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Multiply inner-shell excited states produced through multiple x-ray absorption relevant
to x-ray pulses
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We study fluorescence x rays emitted from multiply inner-shell excited states produced by high-brightness
x-ray absorption. The pulses of the fluorescence x rays from the multiply inner-shell excited states are shorter
than that of the original x-ray source. As the pulse of x-ray sources becomes shorter, hollow atoms are
produced more efficiently.

DOI: 10.1103/PhysRevA.76.042705 PACS number�s�: 32.80.Hd, 32.80.Fb, 41.50.�h

I. INTRODUCTION

High-brightness short-pulse ��100 fs� x-ray free-electron
laser �XFEL� sources will be developed as high-energy
probes of matter in the United States, European Union, and
Japan around 2010 �1,2�. Such x-ray sources have also been
developed as laser-driven x-ray sources �3–7�. These high-
brightness short-pulse x-ray sources are expected to measure
the structure of biological materials without crystallization
�8,9�. However, since high-brightness x rays damage the tar-
get materials, shorter x-ray pulses, which can measure the
targets with little damage, are desirable �8,9�. For example,
the required x-ray pulse is calculated to be smaller than 5 fs
for atom length structural measurement of proteins �8�.
These x-ray sources are also useful for �1� the measurement
of ultrafast processes such as those occurring in material sci-
ence �10,11�, the photoreceptors of our eyes �12,13�, and
photosynthesis �14,15� and �2�, the production of photoion-
ized plasma �16,17�.

Inner-shell excited states produced by x-ray absorption
are useful for the measurement of materials. For example,
the spectra of Auger electrons have been used for structural
measurements of materials �18�. Furthermore, by using the
fluorescence x-ray holography method, the cubic structures
of materials have been measured �19,20�. By using high-
brightness short-pulse x rays, these techniques may also be
applied to the structural measurement of biological materials.

Moribayashi et al. found a new characteristic in the pro-
duction of multiply inner-shell excited states by high-
brightness x rays �21–23�. They devised an x-ray laser
scheme using hollow atoms, which originate from inner-shell
ionization x-ray lasers pumped by very high-brightness x
rays �21�. In this case, inner-shell ionization processes be-
come much faster than any other atomic processes, such as
autoionization and radiation transition processes. As a result,
multiply inner-shell ionizations predominate, leading to the
formation of multiply inner-shell excited states, or hollow
atoms. In contrast, for an ordinary x-ray source, since auto-
ionization or radiation transition processes are much faster
than photoionization processes, further inner-shell ioniza-
tions from inner-shell excited states seldom occur. From this
characteristic, they showed that x-ray emissions from hollow

atoms give information about the x-ray intensities of high-
irradiance x-ray sources �22�. Furthermore, they proposed
measurement of the pulses of femtosecond pulse x rays by
using fluorescence x rays from multiply inner-shell excited
states and an autocorrelation method �23�.

In this paper, we study �i� x-ray pulses emitted from mul-
tiply inner-shell excited states produced by high-brightness x
rays vs the pulse of the original x ray and �ii� the production
ratio of multiply inner-shell excited states as a function of the
x-ray pulses and irradiances of the original x-ray source. This
may be useful for the measurement of structure using an
XFEL, for instance, using fluorescence x-ray spectra �18� or
fluorescence x-ray holography �19,20� to understand the
characteristics of multiply inner-shell excited states produced
through multiple-x-ray absorption.

II. METHOD OF CALCULATION

The methods of calculation and the model employed here
are the same as those in Refs. �21–23�. Here, we treat argon
atoms as the target material. Argon is a good target material
for the first demonstration experiment because it is easy to
treat as a gas or clusters. We employ x-ray absorption ion-
ization �AI�, radiative transition �Ar�, and autoionization �Aa�
processes. For example, in the case of the ground state of
argon atoms �1s22s22p63s23p6�, the following processes are
considered:

Ar�1s22s22p63s23p6� + h� → Ar+�1s22s22p63s23p5� + e−,

�1�

Ar�1s22s22p63s23p6� + h� → Ar+�1s22s22p62p63s3p6� + e−,

�2�

Ar�1s22s22p63s23p6� + h� → Ar+�1s22s22p53s23p6� + e−,

�3�

Ar�1s22s22p63s23p6� + h� → Ar+�1s22s2p63s23p6� + e−.

�4�

On the other hand, from the inner-shell excited states of ar-
gon, the Ar and Aa processes are given by

Ar+�1s22s22p53s23p6� → Ar+�1s22s22p63s3p6�

+ h� �Ar�3s − 2p�� , �5�*FAX: �81-774-71-3316. moribayashi.kengo@jaea.go.jp
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Ar+�1s22s22p53s23p6� → Ar2+�1s22s22p63s23p4�

+ e− �Aa�3p2�−1� , �6�

Ar+�1s22s22p53s23p6� → Ar2+�1s22s22p63s3p5�

+ e− �Aa�3s3p�−1� , �7�

Ar+�1s22s22p53s23p6� → Ar2+�1s22s22p63p6�

+ e− �Aa�3s2�−1� . �8�

We ignore the electron impact ionization processes because
we assume a gas target with low density ��1019/cm3�. The
atomic data employed here are calculated by using Cowan’s
code �24�. Figure 1 shows the atomic processes relevant to
multiply inner-shell ionizations, such as photoionization,
autoionization, and radiative transitions. The detailed atomic
processes for autoionization, and radiative transitions are
listed in Table I. With these atomic processes, the population
dynamics of the various atomic states may be investigated
using the rate equations, that is,

dP0

dt
= − �0P0,

dP1

dt
= �0,1P0 − �1P1,

�

dPh

dt
= �n,hPn − �hPh, �9�

where P0, P1, P2 , . . . , Ph are the populations of the ground
state, the inner-shell excited state, the doubly inner-shell ex-
cited state, and soon, and the hollow atoms of Ar, respec-
tively, �m,k is the transition rate via the inner-shell photoion-
ization processes from the mth to the kth state, and �k is the

FIG. 1. Atomic processes relevant to multiple-x-ray ionization
such as photoionization, autoionization, and radiative transition �see
Table I for autoionization and radiative transition�.

TABLE I. Atomic data for argon. �a� Eav and Ar. For the calcu-
lation, Eqs. �11� and �12� are used. The first to fourth columns list
the transition number, initial and final states, Eav, and Ar. For the
transition, the initial and final states for n=2 are shown. �b� Aa. For
the calculation, Eq. �12� is used. The first column lists the initial and
final states for n=2, and the second to fourth columns give Aa for
final states of n=3.

No. States Eav �eV� Ar �1/s�

�a�
1 2s22p5-2s22p6 215 4.47�1010

2 2s22p4-2s22p5 241 1.11�1011

3 2s22p3-2s22p4 268 2.00�1011

4 2s22p2-2s22p3 298 3.14�1011

5 2s22p-2s22p 330 4.55�1011

6 2s2-2s22p 362 6.22�1011

7 2s2p5-2s2p6 237 5.13�1010

8 2s2p4-2s2p5 262 1.24�1011

9 2s2p3-2s2p4 290 2.19�1011

10 2s2p2-2s2p3 320 3.38�1011

11 2s2p-2s2p2 352 4.82�1011

12 2s-2s2p 385 6.50�1011

13 2p5-2p6 256 5.65�1010

14 2p4-2p5 283 1.34�1011

15 2p3-2p4 314 2.33�1011

16 2p2-2p3 345 3.54�1011

17 2p-2p2 378 4.97�1011

18 Hollow atom-2p 413 6.63�1011

19 2s2p6-2s22p6 312 4.46�1011

20 2s2p5-2s22p5 333 6.31�1011

21 2s2p4-2s22p4 354 8.55�1011

22 2s2p3-2s22p3 377 1.12�1012

23 2s2p2-2s22p2 400 1.43�1012

24 2s2p-2s22p 423 1.79�1012

25 2s-2s2 446 2.20�1012

26 2p6-2s2p6 338 1.27�1012

27 2p5-2s2p5 358 1.71�1012

28 2p4-2s2p4 379 2.24�1012

29 2p3-2s2p3 401 2.86�1012

30 2p2-2s2p2 424 3.58�1012

31 2p-2s2p 448 4.40�1012

32 Hollow atom-2s 473 5.34�1012

�b�

States
Aa �3s23p4�

�1/s�
Aa �3s3p5�

�1/s�
Aa �3p6�

�1/s�

2s22p5-2s22p6 1.19�1014 3.62�1013 1.20�1012

2s22p4-2s22p5 3.30�1014 9.39�1013 3.66�1012

2s22p3-2s22p4 6.47�1014 1.72�1014 7.33�1012

2s22p2-2s22p3 1.01�1015 2.75�1014 1.21�1013

2s22p-2s22p2 1.55�1015 3.99�1014 1.78�1013

2s2-2s22p 2.18�1015 5.47�1014 2.39�1013
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decay rate via Ar, Aa, and PI processes in the kth state. The
photon number �Nhk� is given by

Nhk = �
0

�

PkArdt . �10�

Since we treat the x-ray emission with a single photon en-
ergy, we calculate Nhk emitted from the states of
1s22sk2pk�3s23p6 �k=0 or 1, k�=0�5�; Namely, we do not
treat the x-ray emmitted from the states in which a 3s or 3p
electron is ionized.

We have employed approximations for the atomic data of
the energy levels �E�, Ar, and Aa in order to avoid treating a
large number of coupled rates. We should note that Suto and
Kagawa have shown good agreement of their results calcu-
lated with this approximation with the experimental ones for
spectroscopy from hollow atoms produced by the collision of
argon ions with a solid �25�. The atomic data are averaged
over the quantum numbers of spin angular momentum �S�,
orbital angular momentum �L�, and total angular momentum
�J�. The averaged transition energy �Eav� and the averaged
atomic data of Aa and Ar are given by

Eav�3s → 2p� =

�
S,L,J

gSLJ �
S�L�J�

ArSLJS�L�J�ESLJS�L�J�

�
S,L,J

gSLJ �
S�L�J�

ArSLJ,S�L�J�7

�11�

and

Aav =

�
S,L,J

gSLJASLJ

�
S,L,J

gSLJ

, �12�

respectively, where gSLJ expresses the statistical weight of
each state and the transition of ArSLJS�L�J� and ESLJS�L�J� is
1s22s22p53s23p6 SLJ→1s22s22p63s3p6 SL�J. Table I lists
Eav, and the rates for Arav, and Aaav processes employed in
our calculation.

III. RESULTS AND DISCUSSIONS

Figure 2 shows the x-ray intensities for the original x-ray
source and those from inner-shell excited states, doubly
inner-shell excited states of 2p electrons, and hollow atoms
for n=2 electrons of Ar as a function of time, where n is the
principal quantum number. The irradiance, energy, and pulse
of the original x-ray source are 1014–1019 W/cm2, 1 keV,
and 10 and 100 fs, respectively. We employ a Gaussian-type
time function of the original x-ray source. In the case of the
x-ray intensity of 1014 W/cm2 �see Figs. 2�a� and 2�d��, the
x-ray pulse lengths emitted from doubly inner-shell excited
states and hollow atoms become about 3 /4 and 1/2 as short
as that of the original x-ray source, respectively. On the other
hand, for the fluorescence x-ray emitted from inner-shell ex-
cited states, the pulse length is almost the same. This comes
from the fact that the production probabilities of the nth
inner-shell excited states increase according to In, where I is
the irradiance of the original x-ray source. As a result, the
x-ray intensities emitted from inner-shell excited states are in
proportion to those of the original x-ray source. On the other
hand, multiply inner-shell excited states are produced only
near the peak irradiance. For irradiances of
1015–1017 W/cm2, we obtain almost the same results. For
irradiances of more than 1018 W/cm2, the pulse emitted from
doubly inner-shell excited states and hollow atoms becomes
much shorter �see Figs. 2�c� and 2�e��: the pulse emitted
from the hollow atoms becomes about 1/6 as short as that of
the original source. This may come from the fact that the
hollow atoms decay faster through the photoionization of the
outer-shell electrons. When we employ multiply inner-shell
excited states of d or f electrons of atoms with a larger
atomic number, the pulse may be shorter because a larger
number of n exist.

Figure 3 shows the ratio of the peak intensity of x-ray
emissions from multiply inner-shell excited states and hol-
low atoms to that from inner-shell excited states of 2p elec-
trons as a function of I. We treat pulses of the original source
of 10 and 100 fs in Figs. 3�a� and 3�b�, respectively. It should
be noted that the peak intensity of x-ray emissions from the
inner-shell excited states of a 2p electron is almost indepen-

TABLE I. �Continued.�

States
Aa �3s23p4�

�1/s�
Aa �3s3p5�

�1/s�
Aa �3p6�

�1/s�

2s2p5-2s2p6 1.65�1014 4.65�1013 1.94�1012

2s2p4-2s2p5 4.23�1014 1.15�1014 5.27�1012

2s2p3-2s2p4 7.85�1014 2.06�1014 9.72�1012

2s2p2-2s2p3 1.24�1015 3.20�1014 1.50�1013

2s2p-2s2p2 1.79�1015 4.52�1014 2.09�1013

2s-2s2p 2.42�1015 6.13�1014 2.70�1013

2p5-2p6 2.07�1014 5.74�1013 2.83�1012

2p4-2p5 5.09�1014 1.38�1014 6.97�1012

2p3-2p4 9.10�1014 2.39�1014 1.19�1013

2p2-2p3 1.36�1015 3.64�1014 1.76�1013

2p-2p2 1.93�1015 5.11�1014 2.36�1013

Hollow -2p 2.58�1015 6.77�1014 2.96�1013

2s2p6-2s22p6 2.78�1012 1.14�1014 2.32�1013

2s2p5-2s22p5 3.82�1012 1.49�1014 2.83�1013

2s2p4-2s22p4 4.97�1012 1.85�1014 3.35�1013

2s2p3-2s22p3 6.72�1012 2.21�1014 3.88�1013

2s2p2-2s22p2 7.91�1012 2.57�1014 4.38�1013

2s2p-2s22p 9.70�1012 2.94�1014 4.88�1013

2s-2s2 1.18�1013 3.28�1014 5.36�1013

2p6-2s2p6 7.51�1012 3.21�1014 6.38�1013

2p5-2s2p5 9.76�1012 3.97�1014 7.50�1013

2p4-2s2p4 1.24�1013 4.75�1014 8.65�1013

2p3-2s2p3 1.54�1013 5.48�1014 9.70�1013

2p2-2s2p2 1.89�1013 6.22�1014 1.08�1014

2p-2s2p 2.30�1013 6.92�1014 1.17�1014

Hollow-2s 2.78�1013 7.61�1014 1.27�1014
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FIG. 2. �Color online� X-ray irradiance vs time for the original x-ray source �shown in the upper figure�, x-ray emission from singly
inner-shell excited states �1s22s22p53s23p6�, doubly inner-shell excited states of 2p electrons �1s22s22p43s23p6�, and hollow atoms for n
=2 states �1s23s23p6� using various x-ray intensities and x-ray pulses �shown in the lower figures�. The intensity and pulses are �a�
1014 W/cm2, 10 fs, �b� 1017 W/cm2, 10 fs, �c� 1018 W/cm2, 10 fs, �d� 1014 W/cm2, 100 fs, and �e� 1018 W/cm2, 100 fs. The numbers 1, 2,
and 32 given in the figures correspond to the transitions 1s22s22p53s23p6→1s22s22p63s3p6, 1s22s22p43s23p6→1s22s22p53s3p6, and
1s23s23p6→1s22s3s23p5 as listed in Table I�a�, respectively.
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dent of the pulses and intensities of the original x-ray source
for intensities of more than 1016 W/cm2. Therefore, the rates
in Figs. 3 are the creation rates of multiply inner-shell ex-
cited states and hollow atoms. For x-ray emission from the
doubly and triply excited states, the x-ray emission is almost
the same as that from the inner-shell excited states, and satu-
rates around I�1016 W/cm2. For the 100 fs pulse, the ratio
for the hollow atoms is as small as 10−4 even for an irradi-

ance of more than 1018 W/cm2 �see Fig. 3�b��. On the other
hand, for the 10 fs pulse, the ratio becomes about 0.5 at the
irradiance of 1019 W/cm2 �see Fig. 3�a��. This may come
from the fact that the hollow atoms are produced at a higher
x-ray intensity for the 10 fs pulse than for the 100 fs pulse
because the hollow atoms are produced before the peak x-ray
intensity. The effect of the production of an n times inner-
shell excited state from an n−1 times inner-shell excited
state is governed by the following branching ratio:

�n

�n−1,n + �n
, �13�

where �n−1 is almost determined by the rate of autoionization
and �n is the rate of inner-shell ionization. That is, higher
intensities of x rays, which produce larger �n values �21�,
result in more efficient production of the hollow atoms.

IV. SUMMARY

We study the time dependence of multiply inner-shell ex-
cited states produced by high-brightness x rays and of the
x-ray emission processes from these multiply inner-shell ex-
cited states. We have found that the x-ray pulse emitted from
multiply inner-shell excited states may become shorter than
the pulse of the original x-ray sources. When the x-ray irra-
diance becomes more than 1018 W/cm2, the pulse becomes
about one-sixth the size of that of the original x-ray source;
namely, higher intensities of x rays result in a more efficient
production of hollow atoms. We have found that hollow at-
oms are produced more efficiently as the pulse of x-ray
sources decreases.
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