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For incident x-ray energies below the core level ionization threshold, one-photon absorption (OPA) leads to
off-resonant x-ray excitations that are mediated by a virtual intermediate electronic state. In the linear regime of
x-ray interaction, this intermediate state may decay radiatively and the maximum energy of the emitted photon is
given by the initial and final atomic state as well as the energy of the incident photon. In the nonlinear excitation
regime, however, this intermediate state may be depleted by a second x-ray absorption process as described
in the sequential two-photon absorption (TPA) mechanism. Since the same intermediate state is involved in
the OPA and TPA processes, the cross-section values for OPA and TPA are interconnected. We report on the
determination of cross-section values for off-resonant excitation conditions, and show how the data can be
used for estimating the TPA cross section in the sequential absorption mechanism. The determined off-resonant
cross sections for cobalt exhibit a Lorentz-like energy-dependent behavior allowing for an energy-dependent
description of the OPA and TPA cross sections with semiempirical models. The dependence of TPA cross
sections on atomic number is discussed and different scaling laws are investigated. The effect of the lifetimes of
a virtual intermediate state is also studied in relation to the incidence x-ray energy.
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I. INTRODUCTION

Cross sections are important physical values that describe
the probability of a process to happen under certain experi-
mental conditions. In the case of photon-matter interaction,
the cross sections are proportional to the total mass attenuation
coefficient, which contains all possible interaction paths like
elastic and inelastic scattering, photoionization, etc. Knowl-
edge of the exact values of the cross sections is essential for
a thorough understanding of the interaction phenomena and
experimental data interpretation as well as the development of
new research methods. The advent of x-ray free-electron laser
(XFEL) sources only recently opened a possibility to explore
the nonlinear regime of x ray–matter interactions. Different
reports on multiphoton interactions with a single atom within
femtosecond timescales were published [1–4]. One of these
nonlinear processes is the two-photon absorption mechanism
in which a bound electron interacts with two separate photons
within a very short time span and gets promoted to a higher
energy level. In the optical regime of the electromagnetic
wave spectrum two-photon absorption (TPA) has been known
for years and is extensively used, for example, in two-photon
microscopy [5,6]. In the hard-x-ray energy range, however,
the TPA process has been observed only recently thanks to the
use of XFELs [4,7]. This phenomenon is interesting from the
point of view of both fundamental studies and applied x-ray
spectroscopies. For the latter, TPA processes are of interest
because of the selection rules for atomic transitions where the

angular momentum of the electron can be changed by ±2 or 0,
unlike in the linear regime where dipole transitions are dom-
inant in the spectral shapes (angular momentum change of
±1). The possibility of performing quadrupole-allowed spec-
troscopy will allow probing the quadrupole 1s → 3d or 1s →
4d transitions that are forbidden in the linear regime [4,7].
However, before real application using the TPA mechanism in
x-ray spectroscopy methods can be realized, the values of the
x-ray TPA cross sections as well as their dependence on the
incident photon energy or the atomic number of the scattering
material have still to be determined.

The two-photon absorption process can occur in two ways,
either through simultaneous or through sequential excitation.
The Hamiltonian describing both types of interaction between
x-ray radiation and the electron can be written as [7]

H ′ = − e

m c
p · A + e

2 m c2
A2, (1)

where A is the vector potential of x-ray radiation and p is the
momentum operator. Indeed, the first term of the Hamiltonian
describes the sequential TPA process while the second term
describes simultaneous TPA. Equation (1) was recently exam-
ined by Tamasaku et al., who came to the conclusion that the
contribution of the second term is negligible [7], being a factor
of two orders of magnitude lower than the pA term. This
observation is consistent with recent experimental data sug-
gesting that the TPA mechanism is purely sequential [4,7–9]
at the applied XFEL x-ray fluxes and that the simultaneous
absorption of two photons by one bound electron has to be
considered only for extremely high x-ray fluences.
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During the sequential TPA process, the first step has to be
considered as an electronic excitation to a virtual intermediate
state by a photon having an energy smaller than the binding
energy of the core electron. This type of excitation is also
observed in the linear regime and described as off-resonant
excitation or resonant Raman scattering. The sequential TPA
cross sections are then described by the following equation
[4,10]:

σTPA = σ1τviσ2, (2)

where σ1 is the cross section for the first excitation step, τvi is
the lifetime of the virtual intermediate state, and σ2 describes
the cross section for the second x-ray absorption process. It
is apparent from Eq. (2) that the information on σ1 and τvi is
crucial to assess the cross-section values for the TPA process
[4,8]. The lifetime of the virtual state might be calculated
for a given incident beam energy by use of the formula that
connects the lifetime of the virtual intermediate state with the
width of the core excited state and the incident photon energy
and energy of the initial core state [11–13]:

τvi = h̄√
(E1s − E0)2 + �2

1s

. (3)

A schematic representation of both the off-resonant and the
TPA process is shown in Fig. 1.

Up to now the off-resonant cross sections (σ1) were mea-
sured for a few elements only, using monochromatized ra-
diation from x-ray tubes [14–16] or synchrotron radiation
[17–23]. The off-resonant cross sections are usually deter-
mined by means of low-energy resolution x-ray detectors in
a fixed 45° in, −45° out geometry. The low-energy-resolution
measurements allow recording the entire energy range of the
x-ray emission spectrum, thus providing in principle complete
information if the energy-dependent detector efficiency is
accounted for and the detector response function is known.
On the other hand, the application of high-energy-resolution
detection allows for a more accurate determination of the
measured signal shapes and positions (at the cost of lower
experimental efficiency), giving thus a more detailed insight
on the energy transfer of the off-resonant excitation.

II. EXPERIMENTAL SETUP

In the experiment, the off-resonant spectra were measured
using the high-energy-resolution von Hamos spectrometer of
the SuperXAS beamline at the SLS synchrotron radiation
source in Switzerland [24]. Measurements were performed
using a metallic cobalt sample. Cobalt is characterized by an
electronic configuration having an incompletely filled 3d elec-
tron shell: [Ar] 3d7 4s2. This property makes it an interesting
element with respect to eventual applications using the TPA
mechanism in order to investigate the quadrupole 1s → 3d
transition. In the experimental setup a germanium diffraction
(440) crystal was used to reflect the emitted radiation at the
Bragg angle of 63.9° around energy of the Co Kα line. The
spectra were recorded by a two-dimensional (2D) Pilatus
detector [25]. During the experiment, the different incident
photon energies below the 1s absorption edge of cobalt were
selected—from 140 to 15 eV below the ionization threshold.

FIG. 1. Off-resonant excitation and sequential two-photon ab-
sorption are both initiated by the promotion of a core electron to
an intermediate virtual state with a subfemtosecond lifetime. The
energy of the incident photon energy is lower than the ionization
energy of the 1s shell. In the possible following radiative decay
after the off-resonant excitation (a), the energy difference toward
the ionization of the atom is provided at the expense of the emit-
ted fluorescence photon for reasons of energy conservation. As a
consequence, the emitted photon energy is smaller compared to
the parent Kα x-ray emission line. In the case of the two-photon
process (b), the process starts also with excitation to an intermediate
virtual state. However, the intermediate state is depleted by a second
photon absorption process. Since the energy of each photon is at least
half the absorption edge energy, the scattering atom is ionized. The
radiative decay transition is then characterized by a constant photon
energy equal to the energy difference between the initial and final
electronic configurations of the atom.

For normalization and calibration purposes the diagram Kα

x-ray emission signal was measured at an energy of 100 eV
above the 1s ionization threshold.

III. DATA ANALYSIS PROCEDURE

Exemplary experimental high-energy-resolution
off-resonant x-ray emission spectra are presented in Fig. 2,
together with the scaled Kα1,2 line which was measured at
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FIG. 2. High-energy-resolution off-resonant emission spectra of
cobalt measured for detuning energies of 100, 50, and 15 eV below
the K-shell ionization threshold (top to bottom, blue, orange, and
red lines). The diagram Kα x-ray emission recorded at an incident
photon energy above the ionization threshold is plotted as a smooth
black line. For visualization purposes, the Kα intensity is rescaled
as marked in the inset. The vertical dotted line represents the high-
energy cutoff in agreement with the energy conservation principle—
the characteristic feature of the off-resonant spectra.

an incidence x-ray energy of 100 eV above the ionization
threshold. The Kα diagram lines are composed of two
lines connected to the spin-orbit coupling of 1/2 and 3/2
states of the 2p subshell. The intensity ratio for Kα1,2

signals is equal to 0.51 as a result of the subshell transitions
probabilities. The off-resonant x-ray emission spectra exhibit
a broad structure with a hardly visible dual structure resulting
from different spin configurations of the final state (in
analogy to the Kα diagram lines). The broad structure of the
off-resonant spectra results from the excitation probability
versus kinetic energy of the excited electron. As a result,
the spectra are of asymmetric shape with a long, low-energy
tail and characteristic high-energy cutoff, related to the
energy conservation principle. The high-energy cutoff is
given as the energy difference between characteristic Kα1,2

emission lines and detuning energy from the ionization
threshold.

From the measured x-ray emission intensities, the cross
sections for off-resonant excitations may be determined. The
procedure explores the fact that the cross-section values for
above-threshold ionization energies are well known and may
thus be employed as a direct parameter for determination of
off-resonant probability excitations. Since the same setup is
used for Kα1,2 and off-resonant x-ray emission detection, the
following formulas connecting the cross-section parameter
with measured experimental intensities may be used:

I0σKα�ωk = IKα, (4)

I0σoff-res�ωk = Ioff-res, (5)

σoff-res = Ioff-resσKα

IKα

, (6)

where I0, IKα , and Ioff-res are the measured intensities for
incident, Kα x-ray emission, and off-resonant radiation, re-
spectively; σoff-res and σKα represent the cross sections for
off-resonant excitation and photoionization, � is the solid
angle, and ωk is the fluorescence yield, which was assumed
to be the same in both off-resonant and nonresonant excita-
tion. A number of studies report the same shapes of x-ray
absorption spectra around the ionization threshold measured
with x-ray fluorescence and electron yield techniques indi-
cating no significant deviation in the fluorescence yield value
[26,27]. Differences in fluorescence yields around the ioniza-
tion threshold are expected only for higher atomic levels (i.e.,
in the soft-x-ray energy range) where Auger decays involve
valence electrons and multiplet effects become significant
[28]. In the present case, decay of the 1s core hole involves
mostly either L-K fluorescence or KLL Auger electrons and
therefore we do not expect a significant variation in fluores-
cence yield at incidence x-ray energies around the ionization
threshold.

The determination of cross sections requires corrections
for self-absorption and sample thickness on the basis of the
Lambert-Beer law. Using the knowledge of the mass attenua-
tion coefficients for the incident and the emitted photon ener-
gies, and considering the orientation of the incident beam axis,
the sample surface orientation and the crystal position with
respect to each, the correction factor, for both off-resonant and
Kα spectra, is given by the following equation [Eq. (7)] [29]:

G = 1 − e−√
2 x ρ[μ0+csc (φ) μ f ]

ρ[μ0 + csc(φ)μ f ]
, (7)

where x represents the sample thickness; ρ is the density
of given element; μ0 and μ f are total mass attenuation
coefficients for incident x-ray energy and Kα x-ray fluores-
cence energy, respectively. Finally, φ represents the Bragg
angle for each emission energy. In order to cross-check the
self-absorption corrections procedure the measurements were
performed for two cobalt foils with different thicknesses—6
and 25 μm.

The drawback of using a high-energy-resolution setup is
the limited energy range that is covered. As a consequence, the
spectral tail that expands toward lower emission energies is
not recorded due to the finite size of the spectrometer arrange-
ment. In order to assess the total intensity of the off-resonant
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x-ray emission signal (Ioff-res), an evaluation of the low-energy
tail of each off-resonant spectrum is necessary. This can be
achieved by fitting the theoretical function, which describes
the shape of the off-resonant emission spectra to the actual,

measured data. The tail of the off-resonant spectra is given
by the simplified Kramers-Heisenberg formula developed by
Tulkki and Aberg [30] to describe interaction of x rays with
bound electrons around threshold energies:

dσ (E1)

dE1
= A

∫ ∞

0

E2

E1

(E1s − E2p j )g2p j (E1s + E )

(E1s + E − E1)2 + �2
1s/4

�2
2p j/2

(E1 − E2p j − E − E2)2 + �2
2p j/4

dE , (8)

where E1 is the incident and E2 is the fluorescent photon
energy, E represents the energy above the Fermi level of the
excited electron, j corresponds to the total angular momentum
of the final state (1/2 or 3/2 in our case), and A is a normaliza-
tion constant taking the solid angle and detection efficiency of
the experimental setup into account. The above equation was
used to calculate the x-ray emission tail, which was fitted to
the recorded off-resonant data in order to acquire the informa-
tion about the intensity outside the energy range monitored by
the spectrometer. One example of this calculation is shown in
Fig. 3.

After fitting, the theoretical function was integrated and
the area of the region outside the range covered by the
spectrometer was added to the measured intensity. This ap-
proach allowed obtaining the total intensity of the off-resonant
spectrum, and hence for the off-resonant cross-section deter-
mination. The relative contribution of the intensity outside
the spectrometer´s energy window is about 40% of the total
intensity at the lowest incident photon energy and almost 0%

FIG. 3. Example of the measured off-resonant spectrum for an
incident photon energy of 7569 eV (orange line) and plots of the
calculated and fitted low-energy Lorentz-like tail (green dashed and
solid lines) using the Kramers-Heisenberg theorem. The dashed part
of the tail represents the fitting range of the curve, and the solid line
with shaded area below shows the values that were extrapolated in
order to determine the total intensity of the off-resonant spectrum.

for incident photon energies in the vicinity of the ionization
threshold.

The measured off-resonant x-ray emission intensities and
the calculated off-resonant cross-section values for both
cobalt samples are plotted in Fig. 4. Panel (a) represents the
total intensities of the spectra for both 6- and 25-μm thickness
of samples, showing the difference due to self-absorption as
well as the energy dependences. Panel (b) shows the cross-
section values determined for both thicknesses, calculated
using self-absorption corrected spectra and Eq. (6). As shown,
the applied correction eliminates the difference between the
measured intensities for the two samples, thus validating the
self-absorption correction procedure. The data agree with
each other in a range of ±10%.

Finally, the average value between both sample thicknesses
was used to determine the cross section for off-resonant
excitation. The result is plotted in Fig. 5(a). The experimental
data were fitted with a Lorentz-like function that can be
derived by integration of Eq. (8) over the emission energy E2.

FIG. 4. Measured intensity (a), and determined cross-section
values (b) considering self-absorption corrections for 6- and 25-
μm cobalt samples. The difference between the values of both
thicknesses is in the range of 10% of the cross-section value at the
different incident photon energies.
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FIG. 5. Off-resonant cross-section value for Co, in cm2 (a) and
the TPA cross-section values in cm4 s (b). The black squares rep-
resent the calculated data; the blue solid lines correspond to the fit
of the Lorentz function data using the equation inserted in graphs;
the orange vertical line corresponds to the absorption edge for Co
(7709 eV).

The parameter 
E represents the detuning energy from the
ionization threshold and is equal to E1s − E1. As shown, the
fitted function depicts very well the experimental data points
and may thus be used for an empirical determination of the
dependence of the off-resonant cross section over a broad in-
cident energy range E1. For an incident energy range between
7550 and 7690 eV the cross-section values for off-resonant
excitation vary between 4.0 × 10−23 and 3.0 × 10−22 cm2.
The relative values of the calculated cross-section error bars
are about 35%, and take into consideration the uncertainties
on the used cross sections and attenuation coefficients in the
self-absorption correction as well as the uncertainty on sample
thickness and statistical errors in the data analysis (including
the uncertainty of the fitted part of the off-resonant spectra).
The parameter used in the fit function was found to be
5.8 × 10−21 cm2 eV and represents the off-resonant excitation
cross section in proximity to the absorption edge (
E �
1 eV). Using the same function it is possible to estimate the
cross-section value at maximum detuning energy, given by
the energy conservation principle included in the second term

of the equation E1 − E2p j − E − E2. In the case of cobalt,
the maximum experimental incident photon energy detuning
for the final state of 2p1/2 is equal to 6915.8 eV, for which
the fitted function gives the cross-section value of ∼8.4 ×
10−25 cm2, i.e., four orders of magnitude lower than in the
vicinity of the 1s ionization threshold. Since we did not find
any literature data for the Co off-resonant excitation cross
sections, we compared the obtained results with the cross-
section values for the neighbor elements—Fe and Cu. At 50
eV energy detuning the determined Co cross-section data is
equal to 1.16 × 10−22 cm2, and the literature values for Fe
and Cu are 1.54 × 10−22 and 1.22 × 10−22 cm2, respectively
[16,17]. Assuming the Z−2 dependence of the cross-section
values, as for the photoionization above the K-shell ionization
threshold, the expected value for Co, derived based on Fe and
Cu data, is equal to 1.41 × 10−22 cm2, which is within a 20%
difference of our experimental data.

The so-obtained cross sections for off-resonant excitation
were then used for estimating the two-photon absorption cross
section [Eq. (2)]. Recent reports regarding the experiments
performed with XFEL suggested that the sequential TPA
cross sections are directly connected to off-resonant excita-
tion via a scaling factor [4]. Based on experimental data,
the scaling factor describing the relation between one- and
two-photon absorption cross sections was estimated to be
7.0 × 10−34 cm2 s [4]. This factor represents the ratio between
multiphoton absorption cross sections, similarly to the power-
law value at laser wavelengths. In the simplest assumption,
the same coefficient may be used for calculating the two-
photon absorption cross sections for cobalt. We should note
here that the assumption is only valid for the sequential TPA
mechanism in which the off-resonant excitation is regarded as
the first absorption event.

The resulting cross section for the TPA process for cobalt
as a function of incidence energy is plotted in Fig. 5(b).
Assuming a direct connection between the OPA and TPA
cross sections, the data can also be fitted with a Lorenz-like
shaped function starting from Eq. (8). Again 
E represents
the incident photon energy detuning with respect to the one-
photon absorption edge for cobalt. The value in the numerator
is the fitted parameter with a value of 4.1 × 10−54 cm4 s eV.
This parameter, can be, analogously like in the case of OPA,
understood as a TPA cross-section value in the vicinity of
the 1s ionization threshold. As shown, the TPA excitation
probability is driven by the probability of the first absorption
event. In contrast to off-resonant excitation conditions, in the
two-photon process, the maximum photon energy detuning is
determined by half of the absorption edge energy, 3854.5 eV
for cobalt, and we estimate a TPA cross-section value at this
energy to be ∼1.1 × 10−57 cm4 s. This estimation does not
include eventual resonant effects for the second absorption
event in the sequential process [31].

Since the cross sections for OPA and TPA processes have
different units (cm2 for OPA and cm4 s for TPA) the estimation
of expected intensities requires a determination of the rates for
both processes. At typical experimental conditions provided
at XFEL facilities, incidence x-ray intensities in terms of
photons per pulse vary between 1011 and 1012 and repetition
rates are in the range of a few tens of hertz. Considering
incidence x-ray pulse durations of 30 fs and a 10 × 10 μm2
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FIG. 6. The available TPA cross-section values plotted versus
the atomic number of the elements. The dotted line is the Z−4 and
the dashed line is the Z−6 scaling law, respectively. The estimated
values of Co cross sections are presented from the minimum to the
maximum detuning of incident energy. The data for H are taken from
[32] and for He from [33]; the Ne data were obtained at energy
being detuned by 86 eV from Ne8+K-shell ionization threshold [34],
and the theoretical value (triangle) is taken from [35]; the Cu data
provided in [4] were obtained by using energies ranging from 12 to
150 eV below the K-shell ionization threshold. Cross sections for Ge
were established at 5.5 keV detuning [7]; finally the upper data value
for Zr corresponds to 9.1 keV energy detuning [9].

beam focusing of the average flux value of 1 × 1014 photons/s,
a fluence of about 1031 photons/(cm2 s) is obtained. The
rates for OPA and TPA processes can be expressed as a
σOPA × I and σTPA × I2, respectively. Using the cross-section
values for one- and two-photon absorption, at 50 eV detuning
from the 1s ionization threshold (1.16 × 10−22 cm2 and 8.2 ×
10−56 cm4 s, respectively), one may calculate rate values of
2 × 109 s−1 for OPA and 2 × 107 s−1 for TPA signals. The
difference between the OPA and TPA rates at assumed inci-
dence x-ray conditions is thus around a factor of 102, which
directly corresponds to the strength differences between the
signals expected at the described conditions.

Based on the derived cross sections for Co and available
experimental and theoretical literature data [4,7,9,31–35] we
evaluated the dependence of the TPA cross section as a
function of the atomic number. The result is presented in Fig. 6
together with the scaling laws assuming either a Z−4 depen-
dence resulting from the Kramers-Heisenberg relation [4] or
a Z−6 dependence as expected for hydrogenlike atoms [36].
The cross sections for the measured Co data are presented
for the energy range from 3855 eV, which corresponds to the
maximum detuning for the TPA process (i.e., half of the 1s
threshold value), to the value of 7690 eV that corresponds to
a detuning equal to about 15�1s (i.e., the data point measured

closest to the 1s threshold). A general conclusion drawn from
Fig. 6 is that the cross sections for Ne and Cu are closer to the
Z−4 dependence, while Ge and Zr data are properly described
by the Z−6 function. There are two important factors that may
explain the observed trends.

The first factor that should be considered when comparing
the data is the incident photon energy for which the actual
TPA cross-section values were determined. The Ne and Cu
TPA cross sections were measured relatively close to the
K-shell absorption edge, i.e., 86 eV below the threshold for
Ne and 12–150 eV below the ionization threshold for Cu,
respectively. In contrast, the Ge and Zr data were measured
at large detuning energies that were close to the half value of
the single ionization threshold. These differences suggest the
importance of the detuning energy value for the TPA process
and point to a significant contribution of the virtual intermedi-
ate state lifetime on the TPA cross-section values. Indeed, as
indicated by Eq. (3), the lifetime of the intermediate state will
strongly depend on the detuning energy from the ionization
threshold and may be expressed as a Z−2 dependence, which
fits into the gap between the Z−4 and Z−6 scaling laws. The
Z−2 dependence results from Eq. (3), specifically from the Z
dependence on the core-hole width � [37]. This observation is
also confirmed by the Co TPA cross section determined in the
present work. As shown in Fig. 6, for incidence x-ray energies
close to the 1s threshold the TPA cross sections are expected
to follow a Z−4 dependence and decrease toward a Z−6 scaling
at larger detuning energies.

Secondly, we should emphasize that the Ne and Cu
data were measured using the Linac Coherent Light Source
(LCLS) machine while the Ge and Zr data were obtained with
the SACLA XFEL. It should be noted that the SACLA oper-
ates with shorter pulses (2–8 fs) while the LCLS delivers sig-
nificantly longer x-ray pulses (30–80 fs). Moreover, because
of the self-amplified spontaneous emission (SASE) mode that
drives the XFEL’s operation, spiky features characterize the
temporal spectral shape of the delivered x-ray pulses. The
x-ray pulse spikiness is described by the coherence time that
at the limit for the LCLS machine [38] is expected to be in
the timescale of core-hole lifetimes, e.g., 0.15 fs [37] in the
case of the 1s hole of cobalt, while the minimum coherence
time of the SACLA machine is reported to be even lower
than 0.1 fs [39]. This effect results in an amplification of the
nonlinear process by a factor of 2, due to the maximum value
of the degree of second-order coherence—the parameter that
might be used to describe the spiky structure of SASE pulses
at XFELs [40,41]. The enhancement factor of 2 is expected
for both p·A (sequential) and A2 (simultaneous) mediated
TPA processes [41,42] in cases when the coherence time of
the incident XFEL pulse is on the order (or shorter) than the
lifetime of the intermediate states.

IV. SUMMARY

Off-resonant excitation x-ray emission spectroscopy on
cobalt was performed for incident energy detuning factors
ranging from 140 to 15 eV below the K-shell ionization
threshold. The obtained data were interpreted on the basis
of Kramers-Heisenberg formalism in order to take into ac-
count the low-energy tail of the off-resonant spectra. The
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determined cross-section values for off-resonant excitation
have a Lorentz-like shape with the normalization factor of the
fitted function equal to 5.8 × 10−21 cm2 s eV. Considering the
off-resonant process as the first step of sequential two-photon
absorption, the TPA cross sections can be estimated. From the
experimental data, a TPA cross section of ∼1.1 × 10−57 cm4 s
was determined close to the lowest possible energy for the
two-photon absorption process. Based on our calculations and
literature data, we discussed the Z dependence of the two-
photon absorption cross sections. The data for low-energy de-
tuning suggest the Z−4 dependence, while the measurements
performed close to the maximum energy detuning (i.e., half

of the single ionization threshold) seem to exhibit the Z−6

dependence. This difference might be explained as a result
of the different lifetimes of the virtual intermediate state,
that is strongly related with the energy detuning, and can be
described as a Z−2 relation that connects both of the discussed
Z dependences for TPA cross sections.
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