
Chapter 5
Strong-Field Atomic Physics in the X-ray
Regime

Louis F. DiMauro and Christoph A. Roedig

Abstract In 1999 the DOE Basic Energy Sciences Advisory Committee defined an
innovative scientific direction for the new millennium. In the report the panel rec-
ognized the scientific opportunity posed by accelerator-based and tabletop sources
of short wavelength radiation. The report emphasized that revolutionary science
would be enabled by source parameters that include “high degree of coherence,
pulse brevity and high pulsed energy” while pushing the frontiers towards the hard
x-ray regime. The panel recommended strategic investment in a new light source,
which marked the genesis of the world’s first x-ray free-electron laser project. This
chapter reports on some of the initial atomic physics experiments conducted at the
Linac Coherent Light Source (LCLS) at SLAC and addresses the question as to lim-
its of validity of perturbation theory in describing an intense x-ray pulse interacting
with matter.

5.1 Introduction

The last decade has seen the emergence of a new class of sources, dubbed fourth-
generation, that provide light with unprecedented pulse duration and/or energy at
high photon frequency. Various approaches have been pursued that produce different
attributes for investigating new regimes of light-matter interactions. For example,
high harmonic generation [1, 2] has enabled the attosecond frontier [3]. However,
free-electron lasers operating in the soft and hard x-ray regime are defining unique
capabilities and applications that are unrivaled by previous electron-based sources.
In the context of this review, x-ray free-electron lasers (XFEL) are allowing the first
experimental realization aimed at addressing intense x-ray-matter interactions, thus
we will limit our discussion to only this aspect. The reader is referred to a number
of recent reviews that provide a more comprehensive treatment of these devices and
their application.

The first step towards a user-based facility was initiated in Hamburg, Germany
with the commissioning of the Free electron LASer in Hamburg (FLASH) in 2005
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at DESY. Initially the FLASH FEL produced ∼100 µJ, 50–10 fs pulses at funda-
mental photon energies of 25–95 eV while an upgraded, FLASH II, in 2007 pushed
operation to 200 eV. The reader is referred to some recent review on the machine
capabilities [4] and science program [5]. A parallel project at Stanford Linear Accel-
erator Center (SLAC) in Menlo Park, California pursued the development of a mil-
lijoule, hard x-ray (0.8–8 keV fundamental operation) FEL. In the summer of 2009,
the Linac Coherent Light Source (LCLS) was commissioned and rapidly achieved
full output specifications [6] while a user scientific program began that Autumn [7].

5.2 Initial LCLS Ionization Studies in Neon Atoms

In sharp contrast with optical ionization where valence shell excitation domi-
nates, x-rays preferentially ionize inner shell electrons. Examination of the absorp-
tion spectrum of neon shows that less than ten percent of the total cross-section
(0.35 Mb) at the K-edge (870.1 eV) is attributable to valence shell excitation. Con-
sequently, photoionization creates an inner shell vacancy that is an excited state
which spontaneously relaxes by emitting a photon or Auger decay. For neon, and
other low-Z atoms, the ultra-fast (2.6 fs) Auger process dominates (one valence
electron fills the 1s-hole and one is freed [∼820–850 eV energy]) leaving a doubly-
charged neon ion. Ionization with unity probability by linear absorption of a 10 fs,
870.1 eV pulse requires a flux of 3 × 1032 photons/cm2 s or a peak intensity of
4 × 1016 W/cm2. This intensity is order of magnitudes larger than that needed to
drive near-threshold 1-photon ionization of a 2p-valence electron (21.6 eV binding
energy) with unit probability, in fact it even exceeds that required to tunnel ionize
helium at optical frequencies. However, as we will see in Sect. 5.3, this extraordi-
nary soft x-ray intensity produces little quiver of the continuum electron due to the
λ2 scaling of the ponderomotive energy.

5.2.1 Sequential Ionization of Neon with High Fluence X-rays

The first LCLS experiment studied the photoionization of neon atoms using the
AMO end-station, the reader is referred to a review paper [8] for a detailed de-
scription. In summary, the LCLS could deliver 100–200 fs, millijoule pulses over a
0.8–2 keV photon energy into the Atomic, Molecular and Optical Science (AMOS)
end-station. The high-field chamber of the AMO end-station is equipped with a
Wiley-McLaren time-of-flight (TOF) ion spectrometer and five TOF electron spec-
trometers with retarding electrostatic lenses [9], oriented at different angles with
respect to the x-ray polarization axis. The focusing optics, a Kirkpatrick-Baez (KB)
mirror pair, has been characterized to yield a focal spot of ∼2 µm2.

In the experiment [10], neon ion m/q-distributions were investigated at different
intensities, pulse durations and photon energies. Figure 5.1 shows the (a) measured
ion yields and (b) a comparison between theory and experiment at three different
photon energies. Clearly, the large fluence of x-rays is sufficient not only to sat-
urate the neutral neon ionization, as estimated above, but essentially strip off all
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Fig. 5.1 Neon charge-state yields for x-ray energies below, above and far above the 1s-shell bind-
ing energy, 0.87 keV. (a) Experimental charge-state distribution for 0.8 keV (top), 1.05 keV (mid-
dle) and 2.0 keV (bottom). (b) Comparison of experimental charge-state yields, corrected for de-
tection efficiency, with rate equation simulations. The cross-sections in the model are based on
perturbation theory. The weaker peaks to the right of each charge state is the less abundant 22Ne
isotope. The figure is reproduced, with permission, from [10]

the electrons. The three different wavelengths provide a window into the ioniza-
tion sequence. At the low photon energy (800 eV), K-shell ionization cannot occur
via 1-photon ionization, thus charge state production proceeds through a sequence
of valence shell excitation terminating at Ne8+ since only the 8, n = 2 electrons
can be ionized. At 2 keV photon energy all 10-electrons are removed through a
sequence of 1s-photoionization followed by Auger decay resulting in a propen-
sity in even-charge state production (see bottom graphs in Fig. 5.1). This measure-
ment is the first observation of sequential atomic ionization from the inside out,
as opposed to sequential valence ionization (outside-in) by strong optical fields.
At intermediate photon energy (1.05 keV) ionization of the low-charge states pro-
ceeds via photoionization/Auger decay until the K-shell binding energy (1096 eV
for Ne6+) exceeds 1.05 keV. At this point, valence photoionization proceeds re-
moving the 2s2-electrons, terminating with the production of Ne8+. The theoretical
calculations, shown in Fig. 5.1(b), are based on a rate equation model that includes
only sequential single-photon absorption and Auger decay processes, which pro-
duces reasonable agreement with the measurement. The agreement is best at 800 eV
since valence shell ionization dominates and becomes less satisfactory and therefore
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interesting as inner-shell processes contribute. This investigation provided a preview
of the richness of new phenomena that can arise from matter interacting with an in-
tense x-ray pulse but equally important, it showed that the primary ionization mech-
anisms were well within the framework of perturbation theory, even at intensities of
1017 W/cm2.

5.2.2 Nonlinear Two-Photon Ionization of Neon

The potential to study laser-matter interaction involving x-ray intensities near
1017 W/cm2 led naturally to the objective of observing for the first time nonlin-
ear, multiphoton x-ray absorption. The study and application of nonlinear pro-
cesses from the microwave to the ultra-violet frequencies is extensive and well
documented. Recently, those studies have been extended to the extreme ultravio-
let (XUV) photon energy range, first with high harmonics sources [11, 12], and then
with FLASH XUV free-electron lasers [5]. One reason for the absence of experi-
ments is the rapid decrease of nonlinear susceptibility with increasing frequency ν.
This can be seen by considering a perturbative 2-photon transition whose cross-
section, σ (2) can be approximated as σ (1)τσ (1′), where σ (1) and σ (1′) are 1-photon
cross-sections and τ is the reciprocal of the detuning [13]. For the non-resonant case,
σ (1) and σ (1′) can be assumed equal and τ ∝ ν−1 or equivalently, the virtual state
lifetime is the optical period. Consequently, passing from the visible frequencies to
kilovolt x-rays results in at least a thousand-fold decrease in σ (2), thus requiring
higher intensity.

Initial efforts focused on the interaction with simple atomic targets, specifically
helium and neon. Helium was chosen because of its simple valence structure. On
the other hand, neon offers the possibility of inner-shell excitation and larger cross-
sections in the photon energy range available from the LCLS during these first ex-
perimental runs (0.2–2 keV). For helium, the small (860 barns at 0.8 keV) cross-
section limited measurement to photon energies near 0.8 keV (minimum LCLS
photon energy). Total ion yield and photoelectron energy spectrum were studied
as a function of intensity at 0.8 keV while additional ion yields were recorded at
shorter wavelengths (∼ 1 keV). The measurements produced no evidence of an ATI
electron peak (2-photon one-electron ionization) near 1.6 keV. However, the he-
lium measurement provided valuable information on the LCLS performance. For
example, the dependence of the ratio of He2+/He+ ionization on x-ray pulse en-
ergy revealed a maximum intensity of 5 × 1016 W/cm2, approximately an order of
magnitude less than expected performance.

For neon, ion and electron measurements were performed to study the ioniza-
tion of a K-shell electron by simultaneous absorption of two x-ray photons [14]. An
estimate based on the expected x-ray fluxes and a value of two-photon ionization
cross-section [15, 16] given by perturbation theory suggested that the effect would
be weak, but observable. One caveat stems from the fact that the x-ray radiation
can be accompanied by harmonics of the fundamental frequency, including a small
(<1 %) amount of 2nd harmonic that was verified by ionization measurements using
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Fig. 5.2 Schematic of ionization pathway that includes a possible 2-photon ionization process.
Neutral neon undergoes multiple ionization and relaxation to Ne6+. K-Shell ionization produces a
single core hole state in Ne7+. (A) Valence ionization produces Ne8+ in an excited state. (B) Auger
decay produces Ne8+ in helium-like configuration. Path (A) reaches Ne9+ via valence ionization.
In path (B), the Ne8+ ground state (1.196 keV binding energy) can only be ionized by a two-photon
process when the photon energy is tuned below threshold

the helium atoms discussed above. At the photon energies required to avoid direct
K-shell ionization of neon (<870 eV), the 2nd harmonic falls in a region where the
LCLS transport mirrors reflectivity is high, so the contamination on target is too
large to be able to isolate the nonlinear contribution. The LCLS AMO end-station
mirror reflectivity was specifically designed to provide a sharp cutoff above 2.0 keV.
Thus, working at photon energies >1.1 keV insured good discrimination against
harmonic content. Furthermore, the neon investigations discussed above showed
that at 1.05 keV photon energy that the atom sequentially absorbs a large number
of photons, leaving the ion stripped of all valence electrons [10]. However, the ex-
periment did observe a small production of Ne9+ that was not accountable with
the linear absorption model calculations. Based on this evidence, the experiment
focused on production of Ne9+ at two photon energies (1.11 keV and 1.225 keV).

At the lower photon energy (1.11 keV), the last ground state ion that can be ion-
ized by a single-photon/Auger sequence is Ne6+ resulting in the creation of Ne8+
which cannot be ionized by 1-photon absorption. This is illustrated by path (B)
in Fig. 5.2 and produces a helium-like ground state neon ion. In this scenario, the
lowest-order channel resulting in Ne9+ production is a two-photon, one-electron
process. In contrast, Ne8+ ionization is possible with 1.225 keV photons, result-
ing in the direct production of Ne9+. Alternately, another “below-threshold” route
that could form Ne9+ is depicted as path (A) in Fig. 5.2. In this case, the 1s2s

helium-like excited neon ion (formed by valence ionization of Ne7+ in a time short
compared to Auger decay) can be ionized by a 1.11 keV photon but is not a two-
photon, one-electron process. Thus, investigating the production of Ne9+ at these
two photon energies as a function of pulse energy (intensity) should then reveal
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Fig. 5.3 Neon experimental (black bars) and simulated (white and gray bars) charge state distri-
butions produced by (a) 1.225 keV and (b) 1.11 keV x-ray beams. The white bars are based on
the basic model used in [10] while the gray bars result from an improved model that accounts
for shake-off processes. The striped bar in (b) incorporates the adjusted two-photon cross-section
needed to reproduce the Ne9+ production below threshold. The figure is reproduced, with permis-
sion, from [14]. Copyright (2011) by the American Physical Society

the linearity/non-linearity of the process. Figure 5.3 shows a typical histogram ion
time-of-flight spectra obtained at both wavelengths. The first thing to note is that
the LCLS easily ionizes 8-electrons from neon at both photon energies. The pres-
ence of Ne9+ is small but obvious at 1.11 keV, while at 1.225 keV Ne9+ the larger
production proceeds by allowed single-photon ionization.

Figure 5.4 shows the evolution of the ratio of Ne9+/Ne8+ production as a function
of the measured x-ray pulse energy. In order to facilitate the comparison, each ratio
has been normalized at 0.8 mJ pulse energy. The ratios vary from 0.5–2.5 % at
1.11 keV, and 15–60 % at 1.225 keV. The analysis clearly shows that the intensity-
dependence is very different in both cases: linear at 1.225 keV and quadratic at
1.11 keV, a signature of second order nonlinearity.

Interpretation of the experimental results was aided by theoretical calculations
performed by the group of Dr. Robin Santra at the Center for Free Electron Laser
Science in Hamburg, Germany. The model’s final charge-state distribution were de-
rived using a rate equation approach, cross-sections derived by perturbation theory,
and spatial and temporal averaging to mimic the experiment. The predictions of the
model using different ingredients are plotted in Fig. 5.3 along with the measured
charge state distribution for wavelengths below and above the Ne8+ K-edge thresh-
old. The white bars contain (labeled basic) only the elements of sequential single-
photon absorption and Auger decay processes, in a manner consistent with Ref. [10].
The gray bars shows the charge-state distribution resulting from an improved model
that includes contributions from shake-off and nonlinear absorption processes.

As was noted by Young et al. [10], the basic model underestimates the odd charge
state production while over emphasizing the even states but the improved shake-off
model results in better agreement on both accounts and our analysis shows that
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Fig. 5.4 Normalized Ne9+/Ne8+ ratio as a function of pulse energy for 1.11 keV (filled circles)
and 1.225 keV (open squares). Fits yield a quadratic response at 1.11 keV (solid line) and linear be-
havior at 1.225 keV (dashed line). The figure is reproduced, with permission, from [14]. Copyright
(2011) by the American Physical Society

shake-off is the major factor. As discussed earlier (see Fig. 5.2), there are two paths
for which Ne9+ can be formed by exposure to photons below the 1.196 keV thresh-
old. The branching between the two-photon path [(B) in Fig. 5.2] and the valence
ionization path [(A) in Fig. 5.2] is determined by whether the fluence-dependent
valence ionization to Ne8+ can occur before the 1s2s2 → 1s2 Auger decay. The im-
prove model includes this path and the two-photon cross-section for the ionization
of Ne8+. The two-photon cross-section was calculated using second order perturba-
tion theory to be 10−56 cm4 s [15, 16]. However, the improved model still fails in
predicting the Ne9+ production below threshold. In order to reproduce the observed
Ne9+ yield the value for σ (2) had to be increased by a factor of seven (see hashed
bar in Fig. 5.2(b)) compared to the calculated value of Refs. [15, 16].

Note, a recent theoretical study by Sytcheva et al. [17] has shown that the σ (2)

cross-section is indeed enhanced by the presence of the 1s4p state. The resonantly
enhanced two-photon ionization, neglected in Ref. [15], is a consequence of the
LCLS’s wavelength and bandwidth (10 eV). The new model confirms our observa-
tion of a direct 2-photon, 1-electron ionization and points to the importance of near
resonant behavior in nonlinear inner-shell ionization.

In conclusion, neon atoms subjected to ultra-intense, 1 keV x-rays undergo a
complex sequence of excitation, ionization and relaxation processes. Experiments
combined with theoretical analysis have begun to establish a clearer picture of the
linear and nonlinear response of atoms to a high-flux x-ray pulse.

5.3 In Search of the Strong-Field Limit at X-ray Frequencies

At the time of this writing, all the X-ray observations at the LCLS are well de-
scribed, as expected, by a perturbative framework. This leads to the obvious query:
where is the strong-field non-perturbative limit for x-ray frequencies. The purpose
of the following section is to develop the basic principles of wavelength scaling and
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the metrics that guide strong-field physics. This scaling has provided a consistent
picture of the atomic response at low-frequency, so there is some merit in extrapo-
lating into the unfamiliar realm of intense x-rays. Thus, we will try to comprehend
the x-ray response by virtue of contrast with the optical regime.

A simple metric of an intense laser-atom interaction is the atomic unit (au) of
field1 (50 V/Å). As already mentioned the LCLS can easily exceed 1 au field, in
fact so can focused amplified ultrafast laser systems. However, central to studying
light-matter interactions is determined by the maximum intensity experience by an
atom and this will be determined by the depletion (saturation) of the initial state.
For low-frequency ionization (�ω < Ip , where Ip is the ionization potential) the
saturation intensity (Isat) can be estimated by classical over-the-barrier ionization
[18] given as IOTB = cIp/128πZ2 (Z ≡ effective charge) or ADK tunneling [19].
In this scenario, all ground state neutral atoms experience intensities less than an
atomic unit, e.g. for helium (Ip = 24 eV), Isat ∼ 1 PW/cm2. However, the situation
is different for x-rays ionizing core electrons since the higher binding energy and
smaller absorptions cross-sections pushes depletion beyond 1 au field. For example,
the neon charge states shown in Fig. 5.1 ionize at 1017 W/cm2 or higher which is
also consistent with perturbative calculations [20].

The ponderomotive or quiver energy, Up , is an important quantity in strong-field
physics particularly at optical frequencies since the external field dominates the con-
tinuum electron dynamics. Up in atomic units is given as I/4ω2, where ω and I are
the laser frequency and intensity, respectively. At an intensity of 1 PW/cm2 (helium
saturation intensity) a typical titanium sapphire femtosecond 0.8 µm optical field
yields Up ∼ 60 eV. In stark contrast, a 1 PW/cm2, 1 keV x-ray pulse only produces
0.1 meV energy, thus x-rays are ineffective for quivering electrons. Although Up

appears as an irrelevant concept for x-ray-atom physics, it does prove useful in the
design of 2-color x-ray/IR streaking metrology [21] for x-ray characterization.

In 1965 Keldysh [22] established an important strong-field metric by extending
the dc-tunnel formalism to include ac-fields. He defined an adiabaticity parameter,
γ , as the ratio of the tunnel time to the optical period. In the limit γ � 1 electrons
dominantly ionize by tunneling through the barrier of the Stark potential, a prereq-
uisite for strong-field non-perturbative interaction. For γ � 1, for which the field
changes rapidly compared with the tunneling time, ionization is multiphoton and
perturbative. Using the width of the barrier and the electron velocity Keldysh de-
rived an expression for γ in terms of Ip , and Up , as γ = (Ip/2Up)1/2. Using the
expression for Up , γ is found to be proportional to λ−1(2Ip/I)1/2. Thus in the op-
tical regime where γ ≤ 1 is a typical condition, at the same intensity for the x-rays,
γ � 1.

It has been pointed out that γ < 1 is a necessary but not sufficient condition for
tunneling and a non-perturbative interaction [23, 24]. A more complete set of met-
rics are defined by the bound-state and continuum-state intensity parameters [23].

1The Coulomb field in the hydrogen atom ground state equates to an equivalent light intensity of
35 PW/cm2.
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Fig. 5.5 A plot of the z (continua-state: solid line) and z1 (bound-state: dash-dotted line) scaling
parameter in the (a) optical and (b) x-ray regimes as a function of intensity. The bound state is
assumed to be the neon (a) L-shell (∼20 eV) and (b) K-shell (∼870 eV). The lines are defined
for the z-parameters equal to unity and the axis are plotted in atomic units (au) and standard units.
The dotted line is the perturbative limit defined as 10 % of the (a) continuum z-parameter and (b)
combined z and z1 parameters. The double line designates 1 a.u. field. At optical frequencies, it is
the large amplitude quiver motion of the continuum states that define the perturbative breakdown,
conversely in the x-ray regime it is the tunneling of the bound state. Also noticed that the intensity
required to see non-perturbative behavior is 7-orders of magnitude higher for x-rays than visible
radiation

The former parameter describes the distortion of the atomic structure by relating
the energy characterizing the electromagnetic field to an energy associated with a
bound state. One implication is that in the non-perturbative regime the bound-state
power broadening |E • r| ≈ Eao (ao is the Bohr radius) becomes comparable to the
single photon energy. This parameter can be expressed as z1 = (E/ω)2/Ip = 2/γ 2.
The intensity dependence of the continuum-state, z, can be defined as the ratio of
the quiver energy to the photon energy, Up/ω = I/4ω3. A perturbative treatment of
the atom-field interaction requires that γ > 1, and z and z1 < 1.

Using these parameters let us examine the consequence of frequency on the
strong-field condition. Figure 5.5 is a plot of intensity versus frequency for z = 1
(solid line: continua), z1 = 1 (dash-dotted line: bound) and the perturbative limit
(dotted line), below which perturbation theory is valid. Figure 5.5(a) plots the pa-
rameters in the optical regime (0.35–1.6 eV) and the bound state is assumed to be
the neon valence L-shell (Ip ∼ 20 eV). These wavelengths are typical of those used
in our laboratory for strong-field studies and attosecond generation. From this plot a
picture emerges that is a consistent picture with the quasi-classical model of rescat-
tering [25, 26]. As the intensity increases, perturbation theory breaks down due to
the distortion of the continua (z-parameter, e.g. Up ≥ �ω) and this occurs for in-
tensities between 10−3 < I < 1 PW/cm2. However, the strong-field condition (z1,
z > 1 and γ > 1) is not satisfied until the intensity is further increased, at this point
the atom tunnel ionizes and the classical ansatz fulfilled.
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Fig. 5.6 A plot of the z (continua-state: solid line) and z1 (neon K-shell: dash-dotted line and
L-shell: dashed line) intensity scaling parameter in the x-ray regime as a function of intensity.
The lines are for the z-parameters equal to unity and the axis are plotted in atomic units (au) and
standard units. The dotted line is the perturbative limit that is now defined as 10 % of the L-shell
z1-parameter. The L-shell strong-field limit is at a lower intensity than the K-shell but still beyond
the intensity used in the initial LCLS experiments

Figure 5.5(b) scales these parameters into x-ray frequencies. In this plot, the
bound-state intensity parameter is calculated for the K-shell core (Ip ∼ 870 eV)
of neon (dash-dotted line-bound). For this case a very different picture emerges, as
expected the intensity needed to reach the strong-field limit is significantly higher
in the x-ray regime, ∼1020 W/cm2 at 1 keV. This is corroborated by the LCLS
neon experiments described above that are performed at a maximum intensity of
∼1017 W/cm2 and here perturbation theory appears appropriate in describing the
observables. In addition, as the intensity increases the strong-field condition and the
breakdown of perturbation occur together. Thus the K-shell distortion dominates
above 500 eV photon energy, the atom starts tunneling but the electron does not
quiver, a stark contrast to the optical regime.

It must be kept in mind that the validity of this extrapolations to high frequency is
highly dubious. Figure 5.6 suggests one weakness and perhaps a behavior in the x-
ray regime that is significantly different. In the strong-field optical regime, a descrip-
tion based on an independent electron approximation for valence excitation has been
highly successful in describing the dominant interactions observed in experiments.
However in the x-ray regime the field can couple to several shells, for instance for
neon above 1 keV both K- and L-shell electrons are ionized. Figure 5.6 also plots
the z1-parameter for the neon’s valence L-shell. Now entrance into the strong-field
regime is lower in intensity (∼1017 W/cm2) by almost 2-orders of magnitude. Fur-
thermore, the bound-state contributions (K- plus L-shell) present a dichotomy in the
perturbative limit and clearly at odds. Thus, the physics involved in the perturba-
tive breakdown will be unique to the x-ray regime since it may involve many-body
interactions, not seen in the optical regime.
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5.4 Outlook

The combination of ultrafast duration, high pulse energy and excellent spatial mode
has allowed the LCLS to generate intensities that surpass all known laboratory x-ray
sources by seven-orders of magnitude in intensity. In fact in this regard LCLS is
equivalent to state-of-the-art amplified optical lasers, easily achieving electric field
strengths in excess of an atomic unit.

The LCLS XFEL is allowing the first experimental realization aimed at address-
ing intense x-ray-matter interactions. The initial experiments are unrivaled in scien-
tific discovery but equally important, they also provide a preview of transformational
science whose objectives can be met by future XFEL project, such as the LCLS II.
One obvious frontier is defined by intensity, this paper argues that the strong-field
limit is within reach of current XFEL parameters and provides an opportunity to
explore a new frontier in laser-matter interactions.

Future experiments will benefit from improvements in the control of the XFELs
pulse characteristics, while the multiplication of such devices in the world will make
the access easier and provide new opportunities to explore and develop x-ray non-
linear optics.
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