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On Spectral Domain Ghost Imaging:
Making Better Measurements Exploiting Correlation,

Understanding Electronic motion on Natural Timescales



Coherent Electron Dynamics & the Attosecond Timescale

2L. Argenti, Phys. Rev. A 95, 043426 (2017)

Grell et al. Phys Rev. Res. 5 023092 (2023)

● Electron motion is responsible for photochemical change
○ How does electronic charge (and energy) flow in a molecular 

system? 
○ How is this flow/motion influenced by the mutual interactions 

between electrons (electron-electron correlation effects)?
○ What role does electronic coherence have on subsequent 

nuclear motion (chemistry)?

● This is a hard question! We need to start with small model systems

○ ! = #2% ∆"
ℏ ≲ 1 fs when ∆)~ few eV

○ We need attosecond measurements

● There is other important interactions that takes place on the 
attosecond timescale:
○ Photoemission delay
○ Auger-Meitner decay
○ Interatomic Coulombic

Decay (ICD)



2023 Nobel Prize in Physics
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©Johan Jarnestad/The Royal Swedish Academy of Sciences

“for experimental methods that generate attosecond pulses of light 
for the study of electron dynamics in matter.”



Attosecond Pulses at LCLS: XLEAP project

• ESASE for SXR 
pulses.

• 10’s-100’s uJ
• High rep. rate 

coming online

4J. Cryan et al. AAMOP 71 1-64 (2022)



Objectives of the Attosecond Science Campaign at LCLS
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Creation and control of 
nonstationary electronic 

states

Explore X-ray spectroscopic observables for 
following ultrafast charge motion with atomic-

site specificity

Validation of theoretical predictions 
through meaningful comparison 
between experiment and theory

Simulation from Gilbert Grell/Fernando Martin (UAM) and Marco Ruberti (Imperial)



Objectives of the Attosecond Science Campaign at LCLS
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Follow charge migration across the molecular 
backbone and study the coupling of charge motion 

to nuclear dynamics.

Develop nonlinear X-ray techniques 
for probing ultrafast dynamics



Outline

• Spectral Domain Ghost Imaging: Achieving better measurements thru correlation
Correlating measurements with high-rate diagnostics to improve measurement fidelity
• Demonstrations at existing FELs
• Applying Regression in the temporal domain

• Application to an important problem: Motion of Electron on Attosecond Timescales. 
• Exploiting Spectral Domain Ghost Imaging to follow attosecond electron motion

• Outlook on High Energy Attosecond Pulses:
• Exploiting X-ray Nonlinearities to study transient chemical processes. 
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Spectral Variation in SASE FELs
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Photon Energy

What we haveWhat we think we want

is typically thought of as a disadvantage.  



Making Better Measurements thru Correlation
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P. Janassek, S. Blumenstein and W. Elsäßer, Ghost spectroscopy with classical thermal light emitted by a superluminescent diode, Phys. Rev. Appl., 2018, 9(2), 021001
C. Amiot, P. Ryczkowski, A. T. Friberg, J. M. Dudley and G. Genty, Supercontinuum spectral-domain ghost imaging, Opt. Lett., 2018, 43(20), 5025–5028
Kayser, Y., Milne, C., Juranić, P. et al. Core-level nonlinear spectroscopy triggered by stochastic X-ray pulses. Nat Commun 10, 4761 (2019)

Classical ghost imaging – spatially modulate light source 
and use correlation between high resolution image and 
bucket detector to build image of object



Making Better Measurements thru Correlation
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P. Janassek, S. Blumenstein and W. Elsäßer, Ghost spectroscopy with classical thermal light emitted by a superluminescent diode, Phys. Rev. Appl., 2018, 9(2), 021001
C. Amiot, P. Ryczkowski, A. T. Friberg, J. M. Dudley and G. Genty, Supercontinuum spectral-domain ghost imaging, Opt. Lett., 2018, 43(20), 5025–5028
Kayser, Y., Milne, C., Juranić, P. et al. Core-level nonlinear spectroscopy triggered by stochastic X-ray pulses. Nat Commun 10, 4761 (2019)
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Spectral Domain Ghost Imaging
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Measure incident photon spectrum Measure sample response
• e.g. photoelectron KE

X-ray pulse

! "# =
(# shots x # hv bins) (# hv bins x # KE bins) (# shots x # KE bins)

X-ray absorption spectroscopy

Driver Phys. Chem. Chem. Phys. 22 (2020)

of magnitude weaker valence-to-core (V2C) line, associated to
electron transitions from valence or ligand orbitals to the metallic
1s state. The Kβ mainline is sensitive to the metal spin state and
the metal-ligand covalency while the V2C region contains
information about the ligand identity, electronic structure and
metal-ligand bond length31. A calculation of the Kβ spectrum of
Fe2O3 using the crystal field multiplet model (see Supplementary
Note 1) gives a good overall agreement with the measured
spectrum, although the splitting between Kβ1,3 and Kβ′ is too
large due to an overestimation of the 3p-3d exchange in the
atomic model.

The K-edge XAS obtained from the RXES map delivers
information on electron transitions from the core orbital to the
conduction band and possible pre-edge features are assigned to
quadrupole transitions to empty metallic 3d states. The RXES
reconstruction methodology offers a potential way to simulta-
neously perform XES and XAS experiments, which corresponds
to a simultaneous mapping of the unoccupied and occupied
electronic states, in order to follow electronic transitions with a
temporal resolution solely restricted to the pulse duration.

Indeed, the most crucial aspect of the proposed methodology is
that the temporal broadening related to the monochromatization
of the X-ray pulses is avoided. The temporal broadening of
monochromatized XFEL pulses is related to the extinction length
of the X-rays in the monochromator crystal. For X-rays with a
photon energy of a few keV, the extinction length amounts to few
micrometers and may lead to pulse broadening of up to 20–40 fs,

setting thus the physical limit for ultrafast time-resolved
experiments19,20. A RXES map reconstructed for 5 fs-duration
SASE pulses incident on the sample is shown in Supplementary
Fig. 3. Regarding the short lifetimes (femtoseconds) of the excited
electronic states and rearrangement processes, the ability to use
the shortest available X-ray pulses is of prime importance for
spectroscopy studies and currently, efforts are being made to
deliver high-power and short-duration X-ray pulses at XFEL
facilities32,33. While the impact of a monochromator on the pulse
duration can be bypassed, any fundamental limits of the machine
in terms of pulse duration cannot be coped with when using the
reconstruction methodology.

Incident X-ray intensity dependent studies. As a first applica-
tion of the reconstruction methodology, we opted to investigate
X-ray matter interactions when increasing the incident bean
intensity towards the nonlinear excitation regime in which multi-
photon-in and multi-photon-out scattering processes take place
and unique configurations of atomic charge states with femto-
second long lifetimes are created. The detailed information on the
electronic configuration of atoms provided by RXES is necessary
to acquire a complete picture of the mechanisms driving the
nonlinear interaction in the vicinity of a core-level ionization
threshold. It should be noted, that the reconstruction metho-
dology does not require a priori knowledge of the physical pro-
cesses involved in the X-ray matter interaction and their
dependence on the total incident X-ray intensity. Only the
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Fig. 2 Example of the reconstruction of the two-dimensional spectroscopy map of the Kβ line. Using the spectral distribution of 60,000 incident SASE
pulses a and of the corresponding XES produced by the broadband incident radiation b, the RXES map can be successfully reconstructed c using a matrix
inversion formalism as indicated by the elastic scattering feature in the map and the XES d, which is compared to a multiplet calculation, and XAS spectra
which can be extracted e. This methodology alleviates the requirement for monochromatic radiation to measure the RXES map allowing for increased
efficiency of such measurements

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-12717-1

4 NATURE COMMUNICATIONS | ��������(2019)�10:4761� | https://doi.org/10.1038/s41467-019-12717-1 | www.nature.com/naturecommunications

Core-level nonlinear spectroscopy

Kayser Nat. Comm. 10:4761 (2019)



Spectral Domain Ghost Imaging – Sub-bandwidth Resolution
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X-ray pump-probe spectroscopy

Li. Faraday Discussions 228 (2021)

X-ray photoelectron spectroscopy

Li J. Phys. B: At. Mol. Opt. Phys. 54 144005 (2021)

Wang New J. Phys. 25 033017 (2023)

X-ray velocity map imaging spectroscopy

X-ray absorption spectroscopy

Driver Phys. Chem. Chem. Phys. 22 (2020)

of magnitude weaker valence-to-core (V2C) line, associated to
electron transitions from valence or ligand orbitals to the metallic
1s state. The Kβ mainline is sensitive to the metal spin state and
the metal-ligand covalency while the V2C region contains
information about the ligand identity, electronic structure and
metal-ligand bond length31. A calculation of the Kβ spectrum of
Fe2O3 using the crystal field multiplet model (see Supplementary
Note 1) gives a good overall agreement with the measured
spectrum, although the splitting between Kβ1,3 and Kβ′ is too
large due to an overestimation of the 3p-3d exchange in the
atomic model.

The K-edge XAS obtained from the RXES map delivers
information on electron transitions from the core orbital to the
conduction band and possible pre-edge features are assigned to
quadrupole transitions to empty metallic 3d states. The RXES
reconstruction methodology offers a potential way to simulta-
neously perform XES and XAS experiments, which corresponds
to a simultaneous mapping of the unoccupied and occupied
electronic states, in order to follow electronic transitions with a
temporal resolution solely restricted to the pulse duration.

Indeed, the most crucial aspect of the proposed methodology is
that the temporal broadening related to the monochromatization
of the X-ray pulses is avoided. The temporal broadening of
monochromatized XFEL pulses is related to the extinction length
of the X-rays in the monochromator crystal. For X-rays with a
photon energy of a few keV, the extinction length amounts to few
micrometers and may lead to pulse broadening of up to 20–40 fs,

setting thus the physical limit for ultrafast time-resolved
experiments19,20. A RXES map reconstructed for 5 fs-duration
SASE pulses incident on the sample is shown in Supplementary
Fig. 3. Regarding the short lifetimes (femtoseconds) of the excited
electronic states and rearrangement processes, the ability to use
the shortest available X-ray pulses is of prime importance for
spectroscopy studies and currently, efforts are being made to
deliver high-power and short-duration X-ray pulses at XFEL
facilities32,33. While the impact of a monochromator on the pulse
duration can be bypassed, any fundamental limits of the machine
in terms of pulse duration cannot be coped with when using the
reconstruction methodology.

Incident X-ray intensity dependent studies. As a first applica-
tion of the reconstruction methodology, we opted to investigate
X-ray matter interactions when increasing the incident bean
intensity towards the nonlinear excitation regime in which multi-
photon-in and multi-photon-out scattering processes take place
and unique configurations of atomic charge states with femto-
second long lifetimes are created. The detailed information on the
electronic configuration of atoms provided by RXES is necessary
to acquire a complete picture of the mechanisms driving the
nonlinear interaction in the vicinity of a core-level ionization
threshold. It should be noted, that the reconstruction metho-
dology does not require a priori knowledge of the physical pro-
cesses involved in the X-ray matter interaction and their
dependence on the total incident X-ray intensity. Only the
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Fig. 2 Example of the reconstruction of the two-dimensional spectroscopy map of the Kβ line. Using the spectral distribution of 60,000 incident SASE
pulses a and of the corresponding XES produced by the broadband incident radiation b, the RXES map can be successfully reconstructed c using a matrix
inversion formalism as indicated by the elastic scattering feature in the map and the XES d, which is compared to a multiplet calculation, and XAS spectra
which can be extracted e. This methodology alleviates the requirement for monochromatic radiation to measure the RXES map allowing for increased
efficiency of such measurements

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-12717-1

4 NATURE COMMUNICATIONS | ��������(2019)�10:4761� | https://doi.org/10.1038/s41467-019-12717-1 | www.nature.com/naturecommunications

Core-level nonlinear spectroscopy

Kayser Nat. Comm. 10:4761 (2019)

reconstruction with around 2.5 times more shots and we see that
this gives an improved agreement between monochromatic and
stochastic measurements, mainly in the vicinity of 7.120 keV. Both
monochromatic and stochastic measurements exhibit a RIXS shift
of the pre-edge peak in Fig. 1a, where the peak appears at slightly
lower emission energy than the emission does for higher incident
photon energies. In the edge region from 7.116 to 7.124 keV
(Fig. 2b) we see again qualitative agreement, with noticeable dif-
ferences in peak location around 7.120 keV, but good agreement in
peak location is seen at 7.116 keV. Black contours in the figures are
drawn at multiples of the standard deviation estimation from our fit
(see Methods). Judged by the number of contour lines, the
monochromatic measurement has higher contrast than the sto-
chastic measurement with respect to the estimated variance for the
pre-edge peak feature at 7.113 keV. This relative confidence in the
pre-edge peak intensity for the stochastic reconstruction does
improve slightly with added data, as shown in Supplementary
Fig. 1a, but not to the level seen with a monochromatic beam.

A scaled slice of the RXES plane at constant emission energy
6.4033 keV from the SASE beam measurements is overlaid with
that from the monochromatic beam in Fig. 1b across the near
edge region (7.100–7.160 keV). This single emission energy (Kα1)-
detected X-ray absorption is also referred to as High-Energy
Resolved Fluorescence-detected (HERFD) absorption19 and the
sharper spectral features it gives relative to X-ray absorption
make it a more incisive probe of valence state20. The monochro-
matic energy scan was terminated around 7.140 keV, as indicated
by the sharp drop there, while the stochastic signal recovery
extends further in energy, covering the same spectral bandwidth
as the SASE beam. Where the SASE spectral intensity is weak on
average, the uncertainty of the fit becomes higher, as indicated by
the shaded 95% confidence interval. For the monochromatic
measurement, the spectral content in the SASE diagnostic above
7.140 keV is just noise, which is why the uncertainty reported in
the monochromatic spectrum is so high there. The agreement
between HERFD spectra at energies above 7.120 keV is quite
good until the SASE spectral intensity becomes weak. From the
HERFD comparison, we see that stronger absorption signals are
well handled by the stochastic spectroscopy approach so chemical
analysis relying on the near-edge region21,22 is feasible. Note that
the monochromatic signal has been corrected for a spatial
intensity profile effect due to slight deviation of the beam on
changing from offset mirrors to the double crystal monochro-
mator, which is described in Supplementary Fig. 2.

Probing systematic effects in the SASE diagnostic signal. That
the Fe pre-edge feature is recoverable from the stochastic mea-
surement and that it, along with other spectral features, is largely
consistent with that of the monochromatic measurement indi-
cates stochastic spectroscopy has suitable sensitivity to be broadly
useful in the study of chemical systems. However, the differences
of peak location and shape between the two measurements,
particularly in the vicinity of 7.120 keV, are still noticeable.
Spectral differences of this magnitude are similar in scale to
changes induced, for example, by changing the solvent environ-
ment of ferrocyanide from water to ethylene glycol23. As the
sample and solvent in both monochromatic and stochastic
measurements are the same, taking such differences at face value
and interpreting them as chemical changes in the sample could
potentially be misleading. A simple explanation for these differ-
ences is that we did not include enough data in the signal
recovery algorithm to suitably constrain the solution. Supple-
mentary Figure 1 supports this hypothesis by showing that
agreement between monochromatic and stochastic measurements
improves in the 7.120 keV region upon the addition of more data.
Measurement noise is a major factor in determining how many
shots are needed to form an accurate estimate of the true spec-
trum of the material. One of the advantages of stochastic spec-
troscopy is that more emission photons are generated per shot.
This means that the emission measurement should have a higher
signal to noise ratio for the stochastic approach, compared to the
monochromatic one. Therefore, it is unlikely that emission
measurement noise explains a need for more data in the sto-
chastic measurement. Noise in the SASE diagnostic measurement,
i.e., inaccuracy of the reported SASE spectral intensity compared
to what the sample experienced, is more likely to be the cause of
the problem and may arise due to several noise models. SASE
diagnostic noise integrated over the entire SASE bandwidth is
added to each shot in stochastic spectroscopy, while only a nar-
rowly filtered portion of it is added to each shot in monochro-
matic measurements. SASE measurement noise enters both
monochromatic and stochastic signal recoveries implicitly when
the proposed spectrum is weighed by the SASE spectral diagnostic
measurement. Consequently, SASE diagnostic noise is a greater
liability to stochastic spectroscopy than monochromatic spec-
troscopy. We turn to simulations in Fig. 2 to explore the effect of
SASE diagnostic noise, as it is not trivial to predict.

Knowing what type of SASE diagnostic noise is impacting
stochastic recovery will inform what improvements should be
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Fig. 1 Experimental comparison of stochastic and monochromatic measurements. The recovered Fe 1s2p RIXS planes using the polychromatic SASE
beam is shown in panel a while the same obtained with a monochromatized SASE beam is shown in panel b. The spectra were recovered from
42,000 shots corresponding to ~24min of measurement time at 30 Hz in both cases. Solid black contour lines indicate an increase of RIXS intensity by 2σ,
where σ is the standard deviation of the predictive distribution estimated for a given emission/incident energy point. These contour lines can be treated as
an estimate of relative significance, where peaks of interest are separated from surroundings by many contours. A slice at constant emission energy
(6.4033 keV) is shown in panel c over a much larger incidence energy range. For both measurements, the XFEL central energy is fixed and scanning of the
mono was limited to 7.100–7.140 keV. The SASE spectral intensity is centered on the Fe pre-edge region and tails off above 7.130 keV. Error bars in panel c
likewise indicate 2σ bounds of the solution.

COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-021-00512-3 ARTICLE

COMMUNICATIONS CHEMISTRY | ���������� �(2021)�4:84� | https://doi.org/10.1038/s42004-021-00512-3 | www.nature.com/commschem 3

Resonant X-ray Emission Spectroscopy

Fuller Comm. Chem. 4:84 (2021)



Applying Regression to the Temporal Domain 
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Hartmann 12 215–220 (2018) 



Applying Regression to the Temporal Domain
Making “slow” detectors “ultrafast”
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• ”slow” detector which
averages over multiple 
FEL shots

• ”fast” single-shot 
diagnostic of the relative 
timing

• Important of high rep. rate 
FELs

Image Credit: Yong et al. Nat. Comm. 11, 2157 (2020), Schorb et al. App. Phys. Lett. 100, 121107 (2012) 



Applying Regression to the Temporal Domain
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FELs
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Application of Spectral 
Domain Ghost Imaging
Resolving the Attosecond Motion of Electrons
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Realtime Observation of Ultrafast Electron Motion Using Attosecond XFELs
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Realtime Observation of Ultrafast Electron Motion Using Attosecond XFELs

20



Time Dependence of Absorption Feature

21

Fast decay of the 
initial hole state Revival of 

absorption 
signal



Opportunity for fully coherent HXR FEL:
HXR Diffractive Imaging of Ultrafast Charge Motion

• Time-resolved diffractive imaging has become 
an invaluable tool for probing molecular 
dynamics

• We can extend this to image electronic motion
• Requires good stabilization to external laser 

source. (sub-optical-cycle tagging?) 
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simply related to the Fourier transform of the instantaneous elec-
tronic density, but it is related to the electronic wavepacket
through Eq. 3. Clearly, the pattern in Fig. 3C is less rich than
the correct pattern in Fig. 3A and it misses important phase
information. Scattering patterns from electronic wavepackets
corresponding to coherent superpositions of different sets of
eigenstates (other than those used in Fig. 1) show similarly dra-
matic differences between Eqs. 2 and 3. Therefore, Fig. 3A is an
unusually dramatic reflection of the quantum nature of light.

In the illustrative example investigated here, an electronic
wavepacket corresponding to the superposition of two hydro-
genic eigenstates is considered. There have been several studies
on the scattering of quasi-resonant light from strongly driven two-
level systems (34, 35), particularly under conditions when the sys-
tem is prepared initially in a superposition of states (36). In those
cases the transitions between electronic states are of dipolar nat-
ure. The TRI regime is, however, in the weak-field, one-photon
limit and the photon energy is highly detuned from the energy

Fig. 3. Scattering patterns in the Qx -Qz plane (Qy ¼ 0) and electronic charge distributions of the wavepacket corresponding to the coherent superposition of
3d and 4f eigenstates of atomic hydrogen (cf. Fig. 1). (A) Scattering patterns obtained with Eq. 3, (B) electronic charge distributions and (C) scattering patterns
obtained with Eq. 2, at pump-probe delay times 0, T∕4, T∕2, 3T∕4, and T , where the oscillation period of the electronic wavepacket is T ¼ 6.25 fs. The isosur-
face in (B) encloses ∼26% of the total probability and has length 14–17 Å along the z-axis and 7.5–9 Å along the x and y-axes. The wavepacket is exposed to a
1 fs X-ray pulse with 4 keV photons. The patterns are calculated for Qmax ¼ 2 Å−1 corresponding to 3.14 Å spatial resolution. For the pulse used, a real-space
pixel size of 3.14 Å requires the detection of photons scattered up to 60° with respect to the X-ray propagation direction, which is the y-axis in the present case.
The grid spacing in Q-space is 0.19 Å−1. The intensities of the patterns are shown in units of dPe

dΩ in both cases.
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Fig. 4. Scattering patterns in theQx -Qz plane (Qy ¼ 0) obtained with Eq. 3 at pump-probe delay times 0, T∕4, T∕2, 3T∕4, and T , where the oscillation period of
the electronic wavepacket is T ¼ 6.25 fs. All the parameters used to obtain the patterns are the same as used in Fig. 3A. However, only the eigenstates belong-
ing to the electronic wavepacket (3d and 4f eigenstates of atomic hydrogen with angular momentum projection quantum number equal to zero) were con-
sidered. The intensities of the patterns are shown in units of dPe

dΩ .

11638 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1202226109 Dixit et al.

Dixit PNAS 109 1163 (2012)
Charge Motion in atomic hydrogen

Hermann Phys Rev Lett 2020, 124(1): 013002
Probing Electronic Flux DensityYong Nat. Comm. 11, 2157 (2020)

Stankus Nat. Chem. 11, 716 (2019)
Ruddock Ang. Chem. (131) 6437 (2019)
Minitti Phys. Rev. Lett. 114, 255501(2015)



Additional Results from LCLS with Attosecond X-ray Pulses

• Resolving photoemission time delays at x-ray wavelengths

• X-ray Imaging with sub-femtosecond pulses 
– Tais Gorkhover

24

L. Argenti, Phys. Rev. A 95, 043426 (2017)



Additional Results from LCLS with Attosecond X-ray Pulses

• Resolving photoemission time delays at x-ray wavelengths

• X-ray Imaging with sub-femtosecond pulses 

• Probing electronic coherence in core-excited states

25

RESEARCH ARTICLE
◥

ATTOSECOND SCIENCE

Attosecond coherent electron motion in
Auger-Meitner decay
Siqi Li1,2†, Taran Driver1,3,4†, Philipp Rosenberger1,3,5,6, Elio G. Champenois3, Joseph Duris1,
Andre Al-Haddad7, Vitali Averbukh4, Jonathan C. T. Barnard4, Nora Berrah8, Christoph Bostedt7,9,
Philip H. Bucksbaum2,3,10, Ryan N. Coffee1,3, Louis F. DiMauro11, Li Fang11,12, Douglas Garratt4,
Averell Gatton1, Zhaoheng Guo1,10, Gregor Hartmann13, Daniel Haxton14, Wolfram Helml15,
Zhirong Huang1,2, Aaron C. LaForge8, Andrei Kamalov1,2,3, Jonas Knurr3, Ming-Fu Lin1,
Alberto A. Lutman1, James P. MacArthur1,2, Jon P. Marangos4, Megan Nantel1,2, Adi Natan3,
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In quantum systems, coherent superpositions of electronic states evolve on ultrafast time scales (few
femtoseconds to attoseconds; 1 attosecond = 0.001 femtoseconds = 10−18 seconds), leading to a time-
dependent charge density. Here we performed time-resolved measurements using attosecond soft
x-ray pulses produced by a free-electron laser, to track the evolution of a coherent core-hole excitation in
nitric oxide. Using an additional circularly polarized infrared laser pulse, we created a clock to time-
resolve the electron dynamics and demonstrated control of the coherent electron motion by tuning
the photon energy of the x-ray pulse. Core-excited states offer a fundamental test bed for studying
coherent electron dynamics in highly excited and strongly correlated matter.

I
nterference is a pillar of quantum physics
and a manifestation of one of its most
profound consequences: the wavelike nature
of matter. A quantum system can exist in a
superposition of energy states whose relative

quantum phases progress in time. This behavior
can cause the states to interfere constructively
or destructively as the system evolves, causing
physical observables (e.g., charge density) to
oscillate in time. Such oscillations are known
as quantum beats and have a period of TQB ¼
h=DE, where h is Planck’s constant and DE is
the energetic separation between the states
(1–5). To display a quantum beat, two con-
ditions must be satisfied: First, the quantum
system must be prepared in a superposition
of two or more different energy states that
have a well-defined (or coherent) relationship
between their individual quantumphases,which
remains stable over the beat period between the
relevant phases. Second, the physical observable
must be sensitive to the difference between the
quantumphases of the energy states forming the
coherent superposition.
In this work, we demonstrated the creation

and observation of coherent superpositions of

core-excited states in molecules using atto-
second x-ray pulses. These molecules decayed
nonradiatively via the Auger-Meitner (AM)
mechanism—a multielectron process in which
the core vacancy created by an x-ray pulse is
filled by one electron from a valence orbital,
and another valence electron is emitted to
conserve energy. The AM process is the domi-
nant mechanism for relaxation following x-ray
absorption in most biologically relevant mole-
cules, and in any molecules composed of light
atoms such as carbon, oxygen, and nitrogen.
We demonstrated how coherence in short

x-ray pulses is imprinted on excited electronic
states in x-ray–matter interaction and how
this coherence affects the attosecond evolution
of the excited electronic wave packet. To this
end, we measured the time-dependent AM
yield and found that it was sensitive to the
quantum coherence of the electronic wave
packet, as well as the differences in the excited
state populations. The coherence of the wave
packet was manifested as femtosecond modu-
lations (orquantumbeats) in the time-dependent
electron yield. The effect of the wave packet
coherence on the relaxation process could have

implications for a broad class of other ultrafast
experiments in which the need for high tem-
poral resolution necessitates the use of broad-
bandwidth x-ray pulses.
Time-resolvedmeasurements of any correlated

electron interaction (including AMdecay) are
challenging because of the extreme time scale
(few to subfemtosecond) on which electron-
electron interactions occur. Previous time-
resolvedmeasurements have extracted a single
parameter (G ) to characterize the decay of a
core-excited system (6–9). In the case of short
excitation or ionization pulses, G corresponds
to the lifetime of the core-excited state, but for
long pulses the extracted decay constant is
altered by interferences with the excitation
process (9–11). Our distinct combination of
short excitation pulses and a sufficiently long
observation window allowed for a direct time-
resolved measurement of the AM emission
process. We measured a quantum beat, dem-
onstrating the creation and observation of
electronic coherence in a core-excited molecu-
lar system. Our technique ofmapping coherent
electronic motion to the AM decay profile
offered a distinctive test-bed for studies of
electronic coherence in highly excited and
strongly correlated systems.

Measurement

Our experimental setup is shown in Fig. 1A.
Isolated soft x-ray attosecond pulses from a
free-electron laser (12), tuned near the oxygen
1s→ p resonance in nitric oxide (NO) (∼530 to
540 eV), irradiated a gas target in the presence
of a circularly polarized, 2.3mm,5" 1012W/cm2

laser field. The momentum distribution of the
resultant photoelectrons was recorded by a
coaxial velocity map imaging spectrometer
(c-VMI) (13). Interaction with the x-ray pulse
produced electrons from several different
photoionization channels: direct ionization of
nitrogen K-shell electrons, KLL AM emission
resulting from the nitrogen K-shell vacancy,
and resonant oxygen AM emission following
O1s→ pexcitation. These channels are labeled
in Fig. 1B, which shows the electron momen-
tum distribution recorded without the 2.3-mm
laser field. The 1s→ p excitation in nitric oxide
corresponds to the promotion of an oxygen 1s
electron to the degenerate 2pmolecular orbital,
which is already partially occupied by an un-
paired valence electron. The resonantAMemis-
sion following this excitation has a dominant
feature corresponding to channels where one
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Additional Results from LCLS with Attosecond X-ray Pulses

• Resolving photoemission time delays at x-ray wavelengths

• Probing electronic coherence in core-excited states

• Probing electronic coherence in core-excited states

• Nonlinear X-ray methods for creating and probing electronic coherence
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Free-electron lasers provide a source of x-ray pulses short enough and intense enough to drive
nonlinearities in molecular systems. Impulsive interactions driven by these x-ray pulses provide a way to
create and probe valence electron motions with high temporal and spatial resolution. Observing these
electronic motions is crucial to understand the role of electronic coherence in chemical processes. A simple
nonlinear technique for probing electronic motion, impulsive stimulated x-ray Raman scattering (ISXRS),
involves a single impulsive interaction to produce a coherent superposition of electronic states. We
demonstrate electronic population transfer via ISXRS using broad bandwidth (5.5 eV full width at half
maximum) attosecond x-ray pulses produced by the Linac Coherent Light Source. The impulsive excitation
is resonantly enhanced by the oxygen 1s → 2π! resonance of nitric oxide (NO), and excited state neutral
molecules are probed with a time-delayed UV laser pulse.

DOI: 10.1103/PhysRevLett.125.073203

The motion of electrons in quantum systems is funda-
mental to processes in chemical physics, biology, and
material science. Recent experiments with attosecond tem-
poral resolution have demonstrated that ultrafast charge
motion, due to the formation of a coherent superposition
of electronic states, can be tracked in simple molecular
systems [1,2]. A fundamental understanding of this coherent
electron motion (or charge migration) will provide crucial
insight into a wide range of charge transfer and correlated
electronic phenomena [3–6]. Detailed measurements are
required for understanding charge migration in complex
systems relevant to material science, chemistry, and biology.
Nonlinear x-ray spectroscopies, which provide the capability
to track the coherent electronic motion with atomic spatial

localization and attosecond temporal resolution, are becom-
ing attractive options for such measurements.
Ultrafast optical techniques are used routinely to follow

chemical reactions on the femtosecond timescale. In the
infrared or visible domain, nonlinear spectroscopies have
led to sophisticated probes of excited state dynamics, far
beyond the minimal information content of the linear
response [7]. Applying these methods with sequences of
x-ray pulses will allow us to initiate and probe coherent
electronic dynamics on attosecond timescales [8–12].
Furthermore, x-ray photons interact strongly with core-
level electrons; therefore, x-ray observables are sensitive
probes of the local electronic environment [13], which
tracks charge motion throughout the molecule.
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towards the CI. The electronic coherence is not generated
directly by the pulse but instead builds up during the time
evolution of the wave packet as it approaches the vicinity
of the CI where the nonadiabatic intersurface coupling is
present. A hybrid broadband or narrow-band x-ray pulse
then probes this electronic coherence by the time-resolved
gain and loss of the positive and negative stimulated
Raman components [see Fig. 1(b) for depictions of the
pulse sequence]. Resolving the entire spectrum of elec-
tronic Raman transitions [Fig. 1(c)] requires pulses with a
few-electronvolt bandwidth and observing the CI dynamics
requires pulses with a duration on the order of few
femtoseconds or less. Only x-ray pulses provide the
necessary temporal and spectral profiles to detect electronic
coherences.
The molecule is coupled to the intensity of the off-

resonant probing fields via the electronic polarizability
operator α̂. The matter-probe interaction Hamiltonian is

ĤmpðtÞ ¼ α̂jE0ðtÞ þ E1ðtÞj2 ð1Þ

where E0 and E1 are the attosecond (broadband) and
femtosecond (narrow-band) components, respectively, of
the probing field. The off-resonant electronic polarizability
α̂ is the transition polarizability describing the Raman
transitions between valence states (this is technically
frequency dependent but taken to be flat over the relevant
range of frequencies since we are in the off-resonant
regime). We assume that the dominant transition dipole
moments contributing to α̂ are core-to-valence transitions.
We do not include the photoionization processes in the
simulations. It has been experimentally shown that
x-ray Raman signals can successfully compete with the

ionization background [31,32]. To simplify the analysis,
we assume both components to have the same carrier
frequency ω1. The TRUECARS signal is defined as the
frequency-dispersed photon number change of the
attosecond field and is given by

Sðω; TÞ ¼ 2ℑ
Z

þ∞

−∞
dteiωðt−TÞE%

0ðωÞE1ðt − TÞ

× hψðtÞjα̂jψðtÞi ð2Þ

where T is the time delay between the probe field and the
preparation pulse and jψðtÞi is the total (nuclear and
electronic) wave function. The probing fields are assumed
to be temporally well separated from the preparation
process. The signal carries a phase factor eiðϕ1−ϕ0Þ, where
ϕi is the phase of the field Ei. This factor causes the signal
to vanish when averaged over random pulse phases;
observation of TRUECARS therefore requires control of
the relative pulse phases. Note that terms corresponding to
electronic populations do not contribute since they carry
no dynamical phase and vanish when taking the imaginary
part in Eq. (2). TRUECARS therefore provides a back-
ground-free measurement of electronic coherence. It is also
important to note that, due to the frequency dispersion
of the broadband pulse E0ðωÞ, the field-matter interaction
time is limited by the femtosecond pulse envelope E1.
The temporal and spectral resolutions of the technique are
not independent but are Fourier-conjugate pairs, both
determined by the corresponding temporal and spectral
profiles of the femtosecond pulse E1. In order to resolve the
changing energy gap along the CI, E1 must be shorter than
the dynamics while spectrally narrower than any relevant

FIG. 1 (color online). Schematic representation of the TRUECARS detection scheme. (a) A nuclear wave packet is promoted from the
ground state (GS) by a pump-pulse EP to an excited electronic state. As it passes the coupling region around the CI, a coherence is
created between the two electronic states. The broadband E0 or narrow-band E1 hybrid pulse probes the electronic coherence between
the nuclear wave packets on different surfaces. (b) Schematics of the pump and hybrid-probe pulse sequence. (c) Illustration of the signal
calculated for a one-dimensional nuclear model. The energy splitting of the electronic states involved in the coherence (solid line) can be
read from the Raman shift.
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Coherent Ultrafast Core-Hole Correlation Spectroscopy:
X-Ray Analogues of Multidimensional NMR

Igor V. Schweigert and Shaul Mukamel
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We propose two-dimensional x-ray coherent correlation spectroscopy for the study of interactions
between core-electron and valence transitions. This technique may find experimental applications in the
future when very high intensity x-ray sources become available. Spectra obtained by varying two delay
periods between pulses show off-diagonal crosspeaks induced by coupling of core transitions of two
different types. Calculations of the N1s and O1s signals of aminophenol isomers illustrate how novel
information about many-body effects in electronic structure and excitations of molecules can be extracted
from these spectra.

DOI: 10.1103/PhysRevLett.99.163001 PACS numbers: 33.20.Rm, 42.65.Re

X-ray absorption spectroscopy (XANES, EXAFS) [1]
and its time-resolved extensions [2–4] provide a direct
probe for electronic structure of molecules with subatomic
and subfemtosecond resolution. Novel ultrabright x-ray
sources such as future free-electron laser (XFEL) [5] or
high-harmonic generation (HHG) [6] may make it possible
to perform nonlinear experiments with multiple x-ray
pulses. All-x-ray nonlinear signals could provide more
detailed information on the electronic structure and dy-
namics than is available from time-resolved XANES, by
probing states with multiple core electrons excited. Many
proposed applications of the new sources make use of their
ultrashort temporal resolution and high intensity to monitor
dynamical processes in real time. Two-photon absorption
[7] and x-ray driven molecular dynamics [8] have been
demonstrated using HHG. Techniques such as diffraction
or pump probe do not rely on the coherence properties of
the beams. The technique considered in this Letter, in
contrast, depends also on pulse coherence in an essential
way, and should become feasible once high intensity, atto-
second [9–12] transform-limited pulses become available.
Such pulses should allow one to control and manipulate the
coherence of core excitations and use it as a window into
correlations between different regions of the molecule.
Similar ideas are effectively used in multidimensional
NMR spectroscopy [13] to probe correlations between
spin dynamics in controlled time periods using elaborate
pulse sequences. The signals are interpreted in terms of
multiple correlation functions which provide fundamen-
tally new types of information compared to one-
dimensional techniques. The same ideas were recently
extended to the infrared and optical regimes [14–17].

In this Letter we propose a new class of two-dimensional
x-ray coherent correlation spectroscopy (2DXCS) tech-
niques and demonstrate how they could provide a unique
probe for interactions between the core transitions and
electronic states that mediate these interactions. Infrared
femtosecond 2D techniques can excite molecular vibra-
tions impulsively and probe the subsequent correlated

dynamics of nuclear wave packets. Similarly, attosecond
x-ray pulses resonant with core transitions can excite va-
lence electrons impulsively and probe correlations in dy-
namical events of resulting electron wave packets. Since
core transitions are highly localized to the absorbing
atoms, these techniques also offer a high spatial resolution.

We consider a time-resolved coherent all-x-ray four-
wave mixing process carried out by subjecting the mole-
cule to a sequence of three pulses. The first pulse has wave

FIG. 1. (a) Para (left) and ortho (right) isomers of aminophe-
nol. (b) Valence and core-excited states of aminophenols: g de-
notes states with no core electron excited (including the ground
state g0), eN (eO) denotes states with the N1s (O1s) electron
excited, and f denotes states with both N1s and O1s electrons
excited. (c) Double-side Feynman diagrams representing the two
contributions to the cross peak 2DXCS signal [Eq. (4)].
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cies !i.e., E j"!#=1 for $!−! j$"5 eV and zero otherwise%.
This implies truncating the sums at the equivalent-core states
whose energies are higher than 5 eV above the ground state.
The same dephasing rate #$%=0.3 eV was assumed for all
transitions below the ionization edge. Note that with the cho-
sen bandwidth, only states below the ionization edge contrib-
ute to the 2DXCS signal; transitions to continuum were ne-
glected.

The calculated core-transition accuracy depends on how
well the equivalent-core approximation describes the core
potential as well as on the level of quantum chemistry em-
ployed to describe the electronic states of the equivalent-core
molecules. The effect of these approximations on both the
transition energies "peak positions# and matrix elements
"peak intensities# can be evaluated by comparison with ex-
periment. Figure 4 compares the calculated and experimental
XANES for aniline, phenol, and the three isomers of ami-
nophenol. The experimental N 1s XANES of anline34 fea-
tures three pre-edge peaks at 400.7 "weak#, 402.2 "strong#,
and 404.0 "strong#. The simulation reproduces the splittings
between the peaks, however, underestimates the intensity of
the second peak. The experimental O 1s XANES of phenol33

features three pre-edge peaks of increasing intensity at 534.9,
537.2, and 539.4 eV. The simulated O 1s XANES consists of
four peaks at 534.9, 537.0, 538.1, and 539.2 eV, reproducing
the positions and intensities of the first and third experimen-
tal peaks, but underestimating the intensity of the second
peak.

Figure 5 shows the 2DXCS spectrum of para-
aminophenol in the N/N and O/O diagonal regime and N/O
and O/N cross-peak regime. At t2=0, the GSB and SE terms
contributing to the diagonal N/N and O/O 2DXCS signals
!Eq. "10#% are equal and result in a strong positive signal with
weak negative tails. The N/O and O/N cross peaks are much
weaker as a result of the interference between the GSB and
ESA terms !Eq. "11#%. Only the 2DXCS obtained in the se-
quential two-color configuration is shown, since the nonse-
quential configuration !Eq. "12#% yields the essentially iden-
tical signal at t2=0.

The N/N signal of Fig. 5 is repeated in Fig. 6, where we
also show the XANES spectra to help assign the peaks. As

FIG. 4. "Color online# Comparison between the experimental and simulated
N 1s "upper panel# and O 1s "lower panel# XANES of aniline, phenol, and
the isomers of aminophenol. Experimental spectra are taken from Refs. 34
"aniline# and 33 "phenol#.

FIG. 5. "Color# The four regions of the simulated 2DXCS signal !Eqs. "10#
and "11#% of para-aminophenol. t2=0. Values of &1 and &3 are given rela-
tively to the corresponding absorption edge "400.7 eV for N 1s and 534.9 eV
for O 1s transitions.

FIG. 6. "Color# Simulated diagonal N/N 2DXCS signal of para-
aminophenol. t2=0. Insets show simulated N 1s XANES from the ground
and valence excited states contributing to the N/N 2DXCS spectrum. Values
of &1 and &3 are given relatively to the N 1s absorption edge "400.7 eV#.
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Attosecond Science for Problems in Chemical Sciences

• We can study the ultrafast motion of electrons in 
chemical systems
• This is a crucial part of any photochemical process
• Can electronic coherence be important to the transfer of 

charges in molecules? 
• Bottom-up approach, studying small molecules (which means fast 

evolution)
• Technique development:

• Non-linear x-ray spectroscopies which are sensitive to 
electronic motion in chemical systems

• Multi-dimensional spectroscopies to probe correlations in 
electronic structure with atomic-site specificity. 

• Important for linking to more complex systems. 
• Developing machine learning approaches to data analysis 

of large datasets
• Employ machine learning to make better measurements with 

XFELs. 
• Better spectroscopy, better time resolution
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