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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 W avelength 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 
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Introduction
X-ray free-electron laser (XFEL) beam interaction with matter

beam parameters:

7000 eV (above Mn K edge)

pulse duration: 45 fs

3 – 6 ×1011 photons per pulse

beam spot size: 1.5 × 1.5 µm2

beam parameters:

2000 eV (above Ne K edge)

pulse duration: 40 fs

1011 – 1012 photons per pulse

beam spot size: 1.0 × 1.0 µm2

Nature 466, 56 (2010) 

[…]

[…]

Science 340, 491 (2013) 

[…]



X-ray beam:

- self-amplified spontaneous emission (SASE)

- repetition rate: 120 Hz

- mean photon energy: 7200 eV (88 eV above Fe K-edge binding energy)

- pulse duration: 30 fs

- number of photons per pulse: 4 × 1011

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

thin bent crystal

position-sensitive detector

detector:

CS-PAD 140K detector

crystal:

- InSb(444)

- cylindrically bent, 

radius of curvature: 25 cm

thin bent crystal

position-sensitive detector

target:

- solution of 0.1 moles of

potassium hexacyanoferrate(II) 

trihydrate K4[Fe(CN)6·3H2O] 

(Sigma-Aldrich, ≥ 99.95%) and 

60 moles of water

- 100 µm-thick liquid jet

Linac Coherent Light Source (LCLS)

X-ray pump-probe (XPP) instrument

typical operation parameters

Experimental
Fe Kβ X-ray emission spectroscopy (XES) at X-ray free-electron laser (XFEL)

for changing photon flux

7200 eV

Fe Kβ1,3

(M2,3→K)
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Results and discussion
Fe Kβ dependence on the incident photon flux

The Fe Kβ X-ray emission spectra

measured for K4[Fe(CN)6·3H2O]

water solution for different fluxes

of the incident photon beam.

The spectra were scaled to obtain

the integral over entire studied

energy domain equal to 1 to ensure

constant 1s shell ionization cross

section and the 3p→1s transition

fluorescence yield and is supported

by experimental studies showing

that the influence of oxidation

state change on the ratio of Fe Kα

to Kβ fluorescence yields is below

10 %. The intensity measurement

uncertainty does not exceed 2 % in

the energy range 7054 – 7062 eV.

S. K. Kulshreshtha, D. N. Wagh, H. N. Bajpei, X-Ray Spectrom. 34, 200-202 (2005).

O. K. Köksal, G. Apaydın, E. Cengiz, K. Karabulut, J. Phys.: Conf. Ser. 707, 012004 (2016).



Results and discussion
Fe Kβ dependence on the incident photon flux

- not caused by the molecule’s spin 

change as in W. Zhang et al., Nature

509, 345 (2014). 

- not caused by sequential

photoionization as, e.g., in 

A. Rudenko et al., Nature 546, 129

(2017).



Understanding the mechanism
Motivation

15 % of the incident photons

are absorbed, 82 % of the

photoabsorption events result in

O 1s photoionization.

T. Schoonjans et al., Spectrochim. Acta, Part B 66, 776-784 (2011).
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Motivation

15 % of the incident photons

are absorbed, 82 % of the

photoabsorption events result in

O 1s photoionization.

The cross section for electron-

impact Fe ionization is up to the

order of 104 larger than the Fe

1s shell photoionization cross

section.

Photoelectrons and Auger

electrons travel in average tens

of nm between interactions and

may reach the nearest Fe atoms

in less than 1 fs.

Unlike photons, free electrons

interact with the material

multiple times losing the energy

gradually.

T. Schoonjans et al., Spectrochim. Acta, Part B 66, 776-784 (2011).

B. Tsipinyuk, A. Bekkerman, E. Kolodney, https://arxiv.org/abs/physics/0407030 (2005).

H. Shinotsuka et al., Surf. Interface Anal. 49, 238-252 (2016).
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Energy and time distribution of  photons and electrons, Fe ionization probability

P. M. Banks, Planet. Space Sci. 14, 1085-1103 (1966).

V. Vinogradov, V. P. Shevel'ko, Sov. Phys. JETP 44, 542 (1976).

d𝐸 = −𝐸𝑙𝑜𝑠𝑠,𝑒↔𝑎 𝐸 𝑓𝑒 𝐸 d𝑡
𝐸 - electron energy, 𝑡 - time

𝑓𝑒 𝐸 - average collision frequency

per electron

𝐸𝑙𝑜𝑠𝑠,𝑒↔𝑎 𝐸 - average energy loss

per interaction
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𝐹𝐹𝑒 𝑡 - Fe 1s photoabsorption

ionization frequency for single Fe atom

𝜎𝑝ℎ↔𝐹𝑒 - Fe 1s photoabsorption cross 

section

𝑛𝑝ℎ 𝑡 - simulated time evolution of  

the incident photons
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Understanding the mechanism
Multiple ionization of  Fe atoms through Auger decays – probability

Fe atoms’ ionization due to only

the Auger decays induced by a

single electron-impact ionization

reaches more than 6 electron

holes on the valence levels

which results in oxidation state

of Fe atoms in Fe2+(CN)6 of

more than 8+.

The estimated multiple electron hole-states’ relative occurrences are approximately

0.29 : 0.32 : 0.21 : 0.12 : 0.04 : 0.02 for respectively

1, 2, 3, 4, 5 and 6 electron holes or equivalently for

Fe oxidation state 3+, 4+, 5+, 6+, 7+, 8+.

T. Schoonjans et al., Spectrochim. Acta, Part B 66, 776-784 (2011).

A. Thompson, X-ray Data Booklet (Lawrence Berkeley Laboratory, Berkeley, USA, ed. 3, 2009), pp. 9-64.
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Understanding the mechanism
Multiple ionization of  Fe atoms through Auger decays – time

T. Schoonjans et al., Spectrochim. Acta, Part B 66, 776-784 (2011).

A. Thompson, X-ray Data Booklet (Lawrence Berkeley Laboratory, Berkeley, USA, ed. 3, 2009), pp. 9-64.

Establishment time (fs) Fe atoms’ ionization due to only

the Auger decays induced by a

single electron-impact ionization

reaches more than 6 electron

holes on the valence levels

which results in oxidation state

of Fe atoms in Fe2+(CN)6 of

more than 8+.

The estimated multiple electron hole-states’ relative occurrences are approximately

0.29 : 0.32 : 0.21 : 0.12 : 0.04 : 0.02 for respectively

1, 2, 3, 4, 5 and 6 electron holes or equivalently for

Fe oxidation state 3+, 4+, 5+, 6+, 7+, 8+.

Fe: 1s1/2
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Understading the mechanism
Summary

J. Kern et al., Proc. Natl. Acad. Sci. U.S.A. 109, 9721-9726 (2012).

S. M. Durbin, T. Clevenger, T. Graber, R. Henning, Nat. Photonics 6, 111-114 (2012).



Fe Kβ X-ray emission spectrum calculation
Effect of  Fe oxidation state in Fe(CN)6

The spectra were calculated within density functional theory (DFT). The field splitting

parameter 10 Dq of 4.2 eV was used in the multiplet calculations and metal-to-ligand charge

transfer was not included.



Fe Kβ X-ray emission spectrum calculation
Extraction of  populations of  different Fe oxidation states



Fe Kβ X-ray emission spectrum calculation
Extraction of  populations of  different Fe oxidation states



Summary

• Fe Kβ XES for K4[Fe2+(CN)6·3H2O]/H2O solution at XFEL

• 30 fs-short pulses of 4 × 1011 7200 eV-photons at the repetition rate of 120 Hz

(typical operation parameters), beam focusing with movable Be lenses

• Observed: monotonic dependence of Fe Kβ XES spectra on the incident XFEL

beam flux

• Mechanism: multiple ionization on the molecule’s Fe site caused by electron

impact and Auger decays

• The molecule at this short moment (< 50 fs) is in a unique high valence state

where the bonds between Fe and C atoms are broken but the molecule’s

constituents have not moved yet.

• The effect is solvent dependent.
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