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X-ray induced damage to radiation-sensitive samples is a 
phenomenon well-known in X-ray community in the energy 
range of hard X-rays. 

M. Risch et al., J. Phys. Chem. C 2015, 119, 33, 18903

5

M.M. van Schooneveld, S.DeBeer J. El. Spectr. Rel. Phenom. 198 (2015) 31–56.

Systematic review of spectral differences in 
literature data in a function of X-ray dose

KMnO4

Challenge of X-ray radiation damage is well recognized but rarely studied systematically

M. Kubin et al., Phys.Chem.Chem.Phys., 2018, 20, 1681.
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J. Schulz et al., J. Synchrotron 
Rad. (2019). 26, 339–345.

E. F. Garman and R. L. Owen, Acta Crystallogr. D 62, 32–47 (2006).M. Faubel, B. Steiner, and J. P. Toennies, J. Chem. Phys. 106, 9013 (1997). 
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3.  Cryo-microscopy  

Cryo-microscopy is essential for the micro-analysis of radiation-sensitive samples, such as most 

biological samples. Freeze-drying sample preparation is an alternative, but may modify the ionic 

distribution and the chemical speciation of the element of interest in the sample. Hence, cryo 

preservation is preferred and allows the analysis of the sample in a stable hydrated near-native state, 

limits its oxidation by air during its manipulation (which is performed in a dry N2 atmosphere) and 

preserves its morphological integrity under the beam. 

 A vibration-free cryo-stage, passively cooled by a liquid nitrogen (LN2) dewar has been developed 

in that purpose. In cryo configuration, a copper cold finger is mounted on the sample stage and linked 

via copper braids to the cooled base plate of the LN2 dewar (see Figure 2). This “floating” copper 

braid heat exchanger provides adequate thermal conductivity whilst maintaining sufficient mechanical 

freedom to ensure stress free sample scanning. The cold finger is thermally insulated from the sample 

stage mechanics by a Polyetheretherketone (PEEK) support. The sample holder is machined in a 

copper block providing sufficient thermal inertia during sample transfer. Samples are usually 

deposited on TEM grids or Si3N4 thin windows and kept in LN2. Their mounting is therefore 

performed in cryo conditions, above a LN2 bath in which the basis of the sample holder is plunged. 

The sample is deposited on the holder, maintained by a drilled copper plate and covered with a thin 

polymer film (Ultralene, Spex-Certiprep) which limits its sublimation. This stack is maintained by a 

“clip” cover plate which facilitates mounting. The sample holder geometry allows micro-spectroscopy 

measurements both in fluorescence and transmission modes. The sample holder is inserted in the load-

lock chamber of the microscope and, after pumping, introduced inside the fixed cold finger. This 

transfer typically takes 2 min. The conical shapes of the cold finger and sample holder ensure a good 

thermal contact between them. Initial cooling of the cryo-stage requires 1 hour before settling in 

thermal equilibrium with a 100 K temperature on the cold finger. A 130 K temperature was obtained 

on the sample holder exclusively cooled by the cryo-stage and starting from room temperature. Lower 

temperatures (not measurable for technical reasons) are certainly achieved in normal operation, with 

the sample holder already LN2 cooled. The LN2 dewar offers an autonomy of 3.5 hours and is 

regularly refilled by means of a LN2 tank connected via vacuum insulated tubes. A semi-automatic 

refilling procedure can be manually activated or integrated in data acquisition macros.  

LN2 dewar

Sample stage

Cryo sample holder

Copper braids

Cold finger

 
Figure 2. Picture of the cryo-stage mounted on the backside of the SXM sample stage (left) and design 

of the cold finger and cryo sample holder (right). 

4.  New compact Wavelength Dispersive Spectrometer 

A new, even more compact version of the WDS was recently designed and commissioned. The device 

can now be permanently mounted in the SXM and facilitates the switching from multi-elemental 

11th International Conference on Synchrotron Radiation Instrumentation (SRI 2012) IOP Publishing

Journal of Physics: Conference Series 425 (2013) 182004 doi:10.1088/1742-6596/425/18/182004

3

M. Salome et al., J. Phys 425 (2013) 182004 

R. Neutze et al., Nature 406, 752 (2000).  
H. N. Chapman et al., Nature 470, 73–77 (2011).

“Probe-before-destroy” methodology permitted measurements of intact specimens using ultra-short duration
XFEL pulses. Atomic movement, generally on the order of >50 fs, regulates the maximum pulse duration for intact
specimen measurements.
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e.g. long-range breakdown of a crystal lattice e.g. local electronic structure changes by 
primary/secondary events 

> 50 fsec
(regulated by atomic movements)

< 50 fsec
(regulated by atomic transitions)

Nature, 466, 56 (2010) 

… At this fluence, the neon target inevitably changes during 
the course of a single femtosecond-duration X-ray pulse – by 
sequentially ejecting electrons – to produce fully-stripped neon 
through absorption of six photons... Such transparency, due to 
the presence of inner-shell vacancies, can be induced in all 
atomic, molecular and condensed matter systems.

Science, 340, 491 (2013) 

… Our simultanous XRD-XES study shows that the PSII crystals 
are intact during our measurements at the LCLS, not only with 
respect to the structure of PSII, but also with regard to the 
electronic structure of the highly-sensitive Mn4CaO5 cluster

- Mechanisms of X-ray damage? Time scales? X-ray damage products? X-ray fluence?
- Can X-ray spectroscopy be used to follow femtosecond electronic sample changes?

At very similar experimental conditions…
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X-ray spectroscopy setup to track electronic structure changes:  Beam parameters & sample:

XPP station of LCLS

7200eV (above Fe K-edge)

Pulse length = 30fs

3-6 x 1011 photons/pulse

Down to 3 x 3 um2 beam size

Sample: 100 mMol Fe(CN)6/H2O

8

3	

Kβ1,3 X-ray emission signal as a probe of chemical and spin state of Fe 
metal center

https://lcls.slac.stanford.edu/overview

Linac Coherent Light Source

Institute of Nuclear Physics Polish Academy of Sciences
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Sample jet

Jet-nozzle

Jet-catcher

X-ray beam size:
From 3x3um2 to 15x15um
(x50 change in photon density)
5x1011 ph/shot 

9

beam spot

Fe Kβ1,3 X-ray emission signal

X-ray induced change of Fe oxidation state to higher value

Institute of Nuclear Physics Polish Academy of Sciences
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W. Blachucki et al., Structural Dynamics, 6, 024901 (2019).  



What are the physical processes leading to the Fe X-ray induced damage?

Cross-sections

Fe

O

Elemental density

Fe

O

95% of X-rays are absorbed by Oxygen

3	

X-ray interaction with sample
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95% of X-rays are absorbed by Oxygen

Release of energetic electrons

Electrons mean free path and mean free time: 
6668eV e- = 17nm in 0.4fsec

7170-7190eV e- = 19nm in 0.4.fsec

521eV e- = 2.3nm in 5.7fsec

Time- and energy-dependent 
MC simulations for electrons in 
solution
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W. Blachucki et al., Structural Dynamics, 6, 024901 (2019).  



Photon- and electron-impact ionization cross-sections

electrons

photons

x 102-103

Electron-impact interaction as primary source of Fe-molecule ionization

 Electron cross-sections are 102 – 103 higher than photo-ionization
 High energy electrons will interact with outmost shell Fe-electrons
 Unlike photons, with binary interaction character, the electrons will interact with sample material 

multiple times 
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 X-ray interaction with solvent

1
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Δt=30fsec 

 X-ray interaction with solvent

 Generation of energetic electrons

 Electron – impact Fe ionization

 Measurement of Fe state

2 3

4

Highly charge state molecule with 
preserved atomic positions

Institute of Nuclear Physics Polish Academy of Sciences
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Monte-Carlo simulations* with fundamental atomic 
parameters:

Calculated distribution of Fe charge state: 
1 electron hole-Fe3+ : 29%
2 electron hole-Fe4+: 31%
3 electron hole-Fe5+ : 12 %
4 electron hole-Fe6+: 4 %

*Fe- electron impact and the following Auger decays are considered 

Spectral calculations using
crystal-field multiplet (CFM) at 
different oxidation states. The 
electronic structure of the 
hexacyanide complexes were 
evaluated within the DFT.
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W. Blachucki et al., Structural Dynamics, 6, 024901 (2019).  



Charge state distribution Mechanism of the high Fe valence state creation

 First electron is removed from a metal-dominated 
t2g orbital. At the same time electron density 
increases along Fe-C bond.

 The next two steps, metal t2g-centered oxidations 
(FeV state).

 Further electrons removal leads to gradual loss of 
spin, accompanied with electron flow from the 
ligands to the metal.

 The system thus approaches Fe(IV) species rather 
than Fe(VI) when more electrons are lost (Fe(V) 
state is highest accessible)

E. Källman & M. Lunberg

Charge density difference maps upon subsequent electron loss.
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X-ray photons induce solvent ionization within sub-fs leading to the formation of 
solvated electrons. The travel range of these electrons amounts in average to tens of 
nm and the electrons may reach the nearest Fe atoms in less than 1 fs. Fe electron-
ionizations increase Fe oxidation state (without affecting molecule’s atomic positions). 

Analysis showed creation of Fe species with distribution of higher oxidation states. DFT 
predicts Fe5+ state as highest accessible, lack of electrons is compensated with charge 
donation from ligands.  

Mechanism should be valid for on samples embedded in, e.g., solutions or in matrices
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RXES/RIXS spectroscopy 

RXES: photon-in photon-out 
technique, a combination of XAS
and XES spectroscopy 

XAS = unoccupied electronic states 

XES = occupied electronic states. 



Simultaneous probe of occupied and unoccupied 
electronic states 

Quantitative analysis of intermediate and final states

CuO Kα1,2 RXES around K-edge ionization threshold
XES

HR-XAS

Off-resonant
XES

Requirements: high energy resolution for incidence and emission X-rays

Monochromator X-ray spectrometers
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Self-amplified spontaneous emission (SASE) – energy jitter 

Energy 
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SASE – stochastic process: random nature of the generated X-ray pulses leads 
to large uncertainties in time, space, intensity and energy
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Temporal broadening of the monochromator

before DCM

after DCM

Geometrical considerations

X-ray pulse

Δt=1fsec

Δ
x=

1
0

0
u

m

t0

t1

DCM Si(111)

Speed of light = 300 000 000 m/s 
= 0.3um / fsec

Time smearing sets the limit on 
time-resolved experiments
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Monochromator induce temporal broadening of the 

incident X-ray pulse (30-40fsec @ Fe K-edge for 2xSi(111) )

Bushuev, V. et al., Proc. SPIE 8141, 8141 (2011).

J.S. WARK AND H. HE,Laser and Particle Beams 
(1994), vol. 12, no. 3, pp. 507-513



Self-amplified spontaneous emission (SASE) – energy jitter 

RXES plane
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X-ray emission
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X-ray tomography reconstruction methods

https://www.ncbi.nlm.nih.gov/

Iterative reconstruction algorithm
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X-ray tomography reconstruction methods adapted to RXES with SASE

X-ray emission

I1(E1)*x1+I2(E2)*x2=XES1

I3(E1)*x1+I4(E2)*x2=XES2

x1= [ I2(E2)*XES2-I4(E2)*XES1]) / [ I2(E2)*I3(E1)-I1(E1)*I4(E2) ]
x2= [ I1(E1)*XES2-I3(E1)*XES1 ] / [ I2(E2)*I3(E1)-I1(E1)*I4(E2) ]

Solution:

Condition: X-ray Intensity at given 
incidence energy has to change/vary 
between pulses

Pulse 1

I1(E1) x1

x2
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ce
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m

XES1

I2(E2)
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Pulse 2

I3(E1) x1

x2
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XES2

I4(E2)
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X-ray tomography reconstruction methods adapted to RXES with SASE

Solution:

Condition: Intensity at given 
incidence energy has to change 
between pulses

Pulse 1

I1(E1)

Atomic 
response

x1

x2
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XES1

I2(E2)
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Pulse 2

I3(E1)

Atomic 
response

x1

x2
In

ci
d

e
n

ce
 b

e
am

XES1

I4(E2)
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X-ray beam properties:
- self-amplified spontaneous emission (SASE)
- repetition rate: 120 Hz
- mean photon energy: 7100 eV (around Fe K-edge)
- pulse duration: 5fs & 30 fs
- number of photons per pulse: 1012

- beam spot area on the target changed from 6 to 241 µm2 with Be lenses

Target:
aqueous dispersion of Fe2O3 nanoparticles 

Linac Coherent Light Source (LCLS)
X-ray pump-probe (XPP) instrument

RXES/RIXS spectroscopy using SASE pulses 
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RXES reconstruction: experimental data

(Jkm)-1 x Skn

Institute of Nuclear Physics Polish Academy of Sciences
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Y. Kayser et al., Nature Communications 10, 4761 (2019).  

(500 sec acquisition)



RXES reconstruction: comparison to synchrotron data
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Y. Kayser et al., Nature Communications 10, 4761 (2019).  



RXES reconstruction: no of shots vs. data quality

Institute of Nuclear Physics Polish Academy of Sciences

Department of Applied Spectroscopy

Y. Kayser et al., Nature Communications 10, 4761 (2019).  

10 sec50 sec

100 sec200 sec



RXES reconstruction at 5fsec X-ray pulse length

Institute of Nuclear Physics Polish Academy of Sciences

Department of Applied Spectroscopy

Y. Kayser et al., Nature Communications 10, 4761 (2019).  

(Jkm)-1 x Skn



What types of experiments are XFELs good at?

Only three types of experiments benefit from the high peak flux from an XFEL:

1. Single-shot experiments that need lots of photons in a short pulse

1. Pump-probe measurements where the short pulse allows measurement of fast dynamics

1. Nonlinear X-ray experiments that depend nonlinearly on the number of incident X-ray photons

XFELs are defined by lots of photons in a very short pulse but the average flux isn’t 
that different from a 3rd-generation synchrotron

Institute of Nuclear Physics Polish Academy of Sciences

Department of Applied Spectroscopy

Jakub Szlachetko IFJ PAN, Krakow 18 February 2020, Newcastle University 



Linear X-ray spectroscopy (absorption & emission):
- weak limit interaction of X-rays with matter
- measurements are performed in one-photon-in one-photon-out manner

Nonlinear X-ray spectroscopy
- strong X-ray fields
- X-ray signals are not correlated by linear dependence
- processes are based on multi-photon-in multi-photon-out interactions

Institute of Nuclear Physics Polish Academy of Sciences

Department of Applied Spectroscopy

Jakub Szlachetko IFJ PAN, Krakow 27 November 2019, Jena University 



Nonlinear system is a system in which the change of the output is not

proportional to the change of the input

The nonlinearities in the meaning of photon - matter interaction,

may be described as a change in optical property of the material

induced by the high intensity of the beam.

input
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Linear Nonlinear
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The historically first nonlinear phenomenon that was experimentally discovered,

was the second harmonic generation.

In basic, this effect depend on the creation of the photon with twice the energy of

the initial one.

Jakub Szlachetko IFJ PAN, Krakow 18 February 2020, Newcastle University 



Another important nonlinear effect is the saturable absorption.

In the linear regime, the absorption of electromagnetic radiation is well

described by the linear absorption coefficient μ.

However, with the growth of the intensity, the material properties changes,
and the linear absorption coefficient u value start to depend on beam
intensity :

where the Is is the intensity at which the system reaches the saturation of

absorption.

sI

I




1

0
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Two photon absorption (TPA) is a nonlinear process in which single
electron is excited with two different photons – thanks to that, those photons
might have only half of the electrons binding energy.

TPA may occur in two ways – sequential or simultaneous. In second case

the first photon excite the electron to the virtual intermidiate state with

extrimely short lifetime, and then the socond one provide the rest of energy

required for full excitation.

Institute of Nuclear Physics Polish Academy of Sciences

Department of Applied Spectroscopy (NZ53)



X-ray beam properties:
- self-amplified spontaneous emission (SASE)
- repetition rate: 120 Hz
- mean photon energy: 7100 eV (around Fe K-edge)
- pulse duration: 5fs & 30 fs
- number of photons per pulse: 1012

- beam spot area on the target changed from 6 to 241 µm2 with Be lenses

Target:
aqueous dispersion of Fe2O3 nanoparticles 

Linac Coherent Light Source (LCLS)
X-ray pump-probe (XPP) instrument

Nonlinear RXES spectroscopy using SASE pulses 
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Nonlinear RXES around ionization threshold
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increase in X-ray intensity



Resonant X-ray Emission

Institute of Nuclear Physics Polish Academy of Sciences

Department of Applied Spectroscopy

X-ray absorption spectra

XESDecrease in absorption for energies above 
threshold suggest saturable absorption 
effect

Nonlinear RXES around ionization threshold – saturable absorption

Y. Kayser et al., Nature Communications 10, 4761 (2019).  
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X-ray absorption spectra • 1s core–hole ionization is followed by 
multiple decay paths and the core-hole is 
transferred to higher atomic orbitals

• Domination of Auger decay mechanisms 
leads to multiplication of number of holes at 
higher states

• Inner-core hole transfer is very fast (sub fsec)

What is the time needed for an 
atom to fully recover to ground 
state?

Nonlinear RXES around ionization threshold – saturable absorption

1ns
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X-ray absorption spectra

Rate equation calculations + xmdyn code

Nonlinear RXES around ionization threshold – saturable absorption

Y. Kayser et al., Nature Communications 10, 4761 (2019).  



Resonant X-ray Emission

Institute of Nuclear Physics Polish Academy of Sciences

Department of Applied Spectroscopy

X-ray absorption spectra

Increase in absorption for energies 
above threshold suggest two-
photon absorption effects

XES

Nonlinear RXES around ionization threshold – two-photon absorption

Jakub Szlachetko IFJ PAN, Krakow 18 February 2020, Newcastle University 



Nonlinear RXES around ionization threshold – two-photon absorption

Institute of Nuclear Physics Polish Academy of Sciences
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X-ray absorption spectra

Rate equation calculations

Jakub Szlachetko IFJ PAN, Krakow 18 February 2020, Newcastle University 
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SACLA (Δt=2.5 fsec)

LCLS (Δt=30-50 fsec)

Pulse length?
Pulse time structure?
Incidence energy dependence?
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XES simulations for SASE beams

	

RXES plane is encoded in SASE & XES matrixes
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Temporal broadening of the monochromator

Monochromator induce temporal 

broadening of the incident X-ray 

pulse (30-40fsec @ Fe K-edge for 

2xSi(111) )

Bushuev, V. et al., Proc. SPIE 8141, 8141 (2011).
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