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Background:

I Navier-Stokes requires as input various collision integrals for
gases
I Di↵usion,
I Viscosity
I Thermal conductivity
I Thermal di↵usion ...

I Levin, Stallcop and Partridge state-of-the-art
I Non-Relativistic Born-Oppenheimer Approximation (freeze

nuclei first, let them move second)
I Solve electron problem: Compute realistic Potential Curves

(PC) from first principles,
I Solve nuclei problem: Compute scattering properties for each

PC using sophisticated semi-classical method
I Compute cross sections
I Compute appropriate thermal collision integrals



For Mars entry need

I C+O+, C++O, C+O, C+C+, C+N+, C++N
I electron structure calculations for PC

I MOLPRO fails.
I need a better tool

I Massively Parallel Electron correlation

I MPI parallelization
I i2cMRCI
I full relativistic
I two-electron matrix elements
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CO+

I C+ 2Po and O 3P
I ⌃+, 2⌃�, 2⇧, �; doublet and quartet

I C 3P and O+ 4So

I ⌃+ and ⇧; doublet, quartet, and sextet
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Dealing with avoided crossings of adiabatic states

I Hard to interpolate
I “Small” corrections to Born-Oppenheimer approximation no

longer small
I Transform to equivalent electronic basis that is smoother and

“small” corrections are small: the diabatic basis
I Definition fuzzy
I New method for diabatic basis set

I Requires coupled states
I More atomic state thresholds
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Corrections to Born-Oppenheimer Approximation

I d/dr (and d2/dr2) ✔!
I But wait, there’s more!
I Angular Momentum

I `: orbital angular momentum of diatomic
I ~L: electronic orbital angular momentum
I ~S : electronic spin angular momentum
I Hund’s case a: J, S , ⇤, ⌃
I J: vector sum of `, ~L, and ~S
I ⇤: projection of ~L on internuclear axis
I ⌃: projection of ~S on internuclear axis

I Mass polarization: origin of electron coordinates

I Do these matter?



Solving nuclear Scattering Problem

I B.O. Approximation

I [� ~2

2µ
d2

dr2 + V (r)� E + `(`+1)~2

2µr2 ]F `(r ,E ) = 0
I limr!0 F `(r ,E ) = 0,

limr!1 F `(r ,E ) / h(�)
` (kr)� exp[2i�`]h(+)
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I 2nd order correction

I V ! V +
P

n
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0
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2

Vn(r)�Vo(r)

I but limr!1 / r2

I Well known problem without a solution



Solution to problem

I couple di↵erent ⇤, ⌃, (and S (so!));

I need matrix elements of
⌦
n
��L2x + L2y

��m
↵

!



Computing
⌦
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Defusing this bomb

I Mass polarization 1
2 < n|⌃ij~vi · ~vj |m > /Mtot

I atom-atom: A
MA

+ B
MB

I diatomic: A+B
MA+MB

I 1
3 comes from 1

2µ < n| @2

@r2 |m >

I rest from 1
2µr2 < n|L2x + L2y |n0 >

I limr!1 < n|L2x + L2y |n0 >=< n|L2x ,a + L2y ,a|n0 >
+ < n|MPxy |n0 > 2µr2

I when < n|L2x ,a + L2y ,a|n0 >/ �nn0 , long range is pure



Conclusions

• We have a new powerful tool (MPEC) to treat complex systems
• We have the machinery to treat open-shell systems
• Dynamics calculations are underway


