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Introduction



XFEL: X-ray free-electron laser

> revolutionizing ultrafast science 

> photon energy: ~10 keV 
number of photons: ~1013 
focal size: ~10 µm × 10 µm 
pulse duration: ~10 fs  
➔ peak intensity ~1018 W/cm2 

> novel light-matter interaction: 
sequential multiphoton multiple 
ionization dynamics 

> frustrated absorption:  
higher intensity, less ionization
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Fig. 4. Schematic presentation of timescales involved in the dynamics of matter. Storage ring facilities currently provide syn-
chrotron radiation in pulses between 50 and 100 ps duration and are well suited for studying slow dynamics in condensed matter
samples. NSLS-II in Brookhaven aims for pulse lengths of about 15 ps. Today, free electron lasers provide extremely intense pulses
with duration ranging from a few to about 300 fs and thus open up new opportunities for studying the dynamics of matter on
the atomic scale in space and time.

range from 10 fs to 10 ps, at repetition rates between
1MHz and 1.3GHz. In general, ERLs are expected
to have great flexibility in modes of operation.

A breakthrough to a new area in photon science
has been accomplished by single-pass free electron
lasers. In the spectral range from the VUV to hard
X-rays, they provide in pulses of 10–100 fs duration
as many photons as we get today at the best storage
ring facilities per second. As schematically shown in
Fig. 5, one obtains pulses which are three or four
orders of magnitude shorter in duration and contain

Fig. 5. Schematic comparison between a typical synchrotron
radiation pulse from a storage ring with a pulse obtained at an
X-ray free electron laser. At a storage ring one obtains pulses of
about 100 ps duration which contain ∼ 109 photons. At a free
electron laser one gets pulses which are three or four orders of
magnitude shorter and contain four orders of magnitude more
photons. This opens up completely new opportunities for the
study of fast dynamics in matter.

four orders of magnitude more photons. As a conse-
quence it will become possible for the first time to
study matter in extreme conditions and in nonequi-
librium states with atomic resolution in space and
time. The main components of a single-pass FEL are
a low emittance electron gun, a combination of lin-
ear accelerator and bunch compressors, and a long
undulator. They provide peak brightness, which is
brightness scaled to the length of a single pulse,
about 10 orders of magnitude higher than for the
best storage rings. Worldwide there are currently
three X-ray FELs in operation for users. At DESY
in Hamburg the FLASH facility provides radiation
in the range of 4.5–60nm in the fundamental [11];
it has been operated as a user facility since sum-
mer 2005. At Spring-8 in Harima, Japan, a proto-
type facility for the Spring-8 Compact SASE Source
(SCSS), the prototype for the Spring-8 XFEL, pro-
vides radiation in the range of 30–61nm [12]; opera-
tion for users started in 2008. At SLAC in Stanford
the Linac Coherent Light Source (LCLS) provides
radiation in the range of 0.1–50nm; it is the first
FEL to reach the spectral range of hard X-rays [13].
The LCLS has been operated for users since Octo-
ber 2009. Figure 6 shows the spectral peak bright-
ness calculated for different FELs together with the
experimental data obtained at FLASH; the experi-
mental data for the LCLS are stated in the caption.

Four more X-ray single-pass FELs are currently
under construction. The Spring-8 XFEL in Harima,
Japan, uses a C-band linac with electron energies

FEL

synchrotron

Schneider, Rev. Accl. Sci. Tech. 3, 13 (2010).



Towards terawatt-attosecond XFEL pulses

> XLEAP at LCLS: generates 
tunable isolated attosecond X-ray 
pulses with gigawatt peak power  

> ~1012 W tightly focused on  
1 µm × 1 µm ➔ 1020 W/cm2 

> Why terawatt-attosecond pulses? 
§ ultrashort pulse: probing 

electronic dynamics 
§ ultraintense pulse: single 

particle imaging
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measured duration depending on the pulse energy and the ampli-
tude of the streaking laser field (a discussion on the experimental 
uncertainty of the measurement can be found in the Supplementary 
Information). The median pulse energy is 10 μJ at 905 eV and 25 
μJ at 570 eV. However, due to the intrinsic fluctuations of SASE 
XFELs38 we observe pulses well above the mean value (up to 250 
μJ for 570 eV, corresponding to a peak power in the hundreds of 
gigawatts). We note that for the 570 eV dataset we were only able 
to obtain converging reconstructions for pulse energies higher than 
130 μJ, corresponding to the top 8%, due to a different gas density 
setting and lower count rates. However, since the data at both ener-
gies do not show a significant correlation between pulse energy and 
duration (Fig. 2h,i) we believe that the average pulse duration from 
this sample is representative of the entire dataset.

In a separate set of experiments, we measured single-shot X-ray 
spectra with a grating spectrometer. Figure 3 shows a range of sin-
gle-shot X-ray spectra recorded for 650 eV and 905 eV photon ener-
gies, and the distribution of the measured bandwidth (FWHM). 

The median FWHM bandwidth is 7.5 eV and 5 eV for the 905 eV 
and 650 eV datasets respectively. The statistical distribution of pulse 
energies in Fig. 3e shows a better relative stability than in Fig. 3f 
largely due to more stable electron beam conditions. The Fourier 
transform limited (FTL) duration for a bandwidth of 7.5 eV (5 eV) 
is 240 as (365 as). The average pulse duration recovered from our 
reconstruction at similar energies is within a factor of two of the 
FTL value. This discrepancy is due to the beam energy chirp intro-
duced by longitudinal space-charge forces within the high-current 
ESASE spike53 and the corresponding undulator taper required  
for sustained resonant interaction between X-rays and electrons 
(see Supplementary Information). From the undulator taper, we 
infer a residual chirp in the emitted X-rays of roughly +12 eV fs–1 
(+5 eV fs–1) for the 920 eV (605 eV) data. The positive sign indi-
cates that the higher-energy photons arrive first. This is consistent 
with the measured time–bandwidth product. Ripples in the spectral 
intensity are visible in the 650 eV spectra and are due to interfer-
ence with satellite pulses. The pulse energies of these side pulses can 
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Fig. 3 | Spectral measurements. a,b, Spectra of the attosecond X-ray pulses  
measured with a grating spectrometer at two different electron beam 
energies (3,782.1 MeV (a) and 4,500.3 MeV (b)). The upper panels in a 
and b show average spectra at slightly different electron beam energies  
(in steps of 2.7 MeV for 650 eV and 3.0 MeV steps for 905 eV, where 
green corresponds to the highest energy and purple to the lowest),  
while the remaining spectra show single-shot measurements at the central 
beam energy. c,d, Histograms of the distribution of FWHM bandwidths.  
e,f, Histograms of the distribution of pulse energies.
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Fig. 4 | Comparison to state-of-the-art attosecond sources. Survey of 
published isolated attosecond pulse sources1,6–16,18–20 extending into the 
soft X-ray domain (red open circles), along with the results demonstrated 
in this work for a number of different photon energies (red filled circles). 
The filled circles show the average pulse energy recorded during the 
experiment, the error bar extends from the central energy and includes 
up to 90% of the recorded pulse energies. For the two datasets shown 
in Fig. 2, the measured average pulse durations are reported next to the 
corresponding data points. All previous results were obtained via strong-
field-driven HHG with near-infrared and mid-infrared laser fields, whilst 
our results are obtained using an XFEL source. As a first-order estimate 
of the propensity for nonlinear spectroscopy (pump–probe spectroscopy, 
for example) we show the pulse energy required to saturate 1s ionization 
of carbon (dash-dot, black), nitrogen (dash-dot, blue), oxygen (dash-dot, 
red) and helium (dash-dot, grey), assuming a 1 μm2 focal spot size, as a 
function of X-ray photon energy. Sources within two orders of magnitude 
of these lines are likely sources for pump–probe studies. The legend in the 
bottom right corner gives the published pulse duration for the previous 
measurements. The shaded blue area shows the operational range 
predicted for LCLS-II.
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Duris et al., Nat. Photon. 14, 30 (2020).

How does matter interact with 
ultraintense and ultrafast pulses?



X-ray ionization: peeling or coring
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“X-ray laser peels and cores atoms,” Wark, Nature 466, 35 (2010).



Relaxation of inner-shell vacancy
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§ At high x-ray intensity, the system can absorb many photons 

§ Direct multiphoton absorption: negligible if one-photon abs. is available 

§ A sequence of one-photon absorption and accompanying relaxations
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Sequential multiphoton multiple ionization

8

Xe@5.5 keV

Fukuzawa et al., 
Phys. Rev. Lett. 
110, 173005 (2013).

Doumy et al., Phys. Rev. Lett. 106, 083002 (2011).



XATOM: all about x-ray atomic physics

> X-ray-induced atomic 
processes calculated for 
any given element and 
configuration 

> Ionization dynamics 
solved by a rate-equation 
approach 

> Sequential ionization 
model has been tested by 
a series of atomic XFEL 
experiments

9Sang-Kil Son  |  Breakdown of frustrated absorption in x-ray sequential multiphoton ionization |  April 1, 2020 |       / 34

Son, Young & Santra, Phys. Rev. A 83, 033402 (2011). 
Jurek, Son, Ziaja & Santra, J. Appl. Cryst. 49, 1048 (2016). 

Download executables: http://www.desy.de/~xraypac
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Comparison with experimental CSD

§ CSD (charge-state distribution): outcome of ionization dynamics 
§ Sequential multiphoton multiple ionization model verified 
§ Structured CSD: interplay of resonance and relativistic effects
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Rudek et al., 
Nat. Commun. 
9, 4200 (2018).
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Frustrated absorption



Pioneering works for Ne and N2

> Ne atom 

§ Young et al., Nature 466, 56 (2010). 

§ long to short pulse yield ratio > 1: 
longer pulse gives higher yields for 
high charges 

§ intensity-induced x-ray transparency 

> N2 molecule 

§ Hoener et al., PRL 104, 253002 (2010). 

§ mean charge reduced for shorter pulses 

§ frustrated absorption
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mated by a Gaussian intensity distribution in accordance
with the results of previous solid target depletion measure-
ments [10].

The valence electron dynamics during exposure of N2 to
the pulse are included in the model by three parameters that
govern the asymptotic valence charge distribution amongst
the molecular constituents after fragmentation: (i) The
ratio ðNþ-NþÞ=ðN-N2þÞ corresponding to the valence
charge distribution after ionization and Auger decay of
an initially neutral N2 molecule (one PA cycle). (ii) The
ratio ðN3þ-NþÞ=ðN2þ-N2þÞ corresponding to the distribu-
tion of 4 valence charges that result from a DCH decay.
(iii) The ratio ðN3þ-NþÞ=ðN2þ-N2þÞ corresponding to the
distribution of 4 valence charges that result from two
sequential two PA cycles.

Ratio (i) is equivalent to the charge state distribution
generated in the core ionization of N2 at an x-ray source
that induces no more than a single ionization event per
molecule per pulse. Consequently, ratio (i) is set to the

extrapolated value from the synchrotron-based photon-
energy dependent Nþ=N2þ fragment ion ratio of
Ref. [18] at 1.1 keV. This ensures that the modeled charge
state distributions converge to the correct values in the
limit of low x-ray peak power densities.
The two ðN3þ-NþÞ=ðN2þ-N2þÞ ratios affect the relative

charge sharing between the two atoms but not the average
charge. The valence charge distribution induced by DCH
decay is chosen to be completely symmetric, i.e., to result
in a N2þ þ N2þ. The choice of this ratio is based on the
observation that for the shortest pulses ($4 fs), the con-
tribution of N3þ ions to the total ion yield is almost
negligible. In contrast, for the short pulse measurements,
DCH relaxation is expected to contribute $7% or more to
the total ion yield. If DCH relaxation results in significant
N3þ ion production, the total N3þ yield would have to be
significantly higher. This argument is independent of the
type of core hole that is produced.
Ratio (iii) is adjusted to a value of 5 to generate the best

overlap of the model with the results of the 280 fs pulse
duration measurement. It is interesting that the derived
ratio indicates an Auger relaxation in the second PA cycle
that involves predominantly a single atom. This can be
interpreted as resulting from fast progressing molecular
dissociation initiated by the first Auger relaxation process
that leads, on average, to atomic distances beyond the
range where efficient charge transfer is taking place. This
interpretation is supported by the fact that no other higher
order (multiple photon) molecular contributions have to be
included in the model to generate the good agreement with
the data in Figs. 2(a)–2(d).
We emphasize that the theoretical curve presented in

Fig. 2(e) is entirely defined by the experimental conditions
and available spectroscopic data with no further adjustable
parameters [only ratio (i) contributes]. As mentioned
above, the beam line transmission is not well determined
[10], leading to an uncertainty in the pulse energy at the
sample. The model allows for a determination of the on-
target pulse energy beyond the precision of the theoreti-
cal beam line transmission estimates. The brown band in
Fig. 2(e) indicates the variation of the model calculations
when adjusting the pulse energy between 17% and 21% of
the nominal pulse energy (0.26 mJ). The good agreement
of the band with the measured data indicates that the
fundamental physics of the frustrated absorption effect is
captured in the model. The width of the theory band is a
measure of the precision with which the pulse energy at
the sample can be determined within the rate equation
model.
To demonstrate the importance of molecular valence

charge dynamics in the modeling of charge formation,
the results of a rate equation model that is entirely based
on an independent atom picture are included in Figs. 2(a)–
2(d) as dashed lines. This atomic model cannot reproduce
even the qualitative features of the observed charge state
distributions since, for example, the Auger decay of an
atomic inner shell hole will always lead to a doubly or
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FIG. 2 (color online). (a)–(d) Charge state distributions and
(e) average charge states of Nnþ ions generated in the photo-
ionization and relaxation of N2 molecules using LCLS pulses
with different pulse durations but constant pulse energy. The
results of a rate equation model are shown as red lines (a)–(d)
and a brown band (e), respectively. The results of an isolated
atom-based rate equation model for a pulse energy of 49 !J
have been included as dashed lines in (a)–(d). See text for
details.
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measured and calculated decay rates37–39. (We note that this is the first
observation of sequential two-photon production of hollow neon
atoms and that the yield, ,10%, is ,303 larger than the 0.3%

yield—observed in synchrotron radiation studies—that naturally
results from electron correlation in the 1s shell36.) The resulting ratios
of double-to-single core-hole formation for 1,050-eV X-ray pulses of
nominal duration 80 fs are shown in Fig. 5 together with simulations.
The simulations for 20 fs and 40 fs form a family from which the
observed double-to-single core-hole ratio can be used to estimate the
X-ray pulse duration. As is apparent, the X-ray pulse duration appears
much shorter than the nominal 80 fs, in agreement with the ion-charge-
state transparency data, Fig. 3a. Thus, two independent methods yield
the same result—that the nominal ,80-fs mode of operation actually
produces X-ray pulses of shorter duration, ,20–40 fs, similar to obser-
vations at the FLASH free-electron laser facility40. Our observations
provide a further example41 of how ultrafast electronic transitions
can be used to characterize X-ray free-electron-laser pulses.

Our observations also provide experimental evidence for the advan-
tageous radiation-hardening effect of using ultra-intense X-ray pulses,
and thus have positive implications for proposed single-molecule-
imaging experiments2. Intense, short X-ray pulses induce transparency
via photoejection of both 1s electrons to produce hollow atoms. The
hollow-atom configuration can be maintained through the ionization
process, as sketched in Fig. 3c. As hollow atoms are nominally trans-
parent, the damaging X-ray photoabsorption channel is decreased
relative to the imaging (coherent scattering) channel. To be quantitat-
ive, the photoabsorption cross-section, sphoto, for hollow neon is
decreased 20-fold for 1-Å radiation, that is, to 11 barns, to equal the
coherent scattering cross-section, scoh. This trend of increasing scoh/
sphoto holds for all hollow atoms. In hollow carbon, scoh/sphoto < 2 for
1-Å radiation, as opposed to ,0.1 for normal carbon. The ideal case
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suggests that the pulse duration of the X-rays generated by the 80-fs electron
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hole states in neon as a function of charge state, from ref. 33. The lifetimes of
the single- and double-core holes increase with charge state. These increased
lifetimes give rise to a decreased absorption cross-section and hence an
intensity-dependent X-ray transparency. The double-core-hole lifetime
tracks the observed charge-state ratios. c, A scheme leading to high charge
states, for a flux density of 2,000 X-ray photons per Å2 per fs, corresponding
to that on target for a 2.0-mJ, 2,000-eV, 20-fs X-ray pulse.
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Frustrated absorption: carbon
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Son, Young & Santra, 
Phys. Rev. A 83, 
033402 (2011).

C@12 keV

§ For pulse duration > SCH lifetime, almost no dependence 
§ For pulse duration < SCH/DCH lifetime, average charge is reduced
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Frustrated absorption: argon
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(a) Ar@5.5 keV and 0.056×1012 ph/µm2
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(b) Ar@805 eV and 0.279×1012 ph/µm2
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(c) Ar@6.5 keV and 3.93×1012 ph/µm2
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Toyota et al., J. Synchrotron Radiat. 26, 1017 (2019).

§ CSD (charge-state distribution) as a function of pulse duration 
§ No dependence except pulse duration shorter than core-hole lifetime

Ar core-hole lifetime: 
Ar+(1s–1) ~ 1 fs 
Ar15+ (1s1 2s2) ~ 15 fs



Implication of frustrated absorption

> Mechanism of frustrated absorption 

§ hollow-atom formation: another photoionization before core-hole 
relaxation ➔ cross section reduced ➔ less ionization 

§ shorter pulse, less radiation damage ➔ advantage for molecular imaging

15Sang-Kil Son  |  Breakdown of frustrated absorption in x-ray sequential multiphoton ionization |  April 1, 2020 |       / 34

single-core-hole double-core-holeneutral

    σsc /σabs = 0.057                                0.075                                0.305

σabs = 23 barns                            13 barns                            2 barns

C@12 keV

For scattering (sc), resolution=1.7 Å is assumed.



Frustrated absorption for heavy atoms

> Frustrated absorption has been verified for light atoms 

> What happens for heavy atoms?  Core-hole lifetime is even shorter 

> Previous studies: almost no dependence of Xe on pulse duration

16Sang-Kil Son  |  Breakdown of frustrated absorption in x-ray sequential multiphoton ionization |  April 1, 2020 |       / 34

 0.0001

 0.001

 0.01

 0.1

 1

 0  5  10  15  20  25  30

Fr
ac

tio
na

l y
ie

ld

Charge state

Xe@5.5 keV, 300 µJ, 1x1 µm2, 2 mm, 30%

10 fs

30 fs

Test calculation for 
SACLA Xe@5.5 keV



17Sang-Kil Son  |  Breakdown of frustrated absorption in x-ray sequential multiphoton ionization |  April 1, 2020 |       / 34

Breakdown of  
frustrated absorption:  
a study of Xe@1200 eV 

Son, Boll & Santra,  
Phys. Rev. Res. 2, 023053 (2020)



Photoabs. cross section of Xe at 1200 eV
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Pulse-duration dependence of Xe CSD
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Breakdown of frustrated absorption
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Hole population dynamics: low F, long τ
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➊ Low fluence, long pulse: 5×1010 ph/µm2, 500 fs
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§ X-ray ionization dominated by M-shell ionization (coring) 
§ No hollow-atom (multiple-core-hole) formation is observed



Hole population dynamics: low F, short τ
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➋ Low fluence, short pulse: 5×1010 ph/µm2, 0.5 fs
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§ Shorter pulse facilitates multiple-core-hole formation 
§ Reduction of cross section & Auger decays ➔ mean charge decreases

long pulse



Hole population dynamics: high F, long τ
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➌ High fluence, long pulse: 1×1012 ph/µm2, 500 fs
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§ At high fluence, M-shells are ionized after losing N- & O-shell electrons 

§ Direct M-shell ionization stops at +19; resonance makes higher charges



Hole population dynamics: high F, short τ
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➍ High fluence, short pulse: 1×1012 ph/µm2, 0.5 fs
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long pulse

§ Massively hollow atom (MHA): ~75% of M-shell electrons are ionized 

§ Early formation of MHA enables to go beyond the ionization limit



Ionization mechanism: short vs. long pulses
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§ Get a higher final charge via 
highly excited (~10 keV) states 

§ Quasi-nonsequential absorption 
in the X-ray regime

§ Close to the ionization pathway 
via ground states



Pulse-duration dependence of Xe and Ne
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> Heavy atoms at hard X-ray 

§ FA at low fluences 

§ anti-FA at high fluences 
 
 

 

> Light atoms at soft X-ray 

§ FA at low fluences 

§ anti-FA at high fluences 

> Light atoms at hard X-ray?

c.f.) Xe experiment at LCLS CXI: 
peak fluence ~2.5×1012 ph/µm2



When anti-frustrated absorption occurs?

> As pulse duration becomes shorter, X-ray multiphoton ionization can be 
suppressed or enhanced, depending on fluence and photon energy 

> Breakdown of frustrated absorption when fluence is sufficiently high 

> No anti-frustrated absorption when photon E exceeds max ionization E
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Wavelength-dependence of  
soft x-ray ionization 
(preliminary results)



European XFEL SQS beamtime

> Photon energy scanned from 700 eV to 1800 eV 

> Highest pulse energy (~6–7 mJ) ➔ estimated peak F~2×1012 ph/µm2
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Photoabsorption cross section

> One-to-one relation between bound–bound transition E and the peak 
structure of photoabsorption cross section
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Volume-integrated CSD

> Volume integration: single Gaussian, Fpeak=2×1012 ph/µm2 assumed 
> Characteristic fringes explained by bound–bound transitions
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Ion yield
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Comparison with experimental results
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Theory Experiment (preliminary raw data)
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> Some spurious signals in theory: nmax to be increased 

> Volume integration in theory: fluence distrib. to be calibrated with Ar data 

> Correction factor in experiment: differences in detector signal heights 

> Overall, very good agreement between theory and experiment



Pulse-duration dep. of volume-integ. CSD

> Effects of volume 
integration 
§ Gaussian spatial profile 

contains a range of F 

§ all contributions together 

> Low peak fluence:  
shorter pulse, less 
ionization (FA) 

> High peak fluence: 
shorter pulse, more 
ionization (anti-FA) 

> Peak structure ➔ 
fingerprint of pulse 
duration?
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Conclusions

> XATOM: enabling tool for studying 
X-ray multiphoton physics 

> Frustrated absorption: one of the 
fundamental aspects in the XFEL–
matter interaction 

> At extremely high X-ray fluence, 
the paradigm of frustrated 
absorption can break down 

> As an XFEL pulse gets shorter, X-ray multiphoton ionization can be 
suppressed or enhanced, depending on fluence and photon energy  
➔ critical benchmark for terawatt-attosecond XFEL pulses 

> European XFEL SQS can deliver extremely intense soft X-ray radiation, 
where we expect to see the breakdown of frustrated absorption
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