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Vision: Map total wave packet

Complex processes

» Nuclear and electronic dynamics
Internal conversion

Intersystem crossing

YV V V

Multiple electronic states

Experiments

» Ultrafast spectroscopy

» Strong-field measurements
» Scattering

Theory

» Electronic structure
» Nuclear dynamics
» Observables

PRL 120 183003

Ultrafast x-ray scattering

Is emerging as an
important technique

AMO physics, photochemistry, new technologies
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Example 1/2: STRUCTURAL DYNAMICS
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Minitti et al. PRL 114 255501 (2015) + Wolf et al. Nature Chem. 11 504 (2019)



Example 2/2: Excited state structure (N-methyl morpholine)
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Stankus et al. Nature Chemistry (2019)



TOMORROW




ldentify electronic states, analyse coherences ?
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*Simmermacher et al. PRL 122 073003 (2019) and JCP 151 174302 (2019)



Full characterization of molecular wave packet
* Identify electronic state
* Nuclear + electronic dynamics (inversion problem) PRL 117 153003
* Coherent mixed scattering
* Transient electronic dynamics
* Degree of coherence
* Signatures of conical intersections (Mukamel)

Experimental considerations

* (Qg-range

* Signal/noise (repetition rate)

* Characterized/seeded x-ray pulses

* New detectors? Energy resolution?

* Optical laser systems @ LCLS

* Sample delivery (molecular alignment)

* COMPUTATIONAL AND THEORETICAL GUIDANCE ESSENTIAL

Simmermacher et al. PRL 122 073003 (2019) and JCP 151 174302 (2019)
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Example 3: Confirm excited state (N-methyl morpholine)

200 nm
X —{3px, 3py, 30, }

Use anisotropy of scattering

Anistropy confirms excitation
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Yong et al. ). Phys. Chem. Lett. (2018)



Example 4: Counting electrons during dissociation
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Ruddock et al. Angew. Chemie (2019)



Computational tools: reconstruct dynamics

Weighted by experimental data”

Trajectories from QM simulations® 6

50 100 150 200
Time (fs)
*Quantum yield close to recent CASPT2 simulations

e <RMSD>, for all trj-pairs

*  Clustering algorithm OPTICS
(reachability plots)

* 7 clusters

Probability density
plot for unweighted
simulation

SAI-MCE/SA3-CASSCF(6,4)/cc-pVDZ



Consider future

experiments that
exploit coherence of x-rays

Original work by Cao+Wilson, Bratos, Mgller+Henriksen, Dixit+Santra, Mukamel




Scattering of coherent x-rays
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Thomson window pulse nuclear wps scattering matrix
x-section fcn profile elements

Simmermacher et al. PRL 122 073003 (2019) and JCP 151 174302 (2019)



Scattering of coherent x-rays

N 00
do do _ . _
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Thomson window pulse nuclear wps scattering matrix
x-section fcn profile elements
Lsi(q, R) = {@r(R)|LIp:(R)) L=3,em
electronic states fand i scattering operator

Simmermacher et al. PRL 122 073003 (2019) and JCP 151 174302 (2019)



3 distinct components
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Simulation of experiment in H,

X-ray Probe
8.5 keV.
0.1 fsFWHM

E (eV)

Optical Pump
14.3 eV

25 fSFWHI\/I

10% excitation

4
100 2 3

Simmermacher et al. PRL 122 073003 (2019) and JCP 151 174302 (2019)
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Difference Signal - ’ >
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Signal < 0 at all times = expanded electron density compared to X-state
Changes in signal correspond to changes in e density

Electron transfer 04

Electron-density iso-surfaces
for wavepacket on B1X} state

Tvib =62 fs



: ! T, T, 3T,
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Signal predominantly > 0 = inelastic transitions from B-state more likely

The inelastic component changes with geometry
= in contrast to the Independent Atom Model (IAM)

Tvib =62 fs
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Note that not centrosymmetric as two previous contributions

Appears at times nT,,;;, when nuclear overlap |yx(R)xg(R)| maximal
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Transient beating between electronic X and B states with period

Tvib =62 fs



DETECTION WINDOW i Tow 3sz~b

TOTAL -
SCATTERING ™|

2

T T T T T T T T T T <10

-1.26 084 -0.42 0.00 0.42 0.84 1.26

Coherent mixed term vanishes for LARGE DETECTION WINDOW in present case
(due to symmetry)

Simmermacher et al. JCP 151 174302 (2019)
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