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Reis and Giulio Monaco 
 
 



   X-rays are a unique analytical tool 
What x-rays do best - imaging 

•  Imaging in reciprocal space 
•  Static structure 
•  Dynamics-lattice vibrations 
•  Resonant inelastic scattering 
•  ....... 

 
•  Imaging in real space  

•  Scanning microscopies 
•  Elemental mapping 
•  Tomography 
•  …… 

 



Structures deposited in the Protein Data Bank 



Structural biology: 
Reciprocal space imaging of macro molecules 

•   Perutz et al. Hemoglobin 
•   MAD phasing  
•   FEL-Serial Femtosecond Crystallography 
•   Storage Ring-Serial crystallography 
•   Single particle imaging 
 



5.5 Å Resolution 



Structural biology: 
Reciprocal space imaging of macro molecules 

•   Perutz et al. Hemoglobin 
•   MAD phasing  
•   FEL-Serial Femtosecond Crystallography 
•   Storage Ring-Serial crystallography 
•   Single particle imaging 
 



Intensity of diffraction from a small crystal (1) 



Intensity of diffraction from a small crystal (2) 



Intensity of diffraction from a small crystal (3) 



Chapman et al. Nature 470, 73 (2011) 

Intensity of diffraction from a small crystal (4) 



Integrated intensity more correctly 



Lattice dynamics 

•   Diffuse scattering 
•   Inelastic X-ray Scattering 
•   FELS open the opportunity to make 

measurements in the time domain 
 
 



Determination of phonon dispersion in Al: 
A diffuse x-ray scattering study 

Dispersion des Vitesses des Ondes 
Acoustiques dans l”Aluminium, P. 
Olner, Acta Cryst1, 57 (1948) 
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Lattice dynamics 

•   Diffuse scattering 
•   Inelastic X-ray Scattering 
•   FELS open the opportunity to make 

measurements in the time domain 
 



Inelastic X-ray Scattering (1) 
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Schematic of IXS spectrometer layout (left) and photograph of the 10m arm of the 
spectrometer of BL43LXU of SPring-8 

Alfred Q. R. Baron, arXiv:1504.01098 [cond-mat.mtrl-sci] 



Inelastic X-ray Scattering (2) 
(Rogue’s gallery) 

Alfred Q. R. Baron, arXiv:1504.01098 [cond-mat.mtrl-sci] 



Inelastic X-ray Scattering: 

M. Le Tacon et. al, Nat. Phys. 10,52 (2014)  

Underdoped YBCO 
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Time and momentum-domain x-ray scattering: 

X-ray 
probe 

pump 

Trigo et al. Nature Physics. 9, 790, 2013 
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Parametric phonon resonance 
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M. Trigo et al., unpublished 
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  X-ray Optics 



Wavefront division with edge-polished crystals  

(Upper) (Lower) 

Advantages: 
Reduced lattice strain 
Control of intensity ratio 
Spectral overlap  
 
Issues: 
Scattering from the edges. 
Dead area due to imperfection of the edge. 
Influence of pointing and profile fluctuations. 

0.2 mm 

(Upper) (Lower) 

Averaged profile @CCD1 (0.4 m downstream) 
Intensity correlation between the split pulses 

No correlation 

Split/Delay: Wavefront division               Osaka et al., SACLA 



(Upper) 

(Lower) 

Beam splitter 

Si(220) 

Beam merger 

•  Crystal diffraction: 
•  Large time delays (>ps) 
•  High energy resolutions (ΔE/E < 1x10-4) 

•  Two independent delay branches: 
•  Enables access to time zero 

•  Use of channel cuts: 
•  Much stabilized operation 

Channel cut 1 Channel cut 2 

Beam reflectors 1 and 2 

Crystal arrangement of SDO system at SACLA 



Observation of interference fringes produced 
between overlapping split pulses 
in spectrum, space, and time. 
 

Visibility curves as a function of the time delay 
correspond to the coherence characteristic. 

Rough sketch of experiment setup 

Determination of time zero within <5 fs accuracy 

Fitting function f (z) with a visibility V: 

0.2 mm 

V = 0.46 5.9 fs 
(FWHM) 

Observing 
plane 

Fine temporal overlap: Interference observation 



Inelastic X-ray Scattering: 

M. Le Tacon et. al, Nat. Phys. 10,52 (2014)  

Underdoped YBCO 
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Time and momentum-domain x-ray scattering: X-ray pump- 
X-ray probe 

X-ray 
probe 

X-ray pump 

Trigo et al. Nature Physics. 9, 790, 2013 

S( ~Q; ⌧) /
X

j,j0

huj,~Q(⌧)uj0,�~Q(⌧)i



Ordered Structures 
Equilibrium Phenomena 

Disordered Structures 
Nonequilibrium Phenomena 
Transient States  

1900 2000 future 

Era  of  Crystalline Matter Era  of  Disordered  Matter 
Coherent  X-ray Probes Conventional  X-ray Probes 

Future Role of FELs  (After H. Dosch) 



Local Order in Liquids 

liquidliquid

pair correlation function  

g(r) = <ρ(r)ρ(0) > 
(radial information) 

1 st 2 n d 

k 

S(q) S(q) 

h 

S(q) =    [g(r)-1] eiqr dr 

liquid structure 
factor 

Bond-orientational order  g(Δ) 
azimuthal information 

r 
Δ

2 

to measure angles in nanoworld: 
     beyond  2-body correlations  !! 

thermal average: 
temporal 
partially coherent beam 

(After H. Dosch) 



Warm dense matter 



Dynamic – inelastic x-ray scattering in liquids (1) 



Dynamic – inelastic x-ray scattering in liquids (2) 



Inelastic scattering from Al – T=2 eV, ρ=2ρ0 



First results – S(k,ω) for one k value 



Conclusions 

  
•  Structural biology – real nanocrystals 
•  X-ray split and delay – x-ray pump x-ray probe – new 

vision for lattice dynamics 
•  Liquids and novel, transient states of matter 
•  non-linear x-ray scattering 
•  ……. 





Also from two to one:  
second harmonic generation 

Made possible by advent of hard x-ray FELs (2009 LCLS, 2011 SACLA) 

Peak Efficiency ~6X10-11 @1016 W/cm2 (~3X109 V/cm)  
 

J2! / ⌘⇢GJ!



 Non-Linear X-ray Optics 
(before FELs) 



From one x ray to two… 

~ 1 coincidence count/100 minute 

ca. 1970 

NATURE PHYSICS DOI: 10.1038/NPHYS2044 LETTERS
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Figure 3 | Reconstructed microstructures of the optical linear susceptibility and the density distribution of valence and core electrons. a–d, The
110-plane cuts of the normalized linear susceptibility, ⇤ (1)(r,⌅i)/⇤ (1)

0 (⌅i), for h̄⌅i =60 eV (a), 80 eV (b), 100 eV (c) and 120 eV (d). See the left tick marks
of the left colour bar. The contour lines are plotted with an interval of 1.0. The dashed lines indicate the level of ⇤ (1)(r,⌅i)/⇤ (1)

0 (⌅i)=0. The white bar
indicates the resolution of reconstruction, 0.54Å. e,f, The 110-plane cuts of the valence (e) and the core (f) electron density synthesized from FCQ and FVQ,
respectively. We used 43 Fourier components up toQ= (8 80). See the left tick marks of the right colour bar for e and the right tick marks for f. The
contour lines are plotted with an interval of 25 eÅ�3 for e and 1,500 eÅ�3 for f. The dashed lines indicate the zero level. The white bar indicates the
resolution of reconstruction, 0.19Å. g, Three-dimensional view of ⇤ (1)(r,⌅i)/⇤ (1)

0 (⌅i) at h̄⌅i =60 eV with the 110-plane cut. See the right tick marks of the
left colour bar. The red discs and the blue spheres indicate the constant-height surface of ⇤ (1)(r,⌅i)/⇤ (1)

0 (⌅i)= 1.9 (red) and �1.0 (blue), respectively. The
blue spheres respond in phase to the light, whereas the red discs in the opposite phase. Note that ⇤ (1)

0 (⌅i) is negative. Each carbon atom resides at the
centre of a blue sphere. The black lines indicate the bonding directions.

⇤ (1)(r,⌅i) should be small in the region where the electron density
is low and the bonding sites should have a major contribution (see
Supplementary Information for details). The number of combi-
nations can be reduced greatly by the following considerations.
As we investigate the optical response far from resonances, we
regard ⇤ (1)(r,⌅i) as real. Then, ⇤

(1)
Q (⌅i) is real, because the diamond

structure possesses a centre of inversion. We need to determine
only the sign of ⇤ (1)

Q (⌅i). The symmetry of the diamond structure
fixes the relative phase difference among different Q with the
samemagnitude, for example, ⇤ (1)

111(⌅i)=�⇤ (1)
11�1(⌅i).

Before we discuss the microscopic structure of ⇤ (1)(r,⌅i), we
review the macroscopic optical response of diamonds to make
clear what we find. For simplicity, we regard the band structure
of diamond as a three-level system, which consists of the 1s core
level, the valence ‘level’ and the conduction ‘level’. Themacroscopic
optical response of this three-level systemmay be described as a sum
of two Lorentz oscillators5:

⇤ (1)
0 (⌅)= e2

m

�
nc

⌅2
c �⌅2

+ nv
⌅2

v �⌅2

⇥
(2)

Here, nc (nv) and ⌅c (⌅v) are the number density and the resonance
frequency of core (valence) electrons. We ignore the lifetime
(damping factor) for simplicity, and assume h̄⌅c = 289 eV (ref. 22)

and h̄⌅v = 12 eV (ref. 26). It is clear that the valence electron
determines ⇤ (1)

0 (⌅) around h̄⌅ = 100 eV, because the denominator
of the first term is much larger.

According to the macroscopic picture above, it may be thought
that the microscopic structure of ⇤ (1)(r,⌅i) should be similar to
the density distribution of valence electrons. We notice, however,
a large difference between them. The valence-electron density
(Fig. 3e) has considerable weight at the atomic site, which originates
from the 2s orbital, whereas ⇤ (1)(r,⌅i) at the atomic site is smaller
or has opposite sign to the rest (Fig. 3a–d).

The discrepancy between ⇤ (1)(r,⌅i) and the density distribution
of valence electron is explainedwell by taking the contribution from
the 1s core electrons into account. The radii of the s orbitals have a
quadric dependence on themain quantum number, so the radius of
the 1s orbital is four times smaller than that of the 2s orbital, which
makes the density of the 1s core electrons 43 times higher (Fig. 3e,f).
Such a high concentration compensates the larger denominator for
the 1s core electrons in equation (2). As is clear from equation (2),
the 1s core electron responds in phase to the light around 100
eV, whereas the 2s-like state respond in the opposite phase. The
1s core and the 2s-like states, which give comparable but opposite
contributions to each other, nearly cancel out at the atomic site.

We make a rough estimate of ⇤ (1)
Q (⌅i) by replacing n in

equation (2) with FQ/vc, where vc is the volume of the unit cell.
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Visualizing the local optical response to extreme-
ultraviolet radiation with a resolution of ���/380
Kenji Tamasaku1,2*, Kei Sawada1, Eiji Nishibori3 and Tetsuya Ishikawa1

Scientists have continually tried to improve the spatial
resolution of imaging ever since the invention of the optical
microscope in around 1610 by Galileo1. Recently, a spatial
resolution near ���/10 was achieved in a near-field scheme
by using surface plasmon polaritons2,3. However, further
improvement in this direction is hindered by the size ofmetallic
nanostructures2. Here we show that atom-scale resolution is
achievable in the extreme-ultraviolet region by using X-ray
parametric down-conversion, which detaches the achievable
resolution from the wavelength of the probe light. We visualize
three-dimensionally the local optical response of diamond at
wavelengths between 103 and 206Å with a resolution as
fine as 0.54Å. This corresponds to a resolution from ���/190
to ���/380, an order of magnitude better than ever achieved.
Although the present study focuses on the relatively high-
energy optical regions, our method could be extended into the
visible region using advanced X-ray sources4–7, and would open
a newwindow into the optical properties of solids.

The optical response is recognized as a powerful tool to
investigate materials and as a useful property for widespread
application in science and industry. In spite of its importance, our
knowledge of the optical property is quite limited. At present, we
can only measure the macroscopic optical response, and cannot
see how electrons in materials respond to the light due to the
limited spatial resolution. In other words, the charge response can
be investigated only at the ⇧ point, the origin in the momentum
space8. Such a situation contrasts with the case of the magnetic
response, which is measurable over the whole Brillouin zone9. For
example, inelastic neutron scattering indicates fluctuating stripes
in high-temperature superconductors10,11. Microscopic structures,
such as stripes and orbital order, are observed commonly in
so-called strongly correlated electron systems10,12. If the optical
probe had the atomic resolution to unveil the charge response with
large momentum transfer, it could give direct and clear evidence
about the charge dynamics of microscopic structures for deeper
understanding of the physical properties11.

Our basic idea to realize super-resolution is that the linear
optical susceptibility, ⇤ (1)(r), is incorporated in the second-
order X-ray nonlinear susceptibility, ⇤ (2)(r). Here, ⇤ (1)(r) has a
microscopic structure on the atomic scale that determines the local
optical response. We consider one of the second-order nonlinear
processes13, X-ray parametric down-conversion (PDC) into the
optical region, where an X-ray pump photon (labelled as p) decays
spontaneously into an X-ray signal photon (s) and an optical idler
photon (i). The origin of nonlinearity is considered to be the
Doppler shift14, where the induced charge at the idler frequency

1RIKEN SPring-8 Center, 1-1-1 Kouto, Sayo-cho, Sayo-gun, Hyogo 679-5148, Japan, 2PRESTO, Japan Science and Technology Agency (JST), 4-1-8 Honcho,
Kawaguchi, Saitama 332-0012, Japan, 3Department of Applied Physics, Nagoya University, Furo-cho, Chikusa, Nagoya 464-8603, Japan.
*e-mail: tamasaku@riken.jp.

scatters X-rays at a different frequency (Fig. 1a). We expect that
this nonlinear process reveals the structure of induced charge,
similar to X-ray structural analysis. Our picture is confirmed by
calculation on the basis of early works14,15 as the following relation
for isotropic systems:

⇤ (1)
Q (⌅i)=

2mc⌅s

e�psi
⇤ (2)
Q (⌅p = ⌅s +⌅i) (1)

Here, ⇤ (1)
Q (⌅i) and ⇤ (2)

Q (⌅p = ⌅s + ⌅i) are the Qth Fourier
coefficients of ⇤ (1)(r,⌅i) and ⇤ (2)(r,⌅p = ⌅s + ⌅i), respectively,
Q is the reciprocal lattice vector, �psi is the polarization factor
and the other symbols have their ordinary meanings. We note
that our interpretation is more general than the early works,
which take into account specific electronic states, such as bond
charge14 or valence charge16, and ignore the core charge. We
treat ⇤ (2)

Q (⌅p = ⌅s + ⌅i) instead of ⇤ (2)(r,⌅p = ⌅s + ⌅i) itself,
because we observe X-ray PDC as nonlinear diffraction (Fig. 1b)
and determine ⇤ (2)

Q (⌅p =⌅s+⌅i) experimentally17,18. The structure
of local optical response to the idler light is to be reconstructed by
the Fourier synthesis: ⇤ (1)(r,⌅i)=

⇤
Q⇤ (1)

Q (⌅i)exp(iQ ·r). Now the
diffraction limit is imposed at the X-ray pump wavelength, despite
investigating the optical response at the idler frequency.

Figure 1c shows a typical set of rocking curves of the nonlinear
diffractionmeasuredwith synthetic type IIa diamond19. The photon
energies are h̄⌅i = 100 eV, h̄⌅s = 11.007 keV and h̄⌅p = 11.107 keV.
The rocking curve was measured with the first five Q for which
the Bragg reflection is observable. Three more sets were measured
for h̄⌅i = 60, 80 and 120 eV at the same h̄⌅p. The estimation of
⇤ (1)
Q (⌅i) is not straightforward due to the characteristic asymmetric

peaks of the Fano effect18,20–22. We determined the magnitude
of ⇤ (2)

Q (⌅p = ⌅s + ⌅i) by analysing the Fano spectra22. Then,
|⇤ (2)

Q (⌅p = ⌅s +⌅i)|was converted to |⇤ (1)
Q (⌅i)| by equation (1)with

the polarization factor, �psi = sin2�B, for the present experimental
set-up. Here, �B is the Bragg angle for Q at h̄⌅p. Note that there
is no clear sign of X-ray PDC for Q= (2 2 2) (see Supplementary
Information for discussion).

Now let us focus on the linear susceptibility at the idler
energy (Fig. 2). To compare it at different photon energies,
we normalize |⇤ (1)

Q (⌅i)| to |⇤ (1)
0 (⌅i)|. Here, the average linear

susceptibility, ⇤ (1)
0 (⌅i), is calculated from the tabulated refractive

index23. We corrected the local field effect on the macroscopic
linear susceptibility using the Lorentzmodel8, although the amount
of correction is a few per cent. The linear structure factor,
namely the Fourier transform of charge density, of the core
(valence) electrons, FC

Q (FV
Q), is plotted for comparison. We

estimated FV
Q using the structure factor measured by X-ray powder
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ca. 2011 

Where we were 





SHAMBHU GHIMIRE et al. PHYSICAL REVIEW A 94, 043418 (2016)
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FIG. 3. Photon energy threshold for two-photon absorption in Zr K shell. In (a) a section of histograms are shown for x-ray photon energy
just below and just above the TPA threshold of 9 keV. Histograms were averaged over 3000 shots. The higher-energy peak (counts >15.5 keV)
is seen at and above the threshold. A 100-µm Zr filter was used in this measurement. (b) The integrated count within the high-energy peak as a
function of photon energy. The photon energy is changed in 50-eV steps. The total count at 9 keV is about 3 times higher than the noise level,
shown by the dashed line below the threshold.

IV. DISCUSSION AND OUTLOOK

In conclusion, nonsequential two-photon absorption in the
K shell of solid Zr was observed at a peak intensity of
∼1018 W/cm2 using the nanofocus x-ray beam at the Spring-8
Angstrom Compact Free-Electron Laser. The two-photon
absorption process was verified from the nonlinear intensity

100 101 102
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FIG. 4. Comparison of K-shell TPA cross section from solid Zr
to the Zernik Z−6 scaling along with experimental results in other
elements with different Z. The solid line represents the Zernik scaling
for the nonresonant, nonrelativistic, and dipole limit at threshold for
the H-like ions, referencing to the calculated cross section in H atom
1.27 ×10−50 cm4 s [21,22]. The data for He is for 41.8 eV, above the
single-photon threshold, taken from [23]. The value for Ne8+ is taken
from Ref. [12]. The measurement for Ge is taken from Ref. [9].

dependence of the K-fluorescence signal and a careful charac-
terization of the background from the elastic scattering, linear
photoionization from the FEL harmonics. Below threshold
we measure a nonlinear contribution to the signal that is
possibly due to nonresonant two-photon Compton scattering.
More detailed measurements of the angular distribution and
spectrum would allow us to further separate the TPA and TPC
processes, as the former produces K florescence, which is
narrow and emitted into 4π , and the latter a broad spectrum
emitted in a nondipolar angular distribution [7].

From a comparison of the nonlinear signal above and
below threshold we extract the generalized two-photon ab-
sorption cross section in the range of 3.9–57 × 10−60 cm4 s
bounded by the estimated systematic uncertainty in the beam
parameters that determine the absolute intensity. This com-
pares to the prediction 3.1 × 10−60 cm4 s from the nonresonant
Z−6 scaling for hydrogenic ions in the nonrelativistic dipole
limit. A more precise knowledge of the x-ray spatiotemporal
profile and the use of fully coherent beams (seeded operation
[24]) would be beneficial to further minimize the measurement
errors for a detailed comparison with theory and also to resolve
resonance effects. Alternatively, one could remove the need
to rely on precise knowledge of the spot size by the use
of sufficiently small nanoparticles combined with coherent
imaging to extract the particle size and ratio of linear-to-
nonlinear scattering. Uniform illumination can be ensured by
injecting nanoparticles into the beam whose dimensions are
sufficiently smaller than the x-ray focal volume and attenuation
length. In this case the x-ray photon flux on the particle can
be obtained from the diffraction image on a single-shot basis.
This process requires knowledge of the particle shape and
size. Both size and shape can in principle be obtained from
the inversion of the diffraction image using single-particle
coherent x-ray diffraction imaging techniques [25,26], while
the photon number is extracted from the integrated intensity
of the diffraction pattern. This leaves the temporal pulse shape
as the largest uncertainty. Such a method would be insensitive

043418-4

X-ray two-photon absorption competing against
single and sequential multiphoton processes
Kenji Tamasaku1*, Eiji Shigemasa2, Yuichi Inubushi1, Tetsuo Katayama3, Kei Sawada1,
Hirokatsu Yumoto3, Haruhiko Ohashi3, Hidekazu Mimura4, Makina Yabashi1, Kazuto Yamauchi5,6

and Tetsuya Ishikawa1

The success1,2 of X-ray free-electron lasers (XFELs) has
extended the frontier of nonlinear optics into the hard X-ray
region. Recently, sum-frequency generation3 has been reported,
as well as parametric downconversion4–6. These are of the
lowest (second) order, and higher-order processes remain
unexplored. Here, we report the first observation of a third-
order process: two-photon absorption of a 5.6 keV XFEL
beam by germanium. We find that two-photon absorption com-
petes with single and sequential multiphoton processes7,8,
but we successfully determine the intrinsic cross-section by
analysing the pulse-energy dependence. We also discuss the
two-photon absorption cross-section by comparing a new
mechanism unique to X-rays with the conventional mechanism
and show that the latter is consistent with the present result.
The experimental determination and understanding of the
cross-section would allow two-photon absorption spectroscopy.
Our result indicates that X-ray analogues of other third-order
nonlinear optical processes9, such as nonlinear Raman and
optical Kerr effects, are available for XFEL applications in
spectroscopy, imaging and beam control.

X-ray two-photon absorption (TPA) is the simplest of the third-
order nonlinear processes and its study provides an opportunity to
understand their nature, both theoretically and experimentally. As
has been shown for second-order processes3–6, the mechanism of
X-ray nonlinearity is quite different from that in the optical
region. At present it is not clear that X-ray TPA is dominated by
the same mechanism as in longer wavelength regions, from the
optical9 to soft X-ray regions10–12. Experimentally, third-order non-
linear processes require intense X-rays, which also invoke strong
single-photon and sequential multiphoton processes and create
highly charged states, even in the hard X-ray region7. Soft X-ray
TPA has been observed for the helium-like neon12. It is essential
for applications to determine the intrinsic nonlinear properties in
the ground state. This relates to a ubiquitous damage problem in
X-ray free-electron laser (XFEL) applications, as is discussed theor-
etically for structural analysis13–15.

Figure 1a presents a schematic of the experimental set-up. The
X-ray beam from SACLA2 was focused to a full-width at half-
maximum (FWHM) of 110(H) × 140(V) nm2 by a Kirkpatrick–
Baez (KB) mirror system. Using a spectrometer consisting of a
Johansson-type monochromator and a multiport charge-coupled
device (MPCCD), we measured the X-ray fluorescence emitted
from a germanium plate at this focus8. Figure 1b shows the K-
shell fluorescence spectrum of one-photon absorption (OPA) at a

pump photon energy of 11.2 keV, just above the germanium K-
shell binding energy of 11.1 keV. We will use the OPA data to
analyse the TPA data. The higher peak is the Ka1 line, and the
lower is the Ka2 line. These correspond to the radiative transitions
from the L2 and L3 subshells to the K shell, respectively. The bump
on the Ka2 peak is due to fluctuation in the incidence.

X-ray TPA measurements were performed at 5.6 keV, the half of
the OPA photon energy, and with a fixed spectrometer energy to the
Ka1 line. Figure 1c presents a histogram of the readout from indi-
vidual pixels of the MPCCD, which consists of two peaks. The
large peak represents null events, and agrees with the readout
noise measured under dark conditions. The probability of detecting
a real X-ray photon is very low (less than 2 × 1025). Accordingly,
the MPCCD readout is proportional to the photon energy of a
single photon and the histogram represents the spectrum. No
event is recorded above 13.2 keV. The width of the noise spectrum
gives a photon-energy resolution of 1.8 keV (FWHM). The raw
spectrum can be deconvolved from the noise spectrum, which
reveals a peak at 10 keV and a series of weaker peaks around 6 keV.

It is the 10 keV peak that is assigned to the germanium Ka1 flu-
orescence by X-ray TPA. The residual contribution is considered to
arise from the scattered pump X-rays, although the Johansson
monochromator suppresses it at very low levels. To avoid counting
scattered X-rays, we sum up the raw spectrum above 8.1 keV and
obtain a Ka1 fluorescence rate of 9.6 × 1022 counts/shot, which
agrees with that estimated from the deconvolved spectrum. We esti-
mate the Ka1 fluorescence due to OPA of the higher-harmonic radi-
ation of the XFEL and impact ionization by thermal electrons16, and
confirm that these are much weaker than the TPA signal (see
Supplementary Sections 3 and 4 for details).

The pulse-energy dependence of the Ka1 fluorescence provides
direct evidence of TPA. Figure 2 shows a quadratic dependence,
indicating the two-photon mechanism. The other process to be
excluded is pile-up: if two pump photons happen to hit on the
same pixel in the same shot, it could produce an event at
11.2 keV, overlapping the Ka1 fluorescence. Moreover, such a
‘two-photon’ process would have a quadratic pulse-energy depen-
dence. However, the pile-up rate is estimated to be on the order
of 1 × 10212 events/pixel/shot, because the probability of detecting
one 5.6 keV photon in a particular pixel is "1 × 1026 counts/pixel/-
shot (Fig. 1c). Accordingly, we conclude that the observed signal at
10 keV is due to Ka1 fluorescence from X-ray TPA.

However, one may notice that the TPA fluorescence at higher
pulse energies deviates below the quadratic. This suppression is
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FIG. 1. (a) Schematic for nonsequential two-photon K-shell absorption in metallic Zr. When the incident photon energy exceeds half the
single-photon K-absorption threshold (∼18 keV), a 1s vacancy can be created through the simultaneous absorption of two (or more) photons.
This vacancy is primarily filled by radiative decay from the 2p state in the form of Kα fluorescence. (b) A powerful XFEL beam near 9 keV is
focused to a submicron spot on a 25-µm thin Zr foil. The fluorescent signal is collected at 90 deg in the polarization plane using a 140-K pixel
single-photon-sensitive detector. A 50-µm Zr filter is inserted in front of the detector to reduce the background from scattered photons. (c) A
representative detector histogram accumulated over 3000 shots, where peaks (0), (1), and (2) correspond to pixels registering zero photons,
single photons near the fundamental (∼9 keV), and single photons near the K-fluorescence peak (∼16 keV), respectively, for an incident pulse
energy of ∼10 µJ. The background from the pileup from two 9-keV photons in a single pixel has been suppressed as described in the text. (d)
Dependence of peak (2) as the sample is scanned through the focal plane.

up to ∼2 × 109 photons in the focus. In order to suppress
the background from linear single-photon K-shell ionization,
the FEL harmonic content on the target was substantially
suppressed by the four reflections from the mirrors, which
have a high-energy cutoff of 15 keV. A portion of the K
fluorescence was collected near 90◦ in the polarization plane,
where the scattering from the polarized beam is expected to
be minimum. A Cornell-SLAC hybrid pixel array detector
(CSPAD) 140-K pixel array detector with 110 × 110 µm2

pixels [18] was positioned at 33 cm from the target such that
each pixel subtends "# = 1.1 × 10−7 srad, corresponding to
a total solid angle of ∼15 × 10−3 srad. To further suppress the
background due to scattering, a Zr filter was inserted in front of
the CSPAD. For a 50-µm filter this decreases the background
near the FEL fundamental by about 2 orders of magnitude
while allowing about 50% percent transmission at ∼16 keV.
At the intensities used here, the FEL damages the sample on
a single shot, and therefore we translated the sample to an
undamaged region between shots at the beam repetition rate
of 10 Hz.

A representative detector histogram averaged over 3000
shots and normalized by the number of pixels is shown in
Fig. 1(c) at an incident energy of 9.10 keV with a bandwidth
of ∼0.050 keV [6], and at the highest intensity used, ∼3 ×
1018 W/cm2. The data are binned according to x-ray photon
energy converted from the charge collected assuming a single
photon is absorbed in a pixel. Individual detector frames were
corrected for gain nonuniformity and a common-mode offset
[18]. By far the dominant peak (0) corresponds to pixels in
which no photons were absorbed, and the width corresponds
to the electronic noise under dark conditions.

The peaks (1) and (2) correspond to the residual scattered
x rays near the FEL fundamental and higher-energy pho-
tons, including the Kα,β fluorescence signals (15.6 keV and
17.6 keV), respectively. The higher-energy peak (2) has also

been corrected on each shot to remove the pileup from two
or more fundamental photons. Under uniform illumination of
the detector, the probability of measuring two photons in a
single pixel in a single shot is negligible (<10−10). However,
elastic scattering from a single grain of our polycrystalline
sample leads to a nonuniform illumination that was removed
in postprocessing by identifying clusters of photons.

In Fig. 1(d) we plot the integrated counts of peak (2) as a
function of the distance of the sample from the location of the
nominal beam waist (at a fixed pulse energy). This shows a
clear dependence on the sample position and thus beam area. If
peak 2 were from pileup, the counts would decrease as we scan
the sample through the focus, since a smaller number of grains
are illuminated with a decreased interaction area. The observed
rapid increase is consistent with a perturbative nonlinear two-
photon absorption process that scales inversely with the area.
The width of the peak is reasonably consistent with an estimate
for the depth of focus based on a lowest order Gaussian beam
and nonastigmatic focusing. Here 2zR = 2πw2/λ = 260 µm,
where w = 2σ is the waist diameter (average of 75 nm) and λ
is the wavelength (1.36 Å at 9.1 keV).

The intensity dependence of the integrated higher-energy
peak (2) for both above (9.1 keV) and below (8.9 keV) the
two-photon threshold is shown in Fig. 2. The fundamental is
attenuated by inserting Al and/or Si filters upstream of the
focusing optics. Due to their strong chromaticity, the trans-
mission for the FEL harmonics is relatively unaffected. (Note
that at the maximum attenuation used here, the transmission
of the fundamental is ∼4%, while it is ∼66% and ∼88% for
the second and third harmonic, respectively.) Thus any linear
ionization due to residual harmonic contamination would
produce a nearly constant background, which corresponds to
<5% of the signal at the highest intensity. Above the two-
photon threshold, the data show a clear quadratic dependence
consistent with the TPA process. Below the two-photon
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Structural biology: 
Reciprocal space imaging of macro molecules 

•   Perutz et al. Hemoglobin 
•   MAD phasing  
•   FEL-Serial Femtosecond Crystallography 
•   Storage Ring-Serial crystallography 
•   Single particle imaging 
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Lattice dynamics 

•   Diffuse scattering 
•   Inelastic X-ray Scattering 
•   FELS open the opportunity to make 

measurements in the time domain 
 


