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Abstract. The interaction of atoms with short-wavelength radiation at ultra-high intensities is
described by plasma excitation. In contrast to former works on optical radiation and
ponderomotive motion of quasi-free electrons, the excitation of correlated and bound electrons
is considered here. The ponderomotive motion of a free electron is included as a special case.
Values for the energy transfer from the radiation field to an atom are obtained in fair agreement
with the unexpectedly high charge states of xenon recently observed at the soft x-ray free
electron laser FLASH.
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1. Introduction

With the recent set-up of the first x-ray free-electron laser (FEL) facilities in Europe [1], Japan [2],

and the United States [3], a long-cherished vision of the science community has come true. The highly

intense and ultra-short soft and hard x-ray laser pulses allow time-resolved imaging of advanced

materials with femtosecond resolution for many applications [4-7]. It concerns, for example, the

investigation of fast chemical reactions on surfaces or within biological systems by means of

microscopic snapshots. The first experiments in microbeams have, however, demonstrated that the

mechanisms of photon-matter interaction with high-intensity x-rays may be affected by nonlinear

processes which elude a description by the current theoretical models developed for high-intensity

radiation in the optical regime [8, 9]. The latter concerns, in particular, the semi-classical theories

based on the ponderomotive motion of individual quasi-free Rydberg electrons driven by the

oscillating field of the electromagnetic wave [10-12].

In the present theoretical work, the specific aspects of x-rays, namely excitations of correlated and

bound inner-shell electrons are considered. It was initiated by the surprising results of the Xe

photoionization experiments performed at the free electron laser FLASH [8, 9]. In the so-called

extreme ultra-violet (EUV) spectral sub-range at around 90 eV photon energy and at irradiance levels

in the order of 1016 W cm-2, charge states up to Xe21+ were observed whose generation, starting from

neutral Xe atoms, requires a total energy of more than 5,000 eV. Thus, almost 60 EUV photons must

have been absorbed by an individual atom within the estimated FLASH pulse duration of 10 to 20 fs.

In a first theoretical study, this high degree of photoionization was explained by a sequence of one-

and multiphoton ionization processes in which an ion created in a preceding step represents the target

for a subsequent step [13]. Sequential multiphoton ionization has explained fairly well recent

experiments at soft or hard X-ray lasers [14-17]. In the case of Xe21+, however, this approach has to

consider at least 19 steps to generate the high charge state from neutral Xe, which is related to 19

coupled differential rate equations with 19 individual multiphoton ionization cross sections. So far, the

latter could not be calculated from first principles but were only obtained through a technique of

scaling, with occasional adjustment to the experimental data. An ab initio calculation which describes

the interaction of 60 individual photons with the 54 electrons of the Xe atom within the framework of

perturbation theory seems to be, in fact, a challenging task, in particular if electron-electron correlation

is taken into account.
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In the spectral range of optical radiation, photon-electron interactions at ultra-high intensities may also

be described by so-called non-perturbative theories [10-12]. Their applicability depends on the

ponderomotive energy Up:
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which represents the quiver energy transferred from the oscillating field of an electromagnetic wave

with frequency ω and irradiance I to a free electron. To a good approximation, this expression is valid

also for a weakly bound electron, e.g. in a Rydberg state, but not for a bound inner-shell electron. In

the EUV and (soft) X-ray regime, however, the photoelectric effect [18], i.e. the photoexcitation of

bound inner and outer electrons into the continuum is the dominant process. Weakly bound electrons

and Rydberg states generally play a minor role. Thus, semi-classical theories which are based on the

ponderomotive motion of quasi-free electrons are not adequate to describe strong-field phenomena in

the EUV and soft X-ray range. In the present work, therefore, the idea of the individual motion of a

quasi-free outer-shell electron in the field of an optical wave is extended to collective plasma

oscillations of correlated bound inner-shell electrons.

2. Outline of the model

The idea of plasma excitations has initially been developed for the electron gas in a solid metal as

described in textbooks [19]. For many years, however, models of collective electron oscillations have

already been applied to describe also the so-called atomic giant resonances of Xe and the subsequent

elements in the EUV at low photon intensities [20-23]. These strong and broad continuum resonances

represent prime examples for the impact of electron correlation on inner-shell photoionization. In the

following, the simplest approximations for plasma oscillations, i.e. the equations of a damped

harmonic oscillator are used to express the energy transfer from a high-intensity EUV field to the Xe

atom in terms of its giant resonance. For this purpose, we start with the displacement of the negative

electron charge distribution of an atom from its equilibrium position as shown in figure 1. Binding to

the positive nucleus induces a reset force which in first order approximation is proportional to the

displacement. It results in a square binding potential and the differential equation of a damped

harmonic oscillator, here excited by an oscillating force F cos(ωt):
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Equation 2 relates to the displacement in x-direction of a charge distribution of N electrons with the

electron mass m whose structure is not affected. The resonance frequency is denoted by ωres and the

damping ratio by γ/ωres so that the solution of equation 2 may be expressed by:
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with the phase φ. In the case of an electromagnetic force with irradiance I:
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where c denotes the speed of light, ε0 the vacuum permittivity, E the electric field strength, and e the

elementary charge, the kinetic energy of the electrons is given by:
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Here, aB denotes the Bohr radius, Ry the Rydberg energy, and α the fine structure constant. For a

single free electron without any binding, one obtains the kinetic energy from equation 5b by setting

N=1, ωres=0 and γ=0 which leads directly to equation 1. Hence, the present model so far represents

also an extension for the classical treatment of ponderomotive motion from a single free electron to

many correlated electrons which are bond.

In the presence of a binding (ωres≠0), the potential energy is given by:
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Moreover, for a damped oscillation (ωres≠0, γ≠0), the damping energy may be calculated according to:
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According to equation 7b, the mean damping energy absorbed by the system increases linearly with

time, whereas the averaged kinetic and potential energies, according to equations 5b and 6b, remain

constant in the case of a stationary oscillation as discussed here. For the total energy of the oscillation,

one obtains therefore:
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Finally, the total energy of our damped plasma oscillation is related to the cross section of the

corresponding photoexcitation process which is defined as the rate of absorbed photons per atom

atabs NN& normalized to the photon flux density ωhI :
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3. Application of the model

Equation 9 may now be applied to fit the data points of the photoabsorption cross section of Xe in the

range of the 4d giant resonance, as shown by the thick solid line in figure 2. The agreement between

the model curve and the experimental data is fairly well. As a result, one obtains within 1 % standard

uncertainty the fitting parameters hωres = 100.0 eV, hγ = 17.2 eV, and N = 14. The latter value is

higher than the oscillator strength of the ten 4d electrons only but lower than the oscillator strength of

the eighteen 4d, 5p, and 5s electrons which are known to all couple to the 4d giant resonance [20-23].
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In a further step, one may calculate now the total energy of the oscillating 4d, 5p, and 5s shells in Xe

according to the equations 8a and 5b and obtains in the resonance case (hω= hωres):

totU / eV ≈ 1.79 × (I / 1013 W cm-2) × (t / fs). (10)

Equation 10 is valid for t >> (2γ)-1 ≈ 0.02 fs, e.g. for sufficiently long photon pulses as in the case for

FLASH with a pulse duration of /10 fs at about 100 eV photon energy [1]. At FLASH, furthermore,

the basic assumption for the present model of a stationary oscillation is valid because the FLASH

pulse duration is also more than two orders of magnitude longer than the oscillation period of 2π/ωres =

h /100 eV ≈ 0.04 fs.

The linear temporal increase of the total energy with time in equation 10 is due to the accumulation of

damping energy within the system as already expressed by equation 7b. Apart from radiative and non-

radiative emissions, internal friction within the plasma due to electron-electron correlation and

coupling may, cause damping, in particular if the damping is as high as for the very broad 4d giant

resonance in Xe with γ/ωres = 0.172. The accumulation of damping energy by the atom leads, then, to

the heating of its electron system which, thus, becomes a sort of hot sub-nano electron plasma from

which, statistically, electrons may gain sufficient energy to leave the atom. The mean FLASH pulse

duration scales with the wavelength and may meanwhile be estimated to amount to t = (15 ± 5) fs in

the EUV at about 13 nm for the period from 2006 to 2009 when the Xe results [8, 9] were obtained. It

is, thus, about 50 % longer than previously assumed [24]. With this value for t, one may, hence,

according to equation 10, calculate the absorbed plasma heating energy of the 4d (and 5p and 5s)

electrons in Xe as a function of irradiance I and from that, using literature data for the respective

ionization potentials [25], the highest Xe charge state which may be reached at FLASH at about 100

eV photon energy as a function of irradiance. The result is shown by the rectangles in figure 3 in

comparison to the corresponding experimental data obtained at 90.5 and 93 eV photon energy [8, 9],

which are shown by the filled circles.

Since the total energy absorbed by an atom may be partially transferred also as excess energy to the

emitted photoelectrons and - as a result of subsequent non-radiative decay of inner-shell vacancies - to

emitted Auger electrons, the measured highest charges must be lower than those calculated from the

total energy absorbed and the respective ionization potentials. This is the case for all irradiances

except for the lowest at 1.4 × 1014 W cm-2, as can be seen in figure 3. However, this point is already

close to the lower limit for the classical calculation of energy absorbed per atom from a radiation field

which, since Einstein [18], has been defined by:
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totU >> hω (11)

and for the present case, according to equation 10 with t = 15 fs, by I >> 4 × 1013 W cm-2. For lower

irradiances, the distribution of energy among the target atoms is no longer homogeneous but rather

statistical and those atoms which are hit by photons absorb more than the mean absorption energy per

atom. Accordingly, the achievable charge states here should be, in fact, generally higher than predicted

by the present model. It should be noted that the limit of the present semi-classical approach as defined

by equation 11 corresponds also to the limit for ponderomotive energy of (quasi-)free electrons to,

again, distinguish the non-perturbative from the perturbative regime [10-12].

At high irradiances, the measured highest charge states of Xe shown in figure 3 seem to be limited to

about 22 (dashed line in figure 3), which is not the case for the calculated values. The latter just

increase monotonically with the mean energy absorbed per atom. In practice, however, the highest

charge state is limited by the number of electrons which may be involved, either in the primary

photoionization process or in the subsequent Auger decay. In the present case of the 4d giant

resonance in Xe, these are the ten 4d electrons and the eight 5s and 5p electrons, i.e. 18, which might

be slightly further increased by 4p-4d mixing [26].

4. Conclusion

In conclusion, the present semi-classical model represents a straightforward extension of theories for

ponderomotive motion of outer quasi-free electrons in strong laser fields to strongly correlated inner-

shell electrons in the approximation of a harmonic potential for binding. In the resulting solution of a

damped harmonic plasma oscillation, damping is interpreted to be mainly due to electron-electron

correlation. In this view, the damping energy absorbed from the field leads to a sort of electron heating

and, consequently, to electron emission. Fair agreement with experimental data is obtained for the

total energy absorbed and the highest charge state achievable in the case of Xe excited in the extreme

ultraviolet at ultra-high intensities. The model may be used as a starting point to calculate from the

energy transfer to the atom also the intensity dependences of the individual charge states by means of

a suitable statistical model in analogy to recent cluster theories [27].
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Figure captions

Figure 1. Negative electron charge distribution of an atom (blue) oscillating in x-direction with respect to the
positive nucleus (red).

Figure 2. Photoabsorption cross section of Xe at the 4d giant resonance (experimental data: points; Relativistic
Time-Dependent Local Density Approximation (RTDLDA): thin solid line; Relativistic Random Phase
Approximation (RRPA): dashed line) [21]. The thick solid line shows the fitting result of the present model
(equation 9) with hωres = 100.0 eV, hγ = 17.2 eV, and N = 14. ω = 1 a.u. corresponds to hω≈ 27.2 eV, 1 Mb =
10-18 cm2.

Figure 3. Highest charge states of Xe generated by (15 ± 5) fs EUV pulses as a function of irradiance (filled
circles: experimental data [8, 9]; rectangles: calculated within the present model for the pulse duration range
from 10 to 20 fs).
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