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Radio NMR, atomistic structure, slow (millisecond) dynamics

Microwave Rotational structure of molecules,Electron Spins EPR

Infrared Protein structure and folding, picosecond kinetics, hydrogen bonding

THz spectroscopy: Low frequency motion in liquids, intersuband transitions 
in semiconductors

Visible Charge and energy transfer in photosynthetic complexes, solvation 
dynamics, femtosecond relaxation, quantum wells and dots

UV Protein structure through backbone (FUV) and aromatic side chain (NUV)  
transitions, base stacking and photophysics in nucleic acids, DNA 

X-Ray Attosecond dynamics of core and valence electrons, atomistic structure

Gamma ray Nuclear structure

Multidimensional Spectroscopy





Simulated 2DXCS signal of para-aminophenol

6.9eV 5.9eV g.s.

Simulation:
 - Equivalent-core approx.
 - B3LYP/6-311G** orbitals
 - Bandwidth: 6 eV
 - Dephasing: 0.3 eV



Left: Proposed four-wave mixing of ultrashort x-ray pulses 
resonant with the O-1s and N-1s levels; Middle: theoretically 
predicted two-dimensional spectra the lower of which exhibits the 
coupling of excitations on the oxygen with those of the nitrogen in 
para and ortho-aminophenol molecules at right [from S. Mukamel].
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Integrated two-pulse 
Stimulated X-Ray 
Raman Scattering 
(I2P-SXRS)

Dispersed
two-pulse SXRS

Frequency-Dispersed
three-pulse SXRS

Integrated 
three-pulse 
SXRS

Heterodyne-detected 
four-wave mixing

Dispersed SXRS
Heterodyne-detected 
Four-wave mixing





signal generated using broadband (femtosecond 
or attosecond) laser pulses, monitored in the time 
domain

A common picture 
for  X-rays and 
vibrations

The effective polarizability depends on the pulse envelopes.

The resonannt pump creates a wavepacket of 
valence-excited states which then evolves for a time       
before the arrival of the probe pulse.

The system interacts twice 
with the pump and twice 
with the probe.  No phase 
control is required.
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Energy separation

Populations
Coherences
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- Time-resolved X-ray diffraction monitors the 
motion of the nuclei

- We propose a stimulated scheme using phase 
cycling instead of angular scanning of a local 
reference beam



SFG diagrams



The Transition-charge-density

- One-electron transition charge densities (TCD) 
are given by

- 



The Transition charge density



Rouxel, J. R., Kowalewski, M., Bennett, K., 
Mukamel, S. Direct X-Ray sum frequency 
generation imaging
of ultrafast electron dynamics. Submitted.









Rouxel, J. R., Kowalewski M., Mukamel, S. 
Diffraction-detected Sum Frequency Generation; a 
novel X-ray probe of molecular chirality. .Structural 
Dynamics. (2017)
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Shaped pulse for coherent control in 
time (left) and frequency (right) 
domain

Excited wavepacket evolution after 
interaction with the shaped pump





Resonant SFG Imaging
● What we calculate:

− The resonant sum-frequency generation 
signal

− The first interaction with an optical pulse 
creates an e-g coherence

− After a delay time T, a resonant diffraction 
pulse interacts with the molecule.

− This diffraction pulse resonantly excites the 
system through a doubly excited state ( f ), 
providing selectivity of certain e-g dynamics 
via the core (X-ray) transition.



Off-Resonant vs. Resonant
● In the off-resonant SFG process 

in Formyl fluoride, the entire e-g 
coherence is imaged and can 
be extracted through the 
evolution of the X-ray signal.
 

● For resonant SFG, the system 
is excited through the f-states, 
offering selectivity of specific 
dynamics. 

● This selectivity is seen in the 
diffraction imaging and can be 
extracted from the X-ray signal.



Selectivity from Different Cores

● During the second pulse, the 
system is excited through 
different f-states, offering 
selectivity of dynamics in the 
e-g coherence. 

● Here, we see that we can 
select and image different 
components of the e-g 
dynamics through the e-f 
excitation when the second 
pulse is resonant with the 
fluorine core (top) or the 
carbon core (bottom).
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Zhang, Y., Rouxel, J. R., Autschbach, J., Govind, N., 
Mukamel, S. (2017). X-ray circular dichroism signals: a 
unique probe of local molecular chirality. Chem. Sci., 8(9), 
5969.



2(a) depicts the energy calibrated, angle 
integrated O2 1s spectra for left and right 
circular polarization of Delta with overlapped 
UV laser. 2(b) shows the difference of these 
spectra (connected red dots) as well as the 
according calculations for 156 eV kinetic 
energy (blue line)
and supporting experimental results from 
specific tapers









Formamide is achiral in the ground state 
It bends and becomes chiral in its valence 
excited state

The chirality induced by the time-evolving 
bending can be probed by ultrafast core 
resonant light



50

Formamide Chirality Summary
- achiral molecule in the ground state and chiral in 
the excited state
- excited by left circular polarization -> create a 
small enantiomeric excess in the excited state
- frequency dispersed time resolved CD described 
in the  multipolar Hamiltonian
- the time resolved signal monitors the bending 
dynamics
Structural dynamics (2017)



Left : wavepacket dynamics along the bending normal coordinates after a 
circularly 
polarized valence pump excitation
Right : same with a linearly polarized pump







Frequency dispersed time-resolved X-ray pump probe CD

Rouxel, J. R., Kowalewski, M., & Mukamel, S. (2017). 
Photoinduced molecular chirality probed by ultrafast 
resonant X-ray spectroscopy. Struc. Dyn., 4(4), 
044006.



Direct Imaging  of Electronic Coherences
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A pump photon is down-converted into two entangled photons 
in a birefingent crystal, and the photon pair is then directed onto the sample. 

Quantum diffraction and imaging using 
entangled photons



Applications of entangled photons

General applications
Quantum information processing
Communications
Lithography
Metrology
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Spectroscopy applications
• Increased signal strength at low intensity
• New control parameters to disentangle complex spectra
• Control of exciton distribution
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Quantum theory of optical coherence

Phys. Rev. 130, 2529 (1963) 

Roy Glauber: coherence in quantum optical fields can be characterized by the 
factorization of field correlation functions: 

… (and so on)

Normalized correlation functions:



Two-photon absorption: Theory

Entangled absorption 
cross-section:

Spectroscopic 
information

Entangled two-photon 
state

Material and photon correlations are 
convoluted



Classical laser light: Entangled photons:

gives the classical response function

Stochastic light:

Nonlinear Optical Signals

The third order nonlinear optical signals are governed by a 
four-point correlation function of the electric field



two photon absorption of entangled 
light

Two-photon absorption of porphyrin dendrimer with different 
entanglement times

•
•

•

D. Lee and T. Goodson III 
(2006); 



Nonlinear Optical Signals

Bandwidth of the individual beams may be very broad 
– given by the “entanglement time” T

The sum of frequencies of an entangled pair is given by the width 
of the pump pulse, and may be a lot smaller than the bandwidth of the beams.

A.B. U’Ren, K. Banaszek and I.A. Walmsley, Quantum Info. Comput. 
(2003)



Correlation function of entangled photons

The two photon frequencies 
are strongly anti-correlated:

the individual beams are very 
broadband,

but their sum of their 
frequencies is sharply defined.



Correlation function of entangled photons

The two photon frequencies 
are strongly anti-correlated:

the individual beams are very 
broadband,

but their sum of their 
frequencies is sharply defined.



Correlation function of entangled photons

The two photon frequencies 
are strongly anti-correlated:

the individual beams have a 
broad bandwidth,

but the sum of their 
frequencies is sharply defined.



Quantum light contains additional degrees of freedom than 
classical light. These allow

Objectives of quantum imaging 
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Entangled photon-pair

 



Schmidt decomposition of an 
entangled photon-pair 
 



   
 



Limiting cases of the two-photon amplitude

 



Nonlinear quantum spectroscopy

Observable: Phys. Rev. A 93, 023807 (2016) 



  Extend ghost imaging to the microscopic regime using quantum 
correlations: 

The quantum imaging setup
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The coincidence imaging signal

 Intensity-intensity correlation,



Image. quality is highly dependent on the initial  degree of entanglement.

We offer a novel technique to improve signal. quality based on reweighted 
representation in spatial modes

Image Enhancement



 



 Image scaling with the source-intensity 

 



 

 Image scaling with source intensity 



J. Phys. Chem. Lett. (2019)



Bright ultrashort X-ray pulses produced by Free Electron Lasers (FELs) are 

usually based on the Self Amplied Spontaneous Emission (SASE) process, 

which results in strongly fluctuating stochastic radiation.

Stochastic properties of radiation have long been used to extract extra 

spectroscopic information compared to coherent light.

Spectral distributions of a single radiation
pulse and a wavelength of 0.1 nm at SASE 1 



• To describe the stochastic radiation, we introduce a frequency-dependent 

random phase                         to the probe field envelope

• The field-averaging 

• Assume a Gaussian distribution with standard deviation 

• Covariance spectroscopy of X-ray diffraction with intensity     

  and the amplitude                



• Minimal coupling interaction Hamiltonian (off-resonant limit)

• Ensemble averaged frequency-resolved X-ray diffraction signal



• Time-resolved X-ray diffraction (TRXD)

• Frequency- and time-resolved X-ray diffraction (FTRXD)

• Frequency- and time-resolved X-ray diffraction (FTRXD) with noisy probe

Noisy probe kills the dynamics 
contribution from the coherence!

     How to restore the 
time-dependent contribution?



• Two covariance measurement techniques of the FTRXD with the probe 

field intensity and the amplitude

Temporal resolution is restored by the covariance measurement!

  1. Covariance measurement of the FTRXD with the probe field intensity

      (FTRXD-intensity covariance)

factor originated from the noise of the X-ray probe noise is removed.



Scattering off the             population

A Elastic scattering dominates the TRXD 

signal

B Frequency-resolution resolve the elastic 

and inelastic (Stokes) contributions 

according to their Raman frequency

C Covariance with probe field amplitude 

enhances the frequency resolution.

at

Enhanced frequency-resolution



Scattering off the             population

A Elastic scattering dominates the 

TRXD signal

B Frequency-resolution resolve the 

elastic and inelastic (Stokes and 

anti-Stokes) contributions according to 

their Raman frequency

C Covariance with probe field 

amplitude enhances the frequency 

resolution.

at



Scattering off the 

            

coherenceA Diffraction off all coherences 

contribute to the diffraction signal

B Frequency-resolution resolve a 

specific coherence contribution

Limit: different diffraction event may 

have same detection frequency.

C Covariance with probe field 

amplitude single out a single diffraction 

pathway by means of additional 

frequency selection and

Fourier transformation of time-domain signal 
reveals the coherence component



Scattering off the 

            

coherence

Similar discussions as the scattering 
off the             coherence applies 



• Time- and frequency-resolved X-ray diffraction imaging 

provides a spatially-resolved probe of electron dynamics 

induced by an actinic pulse.

• Covariance from the stochastic sources can enhance the 

spectral at the expense of the temporal resolution.

• Frequency-resolution of the X-ray diffraction separated the 

inelastic contributions (Stokes and anti-Stokes) from the 

elastic.

Submitted 
work.


