150

B) Freeze valence MOs, compute Rydberg MOs: outward

Energy in Hartree

C) Diabatic States 15005 |

>

Hcross remains small 501 }

B) Phase factors! |
C
-150.2 M
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Advances in potential energy curve calculatio m

A) Dynamic weighting for valence MO determination
A) Adjust weighting by value of energy
2) Rydberg Orbital Calculation
A) First compute valence MOs: inward
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Aiabatic vs. Diabatic states

Thermodynamics: without gain or loss of heat

Adiabatic from the Greek “incapable of being crossed”

Nuclei are stationary, solve for electron motion: [/ ( r) Yo =E, ( r) Yo
Diabatic — not adiabatic

I/Jj does not "change" with r NO 2Pi diabatic states
-129.5 = , \/ ——
E, O Hi Hyp
= YT U .
0 E H,, H,, -129.55 |
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‘Advances in potential energy curve calculatio m

A)  Dynamic weighting for valence MO determination ...

A) Adjust weighting by value of energy

-129.55

2) Rydberg Orbital Calculation
A) First compute valence MOs: inward 206
B) Freeze valence MOs, compute Rydberg MOs: outward

-129.65

C) Diabatic States
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NO 2Pi adiabatic/molecular diabatic states
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Splitting NO 2Pi
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Solving for nuclear motion

0.5

AII States are cou pled ! (exce pt ug) N2 effective potential

Rotation strongly coupled to vibration

Finite Difference Boundary Value method

Bound states: diagonalize a banded matrix

Free states: solve banded linear equations

Energy (a.u.)

02

0.1

Bond Length (a.u.)
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Bound state:

Free state:

| Howto find energies
Hy, =Ey,. ¥, = >|nE(r)

=5, Sl =l Sl ()

F?(r)=0andlim,_ F,(r)=0

b.c. determine energy

lim

r—0

complex

limreOF:E (I’) =0
k,;,% [exp (—ikn,r) 5, — exp (ikn,r) S (E )]
k?? =2u (E _ en) incoming outgoing

lim Fn’7E (r)

r—>00

energy determines b.c.
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| Howto find energies
Hy, =Ey,. ¥, = >|nE(r)

=5, Sl =l Sl ()

lim,_,F*(r) = 0 and lim,__F;* (r) = 0

b.c. determine energy

Bound state:

acoustics:
I echoes,

. compiex whisper rooms, ...

lim,_,F" (r)=0
Free state: K

. _1 X .
lim,_ F" (r) =k’ [exp (-ik,r)8,, - exp(ik,r)S,, (E )]

2 _ _ incoming outgoing
ky = 2u(E-e,)
energy determines b.c.
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02 Schumann-Runge
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Odd Parity
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Even Parity
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Energy in Hartree
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Energy in Hartree
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- ine shapes...

Bound-bound
Voigt profile is Gold-Standard
o0 (V - V’)z y / 2 12
L =A - dv
v) (Vo)fo B (v =v,) +y* /4
Bound-free
? 2
) o (V - V,) ')/, / 2 ,
L =A - dv
(V) (vo)fo eXp 20.2 (V( _ VO )2 + yIZ / 4
yY=y+T
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Line shapes...

Bound-bound
Voigt profile is Gold-Standard
"2
_("‘V)L yi2

oo

L(v)= A(vo)fo exp

20° v’—v0)2+y2/4
Bound-free
VKT
? w (v—v’)2 ' /2 _? ;

L(v)=A(v exp|— dv'’

R I RN T
1% =

Y =y+T °7 3gc’n
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* Hypersonic Re-entry

« Spectroscopy

«  Quantum Mechanics

« Born-Oppenheimer Approximation
« Electronic Structure Calculations

« Diabatic States

 Bound vs. Free states

* Line shapes
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