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The planned construction of an X-ray free-electron laser (XFEL) will
provide new opportunities for research in various areas of physics,
chemistry and biology. The proposed design of the XFELs at DESY
(Deutsches Elektronen-Synchrotron) and SLAC (Stanford Linear
Accelerator Center) is built on the concept of a fourth-generation
synchrotron source and will provide an intense pulse (/, >
10" Wem™, 7, ~ 100 fs) for photon wavelengths down to 1A
Some guidelines for applications of these sources pertaining to
atomic physics are presented here. Issues such as the onset of strong
photon-field effects, multiple ionization and hollow-atom formation
are analyzed. Attention is especially given to studying the interaction
with rare-gas atoms, for which some numerical estimates are
provided.
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1. Introduction

Since their discovery in 1945 (Blewett, 1946), synchrotron radiation
sources have contributed to our understanding of many phenomena
in the areas of physics, chemistry and biology. The technical devel-
opment of synchrotron sources has evolved through three genera-
tions, each providing higher brightness than their predecessors
(Winick, 1998). Third-generation sources have provided an oppor-
tunity for experiments at high photon energies, presently extending
up to 100 keV (Tschentscher & Suortti, 1998).

Presently, we are facing a breakthrough in the technology of
synchrotron sources, which is leading to the development of fourth-
generation machines in the X-ray regime, also known as the X-ray
free-electron laser (XFEL). While these sources are still built
according to the concept of a synchrotron source, the beam proper-
ties are mainly those of a laser source, with wavelengths extending
well into the X-ray region. Two well known projects at DESY (DESY,
2001; Brinkmann et al., 1997) and SLAC (SLAC, 2001; Tatchyn et al.,
1996) plan to provide photon intensities of about 10'® W cm=2 with
photon wavelengths down to 1 A. The technical status of short-
wavelength free-electron lasers up to 1996 was summarized by Colson
(1997), and the shortest wavelength attainable at that time was
reported to be 250 nm.

In this work, we are concerned with the impact of XFEL sources on
studies of basic atomic physics, primarily in rare gases. This is a
narrow segment of the full range of applicability of XFELs. However,
this segment is relevant because the XFEL wavelength is small
enough to reach into the inner atomic core of the various materials
probed. Moreover, the first atomic physics experiments are likely to
be performed using noble gases. A general overview of the wide
applicability of XFELs was undertaken by Brinkmann ez al. (1997),

covering material science, biology and molecular physics, among
others. Other studies on specific areas have also begun to appear in
the literature (Doniach, 2000). At the atomic level, XFELs will
interact with all forms of matter. Recently, there have been two
papers published in atomic physics that are concerned with ionization
by a strong source within the XUV region (Brewczyk & Rzazewski,
1999; Gajda et al., 2000). To our knowledge, no work has been
published so far that considers the interaction of atomic systems with
photon sources having the characteristics of the XFEL. In this work,
we will consider the specific characteristics of the XFEL sources
planned at DESY and SLAC. However, our discussion is quite
general and many considerations are equally applicable to other
sources planned to operate in the XUV and soft-X-ray region
(Colson, 1997). The principal characteristics of the sources at DESY
and SLAC are summarized in Table 1. For our applications on atomic
physics, relevant parameters are wavelength, pulse duration, spot size
and number of photons per pulse. Despite differences in design,
construction and performance, as is indicated for the different cases
in Table 1, we will assume the following values for our analysis:
wavelength 1 A, pulse duration 100 fs, spot size 20 x 20 um and
number of coherent photons per pulse 5 x 10'2. In some cases, we will
discuss the effects of varying some of these parameters.

The purpose of our work is therefore twofold. On one side, we will
give some general considerations for atomic systems, which we feel to
be of wide interest for future applications. The area of hollow atoms is
of special interest, as is consideration of multielectron processes in
the quite unusual characteristics of the XFEL. On the other hand, we
wish to provide some initial estimates for ionization of rare gases with
XFEL sources and to point out issues of interest in this field. General
conclusions concerning the issues studied will be given in the last
section.

2. Topics of interest for atomic systems

In this section, we will give an outline of some basic issues to be
considered concerning the interaction of radiation from an XFEL
with an atomic environment. The discussion will be mostly qualitative
at this stage, since we are trying to identify issues that we feel are
most interesting. In the next section, we will use some concrete
examples on the rare gases to set down quantitative criteria for future
work. We divide the discussion into subsections of special interest.

2.1. Onset of strong photon-field effects

Studies on the interaction of hard-X-ray photons with atomic
targets have been entirely in the weak-field regime. In an XFEL, the
strong-field regime may be approached. Here we make some esti-
mates to characterize the strong-field regime and relate them to the
design parameters of the XFEL: wavelength 2, pulse duration ,,, spot
size A and number of coherent photons per pulse N,,.

To characterize the strong-photon-field regime, we require that the
electric field of the photons (£,) be comparable with the electric field
binding an electron of principal quantum number n to a target

nucleus of charge Z, namely
E,~E.(Z,n) (strong field boundary). 1

For a hydrogenic electron, the binding energy Uy,gine(Z, 1) scales as
Z?/n?, and the orbital radius r.;,(Z, n) scales as n*/Z. Thus, the
critical field strength for Z targets is given by

Ecr(Z7 n) = Ubinding/rorbil = (ZS/nA)Ecr(Z = 1’ n= 1)1 (2)

where the critical field for hydrogen is E (Z=1,n=1) =
2x13.6V/0529A =514 x10°Vem .
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Table 1

Parameters for three cases of the DESY project (Brinkmann et al., 1997) and for three cases of the SLAC project (Tatchyn et al., 1996).

XFEL DESY-1 DESY-2 DESY-3 SLAC-1 SLAC-2 SLAC-3
Wavelength A (A) 1 2.4 1 40 4.5 15
Pulse length 7, (fs) 80 80 80 300 150 250
Coherent photons per pulse (x10'%) 0.3 0.8 0.8 6.6 33 0.5
Transverse size (pm) 25 28 17 80 30 20
Peak current (kA) 5.0 5.0 5.0 2.5 5.0 5.0
Electron beam energy (GeV) 25 25 50 7 15 15
Undulator period A, (cm) 5.0 7.0 7.0 8.3 4.0 3.0
Repetition rate (Hz) 50 50 50 120 120 120
Peak power (GW) 65 85 200 10 100 50
Average power (kW) 0.8 1.0 2.4 0.4 14 1.6
Bandwidth (FWHM) (%) 02 02 02 0.1 0.1 0.1
Peak brightnesst (x10°") 660 350 2000 5 500 500
Average brightnesst (x10%) 800 420 2400 0.02 1 1
Divergence angle (prad) 0.75 14 0.8 25 10 5
Normalized emittance (mm mrad) 3.0 3.0 3.0 35 1.0 1.0
Saturation length (m) 95 87 95 60 40 55
Peak magnetic field (T) 0.89 0.85 0.78 0.76 1.6 13

1 In units of photons s™! mm~ mrad~? (0.1% bandwidth) .

Now we turn our attention to the field strength of the photons in
the XFEL. The power density for the XFEL is given by

I, = N, (hc/))(1/AT,). (3)

For the nominal specifications 7, = 100 fs, N, =5 x 10'2 photons per
pulse, A = 4 x 107° cm?® at a wavelength A = 1 A, the power density
is 2.5 x 10'® W cm™2. This can be easily converted to an electric field
strength, assuming linearly polarized fields, using the relationship
I,(Wem™) = ¢yc[E, (Vem™)]%.

This yields a field strength of 4.3 x 10° V cm™2, which is compar-
able to the critical field for hydrogen. Since the critical field for
higher-Z targets scales as Z>/n*, it will not be possible to reach the
strong-field regime for inner shells (n = 1) of intermediate-Z targets.
However, with effective focusing, for example, a demagnification
factor of 4000, one may approach the strong-field regime for Ne,
Z=10,n=2.

We note that it is possible to detect strong-field effects when the
photon field is somewhat weaker than that estimated above. Of
course, strong-field effects are usually relatively small unless the
transition is forbidden (or at least inhibited) under weak conditions.
We also note that in the weak-field regime the incident photon
intensity and yield vary as EZ, but this is not the case in the strong-
field regime. In the strong-field regime a variety of new physics comes
into play, including non-linear effects, non-dipole effects, entangle-
ment of one or more electrons with the photon field, and multiple-
electron transitions, especially multiple ionization.

2.2. Multiple ionization

A question of fundamental importance in plasma formation is how
multiple ionization occurs in strong fields. Experiments have been
performed previously for long wavelengths [cf. a review for two-
electron atoms by Lambropoulos et al. (1998); also Parker et al
(2001)], and the mechanisms for production of multiply charged ions
are considered to be a sequential or a direct transition (Crance, 1987).
In most cases, the sequential transition dominates, and sequential
models based on an independent-particle approximation (IPA) were
developed by Geltman (1985).

We consider first the case of the sequential transition, for which the
independent-particle assumption can be applied. In the IPA, the
electrons are stripped independently from the atom by the strong
field. Since the collision time is slow compared with the electronic

orbit time, there is time for the electrons to readjust. Therefore, each
stage of ionization occurs with a different binding energy and
screening parameter. For a system with N independent electrons, the
probability is a factor of single-electron terms, e.g. a multinomial
distribution,

P=P,P,P,...(1—Py_)(1—Py). (4)

Here P, is the probability for removing a single electron by the strong
field and (1 — P;) is the probability that the electron is not ionized. In
this model, the difficulty of managing the N-electron problem is
reduced to a simpler one-electron problem solved N times with N
different binding energies. If the single-electron probabilities are
nearly equal, P; >~ P, and a simple binomial expression of the form
P'(1 — P)V™" results for the ionization of n of the N electrons. One
might expect that the transition from single to multiple ionization
would occur rapidly owing to factors of P"(1 — P)V™". As P — 1, the
(1 —P)™" terms go quickly to zero, and it is unlikely that many
electrons are left in the atom. However, this rapid transition from the
weakly ionized to the strongly ionized state occurs more slowly, since
the transition is sequential, and the binding energies adjust so
saturation for each stage of ionization tends to occur at different field
strengths depending on the ionization potential at that stage of
ionization. Saturation tends to occur when the photon-field strength
is greater than the binding to the atom by its nucleus (Walker et al.,
1994; Becker & Faisal, 1999).

Application of the independent-particle assumptions, in the form
outlined above, could be straightforward for the conditions of the
XFEL, as seen previously in other regimes (Geltman & Zakrzewski,
1988). One significant issue to take into account is the influence of
shake-off contributions, which are quite important in the high-energy
region considered here. The shake-off contribution is here the name
for the ‘direct’ transition, which is characteristically different from the
‘sequential’ picture outlined above. While direct transitions for
formation of multiply charged ions are difficult to calculate for
multiphoton processes (Crance, 1987; Lambropoulos et al., 1998), the
shake-off contribution for high photon energies is a well known and
widely studied topic (Aberg, 1994; McGuire, 1997). In strong fields in
the XUV and X-ray regime, the competition between sequential
(independent-electron) transitions and direct (shake-off) transitions
comes into play (Becker & Faisal, 1999). In §3 we will analyze the
situation for the conditions of the XFEL and for rare-gas atoms.
However, and even more importantly, the mechanisms of multiple
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ionization are very different for IR lasers and X-rays. X-rays create
inner-shell vacancies, which then automatically create multiply
charged ions by Auger decay, radiative transitions and shake
processes. For example, the dominant charge state for irradiating Ar
with a 10 keV photon would be Ar**. The initial photoionization of
the K-shell electron would be followed by rapid Auger decay, first the
K-LL to produce 2+ and then the 2(L-MM) to produce 4+ (Kochur
et al., 1995).

2.3. Hollow atoms

In the hard X-ray range, the probability for ionization of atomic
inner shells can be greater than the probability for ionization of outer
shells. If this occurs, then the atom may be hollow if the outer shells
still have some electrons. The term ‘hollow atom’ has been used since
1990 (Briand et al., 1990) to denote this situation, but study of these
interesting cases in atomic physics has been scarce within the area of
photon-atom interactions. Hollow atoms have been mainly produced
in surface-ion collisions (Winter & Aumayr, 1999), and it is in that
context that they have been largely studied. A special case within
photon-atom interactions that deserves to be mentioned is the case
of lithium, where it is feasible to excite the inner shell with today’s
technology. An Li hollow atom has been studied with synchrotron
radiation (Kiernan et al., 1994; Azuma et al., 1995; Journel et al., 1996)
and also theoretically in a multiphoton context (Madsen et al., 2000).
Recently, there have been studies on the production of hollow
K-shells in intermediate Z atoms using single-photon excitation in
the X-ray range. An initial study using solid-state detectors and
coincidence techniques (Kanter et al., 1999) was followed by higher-
resolution studies using X-ray spectrometers (Diamant et al,
2000a,b). Availability of short-wavelength sources such as the XFEL
will provide new opportunities for research in this growing field of
atomic physics.

The mechanisms of formation and decay of hollow atoms by
excitation of an XFEL source will be a prime area of study. The
photon pulse length (7, ) characterizes in some way the formation of a
hollow atom. A hollow atom decays with times characteristic of
radiative decay (t,) and Auger decay rates (7,). For the XFEL, we
have 7, > 100 fs. The characteristic times of decay would depend of
course on the atom and the state of ionization. However, in general,
Auger decay dominates over radiative decay for 1s vacancies in atoms
with low Z values (Bambynek et al., 1972). For the case of Ne,
7, >~ 160 fs and 7, > 3 fs, which is much smaller than t,. Thus, the
typical decay times of hollow atoms are smaller than the typical time
of a pulse duration for the conditions of the XFEL. If the excitation
and decay times are comparable, then the two processes may not be
treated separately, but rather must be treated as a single complex
process.

Hollow atoms have been of interest in recent years in connection
with the generation of short-wavelength radiation. Two experiments
demonstrating the photoionization of inner-shell electrons followed
by Auger decay into excited states were reported for Xe and Kr
(Kapteyn ez al., 1986; Kapteyn & Falcone, 1988), resulting in the
production of short-wavelength radiation of about 100 nm. More
recently, experiments showing these characteristics in Kr and Xe
clusters have been reported by McPherson, Luk e al. (1994) and
McPherson, Thompson et al. (1994), resulting in the emission of X-ray
pulses in the 2-3 A range. Further, the possibility of lasing using
hollow atoms has been studied for Na and C by Moribayashi et al.
(1998). Besides the use of hollow atoms as a lasing source, hollow
atoms themselves are interesting for their quite unusual properties in
comparison with filled atoms. Hollow atoms are Rydberg-like; they

carry a lot of energy around, which is released when they decay,
e.g. in a subsequent collision where they might deposit their energy
selectively.

2.4. Fast-reaction dynamics

Within a pulse of an XFEL, a photon is relatively tightly bunched
with a coherence length of 7, that can be as small as 50 fs. Ideally this
means that if a process takes much longer than 7, it will lose coher-
ence. Thus, steps longer than 7, may be regarded as classical (in-
coherent) events and may be separated. Therefore reaction dynamics
may be studied on time scales down to 7,. This may be useful in some
chemical and possibly biological reactions. When considering the
interaction with Ar, for example, this probably means that radiative
decay of an outer electron may be considered separately from the
formation of the highly excited states. However, for some other
systems, deexcitation of the final state may occur on a time scale
comparable with the excitation time, T,,.

A remarkably broad range of electromagnetic pulse widths, 7, are
available to probe fast-reaction dynamics. Time widths of pulses
coming from current optical lasers can be as small as a few femto-
seconds. Below this limit, the physics changes for visible light since
the carrier-wave frequency for visible light is in this range. Waves of
shorter duration than this are electromagnetic pulses with no well
defined carrier frequency, i.e. definitely not sinusoidal in their nature.
However, even 1 fs is 400 times longer than the orbit time for an
electron in the ground state of hydrogen, which is approximately the
orbit time for valence electrons in all neutral atoms. By this standard,
synthetic photon pulses are relatively slow. Electromagnetic pulses
1000 times faster than the Bohr orbit time have been achieved in fast
ion-atom collisions using relativistic uranium ions (Moshammer et al.,
1997). If the ion is highly charged, the ion fields can be stronger than
those in the target atom. Thus, in principle, by using both XFELs and
highly charged ions, one may probe atoms with electromagnetic
pulses that range from very long pulses (longer than 100 ps) to pulses
shorter than 107" s.

3. Estimates for rare-gas atoms

The interaction of atomic systems with strong laser sources is a
relatively well understood topic. The issues range from multiphoton
absorption and above-threshold ionization to harmonic generation
and stabilization (Gavrila, 1992). These studies have been under-
taken for photon wavelengths of the available lasers, i.e. in the IR,
UV and, more recently, XUV. However, these issues have not been
studied for X-ray energies, since lasers for these wavelengths have not
been previously available. Here we consider the issue of photon—
atom interactions with a strong X-ray source.

In this section, we specifically consider the interaction of radiation
from an XFEL with rare-gas atoms. According to recent specifica-
tions (Brinkmann et al., 1997; Tatchyn et al., 1996), an XFEL will
provide about 5 x 10'2 photons in 100 fs at a wavelength of 1 A in a
beam of about 20 x 20 um (see Table 1). Accordingly, the flux is
about F ~ 10> cm™?s™, and the intensity is 7 ~ 10'® W cm 2. For
photon wavelengths of 1 A (12.398 keV), the main contribution to the
ionization yield should come from the inner shells, especially the
K-shell. This is true for He, Ne and Ar, although the L-shell will be
mostly depleted for Kr and Xe. Energy conservation allows that one
photon be enough for ionization, and we may expect that few-photon
processes will also be observed under the conditions of the XFEL. We
do not expect that there will be much contribution from electron
correlation, except in some, mostly weak, multiple-electron transi-
tions (McGuire et al., 2000). For strong fields, the photon fields are
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stronger than the electron—electron fields, and the independent-
particle approximation should usually hold (McGuire, 1997).

In strong-field interactions, two different regimes are considered
for the ionization process: (a) photoabsorption in a moderate
intensity field and (b) tunneling when the field is strong enough for
bending the Coulomb barrier. These two regimes are separated by
considering the Keldysh parameter (Keldysh, 1965), which is the ratio
of the incident field frequency to the tunneling rate,

y = (E,/)20,)", 5)

where E; is the ionization potential, and U, is the ponderomotive
potential, U, = 2ral/ @*, where a is the fine-structure constant and 1
is the intensity relative to the atomic unit' defined by
6.436 x 10" W cm™2. This subdivision of ionization corresponds
physically to multiphoton ionization when y >> 1 and to tunneling
when y < 1. In the case of Ar, for which £, = 118 a.u., and using
w = 440 a.u., the Keldysh parameter y >~ 18 000 indicates that we are
well into the multiphoton regime.

We estimate the ion yield for the rare-gas atoms by using simple
one-photon cross sections (Berger & Hubbell, 1987). For a given
cross section oy, writing the pulse shape as I(r) = I,f(¢) where I is
the peak intensity, the ionization probability is given by

P(l)) =1— exp[_U(Z)(I()/hw)Teff]v (6)

where the effective pulse duration is 7. = f:r;: f(r) dt, which for a
Gaussian pulse shape {f(¢) = exp[—(¢/7)’]} equals 7'/*r. The para-
meter T can be taken to be about 7,/1.66, where 7, is the experi-
mental pulse width, in our case 100 fs. We should note that the various
definitions of the 7 parameters give similar results here; they differ
more for a high-N photon process. The values for cross sections for
the rare gases are given by (Berger & Hubbell, 1987) o,, = 1.5 barns
for He, taking into account both photoabsorption and Compton
scattering; ojp = 2.0 X 10? barns for Ne, with only a small contri-
bution from Compton ionization; ;g = 2.2 X 10° barns for Ar (the
cross section for Compton scattering here is two orders of magnitude
smaller than for photoabsorption); o = 3.8 x 10° barns for Kr,
where the L-shell is photoionized; and o5, = 2.0 x 10* barns for Xe
with ionization of the L-shell.

In Fig. 1, we plot the ionization yield for the rare gases as a function
of peak intensity. The first thing to note is that saturation sets in at
much higher intensities than expected for the unfocused XFEL
(about 10'® W cm™2). In this case, we are favorably situated to study
ionization phenomena in the rare gases, with considerable improve-
ment in the acquisition of data owing to the higher average flux of the
XFEL. Generally, in cases where the interaction of rare-gas atoms
with pulsed optical lasers is studied, for intensities as high as
10" W cm~2, saturation has already set in (Perry et al, 1988). In the
case of an XFEL experiment, we are in a region where secondary (or
post-collisional) effects could be amply studied. PCI is not very
important in the weak-field limit (Aberg, 1994). Finally, we should
point out that, except for He, inner-shell ionization leads to a cascade
that will result in further ionization of the atom (Kochur et al., 1995).
In Fig. 1 the estimates are given for the first step of the cascade.

The ionization yields plotted in Fig. 1 come from single-electron
detachment by the absorption of a single photon. The first thing to
study is the feasibility of observing a two-photon process within the
proposed conditions. In this case, a two-photon process will be related

'We note that the intensity of a photon field at E=E, is
I, =35x 10 Wem™, while the atomic unit of intensity is
I, =6.4x10" Wem™, corresponding to I, =1,/8ma, with o the fine-
structure constant.

to an inner-shell absorption, contrary to the case generally studied
where electrons are stripped from valence or outer shells. Theoreti-
cally, a calculation in this case would be more demanding. The
transition by two-photon absorption in the lowest order of pertur-
bation theory implies the calculation of an amplitude t(iz) that involves
a summation over a complete set of intermediate states |W,). For the
case of high-Z targets, the intermediate states in the sum should be
described by methods beyond a frozen-core approximation. This
would be complex for the problem at hand. To our knowledge, the
only available calculations of this type have been performed recently
for the 1s shell of noble gases and highly-charged ions (Novikov &
Hopersky, 2000, 2002a,b), but for photon energies less than 1 keV.
For the photon energies addressed here (w =~ 12 keV), we will make
an estimate based on a hydrogenic approximation. We consider a
two-photon process in the K-shell of Kr at 1 A. We can obtain an
estimate of the cross section by using a hydrogenic scaling equation
(Zernik, 1964),

6w, 2) = (1/2%) 6" (w/ 2, 1), (7

where 6@(w, Z) denotes the generalized cross section for a two-
photon process for a hydrogenic atom of charge Z at the photon
frequency w. Since for hydrogen we have 6®(9.3eV,Z=1)~
1.5 x 107 cm* s (Karule, 1990), an estimated value for the case of
Kr would be 6?(12 keV, Z = 36) ~ 5 x 10% cm* s. The probability
obtained for two-photon absorption for the K-shell of Kr is therefore
quite small for the XFEL parameters, where the intensity is
~ 10! photons cm~2 s~!. However, two-photon ionization/excitation
resonances occur in atomic systems (Novikov & Hopersky, 2000), and
the tunability of the XFEL will enable one to access these resonances.
Tuning to one of these resonances can enhance the two-photon
absorption rate such that it exceeds the single-photon absorption
rate. On the other hand, low-Z atoms appear to be the more
promising candidates for the observation of few-photon processes
owing to the factor Z7% in (7). The properties of the XFEL radiation
can also increase the probability of observing few-photon processes;
the non-uniformity of the radiation within a bunch and effects from
capillary focusing (Brinkmann et al., 1997) may increase the rate for
such processes.

a [ 1=100fs
A=1A

lonization Yield

14 18

10" 10
1;(chm2)

10

Figure 1
Ionization yield as a function of peak intensity for the rare gases. The photon
wavelength is 1 A, and the pulse duration is 100 fs.
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A topic of fundamental importance to be studied within the XFEL
conditions is multiple ionization. For a high-energy photon in a weak
field, multiple ionization occurs due to shake-off (Aberg, 1970). In a
strong field, we should inquire about the importance of sequential
transitions, which in some cases may eventually dominate. To set the
issue in quantitative terms, we will consider ionization with two steps
and apply it to He and Xe. The yield of neutrally (P,), singly (P,) and
doubly (P,) charged ions is calculated through a set of coupled
differential equations (Crance & Aymar, 1985):

dPy/dt = —(vp; + Vo) Py ®)
dPy/dt = =y, Py + v Py ©)
dP,/dt = Yy Py + v Py, (10)

where y;, is the probability of single ionization of the neutral atom,
Y1, is the probability of single ionization of the singly ionized species,
and y,, is the probability of double ionization of the neutral atom by
shake-off. P; are related by the number-conservation relation
Py(t) + Py(t) + Py(t) = 1. The values for y can be obtained from
known cross sections, and the shake-off contributions are 1.7% for
He (Aberg, 1970) and 18% for the L-shell of Xe (Carlson & Nestor,
1973). When the intensity is given in W cm™2, and the photon energy
is 12.48 keV, the values are given by

(a) for He, yy =52x1071, ¥, =19x107%*1, y, =
9.0 x 10728 in cm? W~ fs™1;

(b) for Xe, y, =11x10"21, y,=9.0x10"21, y, =
1.9 x 107", in cm? W~ fs71.
We note that in the case of He we have only included the contribution
by photoabsorption, in order to study in a clear way this contribution
in two different atoms. If the Compton contribution is included as
well, we do not expect many changes in the features observed in our
results. Also, for the case of Xe, the contribution from the Auger
decay has not been included.

Putting Py(t) = 1 — P,(t) — P,(¢) into (9) and (10) gives

dP/dt = (v + Vi2)P1 — Yo P2 + Yor,s (11)

dP,/dt = (Y, — Via)P1 — Yo P2 + Voo (12)

We solved (11) and (12) with pulse length 100 fs, and we show our
results in Fig. 2. For the case of He, we note that the shake-off term
for the production of He?* is dominant for the conditions of the
XFEL, while the contribution from a sequential transition (marked
by the dashed line) is strongly reduced. In the case of Xe, however,
the contribution from sequential transitions is more important, but
the shake-off contribution is still larger in magnitude for the intensity
of the XFEL (about 10'® W cm™2). Note that in the case of Xe at
about 10'® W cm~2 the shake-off and sequential transitions are of the
same magnitude, and in this case interference between both paths
would appear. To calculate the shake-off contribution accurately
when the strong-field effect is of comparable magnitude, we expect
that theories capable of handling both effects on the same footing
(shake processes and strong-field effects) would be required.
Concerning the inner-shell ionization of Xe, when an initial vacancy is
created in the L-shell, a cascade will lead to further ionization of the
atom, where Xe®" is the most probable charge state (Mukoyama,
1986; Tawara et al., 1992). As seen in Fig. 2(b), for the first step of this
cascade, sequential transitions appear not to be so important for low
intensities. At higher intensities, however, strong-field effects come
into play, and weak-field calculations of the cascade are no longer
applicable.

It should be further stressed that the results of Fig. 2 are only
specific cases. Substantial differences would also probably be
observed if the conditions of intensity and pulse duration were varied
or if other atoms were used. One reason that the shake-off term is
important in the results of Fig. 2 is the short duration of the pulse,
since in the solutions of (11) and (12) we observe that P,(f) >~ y,,t for
t — 0. Increasing the pulse duration would in fact introduce
substantial modifications, and it could change the relative contribu-
tions of the shake-off and the sequential transition, even for the same
parameters of the laser and atom.

4. Conclusions

In this work we have addressed the issue of the interaction of atomic
systems with X-ray radiation, as is expected to be obtained from the
future fourth-generation synchrotron sources at DESY and SLAC.
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Figure 2

Tonization yield as a function of peak intensity for photon wavelength 1 A and
pulse duration 100 fs. (¢) Formation of He™ and He?"; (b) formation of Xe*
and Xe?*. The dashed line denotes the use of an independent-particle
approximation (IPA) for the transition for formation of a doubly charged
state.
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These machines are expected to deliver photon intensities of about
10 W cm~2 in 100 fs at photon wavelengths down to 1 A. There are
a number of areas of atomic physics in which the availability of these
sources may be of interest, and we have considered some of them
here. Topics such as the creation of multiple-charged states, the
competition between post-collisional effects and strong-field effects,
and studies of hollow atoms under the exotic conditions of the XFEL
parameters are some of the problems that we feel are the most
promising. An overview of these topics was given in §2.

In §3, some of these questions have been addressed for the rare
gases, for which numerical estimates have been given. Although our
discussion has concentrated on the particular case of the synchrotron
sources at DESY and SLAC, which are expected to deliver the
shortest wavelengths in the near future, many of the issues considered
in this work are also applicable to other short-wavelength sources in
the XUV that are under development in various laboratories.

This work was supported by the Division of Chemical Sciences,
Office of Science, US Department of Energy.
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