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Outline

> Theory of X-ray–matter interactions 

§ Hamiltonian and transition rate 

§ X-ray absorption 

§ Decay processes (fluorescence and Auger decay) 

§ X-ray scattering 

> Atomic and molecular processes at high X-ray intensity 

§ Sequential multiphoton multiple ionization dynamics 

§ Frustrated absorption and its breakdown 

§ Molecular ionization enhancement by charge rearrangement
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How to treat interaction between  
X-ray and matter?
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Total Hamiltonian

> X-rays interact with the electrons only 

> Non-relativistic quantum electrodynamics 

> Principle of Minimal Coupling 

> Time-dependent perturbation theory

4

Atomic units used:
me = 1

|e| = 1

~ = 1

1/4⇡✏0 = 1

(c = 1/↵, a0 = 1)

Ĥ = Ĥmol + ĤEM + Ĥint
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Hamiltonian for free electromagnetic field
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Hamiltonian for the free electromagnetic field (harmonic oscillator)

Commutator relations for 
photon mode operators

Field operator: annihilates or creates a photon in the mode (k,λ).

[âk,�, âk0,�0 ] = 0

[âk,�, â
†
k0,�0 ] = �k,k0��,�0

[â†k,�, â
†
k0,�0 ] = 0

âk,�|nk,�i =
p
nk,�|nk,� � 1i

â†k,�|nk,�i =
p

nk,� + 1|nk,� + 1i

[a, b] = ab� ba

<latexit sha1_base64="osRDHZ20dzNlthfQ7fAWoW6VvYA="></latexit>

ĤEM =
X

k,�

!kâ
†
k,�âk,�

<latexit sha1_base64="X9dOGIy0dRH5DCrRT+JSSAluzT4="></latexit>

k · ✏k,� = 0, ✏⇤k,1 · ✏k,2 = 0, !k = |k|/↵
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Molecular Hamiltonian
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Molecular Hamiltonian

Electronic Hamiltonian using the second quantization

Anticommutator relations 
for electron field operators

Ĥmol = T̂N + V̂NN + Ĥel

T̂N = �
X

a

r2
a

2Ma

V̂NN =
X

a<a0

ZaZa0

|Ra �Ra0 |

{ ̂�(x),  ̂�0(x0)} = 0,

{ ̂�(x),  ̂
†
�0(x0)} = ��,�0�(3)(x� x0),

{ ̂†
�(x),  ̂

†
�0(x0)} = 0.

Ĥel =

Z
d
3
x  ̂

†(x)

(
�r2

2
�

X

a

Za

|x�Ra|

)
 ̂(x)

+
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2

Z
d
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Z
d
3
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0
 ̂
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0) ̂(x)
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Interaction Hamiltonian
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Interaction between electrons and photons (minimal coupling, Coulomb gauge)

Mode expansion of vector potential

p•A

p•A: one-photon absorption in first order; one-photon scattering in second order 

A2: one-photon scattering in first order

A2

Ĥint = ↵

Z
d3x  ̂†(x)


Â(x) · r

i

�
 ̂(x) +

↵
2

2

Z
d3x  ̂†(x)Â2(x) ̂(x)

<latexit sha1_base64="go0gZC/dnbgsI9hE3tGIR2T0LRM="></latexit>
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�ik·x
o
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Time-dependent perturbation theory

8

Full Hamiltonian and unperturbed part 

Initial state:

Interaction-picture state vector to second order in perturbation

Transition rate to second order in perturbation

|Ii = | Nel
0 i|NEMi

| , tiint =|Ii � i

Z
t
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dt0 eiĤ0t
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Ĥinte
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Z

t
0
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dt00 eiĤ0t

00
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00
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X-ray absorption
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Initial state:

Final state:

�FI = 2⇡�(EF � EI)
���hF |Ĥint|Ii

���
2

Absorption rate: 

P

|Ii = | Nel
0 i|NEMi

|F i = | Nel
F i|NEM � 1i
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X-ray absorption cross section

10

X-ray 
absorption rate

X-ray photon flux

X-ray absorption cross section

how to treat many-electron systems?

�FI =
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Electronic many-body problem

11

Introducing a set of orthonormal spin orbitals

F̂ |'pi = "p|'pi

Creation and annihilation 
operators for |φp⟩: ĉ†p and ĉp

{ĉp, ĉq} = 0,
�
ĉp, ĉ

†
q

 
= �p,q,

�
ĉ†p, ĉ

†
q

 
= 0.

F̂ =
X

p

"pĉ
†
pĉp

Connecting with the field operators 

An electronic one-body Hamiltonian

{'p(x)}

 ̂(x) =
X

p

'p(x)ĉp,

 ̂†(x) =
X

p

'†
p(x)ĉ

†
p

which are eigenstates of an one-body Hamiltonian
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ĉ†i |vacuumi
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Mean-field model

12

Independent-electron model

Mean-field ground state in terms of a single Slater determinant

Mean-field ground-state energy

Ĥel ⇡ F̂

Hartree-Fock (HF) method: minimizing 

 the best choice among the mean-field models

h�Nel
0 |Ĥel|�Nel

0 i
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Koopmans’ theorem
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|�Nel�1
i i ⌘ ĉi|�Nel

0 i

ENel�1
i ⇡ h�Nel�1

i |F̂ |�Nel�1
i i =

8
<

:

NelX

j=1

"j

9
=

;� "i

One-hole state

Energy of 
one-hole state

Ionization potential

Koopmans’ theorem: valid for HF orbitals For Neon,
Koopmans EXP

�"2p = 23.1 eV 21.6 eV
�"2s = 52.5 eV 48.5 eV
�"1s = 892 eV 870 eV

Ii ⌘ ENel�1
i � ENel

0 ⇡ �"i

Ii = h�Nel�1
i |Ĥel|�Nel�1

i i � h�Nel
0 |Ĥel|�Nel

0 i
= �"i
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X-ray absorption within mean-field model

14

Particle-hole state

Initial state

Cross section for particle-hole transition

Energy of excited electron

Subshell X-ray 
absorption cross section

�a
i (kin,�in) =

4⇡2

!in
↵�("a + Ii � !in)
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�i(kin,�in) =
X
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Quiz: Which electron to be ionized?

When Ne is exposed to 2-keV X-ray, which electron will be ionized the most? 

a) 2p  (IP = 22 eV) 

b) 2s  (IP = 49 eV) 

c) 1s  (IP = 870 eV) 

d) No ionization

15
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Quiz: Which electron to be ionized?

When Ne is exposed to 2-keV X-ray, which electron will be ionized the most? 

a) 2p  (IP = 22 eV) 

b) 2s  (IP = 49 eV) 

c) 1s  (IP = 870 eV) 

d) No ionization
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Photoionization cross section calculation
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Table of photoionization cross sections

18
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K-shell photoionization: a simple model

> Simple model of an atomic species of atomic number Z 
§ 1s orbital ~ H-like 1s orbital of Z 

 

§ photoelectron wave function ~ plane wave (assuming ωin ≫ I1s) 

> At fixed photon energy ω, 

> At fixed Z, 
For a given atom, the X-ray absorption cross section above the 1s 
threshold decreases with increasing photon energy.

19

�abs ⇠ Z5

u1s(r) / Z3/2re�Zr, I1s = Z2/2

�abs ⇠ !�7/2
in
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Applications of X-ray absorption

> X-ray photoelectron spectroscopy (XPS): measuring photoelectron 

energy 

§ PES: Photo-Electron Spectroscopy or Photo-Emission Spectroscopy 

§ ESCA: Electron Spectroscopy for Chemical Analysis 

> X-ray absorption spectroscopy (XAS): measuring absorption cross 

section as a function of photon energy 

§ XANES: X-ray Absorption Near-Edge Structure  

NEXAFS: Near Edge X-Ray Absorption Fine Structure 

§ EXAFS: Extended X-ray Absorption Fine Structure

20
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ESCA: Electron Spectroscopy for Chemical Analysis

21

fixed

measured

ESCA molecule:  
first molecule used for 
ESCA by Kai Siegbahn
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XAS: X-ray Absorption Spectroscopy

22

NE: depends on local coordination 
environment and oxidation state

E: depends on nearest-neighbor 
geometry

varied

solid target: 
transmission 

gas phase or very 
dilute target: 
fluorescence
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Decay of inner-shell-excited systems
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X-ray fluorescence within mean-field model
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F

|Ii = ĉi|�Nel
0 i|0i

|F i = ĉi0 |�Nel
0 iâ†kF ,�F

|0i

Initial state:

Final state:

�FI = 2⇡�(EF � EI)
���hF |Ĥint|Ii

���
2

Fluorescence rate: 
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X-ray fluorescence rate and energy
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Partial X-ray fluorescence rate

X-ray fluorescence energy

�FI = 2⇡� (EF � EI)
���hF |Ĥint|Ii

���
2

=
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X-ray fluorescence transition lines
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Application of X-ray fluorescence

27

edge structure (m-XANES) and m-XRF to obtain microscale
spatially resolved speciation of the chromium oxidation state.
Experimental details are given in the Supporting Information
together with a detailed summary of the analytical results
(Table S1).

The MA-XRF maps of the painting (Figure 1B,C) show
that Pb and Cr are the main elemental constituents of the
sunflower petals, the orange corollas, and the table area. In
the pale-yellow background, Zn is the predominant element
(Figure 1B), thus suggesting the presence of zinc white
(ZnO), while Pb and Cr are present in significantly lower
quantities. In some of the ochre and orange tones of the
sunflower petals, Hg and/or Cu and As were found in addition
to Pb and Cr (Figure 1C), arising from the presence of
vermilion (HgS) and/or emerald green (3Cu(AsO2)2·
Cu(CH3COO)2). In areas of the sunflower petals and the
upper region of the vase with no or very little Pb and Cr, Fe is
the main constituent element instead, thus indicating the use
of a yellow ochre (iron hydroxide based pigment). All the
above-mentioned pigments are frequently encountered in
works by Van Gogh.[5] In the green(ish) areas, Pb and Cr are

sometimes found together, in addition to Cu and As, thus
suggesting the use of mixtures or overlapping brush strokes of
emerald green and CYs. The Pb-La/Cr-Ka XRF intensity ratio
changes throughout the painting (Figure 1B), thus suggesting
a distribution of different CY types. However, the presence of
other Pb- and/or Cr-based pigments also frequently used by
Van Gogh, such as red lead (Pb3O4), lead white (PbCO3/
Pb3(CO3)2(OH)2), or viridian (Cr2O3·2 H2O),[5] and variations
of the paint thickness (giving rise to self-absorption of
variable magnitude), could also cause a change in the
Pb-La/Cr-Ka intensity ratio. No meaningful S-distribution
maps could be recorded, mainly because of the spectral
overlap between the S-K and Pb-M XRF signals and the
limited MA-XRF sensitivity for these signals.

More reliable insights into the distribution of the different
types of CY were obtained by performing vibrational
spectroscopic and structural analyses at a select number of
points on the surface of the Sunflowers painting (Figures 1D
and 2) and on two microsamples (Table S1).

As visible in the standard reference spectra (Figure 2A;
gray lines) and consistent with previous studies,[8, 15] the
presence of the characteristic sulfate symmetric stretching
mode (n1(SO4

2!), 976 cm!1) combined with the broadening
and the wavenumber shift toward higher values for both the
chromate symmetric stretching band (n1(CrO4

2!), from 841 to
844 cm!1) and the chromate bending signals (n4(CrO4

2!), from
400 to 407 cm!1) allowed the distinction to be made between
the LS-CY (x" 0.5) and the LF-CY (i.e., monoclinic
PbCrO4). In the reflection mid-FTIR profiles (Figures 2B
and 3D; gray lines), typical spectral features for the
identification of the LS-CY (x" 0.5) are the inverted sulfate
asymmetric stretching band (n3(SO4

2!)) and the two sulfate
bending signals (n4(SO4

2!)), whose shape and wavenumber
position differ from those of other sulfate-based com-
pounds.[8, 16] The inverted chromate asymmetric stretching
band (n3(CrO4

2!)) of LS-CY is broader than that of LF-CY.
In the light-yellow table area, noninvasive Raman (Figur-

es 1D and 2A; points 1 and 2) and reflection mid-FTIR
analyses (Figure 2B; spectrum I) revealed the presence of
LS-CY (x" 0.5). This finding was confirmed by SR-based m-
XRD and vibrational spectroscopic analysis of a sample from
the region (F458/4), in which a few grains of cerussite
(PbCO3) were also identified (Figure S1). In the zinc-rich
pale-yellow background, the Raman spectrum (Figures 1D
and 2 A; point 3) again demonstrated the presence of LS-CY
(x" 0.5). In the corresponding FTIR spectrum (Figure 2B;
spectrum III), only zinc white (inverted n(Zn–O) band below
520 cm!1), zinc oxalate (1364, 1320 cm!1) and zinc carboxylate
(1540, 1465, 1398, 744, 718 cm!1) were identified. The latter
two represent reaction products of ZnO with the oil
binder.[17, 18]

For the sunflower petals, various CYs appear to have been
used. In the light-yellow areas, a type of LS-CY (x" 0.5) very
similar to that detected in the table and background was
identified by Raman spectroscopy (Figures 1D and 2A;
points 4–8). On the other hand, in the ochre-yellow petals,
Raman spectra from five different areas (points 9–13) high-
light the presence of LF-CY. In two locations, Raman (points
14–15) and FTIR data (Figure 2B; spectrum II) show that LF-

Figure 1. A) Photograph of Sunflowers by Van Gogh (Arles, 1889; Van
Gogh Museum, Amsterdam); sampling spots are also shown. RGB
composite MA-XRF maps of B) Pb/Cr/Zn and C) Hg/As+ Cu/Fe.
D) Raman distribution of different CY types (LS-CY: light-sensitive
chrome yellow PbCr1!xSxO4, with x"0.5; LF-CY: lightfast chrome yellow
monoclinic PbCrO4; CO: chrome orange (1!x)PbCrO4·xPbO); V and
RL indicate spots containing also vermilion and red lead (see Fig-
ure 2A), while the white circle indicates the location where only red
lead was identified. Triangles and Roman numerals show the regions
of FTIR analyses (see Figure 2B).

.Angewandte
Communications

2 www.angewandte.org ! 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2015, 54, 1 – 6
! !

These are not the final page numbers!

Van Gogh’s Sunflowers (1889; Van Gogh Museum, Amsterdam): 
RGB composite MA-XRF map, L. Monico et al., Angew. Chem., Int. Ed. 54, 13923 (2015).
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Kα fluorescence: a simple model

> Simple model of an atomic species of atomic number Z 

§ 1s orbital ~ H-like 1s orbital of Z 

§ 2p orbital ~ H-like 2p orbital of Z 

> Kα photon energy:  

> Kα fluorescence rate:

28

!K↵ ⇠ Z2

�K↵ ⇠ Z4

Moseley’s law 

 
Phil. Mag. 27, 702 (1914).

ω ∝ Z
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Auger-Meitner decay within mean-field model 

29

|Ii = ĉi|�Nel
0 i

A

Initial state:

Final state:

�FI = 2⇡�(EF � EI)
���hF |Ĥint|Ii

���
2

Auger rate: 

|F i = ĉ†aĉj ĉj0 |�
Nel
0 i, j, j0 6= i
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A renaming proposal to Auger-Meitner: Physics Today 72, 10 (2019).

https://doi.org/10.1063/PT.3.4281
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Auger rate and energy

30

Partial Auger rate

Coulomb matrix element

Auger electron energy

Perturbation theory Ĥ0 = F̂ , Ĥint =
1
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KLL Auger decay: a simple model

> Simple model of an atomic species 
of atomic number Z 
§ 1s orbital ~ H-like 1s orbital of Z 
§ 2p orbital ~ H-like 2p orbital of Z 
§ Auger electron wave function ~ 

plane wave 

> Focus on the channel with two 2p 
holes in the final state 

> KLL Auger electron E:  

> KLL Auger decay rate: 

31
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Quiz: Which decay channel is dominant?

For the K-shell vacancy of Ne (Z=10), Auger decay is dominant over fluorescence. 

What do you think about the K-shell vacancy of Xe (Z=54)? 

a) Auger 

b) Fluorescence 

c) Equally probable 

d) No decay

32
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Quiz: Which decay channel is dominant?

For the K-shell vacancy of Ne (Z=10), Auger decay is dominant over fluorescence. 

What do you think about the K-shell vacancy of Xe (Z=54)? 

a) Auger 

b) Fluorescence 

c) Equally probable 

d) No decay
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Quiz: Decay showdown

Which decay channel will be dominant for the L-shell vacancy of Xe? 

a) Auger 

b) Fluorescence 

c) Equally probable 

d) No decay

34
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Quiz: Decay showdown
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Auger cascade for heavy atoms
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Auger cascade makes complex 
ionization dynamics 
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Elastic X-ray scattering
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���hF |Ĥint|Ii

���
2

Scattering rate: 



f0(Q) =

Z
d3x ⇢(el)(x)eiQ·x

Sang-Kil Son  |  Theory of X-ray–matter interactions | June 16, 2020 |       / 60

Elastic X-ray scattering form factor
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Elastic X-ray scattering cross section
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Differential cross section

Total form factor 
decomposed in terms of 
atomic contributions
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Atomic form factor
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Absorption vs. scattering

41

Carbon C@10 keV 
σabsorption=41 barn 
σel. scattering=3.2 barn 
σinel. scattering=2.7 barn

XCOM, NIST: https://dx.doi.org/10.18434/T48G6X

�el. sc

�abs
⇠ 1
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X-ray scattering

> Elastic X-ray scattering 
§ Non-resonant elastic X-ray scattering via A2 

§ Resonant elastic X-ray scattering via p•A (Dispersion correction) 

> Inelastic X-ray scattering 
§ Non-resonant inelastic X-ray scattering via A2 (Compton scattering) 

§ Resonant inelastic X-ray scattering via p•A (RIXS or resonant X-ray Raman)

42
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Quiz: How to increase scattering signals?

The scattering probability is extremely small. 

What shall we do in order to amplify scattering signals? 

a) Prepare more targets 

b) Throw more photons 

c) No way to do so

43

σel.sc(C@12 keV) ~ 2.6 barns 
106 photons on 10µm×10µm 

 
scattering probability ~10–12

C
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X-ray crystallography 
~108 molecules in  
a µm-sized crystal

high fluence from XFEL 
(×108~1010 more than 
synchrotron radiation)
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X-ray crystallography

45

Protein crystal X-ray diffraction pattern Molecular structure 
of a protein
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X-ray-induced processes
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What happens if X-ray intensity is so high?

47
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What high X-ray intensity means?

48

> Fluence (photons/unit area) to saturate one-photon absorption 
 
 
 
 
 
 
 
 
 
 

> High X-ray intensity beyond one-photon absorption saturation 

§ synchrotron: at most one photon absorbed ➔ linear phenomena 
§ XFEL:  at least one photon absorbed ➔ nonlinear phenomena

Carbon @ 12 keV 
σabs = 0.023 kbarns 

 

prob. = σabs × F ~ 1 
 

Fsat = 4.4×1014 ph/µm2

Son, Young & Santra,  
Phys. Rev. A 83, 033402 (2011).
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Fundamental X-ray–matter interaction

49

single X-ray

Photoionization: C → C✽+ + e– Auger decay: C✽+ → C++ + e–

synchrotron: one-photon absorption ➔ PA ➔ C2+ 
XFEL: many-photon absorption ➔ PAPAPP ➔ C6+
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Sequential multiphoton multiple ionization

50

> First LCLS experiment: fundamental atomic physics in XFEL 
> Lots of X-ray photons: repeated K-shell ionization (P) followed by Auger (A)

followed by simultaneous multiphoton absorption, as energetically
required to reach the next higher charge state17, is one proposed mech-
anism, although the excitationof spectral features such as a giant atomic
resonance may modify this simple picture18. Studies of high-intensity
photoabsorptionmechanisms in this wavelength regime have also been
conducted onmore complex targets3,19. For argon clusters, it was found
that ionization is best described by sequential single-photon absorp-
tion19 and thatplasmaeffects suchas inverse bremsstrahlung, important
at longer wavelengths (.100nm; refs 20, 21), no longer contribute. For
solid aluminium targets, researchers recently observed the phenom-
enon of saturated absorption (that is, a fluence-dependent absorption
cross-section) using 15-fs, 13.5-nm pulses and intensities up to
1016Wcm22 (ref. 3).

In the short-wavelength regime accessible with the LCLS, single
photons ionize deep inner-shell electrons and the atomic response to
ultra-intense, short-wavelength radiation (,1018W cm22, ,1 nm)
can be examined experimentally. In contrast to the studies at longer
wavelengths, all ionization steps are energetically allowed via single-
photon absorption, a fact that makes theoretical modelling con-
siderably simpler. We exploit the remarkable flexibility of the LCLS
(photon energy, pulse duration, pulse energy) combined with high
resolution electron and ion time-of-flight spectrometers, to monitor
and quantify photoabsorption pathways in the prototypical neon
atom.

X-ray ionization of neon using LCLS

We chose to study neon because notable changes in the electronic
response occur over the initial operating photon energy range of
LCLS, 800–2,000 eV (l5 1.5–0.6 nm), as shown schematically in
Fig. 1. There and in the following, V, P and A refer to the ejection
of valence, inner-shell and Auger electrons, respectively. In all cases,
sequential single-photon ionization dominates, although the differ-
ing electron ejection mechanisms lead to vastly different electronic
configurations within each ionization stage. The binding energy of a
1s electron in neutral neon is 870 eV. For photon energies below this,
the valence shell is stripped, as shown at the top of Fig. 1 in a VV…
sequence. Above 870 eV, inner-shell electrons are preferentially
ejected, creating 1s vacancies that are refilled by rapid Auger decay,
a PA sequence. For energies above 993 eV, it is possible to create
‘hollow’ neon, that is, a completely empty 1s shell, in a PP sequence
if the photoionization rate exceeds that of Auger decay. For energies
above 1.36 keV, it is possible to fully strip neon, as shown at the
bottom of Fig. 1.

Figure 2a shows experimental ion charge-state yields at three dif-
ferent photon energies, 800 eV, 1,050 eV and 2,000 eV. These photon
energies represent the different ionization mechanisms—valence
ionization, inner-shell ionization and ionization in the regime far
above all edges of all charge stages of neon. Despite the relatively
large focal spot for these studies, ,1 mm, the dosage at 2,000 eV for
neon (dosage5 cross-section3 fluence) is comparable to that pro-
posed for the biomolecule imaging experiment where a 0.1-mm focal
spot was assumed2. At the maximum fluence of,105 X-ray photons
per Å2, we observe all processes that are energetically allowed via
single-photon absorption. Thus, at 2,000 eV, we observe Ne101 and
at 800 eV we find charge states as high as Ne81 (a fractional yield of
0.3%), indicating a fully-stripped valence shell. We note that valence
stripping up to Ne71 was previously observed in neon for 90.5-eV,
1.83 1015W cm22 irradiation18,22. At this intermediate photon
energy, 90.5 eV, the highest charge state can not be reached by a
sequential single-photon absorption process.

Figure 2b compares the experimental ion charge-state yields with
theoretical calculations based on a rate equation model that includes
only sequential single-photon absorption and Auger decay pro-
cesses12. For simulations, two parameters are required, the X-ray
fluence and pulse duration. The fluence (pulse energy/area) on target
may be calculated from measured parameters for pulse energy and
focal spot size. The X-ray pulse energies quoted throughout this

paper were measured in a gas detector23 located upstream of the
target; the actual pulse energy on target is reduced by five reflections
on B4C mirrors (for details, see Methods). The focal spot size was
estimated from measurements done during the commissioning
period (J. Krzywinski, personal communication) using the method
of X-ray-induced damage craters imprinted in solid targets24.

The fluence calculated from these pulse-energy and spot-size mea-
surements is corroborated by in situ ion-charge-state measurements,
both at 800 eV, where ionization is dependent only on fluence and
not on intensity, and at 2,000 eV, where the observed ratio of Ne101/
Ne91 resulting from photoionization of hydrogen-like neon (a pro-
cess with a well-known cross-section) serves as a reliable calibration
tool. The fluence that matches the Ne101/Ne91 ratio agrees to within
30% with that derived from the measured pulse energy (2.4mJ) and
estimated focal spot size (,13 2mm2 full-width at half-maximum,
FWHM) at 2,000 eV. This fluence predicts not only the ratio Ne101/
Ne91, but also the absolute values of the fractional charge-state yield,
as shown in the bottom panel of Fig. 2b. At 2,000 eV, the calculations
predict the overall trend of the charge-state yields well, but there are
obvious differences—particularly at the lower charge states. The
odd–even charge-state alternation is much more pronounced in
the calculation than in the experiment. This is due to the fact that
the calculation ignores shake-off25 and double-Auger processes26, and
predicts that 1s one-photon ionization produces charge states up to
Ne21 only. Experimentally, one observes a yield of,75% Ne21 and
25% Ne31 from simple 1s ionization27. At 1,050 eV, the general
trends are reproduced although differences due to the simplicity of
the model are evident.

At 800 eV, the simulations, which include only valence-shell strip-
ping, are in excellent agreement with the observed charge-state dis-
tribution. The fluence, determined in situ by the 800-eV data and
simulation, is within 10% of that predicted by a ,2.13 increase in
focal area when going from 2,000 eV to 800 eV (ref. 28). Here, the
simulation is more straightforward as no inner-shell processes are
operative. We note that nonlinear two-photon processes29, which
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Figure 1 | Diagram of the multiphoton absorption mechanisms in neon
induced by ultra-intense X-ray pulses. X-rays with energies below 870 eV
ionize 2s,p-shell valence electrons (V, red arrow). Higher energy X-rays give
rise to photoemission from the 1s shell (P, purple arrow), and in the
consequent Auger decay the 1s-shell vacancy is filled by a 2s,p-shell electron
and another 2s,p electron is emitted (A, black arrow). These V, P and A
processes are shown inmore detail in the inset; they all increase the charge of
the residual ion by one. Main panel, three representative schemes of
multiphoton absorption stripping the neon atom. The horizontal direction
indicates the time for which atoms are exposed to the high-intensity X-ray
radiation field, and vertical steps indicate an increase in ionic charge due to
an ionization step, V, P or A. Horizontal steps are approximately to scale
with a flux density of 150X-ray photons per Å2 per fs, and indicate the mean
time between photoionization events or Auger decay.
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eject an inner-shell electron, are not observed, even at the intensities
attained here. Two-photon processes are simply swamped by valence
ionization. This observation is consistent with the generalized 1s
two-photon cross-section of 10255 cm4 s for neutral neon at 800 eV
calculated in ref. 29. For all of these simulations, the X-ray pulse
duration was assumed to be equal to the measured LCLS electron
bunch duration (230–340 fs)30.

X-ray transparency

To further investigate photoabsorption mechanisms, we changed the
X-ray pulse duration nominally by a factor of ,3, at a fixed pulse
energy, for the three photon energies shown in Figs 1 and 2. The spot
size of the X-ray beam, imaged upstream of the mirrors, was observed
to remain constant to within 10% when changing the pulse duration
at a given photon energy—implying a constant focal spot size. At
800 eV and 1,050 eV, we observed essentially no change in the charge-
state distribution when changing the pulse duration. However, at
2,000 eV, photoabsorption is markedly decreased with shorter, more
intense, X-ray pulses. That is, the sample becomes transparent at high
intensity. The phenomenon of intensity-induced X-ray transparency
(closely related to saturated absorption3,31), can be readily under-
stood qualitatively. Photoabsorption at 2,000 eV is due primarily to
the presence of 1s electrons. If 1s electrons are photoejected by intense
X-ray radiation, the absorption cross-section will be decreased—
until the 1s electrons are replaced by valence electrons. The replace-
ment time is the inner-shell vacancy lifetime. These data are shown in
Fig. 3a, where the ratios of the charge-state yields for 230-fs to 80-fs
pulses are plotted for 2,000-eV irradiation.

It is more difficult to understand the phenomenon quantitatively.
Why would changing the X-ray pulse duration from 230 fs to 80 fs
make any difference if Auger decay takes place on a 2.4-fs timescale32?
The answer is that the Auger refilling time increases dramatically with
increasing charge state33, with a large jump at Ne71, where the life-
time of a 1s-hole state in Ne71 is greater than 23 fs (Fig. 3b). However,
even after taking the increased vacancy lifetime into account, our
calculations can not reproduce observations if the X-ray pulse dura-
tions are taken to be equal to the measured electron bunch durations,
that is, 230 fs and 80 fs. The 230-fs simulation agrees well with the
measured Ne81 to Ne101 yields at 2,000 eV in Fig. 2b. In order to

reproduce the observed transparency, our simulations must there-
fore use an X-ray pulse duration that is substantially shorter, ,20 fs,
for the 80-fs electron bunch. We note that if one incorporates the
processes missing from the model12 (shake and double-Auger),
higher charge states will be produced even more rapidly, implying
that in the simulation an even shorter pulse duration would be
required to reproduce the experimental data. The highly collective
process of lasing in a free-electron laser leads to X-ray pulse shapes
that need not match the electron current shape, and to the possibility
that the X-ray pulse duration could be significantly shorter than the
electron bunch duration34,35.

Hollow-atom signature

Corroborating evidence can be found from electron spectra. Speci-
fically, the production of hollow atoms is sensitive to the pulse dura-
tion, as hollow atoms are produced only when the photoionization
rate is comparable to the Auger rate. Auger electrons emitted from a
double-core-hole state are a distinctive signature of hollow atom
formation, with energies shifted well above the single-core-hole
Auger electrons. Electron spectra also confirm the validity of the
proposed dominant photoabsorption mechanisms—that is, sequen-
tial single-photon absorption. Figure 4a and b shows electron spectra
at h 5 0u relative to the X-ray polarization axis for 1,050-eV X-rays.
The relatively slow 1s photoelectrons are shown in Fig. 4a, whereas
the fast valence photoelectrons and Auger electrons are shown in
Fig. 4b (where the electron energies have been retarded by 790 eV).
The region containing the hollow-atom signature, that is, the double-
core-hole Auger, falls between the valence photoelectrons and the
single-core-hole Auger. The hollow-atom signature is more cleanly
observed at h 5 90u because the emission of photoelectrons is
strongly suppressed perpendicular to the X-ray polarization axis.

The yield of double- versus single-core holes can be derived from an
analysis of the electron spectra36. The main peaks in the double- and
single-core-hole regions were identified as the Auger transitions
[1s2]R[1s 2p2] 2D, 2S and [1s]R[2p2] 1D, where [nl] represents an
nl hole. These main Auger peaks originate from the PPA or PA
sequence starting with neutral neon, that is, from the initial stage in
the ionization process. Ratios of double-to-single core-hole forma-
tion probabilities were derived from the Auger line intensities using
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Figure 2 | Neon charge-state yields for X-ray energies below, above and far
above the 1s-shell binding energy, 870 eV. Pulse energies are measured in
the gas detector upstream of the target. a, Experimental charge-state
distribution for 2.4-mJ pulses at 800 eV (top), 1,050 eV (middle) and
2,000 eV (bottom). b, Comparison of experimental charge-state yields,

corrected for detection efficiency, with simulations, assuming a Gaussian-
shaped pulse, as described in ref. 12. The X-ray pulse durations for the
simulation are assumed to equal the electron bunch duration, shown in the
figure. Fluence-dependent processes, such as valence stripping at 800 eV, are
insensitive to the pulse duration.
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Young et al., Nature 466, 56 (2010).
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Pioneering works for Ne and N2

51

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 !N"-N"#=!N-N2"# corresponding to the valence
charge distribution after ionization and Auger decay of
an initially neutral N2 molecule (one PA cycle). (ii) The
ratio !N3"-N"#=!N2"-N2"# corresponding to the distribu-
tion of 4 valence charges that result from a DCH decay.
(iii) The ratio !N3"-N"#=!N2"-N2"# 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 N"=N2" 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 !N3"-N"#=!N2"-N2"# 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 N2" " N2". The choice of this ratio is based on the
observation that for the shortest pulses ($4 fs), the con-
tribution of N3" 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
N3" ion production, the total N3" 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

0 50 100 150 200 250 300
pulse width (fs)

1.2

1.3

1.4

1.5

1.6

1.7

1.8

av
er

ag
e 

ch
ar

ge
 s

ta
te

0

0.2

0.4

0.6

0.8

1

fr
ac

tio
n

1 2 3 4 5 6 7
charge state

0

0.2

0.4

0.6

0.8

fr
ac

tio
n

1 2 3 4 5 6 7
charge state

(a) 4 fs (b) 7 fs

(d) 280 fs(c) 80 fs

(e)

FIG. 2 (color online). (a)–(d) Charge state distributions and
(e) average charge states of Nn" 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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Figure 3 | Intensity-induced X-ray transparency. a, Ratio of charge-state
yield for 230-fs to 80-fs electron bunch durations for 2,000-eV, 2.0-mJ X-ray
pulses (diamonds). Error bars of 610% are estimated for the observed
charge-state yields. Simulations for 80-fs and 20-fs X-ray pulse durations for
the short pulse are overlaid in green and red, respectively. The comparison
suggests that the pulse duration of the X-rays generated by the 80-fs electron
bunch is less than 80 fs. b, Average lifetimes of the single- and double-core-

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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Figure 4 | Electron spectra for inner-shell and valence photoelectrons and
Auger electrons created by X-ray pulses at a photon energy of 1,050 eV.
a, 1s photoelectrons directed along the X-ray polarization axis (h 5 0u) with
a photoelectron spectrometer retardation voltage of VR 5 0 V. b, Valence
and Auger electrons at h 5 0u, with VR 5 790 V. c, Valence and Auger
electrons at h 5 90u, VR 5 790 V. Auger electrons from double-core-hole
states, the signature of hollow atom formation, are more cleanly measured at
h 5 90u (as in c), as background from valence ionization is suppressed. The
strongest Auger peaks in the double-core-hole and single-core-hole regions
originate from the initial PPA and PA ionization sequences, and are used to
determine the double-core-hole to single-core-hole formation ratio.
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Ne charge state
1      2      3      4      5      6      7      8      9     10

> N2 molecule 

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

§ mean charge reduced for shorter pulses 

§ frustrated absorption

> 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

http://doi.org/10.1103/PhysRevLett.104.253002
http://doi.org/10.1038/nature09177
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Hollow atom or double-core-hole state
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Ne2+Ne+✽Ne

AP

P

double-core-hole state 
or hollow atom

A

τS ∼ 2.5 fs

τD ∼ 0.8 fs

No more K-shell absorption



Sang-Kil Son  |  Theory of X-ray–matter interactions | June 16, 2020 |       / 60

Frustrated absorption

53

> Hollow-atom formation ➔ cross section reduced ➔ less ionization 

> Counterintuitive picture: shorter pulse, less radiation damage  
 ➔ advantage for molecular imaging

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.
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Take me even higher X-ray fluence

54

 0

 5

 10

 15

 20

 25

 30

 35

 40

 45

1010 1011 1012 1013 1014

M
ea

n 
ch

ar
ge

Fluence (photons/µm2)

Xe@5.5 keV

saturation 
fluence

PRL (2011) Nat. Commun. 
(2018)

Phys. Rev. Res. 
(2020)

Ne@2 keV (2010)

CH3I@8.3 keV  
(2017)

PRL (2011): Fukuzawa et al., Phys. Rev. Lett. 110, 173005 (2011).

N2@1.1 keV (2010)

http://doi.org/10.1103/PhysRevLett.110.173005
http://doi.org/10.1038/s41467-018-06745-6
http://doi.org/10.1103/PhysRevResearch.2.023053
http://doi.org/10.1038/nature09177
http://doi.org/10.1038/nature22373
http://doi.org/10.1103/PhysRevLett.110.173005
http://doi.org/10.1103/PhysRevLett.104.253002


Sang-Kil Son  |  Theory of X-ray–matter interactions | June 16, 2020 |       / 60

Heavy atoms at high X-ray intensity

> LCLS CXI using nano-focus ➔ ~50 times higher fluence than before 
> Good agreement between theory and experiment 
> Highlighting the interplay between resonance and relativistic effects
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Molecules at high X-ray intensity

56

> LCLS CXI using nano-focus  

> Selective ionization on heavy atom 

> Coulomb explosion after/during 
ionization & charge rearrangement 

> First quantitative comparison for the 
behaviors of polyatomic molecules 
under XFEL irradiation

Rudenko et al., Nature 546, 129 (2017).

CH3I @ 8.3 keV
σ(I)~50 kbarn 
σ(C)~80 barn 
σ(H)~8 mbarn
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Ionization enhanced by charge rearrangement
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Breakdown of frustrated absorption

> At high fluences, shorter pulse, less ionization ➔ frustrated absorption 

> At very high fluences, shorter pulse, more ionization ➔ anti-frustrated abs. 

> Critical benchmark for terawatt-attosecond XFEL pulses
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Multiphoton ionization at high X-ray intensity

59

> At low fluence: ionization linearly proportional to cross section 
> At high fluence: need for tools to predict X-ray multiphoton processes 
> Towards TW-as XFEL pulses, breakdown of frustrated absorption expected
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