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Resonance-enhanced multiple ionization of krypton at an x-ray free-electron laser
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The sequential inner-shell multiple ionization of krypton was investigated at the Linac Coherent Light Source
using ion time-of-flight spectroscopy at photon energies above (2 keV) and below (1.5 keV) the L edge with two
x-ray pulse lengths (5 and 80 fs, nominally) and various pulse energies. At 2.5 mJ pulse energy, charge states up
to Kr17+ were recorded for M-shell ionization and charge states up to Kr21+ for L-shell ionization. Comparing the
experimental charge state distribution to Monte Carlo rate-equation calculations, we find a strong enhancement
of higher charge states at 2 keV photon energy as compared to the theoretical predictions. This enhancement is
explained with a resonant ionization pathway where multiple excitations into outer valence and Rydberg orbitals
are followed by autoionization. These resonant pathways play an important role for the photoionization of ions
with charge higher than Kr12+, for which direct one-photon L-shell photoionization is energetically impossible
at 2 keV photon energy. Only a small pulse-length dependence of the charge state yield is observed at an x-ray
pulse energy of 0.4 mJ.
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I. INTRODUCTION

The development of high-intensity short-pulsed x-ray
sources promises revolutionary new techniques in diverse
scientific fields, among others nurturing the vision of dynamic
imaging of matter with angstrom spatial and femtosecond
temporal resolution. Samples for these studies range from
isolated atoms and small molecules to nanoparticles and solid
targets [1,2]. As complex as the response of an extended
system to the ultraintense femtosecond x-ray pulses may be,
the starting point is always a description on a microscopic,
atomistic level, thus emphasizing the need for a clear picture
of multiphoton ionization of individual atoms.

The first experiments at high x-ray intensities and keV
photon energies, which became feasible with the startup of
the world’s first x-ray free-electron laser (XFEL), the Linac
Coherent Light Source (LCLS) [3], have shown that the
dominant ionization mechanism under these conditions is
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sequential multiphoton absorption [4,5]. It was demonstrated
that all electrons from light elements like neon or nitrogen
can be stripped in a single pulse provided the photon energy
is higher than all ionization potentials of the intermediate
ionic states. The rate of direct (“nonsequential”) two-photon
ionization has been shown to be small [6,7] and its contribution
to the total ionization yield can be neglected whenever
sequential ionization is energetically allowed. Also, hidden
resonant excitations were unveiled in high charge states of
neon [8], but their role in the overall photoionization process
is negligible for light atoms as they appear very localized.
The creation of double-core-hole states was observed and has
received considerable attention in the context of its application
for chemical analysis [9–11]. In addition, experiments with
different pulse durations revealed the phenomenon of frus-
trated absorption, or “intensity-induced x-ray transparency”
reflecting efficient depletion of the K shells of light elements
in intense x-ray pulses [4,5].

Our recent study on a much heavier atom, xenon, has
shown that resonant excitations in intermediate ionic states can
considerably enhance x-ray multiphoton ionization driving it
well beyond the limit of direct single-photon transitions into
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the continuum [12]. These resonant pathways could nearly
double the amount of energy absorbed by xenon atoms at
1.5 keV photon energy, and, thus, have direct implications
on the overall radiation damage of samples containing heavy
atoms.

In this paper we report on the observation of resonance-
enhanced x-ray multiple ionization (REXMI) of another high-
Z element, krypton, by intense (up to 2.5 mJ) LCLS pulses.
We observe charge states up to Kr21+ at a photon energy
of 2 keV, and up to Kr17+ at 1.5 keV, above and below the
neutral krypton L edges, respectively. Comparing the measured
charge state distributions with the predictions of our theoretical
model [12,13], we find that the model, which does not take
into account bound-bound (resonant) transitions, considerably
underestimates the highest charge states produced at 2 keV.
Since at 1.5 keV, where we do not expect any bound-bound
transitions to play a role, the experimental data are in good
agreement with theory, we interpret the discrepancy at 2 keV
as a signature of REXMI. From these data, as well as from our
earlier results on xenon [12], we conclude that for such REXMI
process to be efficient, the incident photon spectrum needs to
cover resonant excitations in several subsequent charge states
within the bandwidth of the XFEL pulse. Finally, comparing
the measured and calculated charge state distributions for
different pulse durations (≈5 fs and ≈80 fs), we do not find
any signatures of frustrated x-ray absorption for krypton under
our experimental conditions.

II. EXPERIMENTAL SETUP

The experiments were conducted in the CFEL-ASG multi-
purpose (CAMP) instrument [14] installed at the LCLS beam-
line for atomic, molecular and optical science (AMO) [15]. In
this measurement campaign the CAMP setup was used as an
ion time-of-flight and imaging spectrometer, and the pnCCD
photon detectors were not installed [16]. After passing through
a set of photoluminescence-based pulse-energy detectors [17]
and an attenuation chamber used to adjust the beam energy
for intensity-dependent measurement upstream of the AMO
beamline, the LCLS beam (120 Hz repetition rate, 1.5 and
2 keV photon energies) was reflected on three steering mirrors,
and focused inside the CAMP main chamber (background
pressure ≈2 × 1010 mbar) by a pair of two dynamically bent
grazing-incidence mirrors in Kirkpatrick-Baez geometry [18].
The overall transmission of the beamline and the focal spot
dimensions will be discussed below.

At the focal point the LCLS beam intercepted a thin
supersonic gas jet of krypton atoms (4 mm FWHM). The
produced ions were extracted by a homogeneous electric field
created by evenly spaced, gold-plated aluminum electrodes.
The extraction field was perpendicular to both the gas jet
and LCLS beam propagation directions, whereas the LCLS
beam polarization was parallel to the gas jet. The array
of electrodes was divided into an acceleration region with
constant voltage gradient and a drift region without voltage
gradient. The two regions were physically separated by a
copper grid to avoid penetrating fields. The extraction field
in the 50-mm-long acceleration region was 10 V/cm for
measurements with “long” (nominally 80 fs) pulses and
400 V/cm for runs with short (≈5 fs) pulses. The 150-mm-long

drift zone was kept field-free. After the drift region the
ions were postaccelerated to 2.45 keV and projected onto a
time-sensitive microchannel-plate (MCP) detector (in chevron
configuration) with a delay-line anode mounted behind it for
position detection. The spectrometer and detector geometry
resulted in a 4π acceptance for all atomic ions created within
the overlap region between the LCLS beam and gas jet target.

The detector signals were recorded for each FEL shot with
an Acqiris DC282 digitizer, and each ion hit was identified in
postanalysis using a software constant-fraction discriminator
[19] such that the effect of pulse-height variations due to
varying MCP efficiency for different ionic charge states was
negligible. Furthermore, the count rate was limited, on average,
to ten Kr ions per pulse by adjusting the target density
accordingly such that MCP pulses from individual ions could
be detected in a counting mode and the number of overlapping
MCP pulses was negligible. In addition to the time-of-flight
(TOF) value obtained from the MCP trace, the hit position on
the detector was reconstructed for each ion from the delay-line
signals, which allowed us to completely eliminate the ions
resulting from the residual gas or krypton diffused into the
reaction chamber from those originating from the supersonic
jet target and considered in the final TOF spectra.

In these experiments we used two different LCLS pulse
durations, nominally 80 and 5 fs. Since these values are defined
from the length of the electron bunch, they provide only a
rough estimate of the actual temporal width of the x-ray pulse.
For longer pulses, dedicated pulse-duration measurements [20]
suggested that the actual x-ray pulse might be considerably
shorter than these nominal values, which appears plausible
since the electron bunch length should give an upper limit for
the x-ray pulse duration. For the short (sub-10 fs) pulses, which
are produced in a low bunch-charge mode, the simulations
from the measured bunch parameters suggest that the x-ray
pulse might be as short as a few femtoseconds [21]. With this
in mind, we will, throughout the paper, nevertheless refer to
the long and short pulses as 80 fs and 5 fs, respectively.

III. THEORETCAL APPROACH AND MODELING

To simulate the ionization and relaxation dynamics induced
by the LCLS x-ray pulse, we used the XATOM toolkit [22].
The version of XATOM used here is described in Refs. [12,13]
and represents an extension of the model described in
Refs. [4,23,24]. All x-ray-induced atomic processes were
treated within a consistent theoretical framework. The orbital
binding energies, photoionization cross sections, and Auger
and Coster-Kronig rates for all possible q-hole electronic
configurations of Krq+ were calculated using the Hartree-
Fock-Slater method. Shakeoff was included for neutral and
singly charged krypton atoms, whereas double Auger decay
and Auger satellites were not considered. Because the mean
free path of electrons and ions in our very dilute gas target
exceeded the gas jet size by several orders of magnitude, all
collisional processes such as dielectric recombination, impact
ionization, and charge exchange could be safely neglected.
No resonant excitations to unoccupied, bound subshells and
accompanying decay processes were considered here since this
would enormously increase the total number of configurations.
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The calculated cross sections and rates are then used as input
parameters for a set of rate equations for the time-dependent
populations of the included configurations. Instead of solving
the whole set of coupled rate equations directly, we used the
Monte Carlo method [13], which follows probable pathways of
ionization dynamics. Around 10 000–30 000 trajectories were
calculated to converge the averaged populations. We assumed
that, on average, the x-ray temporal pulse shape was a Gaussian
of 80 fs (FWHM) or 5 fs duration. In the regime considered
here, the results do not appear sensitive to the pulse shape or
spikiness of individual FEL pulses and have only a very small
dependence on the pulse duration such that actual x-ray pulses
shorter than the nominal values do not significantly change the
outcome of the calculations.

For each set of x-ray pulse parameters, the final charge
state distributions were calculated. For a given pulse energy
we determined the fluence on target by comparing benchmark
calculations for neon atoms with experimentally determined
neon charge state distributions measured at 2.0 keV with the
same pulse parameters as used for the krypton data. The
results were integrated over the three-dimensional interaction
volume defined by the intersection of two beams. This
three-dimensional volume integration was not sensitive to the
Rayleigh length (≈10 mm), unless the latter was set shorter
than the gas jet diameter. We assumed a circular Gaussian x-ray
beam profile and a circular Gaussian gas jet profile (4 mm
diameter, FWHM). Under this assumption, we determined a
ratio between the beamline transmission and the focal spot
size from the measured pulse energy and the fluence value
calibrated with neon. Assuming a 3 × 3 μm2 focus (the best
value ever measured in the CAMP chamber using the imprints
technique [25]), we obtained a beamline transmission of 35%
at 2.0 keV, which lies below the estimated reflectivity values
for the transport mirrors as previously noted in Ref. [4].

IV. RESULTS AND DISCUSSION

A. Photon-energy dependence of the multiphoton
ionization process

The time-of-flight spectra for the unattenuated FEL beam
at 80 fs pulse duration, corresponding to a 2.4–2.6 mJ pulse
energy interval at the gas detector, are depicted in Fig. 1(a)
for photon energies of 1.5 [black (dark gray)] and 2 [red (light
gray)] keV. Six krypton isotopes are distinguishable for low
charge states with long flight times. For shorter flight times, the
peaks from the isotopes of different charge states increasingly
merge, but the most abundant isotope, 84Kr, can be separated
to the highest charge state. The highest charge state observed
at 1.5 keV photon energy is Kr17+; at 2 keV photon energy, it
is Kr21+.

To compare the ion spectra to calculations, the 84Kr peak
is integrated for every charge state. In Fig. 1(b), the calculated
charge state distributions are shown as solid lines and the
experimental data as bars. The ion yield for 1.5 keV photon
energy is drawn in black (dark gray) and for 2 keV in red (light
gray). Below the L edge, at 1.5 keV, the highest yield is found
for Kr3+ corresponding to single-photon M-shell ionization
as observed at synchrotrons [26,27]. The predicted ion yield
for Kr4+ is too low, probably due to the disregard of double
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FIG. 1. (Color online) (a) Krypton time-of-flight spectra at pho-
ton energies above [2 keV, red (light gray)] and below [1.5 keV, black
(dark gray)] the L edge for nominally 80 fs pulses with 2.4–2.6 mJ
pulse energy. (b) Experimental krypton charge state distribution
(bars) and comparison to theory (circles with lines) calculated for
an 80 fs x-ray pulse with a pulse energy of 2.5 mJ and integrated
over the interaction volume (see text). The theoretical charge state
distributions are scaled such that the total ion yield integrated over all
charge states agrees with the total ion yield in the experiment. Error
bars for experimental data reflect the statistical uncertainties only.

Auger decay which occurs in 31% of the 3d photoionization
events [26]. For higher charge states, reached by absorption
of additional photons, the theoretical and experimental data fit
very well, indicating that the dominant processes are properly
taken into account.

In the 2 keV data, the highest ion yield is recorded for
Kr5+ which, again, corresponds to single-photon absorption
previously measured at synchrotrons [28,29]. Above Kr5+, the
experimental ion yield continuously decreases (apart from a
local peak at Kr18+), while the calculations show local maxima
at Kr4+, Kr8+, and Kr12/13+. The peaks of Kr4+ and Kr8+ might
be due to incompleteness of the model. The Kr12/13+ peak is
due to the closing of direct 2p photoionization at Kr12+. Apart
from these differences at intermediate charge states, the most
significant difference between experiment and calculations at
2 keV is evident for the highest charge states produced, which
are completely lacking in the calculations. For charge states
higher than Kr12+, the only direct photoionization, which is
energetically possible at 2 keV, is of the M shell, so that the
total photoionization cross section is significantly decreased.
Additionally, at high intensities realized at free-electron lasers,

023413-3



BENEDIKT RUDEK et al. PHYSICAL REVIEW A 87, 023413 (2013)

-3.000

-2.500

-2.000

-1.500

-1.000

-500

0

0 2 4 6 8 10 12 14 16 18 20

B
in

di
ng

 e
ne

rg
y 

(k
eV

) 

Krypton charge state

3s,p,d

5s,p,d,f 
4s,p,d,f 

6s,p,d,f 

2s,p

2s,p+2keV
ph

ot
oi

on
iz

at
io

n 

re
so

na
nt

 e
xc

ita
tio

n 
A

ug
er

 d
ec

ay
 

REXMI region 2 keV 

2s,p+1.5keV

1.5 keV 

FIG. 2. (Color online) Ground-state binding energies for elec-
trons in the L, M , and N shells in krypton ions of a charge state
up to Kr22+, together with schematic ionization pathways: direct
photoionization is depicted as the blue (dark gray) arrow, resonant
transitions as red (black) arrows, and Auger decay as green (light
gray) arrows. To illustrate the occurrence of resonances at a photon
energy of 2 (1.5) keV, lines parallel to the 2s and 2p binding energies
shifted by 2 (1.5) keV are drawn as purple dotted (dashed) lines. For
charge states between Kr9+ and Kr20+, the dotted line intersects with
the binding energies of various outer orbitals, hence demonstrating,
from a purely energetic point of view, the possibility of resonant
transitions from the L shell to outer shells at 2 keV photon energy.
For 1.5 keV photon energy, the region of energetically possible and
electric-dipole-allowed resonances is limited to Kr14+–Kr17+.

double core holes can be created, when a second photon is
absorbed before the initial inner-shell vacancy of the first
photoionization is filled. Auger decay into such double (or
multiple) 2p holes and subsequent M-shell ionization are
considered in the calculation, and charge states up to Kr17+
are predicted. The experimental distribution, however, shows
significantly higher ion yields for those high charge states
and a highest observed charge state of Kr21+. Apparently, an
additional ionization pathway has to be considered beyond
sequential multiphoton ionization.

The electronic ground-state configuration of neutral kryp-
ton is 1s22s2p63s2p6d104s2p6. In Fig. 2, the orbital binding
energies starting from the 2s orbital up to the densely spaced
Rydberg orbitals are plotted as functions of the ionic charge
state. All binding energies increase with the higher charge
states and they increase faster for inner shells. The wide
blue arrow illustrates direct single-photon ionization of the
L shell, which dominates the ionization process for lower
charge states. At 2 keV photon energy, indicated by the
horizontal dashed red line, direct photoionization of the 2s

orbital closes at Kr9+ and for the 2p orbital at Kr12+, but
resonant excitations [wide red (black) arrow] from the L

shell into Rydberg orbitals, which lie energetically very close
together, open up instead. In order to illustrate where resonant
transitions are energetically possible, purple dotted (dashed)
lines parallel to the 2s and 2p binding energies but shifted
by 2 (1.5) keV are drawn in Fig. 2. After resonant excitation,
the resulting L-shell vacancy is filled via Auger decay, which
increases the level of ionization by 1. The region where any

bound-bound transitions can occur is marked by two vertical
dashed black lines in Fig. 2. For a photon energy of 1.5 keV, this
region is small, and instead of excitation into densely spaced
Rydberg and valence orbitals, the only energetically possible
resonance is from 2p to 3s around Kr15+, where 3s, however, is
occupied assuming the electronic ground-state configuration.
Thus, resonant excitation plays a minor role at 1.5 keV photon
energy, but significantly enhances photoionization at 2 keV
photon energy, where resonant excitation into densely spaced
outer shells can be found in a wide region from Kr9+ to Kr20+. It
should be noted that in order to reach resonances in subsequent
charge states within a single x-ray pulse, a relatively large
bandwidth of the exciting x rays is required. At LCLS, the
unseeded, nonmonochromatized x-ray beam has a bandwidth
of 0.5%–1.0% of the photon energy, which is up to 20 eV at
2 keV.

B. Pulse-length dependence of the multiphoton
ionization process

In synchrotron experiments, where atomic ionization exclu-
sively proceeds via single-photon absorption, the final charge
state distributions are determined primarily by the photon
energy. In contrast, at XFELs, where multiphoton processes
become important, additional parameters such as pulse energy
and pulse duration have to be considered. Here, besides the
nonlinear dependence on the pulse energy, the absorption
of multiple photons within one pulse can be influenced by
the lifetime of inner-shell holes. In fact, first experiments at
LCLS showed that the absorption probability is reduced when
the x-ray pulse length is of the same order as the core-hole
lifetime [4,5]. In the same way, resonance-driven multiple
ionization might be suppressed, because resonant excitations
can enhance or enable the photoionization processes only in
conjunction with Auger decay.

To investigate the dependence of REXMI on the pulse
duration, we measured ion charge state distributions at 2 keV
photon energy for 80 and 5 fs pulse durations (note that these
are “nominal” values as discussed above). At the LCLS, pulse
lengths below 10 fs require a low-charge operating mode
(20 pC) [3], where the pulse energy is reduced to a maximum
of 0.5 mJ. To obtain the corresponding pulse energy with
long pulses produced at full-charge mode for comparison, the
x-ray pulses were attenuated in the nitrogen-filled attenuation
chamber upstream of the experimental setup.

Figure 3(a) displays the ion time-of-flight spectra of krypton
irradiated with x-ray pulses of 5 fs [red (light gray)] and 80 fs
[black (dark gray)] pulse length, 2 keV photon energy, and
a pulse energy interval between 0.3 and 0.5 mJ. Because
the short-pulse data were recorded at higher spectrometer
voltage (2 kV instead of 50 V), the time of flight is shorter
(as marked with the red axes on top and at right). In Fig. 3(b)
the theoretical charge state distribution is depicted in circles
along with the experimental distribution in bars derived from
the TOF spectrum via integration of the 84Kr peak.

Due to the reduced pulse energy, the maximum charge state
with 5-fs pulses is Kr16+, while small yields up to Kr18+
can be observed in the 80-fs data. As in Fig. 1, the most
abundant species for both pulse durations is Kr5+ stemming
from single-photon ionization. While theory agrees very well
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FIG. 3. (Color online) (a) Krypton TOF spectra at 2 keV photon
energy for nominally 80 fs [black (dark gray)] and 5 fs [red (light
gray)] pulses with 0.3–0.5 mJ pulse energy. (b) Experimental krypton
charge state distribution (bars) and comparison to theory (circles
with lines) calculated for an 80 and a 5 fs x-ray pulse with a pulse
energy of 0.4 mJ and integrated over the interaction volume. The
theoretical charge state distributions are scaled such that the total ion
yield integrated over all charge states agrees with the total ion yield in
the experiment. Error bars for experimental data reflect the statistical
uncertainties only.

with the experimental distribution for low charge states, it
underestimates the yield of the highest charge states due to
the disregard of the REXMI pathways, as was also found
for the higher pulse energies shown in Fig. 1. Theoretically,
no significant difference between the spectra for short and
long pulses is predicted. Although this is seemingly at odds
with the observations in other atoms and molecules [4,5],
where suppressed absorption was observed for short x-ray
pulses, it can be readily understood qualitatively considering
the core-hole lifetimes in Kr.

In Table I the Auger decay times in the Auger cascade
following photoionization in the 2s orbital of krypton are
displayed. As can be seen from the table, L-shell vacancies
are filled within less than 1 fs, much faster than both x-ray
pulse durations. The subsequent MNN Auger decay happens,
on average, on the time scale of the short x-ray pulse, and
only further decay steps involving the outer shell substantially
exceed the short pulse length. In comparison, the Auger decay
time of an L-shell vacancy in aluminum, where suppressed
absorption was observed using 15-fs-long soft x-ray pulses
[30], is 40 fs, while the K-shell lifetime in Ne, where similar
effects where found in the x-ray regime, is 2.4 fs [31], and

TABLE I. Exemplary Auger cascade upon 2s photoionization in
krypton with average Auger decay times. For higher charge states,
decay times increase, e.g., for the 2s transition from 160 as in Kr0+

to 840.2 as in Kr9+ or to 2 fs in Kr19+.

Transition Lifetime

Kr+(2s−1) → Kr2+(2p−13d−1) τ = 160 as
Kr2+(2p−13d−1) → Kr3+(3d−3) τ = 560 as
Kr3+(3d−3) → Kr4+(3d−24s−14p−1) τ = 7 fs
Kr4+(3d−24s−14p−1) → Kr5+(3d−14s−24p−2) τ = 18 fs
Kr5+(3d−14s−24p−2) → Kr6+(4s−24p−4) τ = 155 fs

further rises with increasing charge state, e.g., to 23 fs at Ne
7+ [4].

As the charge state increases, the core-hole lifetime in the
Kr L shell increases as shown in Fig. 4, mainly because fewer
valence electrons are available for the decay process. However,
the core-hole lifetime is still shorter than the short x-ray pulse
duration for up to Kr23+ (2s single core hole) and Kr21+
(2p single core hole). In order to produce L-shell multiple-
core-hole states which accompany suppressed absorption, the
L-shell photoabsorption process needs to occur earlier than the
Auger decay does; in other words, the Auger lifetime needs
to be comparable to or longer than the inverse of the 2s or 2p

photoabsorption rate. The inverse of the 2s photoabsorption
rate is ≈40 fs at the peak of the pulse with a pulse energy
of 0.4 mJ and a pulse duration of 5 fs, and the inverse of the
2p photoabsorption rate is ≈4 fs in the same condition. The
Auger lifetimes are much shorter than these time scales of
photoabsorption (subfemtosecond from neutral krypton up to
Kr10+). Thus, suppressed absorption does not play a role at the
fluences used in this experiment. It should also be noted that
because of the larger focal spot size in the CAMP instrument
compared to the high-field physics end station used in [4,5],
the peak fluence for a given pulse energy reached in this work
is considerably lower than in [4,5], also reducing the frustrated
x-ray absorption effect.

Nevertheless, pulse-length-dependent effects may still oc-
cur since the REXMI process is sensitive also to the longer
Auger decay times in the outer shells. However, this should
be more significant at higher x-ray fluences, where REXMI
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FIG. 4. (Color online) Auger lifetimes of L-shell single vacancy
as a function of charge states.
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becomes more prominent (such as in the 2.5 mJ data shown in
Fig. 1).

C. Fluence dependence of the multiphoton ionization process

Finally, the fluence dependence of the ionization processes
was investigated for both pulse lengths. The fluence is
calculated as the measured pulse energy multiplied by the
transmission and divided by the focal area; due to an assumed
Gaussian fluence distribution the result is multiplied by another
factor of 4 ln(2)/π . Because intensity is defined as the fluence
divided by the pulse length, the intensity is considerably higher
for the shorter pulses. In Fig. 5 the ion yield per shot in
logarithmic units is plotted against the peak fluence, likewise in
logarithmic units. Because the unsaturated ion yield depends
on the fluence to the power of n, with n as the number of
absorbed photons, the slope in a double-logarithmic graph
gives the average number of photons that were absorbed in
order to reach a certain charge state. Resonant transitions can
influence the yield curves in two ways: first, they increase the
cross section so that a given yield is already found at lower
fluences than expected without resonances; second, they can
saturate a transition so that it loses its fluence dependence.
Then the slope decreases by the number of saturated transitions
involved in the multiphoton ionization. For instance, this effect
was observed at the soft-x-ray free-electron laser the SPring-8
Compact SASE Source for resonances in helium [32].

In Fig. 5, the long-pulse data are illustrated by dots, the
short-pulse data by stars, calculated yields are drawn as solid
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FIG. 5. (Color online) Krypton ion yield for selected charge states
Krq+ as a function of x-ray fluence (Kr5+ on top; higher charge states
consecutively follow beneath). Measurements at a photon energy of
2.0 keV are compared for nominal FEL pulse lengths of 80 fs (dots)
and 5 fs (stars). The fluence at 2.0 keV is calculated from the x-ray
pulse energy measured by the LCLS gas detectors (top axis) assuming
a 3 × 3 μm2 focus and 35% beamline transmission. To correct for
gas detector nonlinearities at FEL pulse energies below 0.8 mJ, the
gas detector readings were recalibrated using a linear ion signal (that
is, H+ ions created from residual gas). Calculated ion yields (without
inclusion of REXMI) are shown as solid lines. To guide the eye,
dashed lines with integer slopes are drawn through the experimental
data points before they reach saturation. Error bars in the experimental
data reflect statistical error only.

lines, and dashed black lines with integer slopes are added
to guide the eye. For short pulses, the LCLS pulse energy
fluctuation is between 0.1 and 0.5 mJ. Long pulses had a
pulse energy between 2 and 3 mJ at full beam and were
attenuated to distributions centered around 1.2, 0.5, 0.3, 0.15,
and 0.07 mJ. Because the LCLS pulse energy monitors seemed
to be disturbed by attenuation pressures required to reach pulse
energies below 0.8 mJ, the pulse energy was recalibrated with
the proton yield stemming from residual gas which is assumed
to have a linear pulse energy dependence.

Seven exemplary krypton charge states are depicted in
Fig. 5: the ion yield of Kr5+ is biggest so it is depicted as the
topmost line, and higher charge states consecutively follow
beneath. For Kr5+, the slope is 1 before the ion yield saturates,
corresponding to single-photon ionization accompanied by
a long Auger cascade. Other charge states up to Kr7+ (not
depicted) also have a slope of 1 and saturate at similar fluence.
Charge states such as Kr8+, Kr11+, or Kr13+ have a noninteger
slope which lies between the slopes of the next lower and next
higher charge states that are depicted here. The long-pulse
data saturate at higher ion yield than the theory line, indicating
that the experimental focus has more low-fluence areas than
are simulated. The early saturation of the Kr5+ signal for
short pulses is most likely an artifact of the MCP detector
saturation appearing at high ion yield combined with high
(2 kV) extraction voltage used.

Two photons need to be absorbed to reach Kr9+ or Kr10+;
Kr12+ requires the absorption of three photons according to
the slopes in Fig. 5. The yield for Kr12+ at high fluence is
lower than predicted, as the ionization to even higher charge
states is enhanced by resonances. Also, the next higher charge
states show signatures of resonant processes. Compared to the
resonance-free calculations, the yield curve of Kr14+ is shifted
by about 3 μJ/μm2 to lower fluences due to the enhanced cross
section, the curve of Kr15+ is shifted by about 20 μJ/μm2.
The slopes for those charge states lie between 4 and 5. No
significant differences in the slopes were found for short and
long pulses.

V. CONCLUSIONS

In summary, we investigated the sequential inner-shell
multiple ionization of krypton at photon energies above
(2 keV) and below (1.5 keV) the L edge. We determined
the number of sequentially absorbed photons to be one for
Kr5+, two for Kr9+, three for Kr12+, and four for Kr14+. Below
the L edge, the experimental charge state distribution was
adequately reproduced by theoretical calculations based on
a rate-equation model. The same theoretical approach fails,
however, at a photon energy above the L edge, where the
experimental spectrum shows higher charge states. We explain
this enhancement by a resonance-enhanced x-ray multiple
ionization mechanism, i.e., resonant excitations followed by
autoionization at charge states higher than Kr12+, where direct
L-shell photoionization at 2 keV is energetically closed.
Interestingly, in xenon, where we recently studied multiphoton
x-ray ionization at the same two photon energies, we observed
dramatic ionization enhancement due to REXMI at 1.5 keV,
and achieved good agreement with theory at 2 keV. We readily
understand this behavior since both photon energies are above
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the M edge and below the L edge in Xe, where we have
shown that resonant excitations played a role only at 1.5 keV
under the given experimental conditions. The good agreement
between theory and experiment in both cases, where we do
not expect REXMI to play a role (Xe at 2 keV, Kr at 1.5 keV)
demonstrates the reliability of the theoretical approach for
these cases and also confirms our experimental parameters
deduced from the comparison with the model simulations, in
particular, the different beamline transmission and focus size
at the two photon energies.

In contrast to earlier observations for lighter elements, a
comparison of the 80 and 5 fs data showed no clear evidence
of frustrated x-ray absorption or saturated resonances. The
reasons for this are (i) subfemtosecond fast Auger decay of
L-shell vacancies in Kr; (ii) the higher number of electrons
available at the L shell compared to the K shell; and (iii) the
reduced intensity because of the larger focal spot size used in
our experiment.

As discussed in [12], REXMI can significantly enhance
the amount of energy absorbed per high-Z atom. Since
the data presented here confirm that REXMI is a rather
general phenomenon for heavy atoms, this might have serious
implications for local radiation damage in coherent diffractive
imaging, in particular, in the vicinity of high-Z impurities
[16], if a photon energy is chosen where REXMI processes
can occur. Because we expect REXMI-like processes to be

efficient only for a rather broad bandwidth of the ionizing x-ray
pulse, one important test would be a comparison between the
ionization by a broadband and a narrowband pulse. Because
of the recent success of the self-seeding scheme for hard x
rays [33], this can be presently realized at the LCLS. A perfect
candidate for such study would be the ionization of the xenon
L shell by the seeded and unseeded pulses in the microfocus
of the LCLS coherent x-ray imaging (CXI) beamline.
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