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Typical Pump-Probe Schematic

• Widely used for fs + sub-fs 
resolution

• Pump excites neutral molecule
• Probe pulse dissociates excited 

molecule
• Time between pump and 

probe pulse is varied => KER(𝛕𝛕)

Zewail, A. H. (1988). Laser Femtochemistry. Science

Taken from M. Magrakvelidze (2014)
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Background Theory
• Born-Oppenheimer approximation

– Nuclear motion fixed with respect to 
electrons

– 𝜓𝜓 𝑅𝑅, 𝑟𝑟, 𝑡𝑡 = 𝜓𝜓𝑒𝑒 𝑟𝑟, 𝑡𝑡 𝜓𝜓𝑁𝑁 𝑅𝑅, 𝑡𝑡
– �𝐻𝐻𝑁𝑁 = 𝑇𝑇𝑅𝑅 + 𝑉𝑉 𝑅𝑅 + 𝑉𝑉𝑒𝑒𝑁𝑁

• Franck-Condon Principle
– Electronic transitions result in molecular vibration
– 𝜓𝜓1 𝑅𝑅, 𝑡𝑡 = 0 = ∑𝑖𝑖 𝑎𝑎𝑖𝑖𝜙𝜙𝑖𝑖(𝑅𝑅)
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Time-Dependent Schrödinger Equation (TDSE)

• Total Molecular Wavefunction
– 𝜙𝜙 𝑟𝑟,𝑅𝑅, 𝑡𝑡 = 1
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[𝜓𝜓1 𝑅𝑅, 𝑡𝑡 𝜓𝜓𝑒𝑒𝑒𝑒1 𝑟𝑟, 𝑡𝑡 + 𝜓𝜓2 𝑅𝑅, 𝑡𝑡 𝜓𝜓𝑒𝑒𝑒𝑒2 𝑟𝑟, 𝑡𝑡 ]

– Project unto electronic states

• Coupled Hamiltonian

– Two states: −𝑖𝑖 𝑑𝑑
𝑑𝑑𝑑𝑑

𝜓𝜓1
𝜓𝜓2

= (�𝐻𝐻 + �𝐻𝐻𝑐𝑐) 𝜓𝜓1
𝜓𝜓2

– �𝐻𝐻 + �𝐻𝐻𝑐𝑐 = Block Matrix
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Time-Dependent Schrödinger Equation (TDSE) (Cont.)

• �𝐻𝐻 + �𝐻𝐻𝑐𝑐

• Set of Coupled Equations:

– 𝑖𝑖 𝜕𝜕
𝜕𝜕𝑑𝑑

𝜓𝜓1(𝑅𝑅, 𝑡𝑡)
𝜓𝜓2(𝑅𝑅, 𝑡𝑡) = 𝑇𝑇𝑅𝑅 + 𝑉𝑉1(𝑅𝑅) 𝑑𝑑12 ∗ 𝐸𝐸(𝑡𝑡 − 𝜏𝜏)

𝑑𝑑12 ∗ 𝐸𝐸(𝑡𝑡 − 𝜏𝜏) 𝑇𝑇𝑅𝑅 + 𝑉𝑉2(𝑅𝑅)
𝜓𝜓1(𝑅𝑅, 𝑡𝑡)
𝜓𝜓2(𝑅𝑅, 𝑡𝑡)

– 𝑑𝑑12 = 𝜓𝜓𝑒𝑒𝑒𝑒1 𝑟𝑟 𝜓𝜓𝑒𝑒𝑒𝑒2 (dipole coupling)
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Probability Density for O2
+ Lower State

• Oscillation Period 
estimation

• Revival time 
estimation

Obtainable quantities

Solid Black Line = <R>
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Quantum Beat Spectra
• 𝜌𝜌 𝑅𝑅, 𝑡𝑡 = 𝜓𝜓1 𝑅𝑅, 𝑡𝑡 2 + 𝜓𝜓2 𝑅𝑅, 𝑡𝑡 2

• �𝑃𝑃 𝑅𝑅,𝜔𝜔 = ∫0
𝑇𝑇 𝜌𝜌 𝑅𝑅, 𝑡𝑡 ∗ 𝑊𝑊(𝑡𝑡) ∗ 𝑒𝑒−𝑖𝑖𝑖𝑖𝑑𝑑 𝑑𝑑𝑡𝑡

• Gives contributing vibrational energy levels/states
– 𝑇𝑇 = 2𝜋𝜋/Δ𝐸𝐸𝜈𝜈

• Increase propagation time => increase frequency resolution
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Angular Probabilities
• Dissociation probabilities
• 𝐼𝐼𝑒𝑒𝑒𝑒𝑒𝑒 = 𝐼𝐼0cos𝜃𝜃
• 2D allows for rotation
• 1D treats θ as a parameter

I = 3.0 * 10^14 W/cm2 I = 4.0 * 10^14 W/cm2
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Angular Probabilities
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Field can rotate wavepacket on upper state to a LICI where it transfers to a lower stateMax value for 2D moves away from parallel angles due to the increasing intensity being able to rotate the molecule or control the wavepacket towards the LICIWith the external field, wavepacket can be trapped, higher intensities lead to more deformed potential wells. Going forward we are going to do more intensities and more pulse lengths in order to see if we can really nail down this bond hardening mechanism. Field turns crossings into avoided crossings. Increase in intensity increases the gap between PECS which results in trapping.



Conclusions

• Capturing molecular dynamics
• B.O. and F. C. approximations
• TDSE 
• Probability Densities and QB Spectra
• Rotational dynamics

10

Presenter
Presentation Notes
For rotation, even at these shorter pulse lengths, we see effects of rotation. 



Works Cited
• A. H. Zewail, Science 242 (1988) 1645.
• M. Magrakvelidze, A. Kramer, K. Bartschat, and U. Thumm, J. 

Phys. B 47 (2014) 124003.
• S. Xue, H. Du, B. Hu, C. D. Lin, and A. Le, Physical Review A 97

(2018) 043409.
• M. Magrakvelidze (2013), Dissociation Dynamics of Diatomic 

Molecules in Intense Fields, Kansas State University.
• T. Niederhausen (2007), Quantum Dynamics in Laser-Assisted 

Collisions, Laser-Molecule Interactions, and Particle-Surface 
Scattering.

• A. Tóth, et al, Physical Review A 99 (2019) 043424.

11

Presenter
Presentation Notes
1645-1653 



Acknowledgements
• Dr. Paul Abanador
• Dr. Maia Magrakvelidze
• Dr. Uwe Thumm
• Dr. Flanders & Dr. Greenman 
• Beocat
• Kansas State and NSF

12



Crank-Nicholson Method

• �𝐻𝐻 = �𝑇𝑇 + �𝑉𝑉 i 𝜕𝜕
𝜕𝜕𝑑𝑑
Ψ = �𝐻𝐻Ψ

• Integration => Ψ 𝑅𝑅, 𝑡𝑡 = exp −𝑖𝑖 �𝐻𝐻𝑡𝑡 Ψ(𝑅𝑅, 𝑡𝑡 = 0)
• Ψ 𝑅𝑅, 𝑡𝑡 + Δ𝑡𝑡 = exp −𝑖𝑖 �𝐻𝐻Δ𝑡𝑡 Ψ 𝑅𝑅, 𝑡𝑡

• exp − �𝑇𝑇 + �𝑉𝑉 Δt = exp −
�𝑉𝑉Δ𝑑𝑑
2

exp −�𝑇𝑇Δ𝑡𝑡 exp −
�𝑉𝑉Δ𝑑𝑑
2

• In our case:

– exp −𝑖𝑖 �𝐻𝐻𝑑𝑑𝑡𝑡𝑑𝑑Δ𝑡𝑡 = exp − 𝑖𝑖 �𝐻𝐻𝑐𝑐Δ𝑑𝑑
2

exp(−𝑖𝑖 �𝐻𝐻Δ𝑡𝑡) exp − 𝑖𝑖 �𝐻𝐻𝑐𝑐Δ𝑑𝑑
2
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Substituting in H into the exp() form, since these are matrices which don’t commute, we cannot simply rewrite the exp factored. There are corrective terms which leads to this split representation. In 1D this isn’t necessary, but for higher dimensions where there are more than one term for T, this is used. 
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