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The ultrahigh peak brilliance available at X-ray free-electron lasers opens the possibility to transfer nonlinear
spectroscopic techniques from the optical and infrared into the X-ray regime. Here, we present a conceptual treatment
of nonlinear X-ray processes with an emphasis on stimulated resonant X-ray scattering as well as a quantitative estimate
for the scaling of stimulated X-ray scattering cross sections. These considerations provide the order of magnitude for the
required X-ray intensities to experimentally observe stimulated resonant X-ray scattering for photon energies ranging
from the extreme ultraviolet to the soft and hard X-ray regimes. At the same time, the regime where stimulated processes
can safely be ignored is identified. With this basis, we discuss prospects and implications for spectroscopy, scattering,
and imaging experiments at X-ray free-electron lasers.
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1. Introduction

When an intense electromagnetic light field propagates
through a medium, the induced polarization may change
nonlinearly with the strength of the external light field [1].
Deviations from the linear response typically occur, when
the electromagnetic field strength becomes comparable to
the Coulomb field inside the atoms or molecules of the
medium. At optical frequencies, only laser light is intense
enough to induce such a nonlinear response of the polar-
ization of the medium. Accordingly, nonlinear optical pro-
cesses were first observed shortly after the invention of the
laser (which itself is based on the nonlinear optical process
of stimulated emission) – in 1961 Franken et al. [2] observed
the generation of higher harmonics of a ruby laser focused
into a quartz crystal. This experiment is often taken as the
beginning of nonlinear optics. In the following, a wealth
of nonlinear optical processes was observed and is now
employed routinely. One application is to generate intense
and tunable (with variable frequency, pulse duration, or
polarization) laser light. At the same time many different
nonlinear optical spectroscopies have been developed, and
provide selective probes of structure and dynamics of atoms,
molecules, and materials [3,4]. High harmonic generation
and spectroscopy, sum and difference frequency generation,
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stimulated Raman scattering, and four-wave mixing are
some of the most widely applied techniques.

At X-ray frequencies, the interaction of electromagnetic
fields with matter has been restricted to the linear regime for
long time. On one hand, this was due to the lack of intense
enough X-ray sources in combination with the generally
low interaction cross section at X-ray frequencies. On the
other hand, the involved excited state lifetimes are ultra-
short. In general, X-rays are able to excite strongly bound
core-level electrons yielding atomic centers with core-level
vacancies (core holes). The lifetime of these highly exc-
ited states is on the femtosecond timescale as a result of
ultrafast spontaneous core-hole relaxation processes. The
short lifetime hinders the creation of a sufficiently dense
population inversion, which is needed for typical nonlinear
processes such as stimulated emission. In particular, for the
soft X-ray regime nonradiative core-hole relaxation via the
Auger process plays an important role. Highly energetic
Auger electrons are created that can significantly alter the
geometric and electronic structure of the sample at high
incident X-ray intensities [5–7].

However, X-ray matter interactions beyond the linear
regime have been considered in a number of theoretical
as well as experimental studies already for decades [8–10].
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The early studies focused on spontaneous second-order non-
linear processes such as two-photon fluorescence in the
hard X-ray regime. The employed theoretical models made
use of the absence of resonances at very high X-ray ener-
gies, treating the electrons as a quasi-free plasma-like gas.
More recently, second- and third-order resonant nonlinear
processes in the soft and hard X-ray regime were mod-
eled theoretically [11–14]. First experimental observations
of two-photon absorption, amplified spontaneous emission
and stimulated resonant X-ray scattering in gas phase and
condensed systems have been reported [15–18]. The
experimental observation of nonlinear X-ray processes has
been facilitated by the advent of X-ray free-electron lasers
(XFELs) [19–22], which provide femtosecond extreme
ultraviolet (XUV) and X-ray pulses carrying 1012 to 1013

photons per pulse [23]. With this, the transfer of nonlin-
ear concepts from the optical and infrared to the X-ray
regime should become possible and enable nonlinear X-ray
spectroscopies such as stimulated resonant X-ray scattering
or X-ray four-wave mixing [11,24]. These nonlinear X-ray
spectroscopies can benefit from enhanced signal levels as
compared to their linear counter parts, which rely on sponta-
neous core-hole relaxation processes. In addition, they will
provide significantly enhanced selectivity and sensitivity to
the valence electronic structure and its dynamics.

A rigorous theoretical description of nonlinear X-ray-
matter interactions is beyond the scope of this tutorial-
type review, but the interested reader is referred to e.g.
references [11–14]. Instead we will present a conceptual
treatment of nonlinear X-ray processes with emphasis on
stimulated resonant X-ray scattering and discuss the crucial
experimental parameters. We apply an expression for the
cross section of stimulated scattering derived originally by
Lee and Albrecht in the 1980s [25] for the optical frequency
regime. Patterson applied this formalism recently to the
X-ray regime in his SLAC Technical Note [26]. The
quantitative implementation provides a rough (order of
magnitude) estimate for the required X-ray intensities to
experimentally observe stimulated resonant X-ray scatter-
ing. Nevertheless, the scaling of this expression is valid for
a wide range of photon energies encompassing the XUV,
the soft and the hard X-ray regime. For the discussion we
restrict ourselves to a fluence regime on dense samples,
where saturation effects can be neglected since a sufficient
number of scattering centers is always present. Based on
this we analyze prospects and implications for spectroscopy,
scattering, and imaging experiments at XFELs performed
in the different XUV and X-ray photon energy regimes.

2. X-ray matter interactions and stimulated resonant
X-ray scattering

We start with a discussion of basic aspects of X-ray matter
interaction. For this, a description of the interaction of
X-rays with matter as a scattering process is very instruc-

tive. In many cases, the scattering process can be separated
into an excitation and a decay step. Figure 1 illustrates the
different excitation and decay processes (which constitute
the different scattering channels) in form of simplified
single-electron energy level diagrams. In the excitation step
an incident X-ray photon is absorbed by the scattering center
(which we refer to as a molecule in the following). For
appropriate photon energies, the absorption results in
resonant excitation of a core-level electron into a formerly
unoccupied valence level (Figure 1, box A). If the incident
photon energy is sufficiently larger than the core-level bind-
ing energy (EC ), the molecule is ionized and the excited
electron is transferred into the continuum (Figure 1, box B).
The latter process is often denoted as nonresonant excita-
tion. Resonant as well as nonresonant excitation result in a
core-excited (core-ionized) molecule that has a vacancy in
one of the core levels, a core hole. The core-excited state
represents the intermediate state of the scattering process.

The intermediate core-excited state decays primarily by
filling the core hole with an electron from an occupied
valence level. Hereby, the excess energy can be released
in the form of an X-ray photon (radiative decay) or it can
be transferred to another valence electron, which is ejected
from the molecule (nonradiative Auger decay), Figure 1.
At the absence of a strong X-ray field the ratio between
radiative and nonradiative decay depends strongly on the
core-hole energy and core level (K-, L-, and M -shell hole).
For core holes accessible by XUV and soft X-rays nonra-
diative decay dominates strongly, whereas for photon ene-
rgies above ∼10 KeV radiative decay starts to dominate
[27]. For resonant excitation the energy of the scattered
photon or electron varies linearly with the incident pho-
ton energy, which is typical for a Raman-type scattering
process. The radiative scattering channel is therefore ref-
erred to as “resonant X-ray Raman scattering”, whereas the
nonradiative scattering channel is referred to as “resonant
Auger Raman scattering”, Figure 1(A). For nonresonant
excitation the energy of the emitted photon or electron is
mostly independent of the excitation energy and its energy
distribution reflects the valence electronic structure of the
final state of the scattering process (which is in general not
neutral, but a singly or doubly valence ionized state of the
molecule). This is the basis of nonresonant X-ray emission
and Auger electron spectroscopy. With increasing photon
energy above the core-level binding energy the probability
for resonantly exciting a core hole decreases and the photons
will more likely scatter elastically. This scattering channel
is mostly the basis for coherent X-ray scattering, diffraction,
and imaging, Figure 1(B).

We now focus on resonant X-ray Raman scattering, i.e.
the radiative decay channel after resonant excitation. In
Figure 2 the different resonant scattering channels are ill-
ustrated again in the single-electron picture (box A), which
illustrates solely electronic energy losses in the Raman scat-
tering process. In box B of Figure 2 the same resonant
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Figure 1. Fundamental X-ray-matter interactions illustrated in schematic single-electron energy level diagrams. The final electron
configurations are shown for each process. See main text for discussion of the different processes. (The color version of this figure
is included in the online version of the journal.)

scattering channels are illustrated in the strictly correct
many-electron total energy picture. This picture describes
the general case of resonant X-ray Raman scattering via a

core-excited intermediate state, where the energy loss can
correspond to an electronic, but also a vibrational, magnetic,
or phonon excitation.
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Figure 2. Resonant X-ray Raman scattering processes in the single-electron picture (A) as used in Figure 1 and in the many-electron total
energy picture (B). In each picture, the spontaneous and stimulated as well as the inelastic and elastic scattering process are illustrated.
(The color version of this figure is included in the online version of the journal.)

At the absence of a strong X-ray field the radiative decay
of the intermediate core-excited state occurs spontaneously
and is a result of vacuum zero-point fluctuations [28],
Figure 2(a) and (b) in box A and B. However, the radiative
decay can also be stimulated by an X-ray photon, which
results in stimulated emission of a second X-ray photon
with identical properties (energy, momentum, polarization)
to the stimulating photon, Figure 2(c) and (d) in box A
and B. The stimulated process competes with the sponta-
neous core-hole decay, where radiative as well as nonradia-
tive spontaneous processes are important (remember that in
the XUV and soft X-ray regime nonradiative core-hole de-
cay is the dominating spontaneous process). For stimulated
X-ray scattering to dominate more than one photon needs
to be present around the scattering center during the typi-
cally femtosecond natural lifetime of the core-excited state
(at least one photon to excite and one to stimulate). A com-
parison of typical intensities reveals that a sufficiently high
photon flux is only available at XFELs: At a synchrotron
a typical soft X-ray pulse of 100 ps duration carries ∼105

photons [29,30]. This corresponds to one photon per fem-
tosecond, i.e. during a typical core-hole lifetime only one
photon is present in the whole irradiated volume of the
sample. At an XFEL X-ray pulses of a few femtoseconds
carry up to 1012 photons [23]. Hence, all these photons
are present in the sample simultaneously during a typical
core-hole lifetime and stimulated X-ray scattering becomes
possible.

In general, the stimulating photons can be provided
by an X-ray source, but they can also originate from
spontaneous (or stimulated) X-ray emission processes at
neighboring molecules. The latter situation results in ampli-
fication of the spontaneous emission signal and is denoted as

amplified spontaneous emission (ASE). When the stimu-
lating photon is provided directly by an X-ray source one
should distinguish two situations: (1) The exciting and the
stimulating photons come from the same X-ray pulse
(impulsive stimulated scattering). (2) The exciting and the
stimulating photons are provided by two different X-ray
pulses (“classical” stimulated scattering). In any case, the
stimulation process results in emission of a second X-ray
photon with identical properties to the stimulating photon.
Therefore, for impulsive stimulated scattering the stimu-
lated signal propagates collinear with the incident beam
into the forward direction. In ASE the angular distribu-
tion of the spontaneous emission signal, but also the spa-
tial extent of the excited volume in the sample [16] deter-
mine the direction of maximized stimulated signal. In the
two-pulse scheme, the direction of the (second) stimulating
X-ray pulse determines the direction of the stimulated signal
and allows for separate detection of the stimulated signal.

3. Cross section estimate for stimulated resonant X-ray
scattering

To estimate the required X-ray photon flux to perform a
stimulated X-ray scattering experiment at an XFEL we
employ a formalism presented by Lee and Albrecht [25].
These authors derived an expression for the cross section
of stimulated scattering at optical frequencies in the 1980s.
Following an idea put forward by B. Patterson in his SLAC
Technical Note [26] we derive an expression for the cross
section of stimulated X-ray scattering, which is directly
related to the spontaneous emission and Auger decay cross
sections.
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Lee and Albrecht [25] used a density matrix formalism
and considered the work performed by the electromagnetic
field in a medium to derive the cross section for stimulated
scattering. Using the mks-units system (i.e. SI units) the
stimulation cross section from Lee and Albrecht [25] reads

d2σstim

d�dω2
= � ω1ω2

2 ε0c2
F(ω2)

Im(χ(3))

ρ
. (1)

This double differential cross section describes stimu-
lated scattering of an incident photon at frequency ω1 into
the solid angle d� and frequency interval [ω2, ω2 + dω2]
under presence of an (intense) stimulating photon field at
frequency ω2 (see Figure 2(c)). F(ω2) is the spectral photon
flux (photons per area, time, and frequency interval) of
the stimulating photon field. ρ is the number density of
scattering centers in the medium. The third-order nonlinear
susceptibility χ(3) is a material property and describes the
nonlinear response of the polarization in the medium upon
the applied fields at frequencies ω1 and ω2. In general χ(3)

is a fourth-rank tensor. For the stimulated scattering pro-
cess that we discuss, the frequency dependence is χ(3) =
χ(3)(ω2 = ω2 + ω1 − ω1) [1].

Spontaneous X-ray emission can be treated conceptually
in the same way as stimulated X-ray scattering, where the
so-called vacuum zero-point field is regarded as the stimu-
lating field for spontaneous emission (Section 2 and Figure
2(a) and (b)). Hence, the cross section for spontaneous
emission can be derived from Equation (1) by inserting the
vacuum zero-point photon flux FZP(ω2) for F(ω2) [25]. An
estimate for FZP(ω2) can be obtained from Plancks radiation
law for the black body spectrum including the zero-point
energy [31–33]

FBB(ω, T ) = ω2

2π2c2

(
1

e
�ω
kT − 1

+ 1

2

)
. (2)

Equation (2) gives the black body photon flux (photons
per area, time, and frequency interval) per unit solid angle
as a function of temperature T and photon frequency ω. In
vacuum and at temperature T = 0 K the zero-point photon
flux remains

FZP(ω) = ω2

4π2c2
. (3)

Inserting (3) into (1) the cross section for spontaneous
emission follows

d2σspon

d�dω2
= � ω1ω

3
2

8π2ε0c4

Im(χ(3))

ρ
. (4)

To check the validity of the zero-point approach and
the resulting expression for the spontaneous emission cross
Section (4) we use a value for the third-order nonlinear
susceptibility of Im(χ(3)) = 10−21 m2/V2, which is the
order of magnitude estimated in recent publications [11,24,
26] for resonant carbon K-shell scattering at ∼277 eV (Note
that the exact value given forχ(3) varies by one to two orders
of magnitude between the publications). Using the atomic

density of amorphous carbon of ρ ≈ 10−29 m−3 and the
carbon 1s line width (0.07 eV [27]) a spontaneous emission
cross section of dσspon/d� = 3.1 × 10−25 m2 follows
from Equation (4). This value compares reasonably well
(noting the rough estimate for χ(3)) with the spontaneous
emission cross section obtained from the tabulated total
carbon 1s absorption cross section σabs = 1.1 × 10−22 m2

[34], the carbon 1 s fluoresence yield wfy = 3 × 10−3

[27] and assuming isotropic spontaneous emission into 4π:
dσspon/d� = σabswfy/(4π) = 2.6 × 10−26 m2.

Combining Equations (4) and (1) we obtain a relation
between the cross section for stimulated and spontaneous
emission

d2σstim

d�dω2
= 4π2c2

w2
2

d2σspon

d�dω2
F(ω2). (5)

Equation (5) is independent of any material constants
and in particular independent of the nonlinear susceptibility
χ(3). Hence, (5) provides an estimate of the stimulated
X-ray scattering cross section with no need for an (in gen-
eral very rough) estimate for χ(3) in the X-ray regime. In
addition, (5) allows a direct comparison of the cross sections
for stimulated scattering, spontaneous emission as well as
Auger decay (the ratio of spontaneous emission and Auger
decay is given by tabulated fluorescence yields [27]).

When the sample is dense enough as compared to the
photon flux, such that saturation effects can be neglected
and a sufficient number of unexcited molecules is always
present, we can compare the cross sections for scattering
via spontaneous X-ray emission (dσspon/d�), nonradiative
Auger decay (dσAuger/d�) and stimulated X-ray scattering
(dσstim/d�). In this case, we note that the total scattering
cross section

σtot = σspon + σAuger + σstim (6)

is a constant for a given photon energy. However, in the
high intensity limit of the range considered in this work,
the assumption of negligible saturation may be violated
and effects like Rabi oscillations [31,35,36] may become
important. This would effectively decrease the absorption
cross section and with this also σtot. In Equation (6) we
dropped the d� for readability and will do so in the fol-
lowing. However, it should be remembered that all cross
sections refer to scattering into the solid angle d� integrated
over the natural line width of the respective core level.

The total scattering cross section σtot can be estimated
by the absorption cross section σabs divided by 4π to acc-
ount for assumed isotropic scattering. Sizable stimulated
scattering will decrease the relative contributions of spon-
taneous emission and Auger decay to the total scattering
cross section. In addition, stimulated scattering will focus
the scattering signal into the propagation direction of the
stimulating field. This yields to strongly anisotropic stimu-
lated scattering. We neglect the focusing effect of stimulated
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scattering here for the quantitative estimate, but discuss its
qualitative implications in Section 5.

The ratio between spontaneous emission andAuger decay
is independent of the magnitude of stimulated scattering and
is determined by the fluorescence yield wfy via

σAuger = σspon
1 − wfy

wfy
. (7)

Inserting Equations (5) and (7) into Equation (6) links the
spontaneous emission cross section to the total scattering
cross section:

σtot = σspon

(
1 + 1 − wfy

wfy
+ 4π2c2

w2
2

F(ω2)

)
. (8)

Equations (5), (7) and (8) allow us now to compare the
cross sections for scattering via spontaneous and stimulated
X-ray emission as well asAuger decay. We do so for the case
of resonant K-shell scattering (ω1 = ω2 = ωres) and use
tabulated values [34] for the resonant K-shell absorption
cross section σabs between lithium (50 eV) and molybde-
num (20 keV) and tabulated [27,37] fluorescence yields.
With this we calculate σstim, σspon and σAuger as a function
of resonance photon energy and stimulating photon flux
F(ω2). For the stimulating photon flux we assumed XFEL
pulses of 10 fs duration, 0.5% photon energy bandwidth, a
focal size of 50 × 50 µm2 and 1010 to 1015 photons per
pulse. This covers the intensity regime currently available
at XFELs as well as a regime exceeding the capabilities
of XFELs at XUV, soft and hard X-ray photon energies.
It should be noted that the relevant intensity (F(ω2)) is
the spectral photon flux, i.e. the number of photons per
time, area, and spectral bandwidth. Hence, a lower photon
number per pulse can be compensated by tighter focusing
of the X-ray beam or in principle also by a shorter pulse
length or smaller energy bandwidth. However, we use for
the following discussion the number of photons per pulse
(implicitly assuming the above pulse parameters), since this
is an easy to grasp parameter. Furthermore we note that,
though the calculation is performed for K-shell scattering
here, the presented results are also a good estimate for other
shells. Since the core-hole lifetimes and level width are on
the same order of magnitude for e.g. K- and L-shells at
the same resonance photon energy, the cross sections scale
mainly with the resonance photon energy.

In Figure 3, top panel, we present a three-dimensional sur-
face plot of σstim, σspon and σAuger as a function of resonance
photon energy and stimulating photon flux F(ω2). Already
here general trends become apparent: the stimulation cross
section increases with increasing stimulating photon flux
and decreases with increasing resonance photon energy.
Furthermore, independently of the stimulating photon flux,
the Auger decay cross section dominates over the sponta-
neous emission cross section in the XUV and soft X-ray
photon energy range. At around 10 keV resonance photon
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Figure 3. Competition between scattering via stimulated and
spontaneous radiative decay as well as via nonradiative Auger
decay. The respective cross sections estimated from the model
described in the main text are plotted as a function of the
stimulating photon flux and resonance photon energy. The
stimulating photon flux is given in photons per pulse assuming
10 fs pulse duration, 0.5% photon energy bandwidth and a focal
spot size of 50 × 50 µm2. Red lines indicate the cut positions
displayed in panel (A)–(C). K- and L-shell resonance energies
for selected elements are indicated and the respective cuts are
displayed in Figure 4. (The color version of this figure is included
in the online version of the journal.)

energy spontaneous emission starts to dominate over Auger
decay.

For a more quantitative analysis we present cuts though
the three-dimensional data-set at fixed stimulating photon
flux in Figure 3, panel (A)–(C). Cuts at characteristic reso-
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nance photon energies are shown in Figure 4. Here, the stim-
ulating photon flux F(ω2) is also given in W/cm2 (upper
x-axes) in addition to the number of photons per pulse (lower
x-axes). In the cut plots we also include the total scattering
cross sectionσtot. The general trend of smallerσtot for higher
resonance photon energy is directly visible in Figures 3
and 4 and obviously independent of the stimulating photon
flux F(ω2). Another general trend is the lower stimulation
cross section relative to the spontaneous emission cross
sections with increasing resonance photon energy.

However, for the low-intensity regime (∼1010 photons
per pulse) the spontaneous emission and Auger cross sec-
tions dominate over the stimulation cross section also at
the lowest XUV resonance energies. At around 100 eV res-
onance energy (Figure 4(A)), which corresponds to e.g.
the silicon L-edge, where ASE has been recently observed
[16], around 5 × 1011 photons per pulse (∼1013 W/cm2)
are required for the stimulation cross section to exceed the
Auger cross section.

The soft X-ray regime covers the K -edges of elements
like carbon, nitrogen, and oxygen (Figure 4(B)) that are
intensively studied by X-ray spectroscopy and scattering
techniques due to their relevance in nature [38–40], catal-
ysis [41,42] or biological systems [43,44] as well as the
L-edges of elements such as manganese and iron (Figure
4(C)) that play a central role in photosynthesis [45] or other
photochemical reactions [46]. At the neon K-edge at around
870 eV photon energy (Figure 4(C)) ASE had been realized
experimentally for the first time in the gas phase [15]. At
these resonance energies intensities of 5 × 1012 to 1013

photons per pulse (∼1 to 5 × 1015 W/cm2) are required
for the stimulation cross section to exceed the Auger cross
section.

At photon energies of ∼2200 eV corresponding to the
phosphorous or sulfur K-edges in the tender X-ray regime
(Figure 4(D)), where crystallographic techniques such as
single- or multiwavelength anomalous diffraction (SAD or
MAD) are routinely applied [47] around 5 × 1013 photons
per pulse (∼5 × 1016 W/cm2) are required for the stimula-
tion cross section to exceed the Auger cross section.

The threshold intensities estimated so far for the XUV,
soft and tender X-ray regime are within the capabilities of
current XFELs in this photon energy range. Hence stimu-
lated X-ray scattering should be experimentally feasible at
these photon energies and first pioneering experiments have
confirmed this conclusion [15–17].

The hard X-ray regime comprises, among others, the
K-edges of manganese, and iron at around 7 keV resonance
energy (Figure 4(E)) that are equally relevant for photosyn-
thesis and photochemistry [48,49] than the corresponding
L-edges. Furthermore, coherent X-ray scattering and imag-
ing experiments are typically performed at these photon
energies [50]. In this regime, already quite high intensi-
ties of around 1014 photons per pulse (∼5 × 1017 W/cm2)
are necessary for stimulated scattering to dominate over

the spontaneous scattering channels. At even higher pho-
ton energies of ∼15 keV (Figure 4(F)), which are required
to achieve atomic resolution on the angstrom length scale
in scattering and imaging experiments intensities of 5 ×
1014 photons per pulse (∼5 × 1018 W/cm2) are required
for stimulated scattering. These intensities are beyond the
capabilities of current XFELs in the hard X-ray regime.

4. Implications for resonant X-ray spectroscopy at
free-electron lasers

The cross section estimate from Section 3 implies that stim-
ulated resonant X-ray scattering should be experimentally
observable with intensities achievable at current XFELlight
sources in the XUV and soft X-ray photon energy range. For
hard X-ray photon energies on the other hand X-ray intensi-
ties that are beyond the capabilities of current XFEL sources
are needed for stimulated X-ray scattering to dominate over
spontaneous X-ray emission. First pioneering experiments
in the XUV and soft X-ray regime verify this conclusion: at
the Ne K-edge (∼860 eV) ASE as well as stimulated X-ray
scattering have been observed in the gas phase [15,17]. In
the condensed phase ASE was observed at the Si L-edge
(∼100 eV) in crystalline silicon [16]. These are first steps
that pave the way for more advanced and complex nonlinear
spectroscopic schemes to be transferred from the optical and
infrared into the XUV and soft X-ray regime.

Establishing stimulated X-ray scattering for resonant soft
X-ray spectroscopies such as resonant X-ray Raman scat-
tering will considerably enhance the usually very low signal
levels for these highly selective probes of the valence elec-
tronic structure. Stimulated X-ray emission in the XUV and
soft X-ray regime suppresses the dominating Auger decay,
which at the same time reduces electronic sample damage
and in turn enables higher incident X-ray intensities to be
used. This is true for ASE as well as impulsive stimulated
X-ray scattering, which are possible with a single intense
XUV or soft X-ray XFEL pulse. However, the separation of
the stimulated signal from the direct beam might be prob-
lematic in single pulse experiments (see also discussion in
Section 5). The two-pulse schemes, where a first X-ray
pulse resonantly excites a specific core-excited state and
a second X-ray pulse resonantly stimulates a specific decay
transition of this core-excited state can overcome the det-
ection problem and will further enhance the selectivity of
resonant X-ray spectroscopies. Including a third X-ray pulse
that resonantly excites a core-excited state at a different
atomic center is a very intriguing possibility to enable X-ray
four-wave mixing experiments. Such experimental schemes
should allow for probing valence electron correlations be-
tween different atomic sites within large molecules or cor-
related materials [11].

Stimulated X-ray scattering should furthermore provide
an elegant way of controlling the scattering time in reso-
nant X-ray Raman scattering experiments. Using ultrashort
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pulses of one femtosecond and less (significantly shorter
that the natural core-hole lifetime), the decay of core-excited
states can be stimulated at any time within the natural
core-hole lifetime. This will allow a detailed study of dy-
namic effects induced by core-level excitations. Further-
more the creation of valence excitations at selected atomic
centers can be timed with an accuracy well below the natural
core-hole lifetime.

Any of these multi-pulse nonlinear X-ray spectroscopic
schemes places high demands on the X-ray pulse structures.
They require independently tunable X-ray pulses covering
a difference in photon energy of at least several electron
volts and pulse durations as well as interpulse delays of few
femtoseconds and less. In addition, the incident angles of
the individual pulses should be variable to separately detect
their signals as well as to study the momentum transfer in
crystalline structures.

To meet the high demands on the X-ray pulse structures
the current instrumental developments at XFEL facilities

that include, among others, seeding schemes [22,51] to red-
uce the shot-to-shot fluctuations of the spectral and tem-
poral pulse structure as well as split and delay techniques
for XFEL pulses [52,53] need to be pushed forward. At
the same time a parallel development that might soon be
able to deliver pulse structures and intensities to perform
nonlinear X-ray spectroscopies are laboratory-based high
harmonic sources [54,55]. These sources currently undergo
rapid developments and are already able to produce attosec-
ond soft X-ray pulses [56,57].

5. Implications for coherent diffraction and imaging at
free-electron lasers

Stimulated X-ray scattering collects the scattering intensity
into a narrow cone pointing into the direction of the stim-
ulating X-ray beam and suppresses the scattering signal
into other directions. Impulsive stimulated scattering will
therefore collect the scattering signal into the forward direc-
tion, where it can be detected only after strong attenuation
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and is in general hard to distinguish from the intensity of
the direct beam. This is a fundamental problem for any
kind of scattering experiment, including resonant X-ray
Raman scattering or X-ray emission spectroscopy as well
as coherent diffraction and imaging.

For resonant X-ray Raman scattering experiments, where
the energy distribution of the scattered X-rays is of interest,
a two-pulse scheme with the stimulating X-ray beam under
a different incident angle than the exciting X-ray beam
will solve this problem (Section 4). However, for coherent
diffraction and imaging experiments, where the angular
distribution of the scattering signal (scattering pattern) is of
interest the focusing effect of stimulated scattering remains
a conceptual problem that may become severe toward high
XFEL fluences.

On the other hand, coherent diffraction and imaging
experiments are typically performed at photon energies of
several keV (corresponding to a few Å wavelength) to ult-
imately achieve atomic resolution. As we have seen in
Section 3, the stimulation cross section drops quickly with
increasing photon energy when compared to the cross sec-
tions for spontaneous decay processes. In fact, for the hard
X-ray regime sizable stimulation will set in only at very high
incident X-ray intensities. At 15 keV only for intensities of
about 5 × 1014 photons per pulse and the pulse parameter
used in Section 3, which corresponds to ∼5 × 1018 W/cm2

(see Section 3 and Figures 3 and 4) the cross sections for
resonant stimulated scattering and spontaneous core-hole
decay become comparable. In addition, this threshold esti-
mate applies for resonant stimulated scattering only. Coh-
erent diffraction and imaging are based on nonresonant
scattering of hard X-rays at light elements with core-level
binding energies far below the X-ray photon energy. Non-
resonant scattering cross sections are typically from one
to two orders of magnitude lower than resonant scattering
cross sections [58]. Hence, the threshold for nonresonant
stimulated scattering should also be at one to two orders
of magnitude higher incident intensities as compared to the
threshold for resonant stimulated scattering.

In conclusion, for currently available XFEL intensities as
well as for most of the intensities aimed for in future single
molecule imaging experiments in the hard X-ray regime
[59] there should be no significant effect from stimulated
scattering.

A widely applied technique to overcome the phase prob-
lem in crystallography is multiwavelength anomalous
diffraction (MAD) [47], which is based on resonant scat-
tering at e.g. the phosphorus and sulfur K-edges (around
2.1 and 2.5 keV). At these rather low resonance energies,
stimulation may be able to dominate at currently available
XFEL intensities. However, the concentration of scattering
centers is typically very low for these techniques, which
may weight out the comparable high stimulation cross sec-
tion.Also MAD should therefore not be affected by focusing
due to stimulated scattering.

6. Conclusions and summary

We presented a conceptual treatment of nonlinear
X-ray-matter interactions with an emphasize on stimulated
resonant X-ray scattering. The quantitative estimate for the
stimulated scattering cross section in the X-ray regime shows
that stimulated resonant X-ray scattering should be exper-
imentally observable with intensities achievable at current
XFEL light sources in the XUV and soft X-ray photon
energy range. First pioneering experiments verify this con-
clusion and pave the way for more advanced and complex
nonlinear spectroscopic schemes to be transferred from the
optical and infrared into the XUV and soft X-ray regime.
For higher X-ray photon energies of several keV intensi-
ties that are beyond the capabilities of current XFEL light
sources are needed for sizable stimulated X-ray scatter-
ing. The low-stimulation cross section in the hard X-ray
regime is beneficial for coherent diffraction and imaging
experiments, which are typically performed at several keV
photon energies (corresponding to a few Å wavelengths).
The focusing effect of stimulated X-ray scattering would in
these experiments collect the scattering signal into the direct
beam and result in an unwanted decrease in the scattered
intensity signal.
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