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From theoretical field interactions to real experiments
Outline

Theory 
• From Schrödinger to density matrix 
• Field interactions vs. photons: coherence 
• Fundamental dipole transitions and the vacuum 
• Multi-wave mixing schemes 

Experiment 
• MUSIX 
• Heterodyne detection with X-rays 
• Amplified spontaneous emission 
• Concurrent processes 
• Stimulated emission
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Some theory
Concept of field interactions and coherences

How does a laser pulse interact with a quantum system?

i~ @
@t
| i = Ĥ | i

Ĥ = Ĥ0 + Ŵ (t)

Ĥ0 |ni = En |ni

| (t)i =
X

n

cne
�iEnt/~ |ni

Time-dependent Schrödinger equation:

with electric field as perturbation:

Assume Eigenstates:

General time-dependent (perturbation) solution:

Ŵ (t) = µ̂E cos (!t)
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Laser pulse couples ground state and first excited state
Concept of field interactions and coherences

| (t)i = c0e�iE0t/~ |0i+ ic1e�iE1t/~ |1i

After a (short) pulse coupling the ground and first excited states, 
the system is in a coherent superposition:

© Maurits Haverkort
|1i p-orbital

|0i s-orbital



| Non-linear processes in X-ray scattering experiments | Martin Beye, May 18, 2018 Page !5

Polarisation after such a pulse
Concept of field interactions and coherences

| (t)i = c0e�iE0t/~ |0i+ ic1e�iE1t/~ |1i
P (t) = hµ̂i = h (t) |µ̂| (t)i

=
⇣
c0e

iE0t/~ h0|� ic1eE1t/~ h1|
⌘
µ̂
⇣
c0e

�iE0t/~ |0i+ ic1e�iE1t/~ |1i
⌘

= c0c1 h0 |µ̂| 1i sin (!01t) + c20 h0 |µ̂| 0i+ c21 h1 |µ̂| 1i
⌘ c0c1µ01 sin (!01t)
/ +µ201 sin (!01t)

Polarisation oscillates with !01 = (E1 � E0) /~

radiates field proportional to �µ201 cos (!01t)

Out of phase with exciting field: exciting field is „attenuated“ (destructive interference)
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The radiation from this coherent state is a second interaction with the field and transfers population
Concept of field interactions and coherences

| (t)i = c0e�iE0t/~ |0i+ ic1e�iE1t/~ |1i
This state can be represented in a density matrix. 

Directly after the laser pulse, without dephasing or population relaxation, this yields:

⇢00(t) = c
2
0 = const.

⇢11(t) = c
2
1 = const.

⇢01(t) = �ic0c1e+i!01t

⇢10(t) = ic0c1e
�i!01t ⇢ (t = 0) =

✓
1/2 �i/2
+i/2 1/2

◆
for maximal pulse strength:

Diagonal elements are called „populations“. 
Off-diagonal elements are „coherences“.
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Described one field interaction. Absorption becomes real with second field interaction
Field interactions and level schemes (population spectroscopies)

E

0. Ground 
state
⇢11 = 0

⇢00 = 1

E

1. Create 
coherence

⇢11 = 1/2

⇢00 = 1/2

E

2. Transfer 
population

⇢11 = 1

⇢00 = 0

© Maurits Haverkort
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From quantum optics to experiment: Sidebands vs streaking
What is a „coherence“?

Coherence is a well-defined phase relation.

Quantum optics of photon / electric field 
Coherent state: 
-Well-defined (electric field) phase 
-Undefined photon number 

Fock state (number state): 
-Undefined phase 
-Well-defined photon number

statistic distributions are analyzed in real time. Typical rates of state preparation for vacuum input are about
300 s−1, with less than 1% contribution from accidental counts. A typical sequence of about 5000 acquisition
frames can thus be captured and analyzed in about 20-30 s. It is interesting to remind that the probability of
detecting an idler photon is proportional to |â† |α⟩ |2, hence, as soon as α is increased and stimulated emission
starts taking place, the rate of trigger events grows proportional to (1 + |α|2), thus making the acquisition rate
much higher.

Figure 3 presents the raw acquired homodyne data as a function of the PZT position for different values of the
seed amplitude |α|. The first plot (3(a)), obtained with a blocked signal input, corresponds to the single-photon
Fock state: it is clearly phase-independent and shows the typical “hole” in the center of the distribution which
is responsible for the negativity of the corresponding Wigner function at the origin.1, 2 When the coherent seed
is initially switched on at very low intensity, the phase-invariance is broken and data show the appearance of
higher density regions due to the gradual appearance of a defined phase in the field (3(b and c)). Finally, for
increasing seed amplitudes (3(d)), the signal distribution becomes more and more similar to that of a classical
coherent field, with a clear oscillating behavior and well defined amplitude and phase.
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Figure 3. Raw homodyne data for the single-photon-added coherent states at increasing seed amplitudes: a)|α| = 0, i.e.
the single photon Fock state is generated; b) |α| = 0.387; c) |α| = 0.723; d) |α| = 3.74.

These series of homodyne measurements yield the quadrature probability distributions p(x, θ) corresponding
to the marginals of the Wigner quasi-probability distribution W (x, y)13:

p(x, θ) =
∫ +∞

−∞
W (x cos θ − y sin θ, x sin θ + y cos θ)dy. (7)

Given a sufficient number of quadrature distributions at different values of the phase θ ∈ [0,π], one is therefore
able to reconstruct the quantum state of the field under study.15, 16 We reconstructed the elements of the density

282     Proc. of SPIE Vol. 5866

Bellini, Zavatta, Viciani, Proc of SPIE 5866, 278 (2005)
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From quantum optics to experiment: Sidebands vs streaking
What is a „coherence“?

!50%. From the perspective of the electron beam, the electric field
has a longitudinal component (responsible for energy change) and a
transverse component (deflecting the beam sideways). For the
chosen combination of angles, the latter is compensated almost
completely by the magnetic part of the Lorentz force. With the
experimental laser parameters and the optical properties of the alu-
minium film, we calculate a maximum energy gain of 73 eV. This is
in good agreement with the experimental findings, showing that
equation (1) is still valid at 25 keV, provided that optical interfer-
ences and magnetic components are properly taken into account.
An easily measurable energy gain of several electronvolts can be
generated at the substantially weaker fields achievable with

nanojoule pulse energies. Hence, the technique presented here can
be implemented with pulses directly from femtosecond laser
oscillators, without the need for amplification.

Interaction driven by the oscillating fields
In contrast with ponderomotive effects26, laser streaking is expected
to induce changes in the final observables that scale with the field
amplitude rather than the cycle-averaged intensity. Figure 3a
shows the maximum energy gain of the streaked electrons versus
peak laser field strength. The change in maximum energy gain is lin-
early proportional to the peak electric field, as predicted by equation
(1). Figure 3b shows the dependence of the electrons’ maximum
energy gain on laser polarization. Zero degrees indicates polariz-
ation in the plane of incidence, where the electric field components
into and out of the film are maximized. The solid line is a least-
square fit using a cosine function. The measurement clearly
reveals the dominant role of the longitudinal component for the
streaking effect. These experiments provide a clear testimony for
the laser–electron interaction being controlled by the instantaneous
fields rather than the (cycle-averaged) ponderomotive potential.

Interference effects
The spectrogram in Fig. 2 shows a pronounced interference in the
energy domain. Within the spectral window in which the time-of-
flight detector is optimized for highest resolution, about ten
maxima are perceivable in the gain region and one in the loss
region. Distinct features are no longer discernible at higher energy
gains owing to the limited energy resolution of the detection
system in this range. The measured separation is equidistant at
!1.6 eV, which is close to the laser’s photon energy of Ephoton ≈
1.55 eV at l≈ 800 nm. We call these features streaking traces of
different order, or ‘streaking orders’.

Similar sidebands in the energy spectrum of free electrons have
been observed with electron microscopy in the vicinity of nanos-
tructures28,29,31. These were explained in terms of multiphoton
absorption moderated by the near-field around the nanostruc-
ture29,31. Here, we offer an explanation from a different, semiclassical
perspective in terms of electron–wave interferences induced by a
classical light field33. The energy bandwidth (full-width at half-
maximum, FWHM) of our unstreaked electron pulses was
measured as !0.4 eV, implying a (propagation-induced) broaden-
ing of the single-electron wave packets to a duration much longer
than the period of the streaking optical field. Electrons leaving the
field in subsequent cycles and gaining or losing the same energy
can therefore interfere, giving rise to sidebands separated by the
photon energy, similar to those appearing in above-threshold ioniz-
ation34. The visibility of the spectral fringes related to the streaking
orders is dictated by the temporal coherence of the electron pulse.
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Figure 3 | Field dependence and electron pulse characterization. a,
Streaking is field-dependent. Measurement of the highest energy change in
dependence on the applied laser field (symbols) shows a linear behaviour
(blue line). b, Streaking requires longitudinal fields. Measurement of the
highest energy change in dependence on the polarization (symbols) shows a
cosine-type behaviour (red line) peaking at p-polarization. c, Temporal
widths of the spectrogram and electron pulse shape. Measurement of the
cross-correlation widths (diamonds, FWHM) for increasing energy gain
shows a rapid decrease towards a limit of 360 fs. This denotes the electron
pulse duration. Inset: electron pulse shape (symbols), sampled at an energy
gain of 9 eV. The electron pulse is approximately Gaussian-shaped (blue).
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transition regime between coherent interference and field-resolved sampling. c, Assuming 1 fs electron pulses, the spectrogram turns into a direct sampling of
the 5 fs laser field.

ARTICLES NATURE PHOTONICS DOI: 10.1038/NPHOTON.2013.315

NATURE PHOTONICS | VOL 8 | JANUARY 2014 | www.nature.com/naturephotonics54

Kirchner et al., Nat. Phot, 8, 52 (2013)

Interaction of an electric field (photons) with electrons:

Sidebands: 
Well-defined photon number 
Undefined phase

Streaking: 
Undefined photon number 
Well-defined phase
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From quantum optics to experiment: Sidebands vs streaking
What is a „coherence“?

Experimental results from FLASH

Sidebands: 
Well-defined photon number 
Undefined phase

Streaking: 
Undefined photon number 
Well-defined phase
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where W0 is the kinetic energy without the terahertz field, wi is its
phase at the instant of ionization and

Up ¼
e2E2

0ðtÞ
4mevTHz

2 ð2Þ

is the ponderomotive potential of the terahertz field with e and me
being the electron charge and mass, respectively. Because in the
case considered here Up$W0, the second term in equation (1)
can be neglected, and the energy shift directly depends on the
phase of the streaking field at the time of ionization. If the electron
wave packet is short compared with the period length T0 of the
terahertz field, the temporal structure of the wavepacket will be
mapped onto changes of its kinetic energy distribution. As the instan-
taneous response of the photoelectric effect imprints the temporal
profile of the ionizing X-ray pulse onto the electron wave, the
measured streaked electron spectrum reflects the combined temporal
and spectral structure of the soft X-ray pulse. In the experimental
implementation of this concept, soft X-ray pulses at a wavelength
of 13.5 nm from the FEL FLASH at DESY, Hamburg, are collinearly
overlapped with intense terahertz pulses generated in a dedicated
undulator that has recently been installed at the facility20. The
terahertz undulator produces coherent radiation in the wavelength
range between 10 and 200 mm with pulse durations of a few picose-
conds and pulse energies of up to 2 mJ. The terahertz and soft X-ray
pulses are transported to the experimental end-station in separate
beamlines of about 60 m length each. The terahertz branch contains
a delay line that allows for adjustment of the relative timing21. At the
experimental end-station both pulses are focused and overlapped
collinearly in a krypton gas target (Fig. 1). The krypton atoms are
ionized by the soft X-ray pulses and the photoelectrons are detected
with two time-of-flight spectrometers, one of them parallel, and the
other perpendicular to the polarization of the terahertz field.

Mapping of the terahertz field
Use of the concept described above for the temporal analysis of
short electron wave packets requires precise knowledge of the streak-
ing field. If the terahertz pulse is reproducible and the jitter of the
arrival times of the soft X-ray and terahertz pulses is small, it is poss-
ible to sample the time-dependent streaking field by measuring the
energy shift of the photoelectrons DWk(t) upon scanning the time
delay between both pulses. This energy shift of the streaked elec-
trons can be reformulated to

DWkðtÞ %
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2W0=me

p
eATHzðtÞ ð3Þ

where ATHz(t)¼ t

Ð1ETHz(t0) dt0 is the vector potential of the streaking
terahertz field. It is thus possible to directly map the vector potential
of the terahertz field by measuring the energy change of streaked
photoelectrons. At the FLASH facility, the same electron bunches
are used to produce both the soft X-ray and the terahertz pulses, so
a good synchronization of the pulses is expected. This concept
should therefore be applicable and should reveal the actual degree
of synchronization between the light pulses. Figure 2 shows a series
of kinetic energy spectra of electrons detached by 13.5 nm soft
X-ray pulses from FLASH in the presence of an intense pulsed tera-
hertz field. The delay between the pulses was varied in steps of 33 fs,
and each spectrum represents an average over 25 shots. From the
observed oscillation the wave period can directly be extracted.
By fitting a Gaussian multiplied with a sine to the maxima of the
photoelectron spectra, an oscillation period of 306+1 fs, corre-
sponding to a frequency of 3.3 THz and a wavelength of 92 mm,
was determined. In the absence of a streaking field the mean
kinetic energy of photoelectrons from the outermost Kr 4p
shell is W0¼ h&vX 2 Wbind(Kr4p)¼ 91.8 eV 2 14.1 eV¼ 77.7 eV.
The energy shift induced by the streaking directly represents the
terahertz vector potential ATHz from which a maximal electric
field strength of 50 MV m21 is deduced. Evaluating the slope of
the fit curve at a zero crossing yields the streaking speed

s ¼
@ðDWkÞ
@t

ð4Þ

typically in the order of 0.1 eV fs21. The field strength remains con-
stant during typical 8-h measurement runs. However, it was subject
to changes of up to 50% on different days owing to small variations
in the settings of the FLASH accelerator or alignment of the tera-
hertz optics. If the delay between the soft X-ray and terahertz
pulses is set close to a maximum of ATHz, a fluctuation of the tera-
hertz field results in a fluctuation of the mean energy of streaked
photoelectrons. By comparing the electron energy fluctuation with
and without the terahertz field, a relative shot-to-shot fluctuation
of ATHz of 9% r.m.s. was determined.

Note that the corresponding intensity of 3.3'108 W cm22 is
much lower when compared with streaking experiments using
near-infrared radiation of 800 nm wavelength, which are typically
operated at .1'1012 W cm22. This lack of intensity, however, is

Parabolic mirror
Gas nozzle

TO
F

THz bandpass
filter

Multilayer mirror
f = 2,000 mm

Aluminium
filter

THz polarizer

TOF

Figure 1 | Schematic of the experimental setup. Horizontally polarized soft
X-ray (blue beam) and vertically polarized terahertz (red beam) pulses are
focused and collinearly superimposed in a krypton gas target. Photoelectrons
are detected with two time-of-flight (TOF) spectrometers, one parallel and
one perpendicular to the terahertz polarization. A terahertz bandpass filter is
used to narrow and smooth the terahertz spectrum. An aluminium filter is
used to reduce the soft X-ray intensity.
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Figure 2 | Sampled terahertz vector potential. Series of kinetic energy
spectra of 4p photoelectrons detached from krypton atoms by a 13.5-nm
soft X-ray pulse in the presence of an intense pulsed terahertz field (false-
colour representation). The energy shift of the electrons versus the
X-ray/terahertz delay directly represents the vector potential ATHz.

ARTICLES NATURE PHOTONICS DOI: 10.1038/NPHOTON.2009.160

NATURE PHOTONICS | VOL 3 | SEPTEMBER 2009 | www.nature.com/naturephotonics524

Frühling et al., Nat. Phot. 3, 523 (2009)
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Field interaction vs. photon interaction

One photon interaction can be regarded as two field interactions (cc* = |c|2) 

In the photon picture the phase is lost. 

Population is transferred with two (identical) field interactions. 

(Synchrotron spectroscopies are nearly always „population spectroscopies“: 
-incoherent (no phase relation) 
-well-defined number of transitions. 
Coherence only becomes relevant at FELs: 
-large number of coherent photons)
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„Two-wave mixing“, two field interactions
Fundamental dipole interactions / Photon transitions

Absorption Stimulated Emission Spontaneous Emission
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Is stimulated by the zero-point field
Spontaneous emission
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RIXS / XES (population spectroscopies - incoherent, zero-point field)
Everything is four-wave mixing
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Pump probe—XAS (population spectroscopies - incoherent)
Everything is four-wave mixing
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Claudio’s transient gratings (but now coherent!)
Everything is four-wave mixing
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Everything is four-wave mixing

Many more: 
CARS (coherent anti-Stokes Raman spectroscopy) 
CSRS (coherent Stokes Raman spectroscopy) 
Stimulated Raman 
Inverse Raman 
…

Coherent spectroscopies need phase matching! 
k-vectors need to add up 
> condition for angles 
> angular separation of signal possible 
> angular focussing of signal
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Polarisation expansion
Everything is four-wave mixing

from Claudio:

one-wave mixing does not exist… (only a pure coherence cannot be observed) 
two-wave mixing is a χ(1) process 
three-wave mixing is a χ(2) process 
four-wave mixing is a χ(3) process 
…
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SFG (SHG, DFG)
Three-wave mixing
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Pump-probe (anti-Stokes) RIXS
Six-wave mixing
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to realise wave-mixing spectroscopies
Experimental designs

Things to consider: 
-phase matching condition (angles, geometry) 
-concurrent processes and their relative strengths
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Coherent vs. incoherent spectroscopy / three-wave vs. six-wave mixing
SFG vs. anti-Stokes RIXS
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Anti-Stokes RIXS has no phase matching condition
Possible SFG geometry at an M-edge
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Experiments
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Multi-dimensional spectroscopy and (in-)elastic X-ray scattering instrument
MUSIX

• Designed at DESY 
• UHV diffractometer modified from Uni Köln design, in use at BESSY 
• spectrometer design in house 
• in (full) operation within the next two weeks 

• flexible for various beam lines / light sources 
• fulfill phase matching condition 
• spectral analysis 
• materials’ science environment 
• open for collaborations @ FLASH / PETRA (P04) or elsewhere
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45°
45°
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60°
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Completed in next two weeks, ideas for future collaborations welcome
MUSIX in reality

-Nitrogen K-edge (400eV) XES 
-Triple RZP analyser 
-Resonant excitation with 
third harmonic @ FLASH2
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Optimised split and delay units
Heterodyne detection: Coherent reference beams

Standard scheme: 
Split with edge of mirror

New scheme: 
Split with transmission grating

Collaboration with G. Brenner (FLASH) et al. + C. David (PSI) et al.
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Silicon at high intensities
Amplified spontaneous emission @ FLASH

Martin Beye 
Simon Schreck 
Florian Sorgenfrei 
Christoph Trabant 
Niko Pontius 
Christian Schüssler-
Langeheine 
Wilfried Wurth 
Alexander Föhlisch

Beye et al., Nature 501, 191 (2013)
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Maximise interaction length with core-excited volume
Geometry optimisation

Stimulated Emission
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Primarily along the surface for soft X-rays on solids
Stimulation front
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Si (100), 115eV, 1J/cm2, 30 fs
Angular dependence
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Fluence and spectral dependence
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Reabsorption of emission for long pulses and short core hole lifetimes
Amplified spontaneous emission from water?

1	mm

~µm

MCP Detector

Grating

liquid
jet

20 µm
glass nozzle

Soft x-ray
550 eV

Gas attenuator

KBO focussing

Differential
pumping

Foil

Trap
variable fluence
and focal size

Liquid jet speed ~ 20 m/s 
~ kHz to MHz rep. rate

The LJE/FlexRIXS endstation

Kunnus, K. et al. Rev. Sci. Instrum. 83, 123109 (2012)
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We report on oxygen K-edge soft x-ray emission spectroscopy from a liquid water jet at the Linac
Coherent Light Source. We observe significant changes in the spectral content when tuning over a wide
range of incident x-ray fluences. In addition the total emission yield decreases at high fluences. These
modifications result from reabsorption of x-ray emission by valence-excited molecules generated by the
Auger cascade. Our observations have major implications for future x-ray emission studies at intense x-ray
sources. We highlight the importance of the x-ray pulse length with respect to the core-hole lifetime.

DOI: 10.1103/PhysRevLett.113.153002 PACS numbers: 33.20.Rm, 33.80.Wz, 78.70.Ck, 78.70.En

The ultrahigh peak brilliances available at x-ray free-
electron lasers (XFELs) enable experimentalists to explore
new regimes of light-matter interaction. Nonlinear spec-
troscopies, which are well established for optical wave-
lengths (e.g., stimulated Raman scattering), have been
proposed [1–3] and recently pioneered in the soft x-ray
regime [4–6]. In particular, stimulated effects in x-ray
emission (XE) and resonant inelastic x-ray scattering
(RIXS) promise to improve signal levels by orders of
magnitude. This will enable an efficient application of these
highly selective spectroscopies to study elementary low-
energy excitations in, e.g., physical chemistry and materials
science [7–10].
However, the required high photon densities generate

significant concurrent radiation damage as a result of Auger
decays and subsequent electron cascades. In the limit of
complete stimulation, this damaging nonradiative decay
channel should be fully switched off by stimulating the
radiative decay faster than the Auger-dominated natural
core-hole lifetime [5]. But in an intermediate regime, the
electron cascades will prevent probing of the undisturbed
system. We present, here, the fundamental processes during

the transition from the linear single-photon to the nonlinear
multiphoton regime in soft x-ray-matter interaction. Their
complete understanding is essential to fully exploit the
potential of stimulated as well as normal XE spectroscopy
at XFELs.
We report on soft XE spectroscopy from a liquid water

jet for a wide range of incident x-ray fluences at the Linac
Coherent Light Source (LCLS) at the SLAC National
Accelerator Laboratory. For fluences exceeding the linear
single-photon regime (above ∼0.2 J=cm2 in the presented
experiment), we observe significant modifications of the
spectra as well as a decrease of the total emission yield.
These modifications are interpreted as a result of reabsorp-
tion of the emitted x-rays by valence-excited (VE) mole-
cules. The valence excitations are generated by the ultrafast
Auger cascade. Based on this mechanism, we present a
model that describes the measured data through the single-
photon regime and up to ∼10 J=cm2 for the conditions in
this Letter.
We performed experiments at the soft x-ray materials

science instrument (SXR) of the LCLS [11]. To measure
oxygen K-edge XE spectra from liquid water, we used the

PRL 113, 153002 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending

10 OCTOBER 2014

0031-9007=14=113(15)=153002(6) 153002-1 © 2014 American Physical Society
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LCLS SXR has bendable KB-mirrors
Continuous fluence variation by orders of magnitude
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Simple model taking Auger cascade into account, models dependences quantitatively
Saturation in spectra and count rate
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Summary

• Some non-linear processes have been observed 
• Mostly population spectroscopy 
• Electronic coherences in the X-ray regime still await discovery 
• Potential to circumvent Auger cascade, if no population transfer 
• Coherence lifetime undetermined, potentially very short 
• WE NEED SHORTER PULSES!!!!

From theoretical field interactions to real experiments



| Non-linear processes in X-ray scattering experiments | Martin Beye, May 18, 2018 Page !37

THANK YOU FOR YOUR 
ATTENTION.


