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We investigate the frustrated absorption phenomenon of atomic systems driven by x-ray pulses of extremely
high intensity. When an atom is exposed to intense x-ray pulses generated by x-ray free-electron lasers
(XFELSs), it undergoes complex ionization dynamics characterized by sequential multiphoton multiple ionization.
Counterintuitively, as the pulse duration becomes shorter so that the intensity increases, the ionization becomes
suppressed because of hollow-atom formation and the reduction of cross section. This is called frustrated
absorption. However, as we report here, the paradigm of frustrated absorption can break down at extremely
high intensity. By using a state-of-the-art theoretical tool, we examine the pulse-duration dependence of x-ray
multiphoton ionization dynamics of heavy atoms, revealing that the reduced ionization for shorter pulses is due to
the suppression of Auger decays, rather than the frustration of photoabsorption. Moreover, we predict a situation
where ionization is, in fact, enhanced as the pulse duration is decreased and explain the mechanism why this
happens. The present results demonstrate that the breakdown of frustrated absorption will emerge at the highest
fluence currently available at XFEL facilities and will play an important role when terawatt-attosecond x-ray

pulses come into realization.
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I. INTRODUCTION

The advent of x-ray free-electron lasers (XFELs) [1-5],
which provide ultrafast x-ray pulses of unprecedentedly high
intensity, has revolutionized various areas, covering atomic
and molecular physics, solid-state physics, photochemistry,
materials science, and structural biology [6—10]. Understand-
ing the interaction of ultraintense and ultrashort x-ray pulses
with atoms [11-15] and molecules [16-23] is a key ingredient
for successful experiments with XFELSs. In the optical regime,
the ionization process induced by intense laser fields is de-
scribed by nonsequential multiphoton ionization, where many
photons must be absorbed simultaneously to ionize a valence
electron and the perturbative rate of n-photon ionization is
proportional to the nth power of the intensity [24]. In the
x-ray regime, however, the light-matter interaction is domi-
nated by individual one-photon ionization events because the
photon energy is sufficiently large to ionize a core electron.
With high-intensity x-ray fields offered by XFELs, many
one-photon ionizations occur sequentially, namely sequential
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single-photon single-electron interactions or sequential multi-
photon multiple ionization [11,25].

One of the unique features of this sequential XFEL—matter
interaction is the phenomenon of frustrated absorption [16],
where the degree of ionization by x rays is reduced as the
pulse duration becomes close to or shorter than lifetimes of
relaxation processes. This phenomenon is counterintuitive,
because in this case higher intensity (shorter pulse) results
in less ionization, which is the opposite of the behavior
of conventional multiphoton ionization. The mechanism of
frustrated absorption is based on hollow-atom formation [11].
Hollow atoms, which were originally found in collisions of
highly charged ions with solid surfaces [26], have empty inner
shells, so that the total x-ray absorption cross section, which
is dominated by innershell electrons, is reduced. Since the
system becomes more transparent to x rays as intensity is
increased, this phenomenon is also called intensity-induced
x-ray transparency [11]. This is particularly appealing for x-
ray crystallography [27] and diffractive imaging [28], because
it indicates a way to reduce electronic radiation damage (i.e.,
the ionization degree) by using ultrashort pulses [29]. It is also
important to understand the dynamical behavior of atomic
ionization in the formation of warm or hot dense matter by
using XFELs [30]. Frustrated absorption in x-ray sequential
multiphoton ionization was discovered in pioneering soft-x-
ray XFEL experiments on systems containing light atoms
[11,16], but it has not yet been verified for heavy atoms and
hard x rays.

In the sequential ionization model, a succession of ionic
charge states are formed as multiple ionization proceeds and
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the ionization potential increases with increasing ionic charge.
Beyond a certain charge state, the photon energy is insufficient
to ionize further, so one-photon ionization stops, which de-
fines the direct one-photon ionization limit [31]. In this limit,
the final charge is determined by the last ionic state that—in
its ground electronic state—can be ionized by one-photon ion-
ization. Multiple resonant excitation combined with a broad
energy bandwidth of XFEL pulses can overcome this limit,
leading to so-called resonance-enabled or -enhanced x-ray
multiple ionization (REXMI) [13,32-34]. When a hard-x-ray
photon interacts with deep innershell electrons of heavy
atoms, it is necessary to take into account relativistic effects
in the electronic structure [14,35]. A combination of resonant
and relativistic effects escalates the complexity of the ioniza-
tion dynamics [31].

With current XFEL technology, it is possible to achieve an
X-ray intensity on target approaching 10° W /cm? [36]. Fur-
thermore, cutting-edge techniques promise to shorten XFEL
pulses into the attosecond regime [37—41]. To understand
and design XFEL experiments for such extreme conditions,
it is requisite to benchmark the pulse-duration dependence
of ionization dynamics at ultrahigh fluences and/or ultrashort
pulses.

In this paper, we investigate the pulse-duration dependence
of ionization dynamics of Xe and Ne atoms at very high
fluences, which are reachable with current XFEL facilities,
over a broad range of pulse durations down to subfemtosec-
onds, which will be accessible in the near future. We revisit
the frustrated-absorption phenomenon at such extreme con-
ditions and report its breakdown, arguing that the frustrated-
absorption picture is valid only at moderate fluences. There-
fore our finding offers critical insight regarding XFEL—matter
interactions at extreme conditions of significance for future
XFEL experiments.

II. THEORY

We employ the XATOM toolkit [42,43] to describe ioniza-
tion dynamics of atoms, which has been tested for a series
of gas-phase XFEL experiments [12-15,32,35]. It has been
extended to incorporate both resonance and relativistic effects
[31], which makes it suitable to explore ionization dynamics
of heavy atoms over a wide range of x-ray pulse parame-
ters in terms of photon energy, fluence, and pulse duration.
The XATOM toolkit calculates photoabsorption cross sections,
Auger and Coster-Kronig rates, and fluorescence rates for any
given charges and electronic configurations that are formed
during multiple ionization dynamics. Using a rate-equation
approach [11,25], it solves a set of coupled rate equations
to describe the dynamical behavior of atoms during intense
XFEL pulses.

First, we investigate multiphoton multiple ionization of Xe
at 1200 eV, where ionization dynamics are mainly initiated
by M-shell (n = 3) ionization. The number of coupled rate
equations, which is equivalent to the number of electronic
configurations that are formed by removing 0, 1, or more
electrons from initially occupied subshells of Xe and placing
them into (n,/) subshells 3 <n <30 and 0 <1< 7), is
estimated to be ~4.2 x 10 [15,34]. To handle such a huge

number of rate equations, we use the Monte Carlo on-the-fly
scheme [14].

III. RESULTS AND DISCUSSION

A. Pulse-duration dependence of ionization dynamics
of Xe at 1200 eV

Figure 1 shows the final mean charge of Xe at a photon
energy of 1200 eV for five different fluences. For three cases,
the corresponding charge-state distributions are displayed in
Appendix A. The temporal pulse shape assumed is Gaussian.
The pulse duration (full width at half-maximum, FWHM)
varies from 0.2 fs to 100 ps. The highest peak intensity pro-
duced by the highest fluence and the shortest pulse duration
considered (1200 eV, 1 x 10'? ph/umz, and 0.2 fs FWHM)
is ~9 x 10" W/cm?. A 1% spectral bandwidth (FWHM)
is used. Here, about 1000 Monte Carlo trajectories through
the electronic configuration space are used for calculating
an average for each pulse duration, and the statistical error
for the mean charge is represented by the error bar. For the
low-fluence cases (5 x 10'° ph/um? and 1 x 10'" ph/um?),
the mean charge decreases for shorter pulse durations, as
predicted by the frustrated-absorption picture [11,16]. Sur-
prisingly, one can see the opposite trend when the fluence
is cranked up. For high fluences, the mean charge increases
for shorter pulse durations. For the highest fluence (1 x 10'?
ph/um?), the mean charge is +26.7 for 100 ps, while it
becomes +34.0 for 1 fs, which is clearly the opposite of the
behavior of frustrated absorption. A first hint of such an effect
was presented in Ref. [34] for resonance-enhanced ionization
of Kr.

To elucidate this phenomenon, we plot in Fig. 2 the number
of x-ray-induced processes as a function of pulse duration for
the lowest (5 x 10'° ph/m?) and highest (1 x 10'? ph/um?)
fluences used in Fig. 1. In the low-fluence case (a), it is
noticeable that the number of Auger decays decreases as the
pulse duration becomes shorter, which is consistent with the
observation in [34,44,45]. This is because Auger decays are
beaten not only by M-shell photoabsorptions, but also by N-
and O-shell photoabsorptions. The latter effectively reduce the
number of outershell electrons available for Auger processes.
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FIG. 1. Final mean charge of Xe at 1200 eV as a function of pulse
duration. The error bar indicates the statistical error.
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FIG. 2. Number of x-ray-induced processes in Xe at 1200 eV as
a function of the pulse duration: (a) low fluence, 5 x 10'° ph/um?
and (b) high fluence, 1 x 10'> ph/um?. The solid blue line repre-
sents the total number of photons absorbed by photoionization and
photoexcitation during a pulse, and the solid green line is the number
of Auger decays occurring during and after the pulse. The M-shell
contribution in the total number of photoabsorption events is plotted
with the dashed blue line. The pulse durations of 0.5 fs and 500 fs,
which are used in Figs. 3 and 5, are marked with vertical lines.

See Appendix B for a detailed discussion of the competition
between Auger and photoionization processes. It is interesting
to see that the number of photoabsorptions, which is the
total number of photons absorbed by ionizations and resonant
excitations, is almost flat. It implies that photoabsorption is
not actually frustrated; instead, the reduction of the mean
charge for shorter pulses at 5 x 10'° ph/um? in Fig. 1, which
superficially exhibits the trend of frustrated absorption, turns
out to be due to the reduced number of Auger decays. In the
high-fluence case (b), the number of photoabsorptions rises
dramatically and the number of Auger decays drops further
as the pulse duration is shortened. The M-shell contribution
to the total photoabsorption events (dashed blue line) is still
practically flat, which will be discussed later. For a very
short pulse, the photon flux becomes sufficiently high so that
photoabsorption rates always beat Auger rates, as shown in
Fig. 9(b).

The system can absorb several photons within an ultrashort
time interval, before any relaxation process happens. We
refer to this situation as “‘quasinonsequential” absorption in
the x-ray regime: multielectron ionization happens via real
intermediate states step-by-step in a series of single-photon
single ionization events, but at such high fluence, the intrinsic
timescale between ionization steps, which is set by the inverse
of the fastest single-photon ionization rate, becomes short
in comparison to innershell lifetimes. X-ray quasinonsequen-
tial multiple ionization displays similarities to nonsequential
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FIG. 3. Hole population dynamics of Xe at 1200 eV for four
different sets of pulse parameters: (a) 5 x 10" ph/um? and 0.5 fs
FWHM, (b) 5x 10" ph/um? and 500 fs FWHM, (c) 1 x
10" ph/pum? and 0.5 fs FWHM, and (d) 1 x 10'2 ph/um? and 500 fs
FWHM. The solid lines are relative hole populations for the subshells
that are initially occupied. The shaded gray areas show the temporal
envelope of the Gaussian x-ray pulse for a given pulse duration. Up
to the end of the pulse (defined as two times the pulse duration), the
time axis is on a linear scale, whereas it is on a logarithmic scale after
the pulse end.

ionization—more absorption for shorter pulses, as demon-
strated in Fig. 2(b). However, this phenomenon differs from
more conventional nonsequential multiphoton ionization pro-
cesses in various aspects. In the optical regime, nonsequential
(direct) multiphoton absorption induces single ionization via
virtual states whose lifetime is given by the reciprocal of the
detuning [46]. It is also different from nonsequential multiple
ionization [47—49]. Note that in sequential x-ray multiphoton
multiple ionization, the effective lifetime of an intermediate,
innershell-excited state is determined by the natural relaxation
lifetime of the innershell vacancy, whereas in the present x-ray
quasinonsequential absorption the effective intermediate-state
lifetime is dominated by photoabsorption.

Since x-ray multiphoton ionization is dominantly initiated
by core (M-shell) ionization, the quasinonsequential ioniza-
tion naturally produces a multiple core-hole state. Thus, by
inspecting the multiple hole dynamics during the x-ray pulses,
we will obtain a better understanding of the underlying ioniza-
tion mechanism.

B. Hole population dynamics of Xe at 1200 eV

We show the hole population dynamics of Xe at 1200 eV
in Fig. 3. The time-dependent hole populations, averaged
over 2000 Monte Carlo trajectories, are analyzed for different
shells: M (red line), N (blue line), and O (green line) shells
and plotted as relative hole populations with respect to the
initial occupation numbers corresponding to neutral Xe. The
temporal pulse envelope is shown as a shaded gray area.
To capture long-lived relaxation processes, the dynamics are
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computed up to 10° times the pulse duration after the end
of the pulse. For each panel in Fig. 3, the left half of the
x axis is shown on a linear scale, whereas the right half
is on a logarithmic scale. Four different combinations of
pulse parameters are chosen: low (5 x 10' ph/um?)/high
(1 x 10'? ph/pum?) fluence and short (0.5 fs)/long (500 fs)
pulse.

First, let us examine the low-fluence cases [(a) and (b)].
The main difference between short and long pulses is the
different slopes of the hole populations for individual shells
at the beginning of the pulse. For the long-pulse case (b),
there is almost no population for M-shell holes, even though
the M shell has the highest photoabsorption cross section at
1200 eV and is being ionized with the highest probability [see
the dominant contribution of M-shell ionization in Fig. 2(a)].
The O shell acquires hole population first and then the N shell
follows. This is because the pulse duration is long enough
to enable continuous refilling of the created M- and N-shell
vacancies via relaxation processes. In the short-pulse case
(a), however, the M-shell hole population emerges first and
outer shells are ionized later during the pulse. In this case,
the pulse duration (0.5 fs) is shorter than the Auger lifetimes
(typically a few femtoseconds), and the M-shell photoion-
ization beats the Auger decays [see Fig. 9(a)], creating a
multiple core-hole state. The Xe M shell has 18 electrons in
total. In Fig. 3(a), about 20% of the M-shell electrons have
been ejected at the peak of the pulse, while most of the N-
and O-shell electrons remain, representing the formation of a
hollow atom. Here, the hollow atom implies partially empty
inner shells. In fact, hollow-atom formation is known to be
the key ingredient in the frustrated-absorption mechanism
[11]. Since the photoionization cross section is dominated
by M-shell ionization, removing M-shell electrons during the
pulse reduces the effective cross section. In the present case,
however, the 20% reduction of the effective Xe M-shell cross
section is compensated by the increase of the photon flux and
the increasing contribution of the outershell photoabsorptions
as the pulse gets shorter. Therefore the number of absorbed
photons is hardly affected as a function of the pulse duration
[Fig. 2(a)]. These M-shell holes eventually relax and disap-
pear after the pulse end, as shown in the right half of Fig. 3(a).
At the end of the time propagation, one can see that the hole
populations of the N and O shells for 0.5 fs (a) are smaller than
those for 500 fs (b), i.e., the shorter pulse, the less the ioniza-
tion. The average final charge is reduced from +18 (500 fs)
to +16 (0.5 fs).

Next, in the high-fluence cases [(c) and (d)], one can see an
interesting behavior of the M-shell hole population. For the
long-pulse case (d), the M-shell holes are slowly populated
after most of the N-shell and O-shell electrons are ionized,
because no more relaxation can occur after losing most of
these electrons. In this case, the nonzero population of M-
shell holes does not represent a hollow atom. Note that the
Xe atom has already reached a high charge state when the
M-shell holes start to be populated. Thus the M-shell hole
formation is limited by one-photon ionization or by resonant
excitation. The one-photon M-shell ionization stops at 419
and the REXMI region covers the charge states from +5 to
+38 (see Fig. 8). The x-ray beam parameters used in (d)
yield an average final charge state of 4+29. In contrast, for

the short-pulse case (c), the M-shell holes are rapidly and
strongly populated before hole formation in the N and O
shells, since in this regime M-shell photoionization is much
faster than Auger decay [see Fig. 9(b)]. In this case, more
than half of the M-shell electrons are ionized during the pulse,
resulting in the very efficient formation of a multiple core-hole
state, i.e., a massively hollow atom. This early formation of a
multiple core-hole state turns out to be the key mechanism
underlying the breakdown of frustrated absorption, because it
bypasses the single-photon absorption limit to reach a higher
charge state. The M-shell hole formation at early charge states
is no longer restricted by the direct one-photon ionization
limit or by the REXMI mechanism. Since the fluence is
sufficiently high in this case, reduction of the cross section
is no longer a limiting factor. The creation of a massively
hollow atom, which remains highly excited in the course of
the ionization, as illustrated in Fig. 10(a), makes it possible to
reach a higher charge state. The x-ray beam parameters used
in Fig. 3(c) yield an average final charge state of +35, which
is by far higher than 4-29 with the longer pulse duration used
in Fig. 3(d). In Appendix C, we plot exemplary ionization
pathways for both short and long pulse cases.

It is interesting to see, by comparing Figs. 3(c) and 3(d),
that the early M-shell hole formation in the short-pulse case
eventually causes more ionization from the M shell than
the late M-shell hole formation in the long-pulse case, even
though the number of the M-shell photoabsorption events
remains approximately constant as the pulse duration is varied
[see Fig. 2(b)]. The increment of the total number of photoab-
sorption events for shorter pulses in Fig. 2(b) is clearly due
to the increment of the outershell contribution (the difference
of the solid and dashed blue lines). However, the outershell
ionization by itself cannot explain how higher charge states
can be reached using shorter pulses, because N- and O-shell
electrons are all removed by the end of the time evolution,
irrespective of the pulse duration [see Figs. 3(c) and 3(d)],
and the highest charge state is determined by the M-shell hole
population. Note that with outershell ionization alone it is not
possible go beyond a charge state of 426, simply because
all N- and O-shell electrons are removed in the ground state
of Xe?*. Therefore it is crucial to circumvent the M-shell
absorption limit by the early and massive formation of M-shell
holes. Then, the atom can reach the maximum charge state
via excited states, with the help of an increasing number of
outershell ionizations.

This concept of the early and massive formation of multiple
core holes is consistent with the preservation of the innershell
vacancy proposed in Ref. [34]. However, the mechanism of
the “antifrustrated” absorption behavior presented here does
not rely on the resonance effect, because the same phenom-
ena persist with and without REXMI in our calculations, as
demonstrated in Fig. 7 in Appendix A.

The hole population dynamics for individual shells de-
picted in Fig. 3 provide a discernible visualization of the
concepts of “peeling” and “coring” of atoms, which were
originally conceived to describe different x-ray ionization
mechanisms for different photon energies [50]. In fact, at
a photon energy of 1.2 keV, x-ray multiphoton ionization
is mostly initiated by coring (M-shell ionization). For long
pulses [(b) and (d)], core-hole states after coring have enough
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time to fully relax, boosting outershell hole population first.
Thus the hole dynamics effectively show “peeling” of atomic
shells, i.e., electrons are ejected sequentially, from outer to
inner shells. For short pulses [(a) and (c)], those core-hole
states survive during the pulse and M-shell hole population
emerges first and N- and O-shell hole population follows,
corresponding to the “coring” process. Early and extensive
coring in (c) provides a detour for the ionization limit set
by single-photon absorption, resulting in the largest degree of
ionization.

C. Volume-integrated charge-state distributions
of Xe at 1200 eV

In experiment, atoms interacting with an x-ray beam in
different positions within the interaction volume experience
different fluence values. The measured charge-state distribu-
tion (CSD), therefore, contains contributions from a range of
fluence values. In order to make a quantitative comparison,
theoretical CSDs corresponding to each fluence point are
convolved with the experimental fluence distribution [51].
This procedure is called volume integration [11,51]. Since
the pulse-duration dependence of mean charges (also CSDs)
is sensitive to fluence values as demonstrated in Fig. 1 (and
Fig. 7), it is not evident whether the breakdown of frustrated
absorption remains significant after volume integration.

Figure 4 shows calculated CSDs after volume integration.
40 fluence points are used and each fluence point has more
than 450 Monte Carlo trajectories. The spatial profile of the
fluence distribution is assumed as a single Gaussian, and the
maximum fluence value at the center (peak fluence) deter-
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FIG. 5. Electron spectra of Xe at 1200 eV for (a) the short-pulse
case of 0.5 fs and (b) the long-pulse case of 500 fs. For both cases,
a high fluence of 1 x 10'2 ph/um? is employed. Electron counts per
eV are convolved with a 2-eV (FWHM) Gaussian for better visibility.
For clarity, photoelectrons (blue) and Auger electrons (green) are
plotted with different colors.

mines the whole spatial fluence distribution. In the low-peak-
fluence case in Fig. 4(a), one can see the frustrated absorption
behavior: almost no differences are found in the CSDs for
different pulse durations, but the yields of high charge states
are reduced at the shortest pulse duration (1 fs). The mean
charges, which are indicated at the top of the figure, are
slightly reduced as the pulse duration decreases. In the high-
peak-fluence case in Fig. 4(b), the yields of high charges are
governed by interactions at high fluences. The CSDs extend to
increasingly high charge states as the pulse duration becomes
shorter, and their structure is sensitive to the pulse duration.
Our results demonstrate that the “antifrustrated” absorption
behavior at a sufficiently high peak fluence prevails in CSDs
even after volume integration is applied, taking into account
a broad range of fluences in the Gaussian profile. The mean
charges, however, show little sensitivity to the pulse duration.
These volume-integrated CSDs can be directly compared with
experimental data and can thus be used for a verification of the
breakdown of frustrated absorption.

D. Electron spectra of Xe at 1200 eV for short and long pulses

The different ionization mechanisms for short and long
pulses at ultrahigh x-ray fluences are exhibited not only in
mean charges or charge-state distributions, but also in electron
spectra. Figure 5 shows photoelectron and Auger electron
spectra of Xe at 1200 eV for short (0.5 fs) and long (500 fs)
pulses at a fluence of 1 x 10'> ph/um? as used in the high-
fluence case of Fig. 2(b). Note that these electron spectra
are not volume-integrated. As expected from Fig. 2(b), the
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FIG. 6. Final mean charge of (a) Xe at 5500 eV and (b) Ne at
1050 eV as a function of pulse duration. The error bar indicates the
statistical error.

total number of Auger electrons in the spectra decreases and
the total number of photoelectrons increases as the pulse
becomes shorter. The enhancement of photoelectrons over
a broad energy range in the short-pulse case indicates that
photoionization occurs in M, N, and O shells. In particular,
the emergence of high-energy (>500 eV) photoelectrons in
comparison with the long-pulse case gives a hint that N- and
O-shell ionizations are enhanced as the pulse gets shorter [see
Fig. 2(b)]. Also there is a strong suppression of low-energy
(<100 eV) Auger electrons in the short-pulse case, which can
be attributed to a reduction of N-XX Auger channels. Thus
the electron spectra can be used complementarily to the ion
spectra to verify the breakdown of frustrated absorption in the
experiment.

E. Pulse-duration dependence of ionization dynamics
of Xe at 5500 eV and Ne at 1050 eV

Does the breakdown of frustrated absorption happen only
for heavy atoms at soft x rays? Our analysis of the breakdown
mechanism reveals that it happens when the core-electron ion-
ization stops at a certain charge state where the photon energy
is insufficient in the ground electronic state to ionize via one-
photon absorption. Figure 6(a) shows the final mean charge of
Xe in the hard-x-ray range for several fluences. At 5.5 keV,
the multiphoton multiple ionization dynamics of Xe is initi-
ated by L-shell ionization [14,15], but this direct one-photon
absorption channel closes at Xe??*. At low fluences (2 x 10'2
to 1 x 10" ph/um?), the mean charge follows the trend
expected from frustrated absorption, whereas at high fluences
(2 x 103 and 5 x 10" ph/um?), the mean charge increases
slightly for decreasing pulse duration. Figure 6(b) displays the
final mean charge of Ne at soft x rays for several fluences. At

1050 eV, the direct one-photon ionization limit is Neft. The
formation of a hollow atom (empty K shell) at charge states
below +6, facilitated by high fluence and short pulse duration,
ultimately leads to charge states of +9 or 410 via further
L-shell ionization. One can clearly see the impact of frustrated
absorption at low fluences (5 x 10" to 2 x 10" ph/um?)
and the opposite trend at high fluences (5 x 10'? and 1 x
10"3 ph/um?). Note that the number of absorbed photons is
actually reduced for the low-fluence cases of (a) Xe at 5.5 keV
and (b) Ne at 1050 eV, upholding the concept of frustrated
absorption (see Appendix D).

If the photon energy is high enough to ionize all ion species
that are formed during the ionization dynamics (for example,
Ne at 2 keV), an intense x-ray pulse can fully strip all electrons
[11], so there is no further enhancement via multiple core-
hole formation for short pulses. Therefore, in the case of light
atoms at hard x rays, we expect that the paradigm of frustrated
absorption still applies.

F. Towards attosecond XFEL pulses

The latest advances in XFEL technology make it possible
to generate attosecond pulse durations [38,40] with tens of uJ
pulse energy, progressing towards terawatt-attosecond XFEL
pulses [37] with a pulse energy greater than 0.1 mlJ. If the full
power of 1 TW is tightly focused to a focal size of 1 um x
1 um, the peak intensity is 102° W/cm?. Our present study
suggests that, in the attosecond regime (0.2-1 fs) in Fig. 1, the
ionization is reduced for shorter pulses with a pulse energy of
10 wJ, assuming it is focused to 1 um? (corresponding to 5 x
10'% ph/um?, red line in Fig. 1), while terawatt power will
facilitate antifrustrated absorption (corresponding to 5 x 10!!
ph/um?, green, and 1 x 10'? ph/um?, blue line in Fig. 1).

When the pulse duration approaches the sub-femtosecond
regime, one needs to consider two issues: the energy band-
width and the validity of the rate-equation approach. On the
one hand, with the current XFEL scheme of self-amplified
spontaneous emission (SASE), the energy bandwidth is given
by the x-ray coherence time, typically of the order of tens of
attoseconds [52], which is determined by the narrowest peak
within a spiky SASE pulse. If the pulse duration approaches
this timescale, the spectrum becomes Fourier-limited. In our
study, the energy bandwidth is 12 eV (1% of the photon
energy of 1.2 keV), corresponding to a coherence time of
~0.15 fs, and the shortest pulse duration under consideration
here is 0.2 fs. On the other hand, the rate-equation approach
employed in the present work does not take into account tem-
poral coherence, assuming that the timescale of photoabsorp-
tion is longer than the given coherence time. Higher fluence
and shorter pulse duration enhance the photoabsorption rate,
thus the photoabsorption timescale becomes shorter. Assum-
ing the photoabsorption cross section is of the order of Mb,
the timescale of photoabsorption at a peak intensity of 1.2 x
10" W/cm? (1.2 keV, 1 x 10'2 ph/um?, and 15 fs FWHM)
becomes about 0.16 fs. If the peak intensity becomes higher,
it might be necessary to consider coherence effects such as
Rabi flopping [53-56]. Note that the breakdown of frustrated
absorption already manifests at lower intensities (longer pulse
durations at a fixed fluence), for example, pulse durations
longer than 15 fs at 1 x 10'? ph/um? (blue curve) in Fig. I,
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corresponding to intensities lower than 1.2 x 10'® W/cm?,
which are achievable at existing XFEL facilities.

IV. CONCLUSION

In summary, we show that the concept of frustrated ab-
sorption, which has been established as a unique feature of
the XFEL interaction with light atoms, is no longer generally
valid at high x-ray fluences. We demonstrate that the ioniza-
tion suppression for shorter pulses, which superficially man-
ifests frustrated absorption, is attributed to the suppression
of Auger decays. We also find ionization enhancement for
shorter pulses, i.e., antifrustrated absorption, when the x-ray
fluence is sufficiently high to produce certain charge states
higher than the one set by the direct one-photon ionization
limit or by the REXMI limit. As the pulse duration becomes
shorter, x-ray multiphoton ionization can be either suppressed
or enhanced, depending on the x-ray fluence. Therefore, when
the pulse duration is very short, particularly when approaching
the attosecond regime, it is critical to consider the dependence
of the ion signal not only on the x-ray fluence but also on the
x-ray intensity. In the XUV regime, where direct multiphoton
ionization is possibly dominant [57], higher yields of high
charge states for shorter pulses were observed [58]. In the
x-ray regime presented here, sequential multiphoton multiple
ionization is still dominant, but at ultrahigh fluence many pho-
tons can be absorbed in a quasinonsequential fashion, causing
the creation of a massively hollow atom. We demonstrate that
the antifrustrated absorption is due to the efficient formation
of the massively hollow atom. Our finding of the breakdown
of frustrated absorption at extremely high-intensity and ex-
tremely short-pulse duration is not only a new manifestation
of the complexity that can arise in the interaction of a many-

40

w
o

Q
3
17, % 0.4
(0]
o
5 0.3
&
25 02
(a) 1x10"2 ph/pm? 01
20 0
02 1 10 100 1000 10000 100000
30 0.4
25 0.3
o
©
172}
© 20 0.2
5
S
15 0.1
(b) 1x10"" ph/pm?
10 0
02 1 10 100 1000 10000 100000
25 0.2
20
jo3
k]
12}
915 0.1
5
<
(&)

(c) 5x10"° ph/um?

0.2 1 10 100 1000 10000 100 000

Pulse duration (fs)

body system with high-intensity radiation, but we also expect
that this phenomenon will have to be taken into account
in future XFEL experiments, particularly those dedicated to
utilizing upcoming terawatt-attosecond x-ray pulses.
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APPENDIX A: CHARGE-STATE DISTRIBUTION
AND RESONANT EXCITATION CROSS SECTION
OF Xe AT 1200 eV

Figure 7 depicts a color map of the charge-state distribution
(CSD) of Xe for three selected fluences: [(a) and (d)] 1 x 10'2,
[(b)and (e)] 1 x 10", and [(c) and (/)] 5 x 10'° ph/pum?. The
mean charges in Fig. 1 are obtained from these charge-state
distributions. Thus the mean charge in Fig. 1 and the CSD
in Fig. 7 provide similar information, but the CSD presents a
more detailed view of the outcome of the ionization dynamics,
for example, revealing resonance structures. Here, with the
help of CSDs, we will focus on the impact of REXMI [13,32]
on frustrated absorption. In the left panels, (a)—(c), resonant
excitations are included, while in the right panels, (d)—(f),
they are excluded in the underlying calculations. If REXMI is
possible, it dominates the ionization dynamics because of the
large cross sections of resonant excitation processes. Although
REXMI is the dominant process for the high-charge formation
in Fig. 1, it does not explain why the paradigm of frustrated
absorption fails at high fluences, simply because the same
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FIG. 7. Color map of the charge-state distribution of Xe at 1200 eV as a function of pulse duration.
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FIG. 8. Calculated cross sections for M-, N-, and O-shell pho-
toionization (PI) and resonant M-shell photoexcitation (PE) of Xe
at 1200 eV and 1% bandwidth. Different red, green and blue colors
indicate from which subshell the resonant excitation occurs.

trends are observed in the CSDs calculated with and without
REXMI. As shown in Fig. 7, for both cases (with and without
resonances), higher charge states are generated for shorter
pulse durations at high fluence, whereas the yield of high
charge states decreases as the pulse duration decreases at low
fluence.

For the resonance cases, (a)-(c), more structures are ex-
hibited, which are features of specific resonant excitations
in REXMI. The discrete fringes above +25 in Fig. 7(a) can
be analyzed with cross section calculations. Figure 8 shows
photoionization and resonant photoexcitation cross sections
of ground-state Xe ions at 1200 eV and 1% bandwidth.
Table I lists where the discrete fringes appear in Fig. 7(a)
and how they are assigned to specific transitions based on
the cross section contributions in Fig. 8. One can see that the
peak position at +Q in the cross section in Fig. 8 roughly
corresponds to the peak at +(Q + 1) in the CSD in Fig. 7, as
demonstrated in Ref. [15].

APPENDIX B: COMPETITION BETWEEN
PHOTOIONIZATION AND AUGER DECAY
OF Xe AT 1200 eV

Figure 9 compares the photoionization rates and the Auger
rates of multiple core-hole states of Xe at 1200 eV. The

TABLE I. Transition assignment of fringes in charge-state distri-
butions. The CSDs are shown in Fig. 7(a) and the cross sections are
in Fig. 8.

Maxima in CSDs Maxima in cross sections Transition
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around +31 at +28 3dsp, — 5f1
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FIG. 9. Comparison between the Auger rates and the photoion-
ization rates of Xe at 1200 eV at the peak of the pulse as a function
of pulse duration: (a) low fluence (5 x 10'® ph/um?) and (b) high
fluence (1 x 10'? ph/um?).

M-shell photoionization rates are depicted by a range en-
closed by two solid blue lines, corresponding to initial-state
configurations 3d~' and 3d~*, respectively, and the outer-
shell (N- and O-shell) photoionization rates lie in the area
between the two dashed blue lines (also corresponding to the
initial-state configurations 3d~! and 3d~*). In the low-fluence
case of 5 x 10'° ph/um?(a), the M-shell photoionization rate
exceeds the Auger rate of the single core-hole state when the
pulse duration is less than ~7 fs, and the outershell (N- and
O-shell) photoionization rates become higher than the Auger
rate for the pulse duration less than ~1 fs. The fact that N-
and O-shell ionization proceeds faster than the Auger decay
for the very short pulses is responsible for the suppression
of the Auger processes depicted in Fig. 2(a), because fewer
electrons remain available for the decay. In the high-fluence
case of 1 x 10'? ph/um?(b), the photoionization rates of all
the shells surpass the Auger decays of single to quadruple
core-hole states, when the pulse duration approaches a few
femtoseconds. This enables the absorption of several photons
before any relaxation processes, creating a massively hollow
atom as illustrated in the ionization pathway in Fig. 10(a),
where 13 photons are absorbed and 9 M-shell electrons are
removed in a 0.5-fs pulse before the first Auger decay (for
more details see also Appendix C).

In Fig. 9, the photoionization rate is calculated from
the cross section times the photon flux. The photon flux
at the peak of a Gaussian-shaped pulse is given by J =
J/4In2/7(F/t), where F is the fluence and t is the pulse
duration (FWHM). The calculated partial cross sections of Xe
(3d~1) at 1200 eV for the M, N, and O shells are oy = 1.3
Mb, oy = 0.22 Mb, and oy = 0.014 Mb, respectively. For Xe
(3d™), oy = 1.0 Mb, oy = 0.27 Mb, and op = 0.023 Mb.
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APPENDIX C: IONIZATION PATHWAY OF Xe AT 1200 eV

In Fig. 10, we plot the total energy of a Xe atom for
an exemplary ionization pathway, illustrating the ionization
mechanism at a photon energy of 1200 eV. We compare
two different pulse durations, (a) 0.5 and (b) 500 fs, at the
same ultrahigh fluence of 1 x 10'> ph/um?. The energy of
neutral Xe is set to zero, and the black line is the ground-
configuration energy for given charge states. A series of
arrows shows a pathway of sequential ionization dynamics.
Different colors indicate different processes (blue: photoion-
ization, red: photoexcitation, green: Auger decay, and yellow:
fluorescence). Different thicknesses represent which shells
are involved in the corresponding process (thickest: M-shell
photoionization/excitation, M—X X Auger decay, or M-X flu-
orescence; medium: N-shell photoionization or N-X X Auger
decay; and thinnest: photoionization from O shell or above).
The black triangle marker indicates the peak of the x-ray
pulse, and some accompanying timescales are displayed.
At the end of each pathway, fluorescence decays occur on
timescales of picoseconds (not clearly visible in these plots).

In the short-pulse case [Fig. 10(a)], one can see a series of
photoionizations and photoexcitations with only a few Auger
decays, bringing the system up to a ~10-keV excited state.
This detouring channel via excited states makes it possible to
reach a higher charge state than expected based on the single-
photon absorption limit. In this high-fluence and short-pulse
case, it is most likely that both M-shell and outershell (N-
and O-shell) photoionization rates exceed the Auger rates [see
7 = 0.5 fs in Fig. 9(b), where 7 is the pulse duration]. Thus
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FIG. 10. Comparison of the ionization mechanisms of Xe at
1200 eV for (a) short (0.5 fs) and (b) long (500 fs) pulse durations.
A fluence of 1 x 10" ph/um? is used for both cases. Shown are
exemplary, typical ionization pathways for each case. The black
circles represent the electronic ground-state energy as a function of
the atomic charge state.

the outershell photoionizations (thin arrows) remove N- and
O-shell electrons that are required for Auger decays, reducing
the number of Auger decays as shown in Fig. 2(b). In contrast,
in the long-pulse case [Fig. 10(b)], the electronic configura-
tions visited in the course of the ionization dynamics remain
close (on the keV scale of Fig. 10) to the ionization pathway
via ground electronic configurations (black circles). In this
case, the photoionization rates are smaller than the Auger
rates [see T = 500 fs in Fig. 9(b)]. After one photoionization,
the resulting core-hole state relaxes almost immediately via
a series of Auger decays, which prevents the formation of a
highly energetic hollow atom.

APPENDIX D: SIGNATURE OF FRUSTRATED
ABSORPTION FOR Xe AT 5500 eV AND Ne AT 1050 eV

Figure 11 shows the number of absorbed photons in (a) Xe
at 5500 eV and (b) Ne at 1050 eV, corresponding to Fig. 6. At
low fluences (orange and red), the number of photoabsorption
events is reduced when the pulse duration becomes shorter,
which is responsible for the decrease of the mean charge in
Fig. 6, together with the reduction of the number of Auger
decays (not shown). This illustrates that the concept of frus-
trated absorption is valid in both cases. At high fluences (green
and blue), the number of photoabsorption events increases
for shorter pulses, manifesting the breakdown of frustrated
absorption. Note that, at an intermediate fluence (yellow),
for both Xe at 5500 eV and Ne at 1050 eV, the number
of photoabsorptions increases as the pulse gets shorter, even
though the mean charge decreases (see Fig. 6). In this case,
the reduced number of Auger decays is responsible for the
suppression of the mean charge for shorter pulses.

(a) Xe@5500 eV

1 5><1013ph/um2 —
| 2><1013ph/um2
1x10"3 ph/um2
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FIG. 11. Number of absorbed photons in (a) Xe at 5500 eV and
(b) Ne at 1050 eV as a function of pulse duration.
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