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In contrast to the long-wavelength regime, x-ray nonlinear optical processes are characterized in general by
sequential single-photon single-electron interactions. Despite this fact, the sequential absorption of multiple
x-ray photons depends on the statistical properties of the radiation field. Treating the x rays generated by a
self-amplified spontaneous emission free-electron laser as fully chaotic, a quantum-mechanical analysis of
inner-shell two-photon absorption is performed. It is demonstrated that double-core-hole formation via x-ray
two-photon absorption is enhanced by chaotic photon statistics. Numerical calculations using rate equations
illustrate the impact of field chaoticity on x-ray nonlinear ionization of helium and neon for photon energies
near 1 keV. In the case of neon, processes are discussed that involve up to seven photons. Assuming an x-ray
coherence time of 2.6 fs, double-core-hole formation in neon is found to be statistically enhanced by about
30% at an intensity of 1016 W/cm2.

DOI: 10.1103/PhysRevA.76.033416 PACS number�s�: 32.80.Rm, 32.80.Fb, 42.50.Ar, 41.60.Cr

I. INTRODUCTION

Three x-ray free-electron lasers �FELs� �1,2� are currently
under construction: LCLS at the Stanford Linear Accelerator
Center �3�, the Japanese SCSS at SPring-8 �4�, and the Eu-
ropean XFEL project at DESY in Hamburg �5�. These new
facilities will soon make it possible to explore new frontiers
in atomic physics, femtochemistry, materials science, and
molecular biology �6–14�. X-ray FELs, with peak brilliances
of up to nine orders of magnitude higher than those of
present-day synchrotron sources, will open the pathway to
study, for the first time, nonlinear optical processes in the
x-ray regime �6�. Multiphoton physics in the short-
wavelength regime will differ considerably from the optical
high-intensity regime. In contrast to the optical regime,
where even single ionization typically involves many pho-
tons, the photons in the x-ray regime may carry enough en-
ergy for one-photon ionization processes. It is, however, in-
correct to assume that the rate of sequential ionization events
in the high-intensity x-ray regime is determined by the aver-
age peak intensity of the radiation field. One purpose of this
paper is to demonstrate that these sequential processes are
correlated and are governed by higher-order coherence prop-
erties of the radiation field. This implies that for interpreting
experiments and for determining fundamental cross sections
for nonlinear processes, statistical properties of the radiation
source have to be taken into account. The second purpose of
this paper is to characterize the dominant x-ray induced pro-
cesses and assess their sensitivity on field coherence proper-
ties. We focus on nonlinear optical processes that may be
expected to be of relevance in the initial parameter regime of
LCLS �the first x-ray FEL to come online�.

The x-ray FELs under construction are based on the so-
called SASE �self-amplified spontaneous emission� principle
�15,16�. The properties of SASE FEL radiation derive from
the random arrival times of electrons in an electron bunch
entering the undulator. Analytical theories, which exist only
for the unsaturated gain regime, predict that SASE FEL ra-
diation is completely chaotic �17–20� and thus characterized
by irreproducible pulses. Each pulse consists of a random

number of intensity spikes �coherent regions� of random am-
plitude. This limits the longitudinal coherence time of SASE
FEL radiation in the x-ray regime near 1 keV to a few fem-
toseconds �21,22�. The total pulse energy fluctuates and also
the spectrum varies on a shot-to-shot basis. Experiments at
SASE FEL test lines show signatures of this chaotic behavior
�23–28�.

Basically there are two strategies for performing experi-
ments with a SASE FEL. One possibility is a single-shot
experiment. Depending on the sensitivity of the optical pro-
cesses to be investigated, the pulse has to be characterized by
its total energy, its spectrum, or its complete time structure.
Data taken over several shots would have to be post-sorted
and analyzed for each shot individually. A second strategy is
to adopt a statistical approach. Then the relevant and neces-
sary information about the radiation field can be reduced to
statistical correlation functions of the electric field �29–33�.
Hence a shot-to-shot characterization of the source is not
needed.

The importance of field statistics in nonlinear optical pro-
cesses was theoretically discovered in the early 1960s
�29–40�. Experimental investigations soon thereafter studied
multiphoton absorption of single-mode vs multimode laser
fields �41,42�, two-photon absorption of phase-diffusing
�43,44� and randomly amplitude-modulated �45� laser fields,
and the dependence of second-order harmonic generation on
statistical properties of the incident light �46,47�. The impor-
tance of the chaoticity of SASE FEL pulses was recently
theoretically examined �48� to explain the surprisingly high
charge states observed in experiments on Xe gas using the
Hamburg vacuum ultraviolet �vuv� FEL �49�.

The paper is organized as follows. A short outline of the
formalism of density matrices and quantum electrodynamics
is given in Sec. II. In order to familiarize the reader with this
technique and its implications, Sec. III provides a brief dis-
cussion of one-photon ionization. Section IV introduces two
basic x-ray two-photon ionization processes and analyzes the
dependence of double-core-hole formation on field statistics.
Numerical studies on helium and neon at typical LCLS pa-
rameters are presented in Sec. V. Conclusions are drawn in
Sec. VI. Atomic units ��= �e � =m=1 and c=1/�, where � is
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the fine-structure constant� are used throughout unless other-
wise stated.

II. FORMALISM

The total Hamiltonian is the sum of the atomic Hamil-
tonian, the electromagnetic-field Hamiltonian, and the

matter-field interaction ĤI, which in Coulomb gauge reads

ĤI = �
j=1

Nel ��Â�r j� · p̂ j +
�2

2
Â2�r j�� . �1�

Here, Nel denotes the number of electrons, and the vector

potential Â is given by

Â�r� =
1

2��
�
�
	 d3k�k

−1/2����k�â��k�eik·r

+ ��
*�k�â�

†�k�e−ik·r� . �2�

In this expression, â��k� �â�
†�k�� denotes the photon annihi-

lation �creation� operator of mode �k ,�� with photon energy
�k; �=1,2 labels the polarization. The photon annihilation
and creation operators satisfy the usual commutation rules

for bosonic fields. Spin contributions to ĤI are neglected in
this work. The use of quantum electrodynamics is not critical
for the description of photoabsorption. However, it antici-
pates applications such as Compton scattering that are not
amenable to a classical treatment of the radiation field.

The coherence properties of x-ray FEL pulses may be
described utilizing a density-matrix formalism known from
nonlinear statistical optics �29,32,40�. This allows one to ex-
press the probability of a specific nonlinear optical process in
terms of field correlation functions. At time t→−�, the
atomic system is supposed to be in a pure state ��i
; the FEL
pulse is represented by a statistical mixture,

�̂i
R = �

�n�,�n��

��n�,�n��
R ��n�
�n��� , �3�

where the sum goes over all possible field configurations
�n�= �n	1

,n	2
, . . . � �n	1

denotes the number of photons in
mode 	1��k1 ,�1��. The state of the combined atom-field
system long after the interaction of the FEL pulse with the
atom is determined by the interaction-picture time-evolution

operator Û�t , t�� via

�̂ f = lim
t→�

lim
t�→−�

Û�t,t�����i
�i� � �̂i
R�Û†�t,t�� . �4�

The final-state density matrix �̂ f may be calculated using

perturbation theory with respect to the operators �Â · p̂ and

�2Â2 /2 in Eq. �1�. In this paper, we concentrate on absorp-

tion processes induced by �Â · p̂.
Ionization yields from an atomic-gas sample are insensi-

tive to transverse coherence properties of the radiation field.
The upcoming x-ray FELs will have angular beam diver-
gences of the order of 10−5 radians �21�. Thus for our pur-
poses, x-ray FEL radiation propagates in a single direction,

in the following assumed to be the positive z direction. We
assume that the x-ray FEL radiation is linearly polarized
along the x axis and omit the polarization index � in the
following.

The average photon energy of the FEL photon bunch is
denoted by �0. In the case of LCLS, �0 may be chosen in the
range from 800 eV to 8 keV �3�. In light atoms, photoab-
sorption in this energy range promotes one or more K-shell
electrons to the continuum. �The K-shell binding energy of
light atoms such as carbon or oxygen is smaller by a few
hundred eV than the lowest photon energy available at
LCLS.� We will assume that �0 is sufficiently high so that
near-threshold effects may be neglected. LCLS will have a
relative bandwidth of the order of 10−4 �22�. A consequence
of this is that the electronic transition matrix elements are
constant over the relatively narrow spectral bandwidth of the
FEL. This is exploited throughout.

III. ONE-PHOTON IONIZATION

Consider an N-electron atom, initially in its ground state
��0

N
, that becomes singly ionized via one-photon absorption.
Let q denote the momentum of the photoelectron emitted
into the infinitesimal solid-angle element d
q. We assume
for simplicity that the spectral bandwidth of the FEL pulses
is small enough so that measurement of the photoelectron
energy Eq=q2 /2 allows one to identify the state ��r

N−1
 of the
residual ion. �There may be degeneracies, but this is irrel-
evant here.� Let Ir

N−1 denote the ionization potential associ-
ated with the production of ��r

N−1
. We symbolize the final
state of the N-electron system by �q ,�r

N−1
, which may be
taken to be energy-normalized �50�. The differential prob-
ability of exciting the atom to the state �q ,�r

N−1
 is the ex-
pectation value of the observable �q ,�r

N−1
q ,�r
N−1� with re-

spect to the density matrix �̂ f �Eq. �4��, i.e.,

d2P�q,�r
N−1�

dEqd
q
= Tr��q,�r

N−1
q,�r
N−1��̂ f� . �5�

The trace in this expression is performed over the unob-
served degrees of freedom of the radiation field.

One-photon absorption is a first-order process with re-

spect to �Â · p̂ �Eq. �1��. From Eq. �5� it follows, upon inte-
gration over the narrow photoelectron spectral profile cen-
tered at q0

2 /2=�0− Ir
N−1, that

dP�q0,�r
N−1�

d
q
=

d�0
�1�

d
q
��0,q0�J�1�. �6�

Here,

d�0
�1�

d
q
= �

�2��2

�0
�q0,�r

N−1��
j

ei��0zjp̂ j · �x��0
N
�2 �7�

is the differential cross section for one-photon ionization, �x
is the polarization vector �unit vector along the x axis�,

J�1� = 	
0

�

d�
G�1���,��

�2��2 �8�

is the average number of photons per unit area and FEL
pulse, and
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G�1���,��� = � Tr�â†����â������̂i
R� �9�

is the field correlation function of first order. Photoionization
experiments at existing synchrotron radiation facilities are
characterized by one-photon absorption. The high peak in-
tensity of future x-ray FELs will make it possible to induce
two-photon and higher-order processes.

IV. TWO-PHOTON IONIZATION

To second order with respect to �Â · p̂, the �differential�
probability, per FEL pulse, for a two-photon transition from
an initial atomic state ��i
 �energy Ei� to a final atomic state
�� f
 �energy Ef, width � f� is given by

P�� fi� =
�2

�2��2	
0

�

d�̃
1

�

� f/2

�� fi − �̃�2 + � f
2/4

 	
0

�

d�	
0

�

d��
G�2���̃ − �,�,��,�̃ − ���
����̃ − ������̃ − ���

 mfi��,�̃ − ��*mfi���,�̃ − ��� . �10�

Here, � fi=Ef −Ei, and

mfi��,��� = Xl� f��
j

ei��zjp̂ j · �x��l



�l�� j

ei���zjp̂ j · �x��i


�li − �� − i�l/2
. �11�

The two-photon absorption probability, Eq. �10�, is governed
by the second-order correlation function

G�2���1,�2,�3,�4� = �2Tr�â†�k1�â†�k2�â�k3�â�k4��̂i
R� ,

�12�

where ki=��i. Certain second-order coherence properties of
radiation fields may be measured using intensity interferom-
etry methods �51–54�.

At high photon energy, the atomic response is dominated

by inner-shell electrons. The �Â · p̂ interaction to second or-
der acts effectively as a two-body operator. Hence, even
when electron-correlation effects are neglected, the two-
photon amplitude mfi�� ,��� in Eq. �11� may describe the
excitation of two inner-shell electrons. �Note that in 1% or
less of all one-photon absorption events, electron-electron
interaction induces the emission of two K-shell electrons
�55�.� Qualitatively, we may therefore distinguish the follow-
ing two x-ray two-photon processes: �i� The first photon ion-
izes a K-shell electron; Auger decay takes place, thereby fill-
ing the K-shell hole; and the second photon ionizes another
K-shell electron. We refer to this process as PAP. �ii� After
ionization of a first K-shell electron, the second K-shell elec-
tron is ionized before Auger decay takes place. We call this
process PPA. Both processes, which are followed by various
relaxation processes, are described by Eq. �10�. Particularly,
they are determined by the second-order correlation function
of the photon field.

The PPA process, which leads to double-core-hole forma-
tion, is a sensitive probe of the time evolution of the x-ray

intensity during a FEL pulse. It may only be observed with
high probability if photoabsorption occurs within an Auger
lifetime, i.e., within a few fs. Otherwise, the PAP process
will be more relevant. PPA is the case we will focus on in
this section; PAP can be treated in a similar fashion by taking
electron-electron interaction into account in the intermediate
states ��l
 in Eq. �11�.

Following the absorption of the first photon, the residual
ion is �temporarily� in the core-excited state ��r

N−1
. The sec-
ond photon may produce the double-K-hole state ��s

N−2
.
Generally, the energy Is

N−2 needed to remove the second
K-shell electron in the state ��r

N−1
 is greater than the energy
Ir

N−1 required for the first K-shell electron. Let �I= Is
N−2

− Ir
N−1. Hartree-Fock-Slater calculations we have performed

give �I�Be�=44 eV, �I�C�=60 eV, �I�O�=77 eV, and
�I�Ne�=94 eV. �These results are accurate to within about
30%.� Since the two final-state photoelectrons are fast, their
mutual repulsion may be neglected. In practice, this means
that the energy q1

2 /2=�0− Ir
N−1 of the electron first ionized is

unaffected by the second ionization event, which produces a
photoelectron with energy q2

2 /2=�0− Is
N−2. Consequently,

within the spectral bandwidth of an x-ray FEL, the two pho-
toelectrons are distinguishable.

Using a straightforward generalization of the sudden ap-
proximation �56�, it thus follows from Eq. �10�, after integra-
tion over the respective photoelectron line profiles, that the
doubly differential two-photon double-ionization probability
per FEL pulse is

d2P

d
q1
d
q2

=
d�0

�1�

d
q1

��0,q1�
d�r

�1�

d
q2

��0,q2�Jr
�2�. �13�

The differential cross section d�0
�1� /d
q1

for one-photon ion-
ization of the ground-state atom is defined in Eq. �7�. The
differential cross section for one-photon ionization of the
core-excited ion is

d�r
�1�

d
q2

= �
�2��2

�0
�q2,�s

N−2��
j

ei��0zjp̂ j · �x��r
N−1
�2.

�14�

The quantity

Jr
�2� =

1

�2��5	
0

�

d�̃	
0

�

d�	
0

�

d��


G�2���̃ − �,�,��,�̃ − ���

�r
N−1 − i�� − ���

�15�

appearing in Eq. �13� depends on the decay rate �r
N−1 of the

intermediate state ��r
N−1
 in such a way that if �r

N−1 is very
large, then double-K-hole formation is suppressed.

Using the quantum-mechanical definition of the Poynting

vector Ŝ �57�, the photon flux operator may be approximated

by ĵ= Ŝ /�0. In the limit of very high photon number, which
is applicable in the case of an x-ray FEL, it may thus be
shown that
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Jr
�2� =�	

−�

�

dt ĵ�t�	
−�

t

dt� ĵ�t��e−�r
N−1�t−t��� , �16�

where ¯
 signals that an average over an ensemble of FEL
pulses is taken. Note that Jr

�2� is generally different from

J̃r
�2� = 	

−�

�

dt ĵ�t�
	
−�

t

dt� ĵ�t��
e−�r
N−1�t−t��. �17�

A SASE FEL pulse consists of subpulses. The number of
these subpulses and the subpulse durations, amplitudes, and
phases fluctuate from shot to shot in a random manner
�24–26�. For such a chaotic radiation field, the second-order
correlation function satisfies the Siegert relation �18,30,58�.
Treating the radiation field as a classical variable, it follows
that

Jr
�2� = 	

−�

�

dt ĵ�t�
	
−�

t

dt� ĵ�t��


 e−�r
N−1�t−t���1 + �g�1��t,t���2� . �18�

The normalized first-order correlation function g�1��t , t��
�cf. Ref. �29�� is equal to unity if t− t��0 is much smaller
than the coherence time �, and g�1��t , t�� vanishes if t
− t���. The exponential factor appearing in Eqs. �16�–�18�
restricts t− t� to values smaller than �1/�r

N−1. Hence the

relative importance of the difference between Jr
�2� and J̃r

�2�

depends on �r=�r
N−1�. If �r�1, then �=Jr

�2� / J̃r
�2��2; if

�r�1, then ��1, assuming that � is small in comparison to
the average FEL pulse duration. The coherence time of
LCLS operating in the soft x-ray regime is expected to be
several femtoseconds �22�, so that for core-excited ��r

N−1
, �r
is of the order of 1. The consequences of this are explored
numerically in Sec. V, where both PPA and PAP processes
are discussed further.

Assuming that the radiation field is in a single-mode co-
herent state, Eqs. �13� and �16� allow us to determine the
two-photon double ionization cross section:

d2�0
�2�

d
q1
d
q2

=
d�0

�1�

d
q1

d�r
�1�

d
q2

1

�r
N−1 . �19�

In Sec. V, we analyze x-ray multiphoton ionization of neon.
Utilizing Eq. �19�, the cross section for double-K-hole for-
mation in Ne via two-photon absorption can be estimated.
The double-K-hole threshold of Ne lies at 2�0=1863 eV
�55�. Thus since the K-shell single-ionization potential of Ne
is 870 eV �59�, it takes at least �0=993 eV to ionize the
second K-shell electron in core-ionized Ne. Since the one-
photon core ionization cross section of Ne near �0=1 keV is
of the order of 100 kb and the Auger lifetime of core-ionized
Ne is 2.4 fs �59�, we estimate a double-K-hole cross section
of the order of 10−53 cm4 s. As far as we know, Ref. �60�
performs the only other theoretical analysis of two-photon
double-K-hole formation �also in Ne�. The double-K-hole
cross section calculated in Ref. �60� displays a monotonic
behavior above �0=993 eV, as we would expect. Surpris-
ingly, their calculated cross section near �0=1 keV is of the

order of 10−49 cm4 s. As pointed out earlier, we focus here on
high photon energies and disregard near-threshold effects.
Only in this limit may Eq. �19� be expected to be valid.
However, it seems unlikely in our opinion that Eq. �19�
should underestimate the double-K-hole cross section by four
orders of magnitude. Future ab initio studies should help
resolve this issue.

V. NUMERICAL STUDIES

A. Approach

In order to investigate the response of atoms to intense
x-ray radiation and to demonstrate the impact of chaotic pho-
ton statistics, we numerically solve a set of coupled rate
equations for an ensemble of radiation pulses. It is easy to
see that this approach captures the essential physics. Con-
sider an N-electron atom initially in its ground state, i.e.,
before the FEL pulse the occupation probability of this state
is P0

N=1. Photoionization �cross section �0
�1�� converts the

atom to an ion in the state ��r
N−1
 �occupation probability

Pr
N−1�, which in turn may be either photoionized �cross sec-

tion �r
�1�� or undergo Auger decay �decay rate �r

N−1�. If
photoionization takes place, the ion is excited to the
�N−2�-electron state ��s

N−2
, which may decay at a rate of
�s

N−2:

Ṗ0
N�t� = − �0

�1�j�t�P0
N�t� , �20�

Ṗr
N−1�t� = �0

�1�j�t�P0
N�t� − �r

�1�j�t�Pr
N−1�t� − �r

N−1Pr
N−1�t� ,

�21�

Ṗs
N−2�t� = �r

�1�j�t�Pr
N−1�t� − �s

N−2Ps
N−2�t� . �22�

These equations are sufficient to describe PPA from the
ground state �see Sec. IV�. The PPA two-photon absorption
probability is given by

PPPA = �r
�1�	

−�

�

dtj�t�Pr
N−1�t� . �23�

Using Eqs. �20� and �21�, Pr
N−1 may be determined to leading

order in j�t� and may be inserted into Eq. �23�. After aver-
aging over an ensemble of FEL pulses, PPPA is found to be
consistent with the quantum-mechanical result, Eqs. �13� and
�16�.

Let the ion following Auger decay of ��r
N−1
 be in the

�N−2�-electron state ��t
N−2
 �generally, there are of course

several Auger channels�. This state, in which both vacancies
are in the valence shell, may be further photoionized �cross
section �t

�1��. Hence

Ṗt
N−2�t� = �r

N−1Pr
N−1�t� − �t

�1�j�t�Pt
N−2�t� . �24�

From this we obtain the PAP two-photon absorption prob-
ability �Sec. IV� to leading order in j�t�:
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PPAP = �0
�1��r

N−1�t
�1�	

−�

�

dtj�t�

 	
−�

t

dt�	
−�

t�
dt�j�t��e−�r

N−1�t�−t��. �25�

When this expression is averaged over an ensemble of cha-
otic radiation pulses, PPAP may be written, in analogy to Eq.
�18�, in terms of j�t�
j�t��
�1+ �g�1��t , t���2�. However, the
Auger rate �r

N−1 in Eq. �25� restricts t�− t�, not t− t�. There-
fore in contrast to the PPA process �Sec. IV�, no matter
whether the Auger lifetime is long or short in comparison to
the coherence time, the ensemble-averaged PAP two-photon
absorption probability does not display any significant statis-
tical enhancement, again assuming that the coherence time is
much shorter than the pulse duration.

In order to efficiently simulate an ensemble of chaotic
radiation pulses we adopt an approach developed in Ref.
�61�. Within this model, the electric field amplitude of each
mode is a Gaussian random variable with zero mean and a
variance equal to the power spectrum at the associated fre-
quency. We choose a Gaussian power spectrum centered at
frequency �0 with a variance corresponding to the relative
LCLS gain bandwidth of 4.410−4 �22�. The intensity as a
function of time is determined by applying the fast Fourier
transform algorithm to the representation of the electric field
in frequency space. We employ a masking function in the
time domain to smoothly turn the pulses on and off. The
ensemble average is a square pulse with rise and fall times
equal to 1% of the total pulse duration T. The sampling
width in � space is 2� /T. The number of independent modes
determines the temporal resolution. We choose T=230 fs
�21� and include 12 288 independent modes. The total energy
per pulse is distributed according to a Gamma distribution, in
agreement with analytic predictions for SASE FEL radiation
in the unsaturated gain regime �20�. The relative width of the
pulse energy distribution is given by �� /T �20� �� is the
coherence time� and equals about 10% for the parameters
employed. The average number of photons per pulse as-
sumed is 11013 �21�. The coupled rate equations are
solved, utilizing a fourth-order Runge-Kutta integrator, for
both an ensemble of 10 000 pulses and the ensemble-
averaged pulse. Before each pulse, the atom considered is
assumed to be in its neutral ground state. Our numerical
calculations are based on a transverse pulse profile that is
circular with a uniform intensity distribution inside the
circle. Spatial averaging, which would be necessary for non-
uniform intensity distributions, is not performed.

B. Helium

The simplest system for which two-photon double ioniza-
tion exists is helium. In view of the relatively small x-ray
interaction cross section of low-Z elements, it is critical to
determine whether the photon flux of the upcoming x-ray
FEL facilities is high enough for a statistically significant
count rate. Figure 1�a� shows the helium charge-state prob-
ability after the end of a FEL pulse, at a photon energy of
870 eV, as a function of the focal diameter. We may con-

clude from Fig. 1�a� that the two-photon double ionization
probability per atom is a percent or so at a focal diameter of
2 �m, reaching 100% near 0.25 �m.

The data underlying Fig. 1�a� were obtained by numerical
solution of Eqs. �20�–�22�. Evidently, in the case of helium,
�r

N−1=�s
N−2=0. The photoabsorption cross sections were cal-

culated using the Los Alamos National Laboratory Atomic
Physics Codes �62�. At �0=870 eV, we find �0

�1�=610 b and
�r

�1�=420 b. �The experimentally determined photoionization
cross section of He at 850 eV is 572 b, with an estimated
uncertainty of ±10% �63�.� In the photon energy range below
3 keV, ionization by Compton scattering may be neglected
�64–66�. Also neglected in our simple model are electron-
correlation-induced excitation processes. For instance, fol-
lowing one-photon absorption of He, the production of He+

in its ground state is about 17 times more likely than the
production of He+ in any bound excited state �67�. The ratio
of cross sections of correlation-induced double ionization
versus single ionization of helium at a photon energy of
870 keV is 2.6% �68,69�. Figure 1�a� demonstrates that for
focal diameters smaller than 2 �m, the probability of two-
photon double ionization exceeds that of the correlation-
induced process. �The latter has an absolute probability of no
more than 0.01.� By measuring the energy of the two photo-
electrons, both double-ionization processes can be
distinguished.

The probabilities shown in Fig. 1�a� are insensitive to the
temporal pulse shape chosen. The ensemble-averaged pulse
mentioned earlier and a Gaussian pulse profile give virtually
indistinguishable results. The effect of chaoticity of the ra-
diation field is small, as evidenced by Fig. 1�b�, where we
show the ratio � of the ensemble-averaged He2+ yield and
the He2+ yield from the ensemble-averaged pulse. For large
focal diameters, i.e., as the perturbative limit is approached,
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FIG. 1. �Color online� �a� Probability, as a function of the focal
diameter, of observing He, He+, or He2+, after exposure of neutral
helium to an 870-eV FEL pulse. �b� The ensemble average of the
He2+ yield divided by the He2+ yield obtained with the ensemble-
averaged radiation pulse.
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� is greater than 1 by almost 2%. This is easily understood
by reference to Eq. �18�: Since He+ in its ground state cannot
decay, the second photon can be absorbed at any time during
the pulse duration T �after absorption of the first photon�.
Statistical enhancement of two-photon absorption, however,
occurs over a time interval corresponding to the coherence
time �. The fraction � /T is of the order of 1% in our calcu-
lations. This limits the statistical enhancement that may be
observed. At very small focus, He2+ production is saturated
and � must equal 1. It is interesting to observe that � does
not approach the high-intensity limit in a monotonic fashion;
a pronounced minimum appears in Fig. 1�b� near a focal
diameter of 0.3 �m. In this regime, helium ionization is satu-
rated �see Fig. 1�a��, and the perturbative arguments used in
Sec. IV are not applicable.

C. Neon

Some of the first experiments with LCLS will involve
neon �7�. The ionization cross sections for neon and its ions
are considerably larger in the x-ray regime than for helium,
and more complex processes can be studied. Particularly, if
the photon energy is high enough, photoabsorption leads to
the formation of an inner-shell vacancy, which is electroni-
cally metastable. In contrast to He, a 1s hole in Ne has a
lifetime �2.4 fs� comparable to the coherence time of LCLS
�2.6 fs at a photon energy of 1050 eV �22��. The core hole
either decays followed by the absorption of an x-ray photon
�PAP process�, or, if the intensity of the field is high enough,
another photon is absorbed, thereby producing a double-core
hole, which relaxes via Auger decay �PPA process� and gives
rise to the hypersatellite structure in the Auger electron spec-
trum �55�. According to Eqs. �13� and �18�, field statistics
may be expected to enhance the PPA process.

In order to assess for Ne the impact of SASE-FEL chao-
ticity and the relative importance of the PAP and PPA pro-
cesses, we solved a set of rate equations similar to Eqs.
�20�–�22� and �24�. Ionization cross sections were calculated
�62� for valence and core shells of Neq+ in various electronic
configurations �q=0,1 , . . . �. Auger decay of core holes and
double-core holes was taken into account by using Auger
decay rates from Ref. �70�. For Ne8+ and Ne9+ we also in-
cluded decay by fluorescence �70�. In total, 158 different
channels were treated. Not included in our model are shake-
off processes �71� and double-Auger decay �72�.

By keeping track of the Auger yield from single- or
double-core hole configurations, it may be monitored
whether a given two-photon absorption event is a PAP or
PPA process. �In the case of the double-core hole, Auger
yield refers to the first Auger decay step in the decay cas-
cade.� Figure 2 shows the time evolution of the system over
the first few fs of a typical FEL sample pulse with a photon
energy of �0=1050 eV �chosen to lie above the K-shell ion-
ization threshold of Ne1+ 1s12s22p6�. Within the first 10 fs,
Ne1+ and Ne2+ production is saturated. In Fig. 2�a�, the Au-
ger decay rate of Ne1+ 1s12s22p6 is compared with the
K-shell photoionization rate of Ne1+ 1s12s22p6 �ionization
cross section times photon flux�. A few fs after the beginning
of the pulse, the K-shell photoionization rate exceeds the

Auger decay rate. As may be seen in Fig. 2�b�, this coincides
with the time interval during which the production of
Ne1+ 1s12s22p6 and the subsequent transition to Ne2+ are ef-
ficient. Therefore for the sample pulse considered, PPA
dominates over PAP, as signaled by the Auger yields shown
in Fig. 2�b�: The Auger hypersatellite yield from the double-
core hole �Ne2+ 2s22p6� is more than two times as large as
the Auger yield from Ne1+ 1s12s22p6.

Figure 3�a� shows the ensemble-averaged Auger electron
yields originating from the single-core-hole states of Ne1+

and Ne3+ compared to the yields resulting from the double-
core-hole states of Ne2+ and Ne4+ as a function of the focal
diameter. At focal diameters of several �m or larger, the PAP
process dominates and the ionization of neon proceeds in a
sequence of inner-shell photoionization and Auger-decay
events. �The main channel for producing Ne6+ follows the
pattern PAPAPA.� At approximately 1.5 �m, PAP and PPA
processes are of equal importance, whereas at focal diam-
eters below 1 �m, PPA clearly dominates. The mechanisms
that lead to the production of the double-core-hole state of
Ne4+ may be written as PAPP and PPAP. At a focal diameter
of 1 �m, both mechanisms contribute with approximately
equal probability. In Fig. 3�b�, we plot the ratio � of the
ensemble average of the Auger electron yield in a given
channel and the corresponding Auger electron yield obtained
with the averaged pulse. At large focal widths �approxi-
mately 100 �m�, � for the Ne2+ double-core hole tends to
1.36, whereas � for the Ne4+ double-core hole tends to 1.31.
These statistical enhancement factors are roughly halfway
between the two extremes of �=1 and �=2 discussed in Sec.
IV. This is consistent with the fact that here the ratio of the
coherence time and the respective Auger lifetime of the in-
termediate single-core-hole state is approximately equal to 1.
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FIG. 2. �Color online� Neon exposed to a typical FEL pulse with
�0=1050 eV and a focal diameter of 1 �m. The first few fs during
the pulse are shown. �a� K-shell photoionization rate of
Ne1+ 1s12s22p6, as a function of time. Also plotted is the Auger
decay rate of a Ne core hole. �b� Ne1+ and Ne2+ probabilities and
Auger yields from Ne1+ 1s12s22p6 and Ne2+ 2s22p6, as a function
of time.
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In fact, the lifetimes of the single-core-hole states of Ne3+ are
bigger by 12–25 % �depending on the electronic configura-
tion of Ne3+� than the lifetime of Ne1+ 1s12s22p6, which is
the reason why � for Ne4+ is smaller than � for Ne2+. As the
Auger electron yields of Ne2+ and Ne4+ start to saturate at
high intensity, the respective �’s tend to unity, after passing
through a minimum similar to the one observed in He �see
Fig. 1�. We note that at low intensity, the impact of the cha-
otic field statistics is to slightly suppress the �’s for the Au-
ger electron yields from the single-core-hole states of Ne1+

and Ne3+ �PAP�. Both single-core-hole �’s go through a pro-
nounced maximum near a focal diameter of 0.5 �m.

At the intensities shown in Fig. 3, the charge states dis-
cussed appear and disappear relatively early during the FEL
pulse �cf. Fig. 2�. Their temporary presence is most easily
monitored by measurement of the Auger electron spectrum.
As illustrated in Fig. 4�a�, the charge-state distribution after
the FEL pulse is characterized by Ne ions with charge 5+ or
higher. The photon energy of 1050 eV allows for K-shell
ionization of up to Ne4+ �production of Ne5+ with a single
core hole�, which via Auger decay gives Ne6+. This ion is
therefore predominant in the charge-state distribution. Fur-
ther ionization proceeds via valence shell ionization �symbol
V�, which at small focus creates up to Ne8+. At a focus of
approximately 1.5 �m, when PPA and PAP are of equal im-
portance, the major routes to producing Ne8+ occur with
similar probabilities and follow the patterns PAPAPAVV,
PPAAPAVV, and PAPPAAVV. These are all five-photon pro-
cesses. Hence far below saturation, the Ne8+ yield should be
proportional to the fifth power of the intensity. We observe
this expected power-law dependence at intensities smaller
than 31014 W/cm2 �corresponding to a focal diameter of

50 �m�, where the probability of producing Ne8+ is 10−9.
The power-law dependence is valid only in the perturbative
limit, in which the Ne ground state is hardly depopulated.
This condition is clearly not satisfied in the parameter range
underlying Fig. 4. In Fig. 4�b�, we plot the ratio � of the
ensemble-averaged charge-state probability and the corre-
sponding probability resulting from the averaged pulse. Un-
like the Auger electron yields, the ion yields are only weakly
affected by the statistical properties of the radiation field; �
is very close to unity. We confirmed that this is also true for
higher photon energies. �An exception is discussed below.�
The photon-energy dependence of the ion yield may there-
fore be calculated using the averaged pulse.

Figure 5 shows the Ne ion yield as a function of the
photon energy �for the averaged pulse�. The graph displays a
complex, steplike structure. Generally, a large increase or
decrease in a specific charge state is due to the opening of a
new ionization channel. The K edge of Ne is located at
870 eV. For energies below 870 eV, production of Ne6+ in-
volves valence-shell ionization �VVVVVV six-photon pro-
cess�. At the Ne K edge, there is a discontinuous increase in
the Ne6+ �PAVVVV five-photon process� and Ne8+ �PAV-
VVVVV seven-photon process� yields. The step in the Ne8+

yield near 925 eV coincides with the K edge of Ne2+ �PA-
PAVVVV six-photon process�. Ne8+ is predominant between
1100 and 1200 eV, i.e., between the K edges of Ne6+ and
Ne8+. The major pathway to Ne10+, which becomes relevant
above 1225 eV, involves the temporary formation of double-
core-excited Ne8+ from core-excited Ne7+ �PAPAPAPP,
PPAAPAPP, or PAPPAAPP�. Doubly excited Ne8+ undergoes
autoionization primarily into the n=2 channel of Ne9+ �73�.
Fully stripped neon is then produced through photoionization
of the remaining electron. Overall, this is a six-photon pro-
cess. The production of Ne10+ rises to its maximum right
above the threshold for ionizing Ne9+ in its ground state
�1362 eV�.
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FIG. 3. �Color online� Neon exposed to an ensemble of 10 000
FEL pulses ��0=1050 eV�. �a� Auger electron yields �ensemble av-
erage� from the double-core-hole states of Ne2+ and Ne4+ �PPA
process� and from the single-core-hole states of Ne1+ and Ne3+
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ensemble average of Auger electron yield and the corresponding
yield obtained with the averaged pulse.
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The charge-state distribution of Ne is largely independent
of the pulse shape if, at the photon energy considered, tem-
porary double-core-hole formation is not essential for pro-
ducing the respective charge states. For instance, when we
replace the averaged pulse underlying Fig. 5 with a Gaussian
pulse �same duration and pulse energy�, the charge-state dis-
tribution varies by less than 5% for the dominant ion species
up to Ne8+. In the energy window between 1225 and
1362 eV, where the generation of doubly-core-excited Ne8+

is crucial in order to produce Ne10+, the Ne10+ yield is 1.6
times bigger for the averaged pulse than for the Gaussian
pulse. We mention that for the Auger electron yield originat-
ing from the double-core-hole state of Ne2+, the enhance-
ment factor for the averaged pulse relative to the Gaussian
pulse is 15.

VI. CONCLUSIONS

At sufficiently high photon energy, nonlinear x-ray ab-
sorption may in general be characterized by a sequence of
inner-shell photoemission and Auger decay processes. As
discussed in Sec. IV, we may distinguish between two-
photon processes that are accompanied by double-core-hole
formation �PPA� and those associated with the formation of a
core hole followed immediately by Auger decay �PAP�. The
PPA process is rather sensitive to the chaoticity of SASE
FEL radiation; it may be enhanced by a factor of up to 2.
What matters here is the ratio of the FEL coherence time and

the Auger lifetime: The larger this ratio, the closer to the
maximum value the enhancement factor will be. In the case
of neon double-core-hole formation, assuming LCLS param-
eters, we find an enhancement factor of about 1.3, provided
PPA is not saturated. On the other hand, in the case of the
PAP process, it makes very little difference whether the PAP
probability is averaged over the ensemble of radiation pulses
or whether the PAP probability is determined only for the
averaged radiation pulse.

Initially, LCLS will operate in the soft-x-ray regime near
1 keV. This makes both He and Ne good candidates for first
experiments. Our calculations demonstrate that near a focal
diameter of 1 �m, two-photon double ionization of He ap-
proaches saturation. For He, SASE FEL statistics is essen-
tially irrelevant, since the intermediate state does not un-
dergo relaxation and the coherence time is small in
comparison to the pulse duration. In the case of Ne, we find
that PPA- and PAP-type processes are of similar importance.
Above 1.4 keV, Ne may become essentially fully stripped.
This corresponds to a sequential six-photon process. The
nonlinear nature of Ne10+ production, for instance, may be
experimentally verified by measuring the Ne10+ yield as a
function of the intensity. At a focal diameter of 1 �m, the
Ne10+ yield is saturated �see Fig. 5�. By attenuating the LCLS
beam, or by increasing the focal width, one may reach an
unsaturated regime in which the Ne10+ yield is proportional
to the average peak pulse intensity to the power of 6.

In stark contrast to experiments with chaotic lasers in the
optical domain �41,42�, the statistical enhancement factor in
sequential x-ray n-photon absorption is much smaller than
n!, except for n=2 in the case of pure PPA. The statistical
enhancement of nonlinear x-ray absorption is limited by the
enhancement obtained in individual PPA steps. At low inten-
sity, where PPA is weak, the primary mechanism for produc-
ing a given charge state is PAP. At high, nonperturbative
intensity, PPA becomes important, but due to saturation ef-
fects, the statistical enhancement factor of PPA is now close
to one �cf. Fig. 3�. Therefore charge-state distributions may
be calculated, to a first approximation, using simply the av-
eraged radiation pulse. More sensitive probes of FEL photon
statistics are the Auger electron spectra associated with the
electronic decay of double-core-hole states.
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