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Abstract: The dynamics and the decay processes of inner-shell excited atoms are of great
interest in physics, chemistry, biology, and technology. The highly excited state decays very
quickly through different channels, both radiative and non-radiative. It is therefore a long-standing
goal to study such dynamics directly in the time domain. Using few-cycle infrared laser pulses, we
investigated the excitation and ionization of inner-shell electrons through laser-induced electron
re-collision with the original parent ions and measured the dependence of the emitted x-ray
spectra on the intensity and ellipticity of the driving laser. These directly re-colliding electrons
can be used as the initiating pump step in pump/probe experiments for studying core-hole
dynamics at their natural temporal scale. In our experiment we found that the dependence of
the x-ray emission spectrum on the laser intensity and polarization state varies distinctly for the
two kinds of atomic systems. Relying on our data and numerical simulations, we explain this
behavior by the presence of different excitation mechanisms that are contributing in different
ratios to the respective overall x-ray emission yields. Direct re-collision excitation competes with
indirect collisions with neighboring atoms by electrons having “drifted away” from the original
parent ion.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

Correlations among multiple electrons constitute a corner stone in physics, chemistry, and
technology. They are essential processes in various applications of modern technology, including
quantum dot lasers [1], quantum logic gates [2], light-harvesting complexes [3], scintillators [4],
high harmonic generation (HHG) [5] and entangled-photon sources [6]. In chemistry, electron
correlations play an important role in determining molecular structures and for understanding
the dynamics of chemical reactions [7]. Electron correlations are inherently at work in atomic
relaxation processes such as autoionization, Auger decay and multiple excitation. Multi-electron
processes in atoms, such as autoionization and Auger decay, involve a cascaded relaxation through
many channels, of which not all necessarily have to be radiative. Pure spectroscopic data, such as
line widths and line shapes, may give a rough estimation of the overall time scale of such processes
[8]. However, detailed information about the temporal order of these relaxation processes and
the coupling between the different states is accessible only through time-domain observations
[9–11], in which a first “pump pulse” initiates the process and a second “probe pulse” interrogates
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the system state at a later time. Since the relevant time scale for such dynamics spans from
attoseconds to femtoseconds and the relevant energy scale for excitation spans from 102 to 105
eV, x-ray attosecond bursts may be the choice to serve as the pump and the probe events [12–14].
However, due to the low photon flux of state-of-the-art HHG soft x-ray attosecond sources (for
~ω>300 eV) and the low absorption cross sections in this spectral range, it is currently impossible
to both pump and probe these processes with such sources. To probe dynamics involving valence
electrons, an ultrashort infrared pulse is often used to initiate the process, while the inherently
synchronized XUV attosecond pulse probes it [15]. It is difficult to extend this scheme to excite
more strongly bound inner-shell electrons, because of the large energy difference between the
inner-shell binding energies and the infrared photon energy. Excitation of inner-shell dynamics by
laser-induced electron re-collision might be the key to a solution of this experimental challenge.
Here, we present experimental and theoretical results on soft x-ray emission due to laser-

induced inner-shell excitation. This work summarizes the collected results from two different
laser systems: The first laser has a pulse duration of 12 fs at a central wavelength of 1800nm,
a repetition rate of 1 kHz and a pulse energy of up to 0.8 mJ [16]. The second system works
with a pulse duration of 60 fs at a central wavelength of 3200 nm, at a repetition rate of 100
kHz and a pulse energy of up to 80 µJ [17]. A schematic drawing of the experiment is shown
in Fig. 1. These lasers were focused on a gas jet and we measured the x-ray emission at right
angle to the IR beam propagation direction. The 1800nm laser was focused with a 250mm focal
length (f ) CaF2 lens to a spot diameter measured by a knife edge scan to be ∼38 µm, while the
3200 nm laser was focused with an effective f = 15mm parabolic mirror to a spot diameter of
∼6 µm. These laser parameters resulted in maximum intensities on target of ∼5.8× 1015 W/cm2

and ∼4.5 × 1015 W/cm2, respectively. We estimate an inaccuracy of ∼10% for the determination
of the focus diameters, thus ∼20% inaccuracy in determining the respective intensities. To tune
the intensity on target we clipped the beam before the focusing element with an adjustable iris.
The gas nozzle was made by drilling a small hole on the side walls of a nickel tube having an
outer diameter of 2mm and wall thickness of 0.1mm. The gas was fed through one side of the
tube while the other side was crimped and welded to force the gas ejection through the drilled
orifice. By inspection of the drilled orifice, we estimate its diameter to be �100 µm.

In this work we used neon and krypton gas as targets for the inner-shell ionization process, at
backing pressures ranging from a few mbar to ∼100 mbar. The backing pressure of the neon and
krypton gas was measured with a Pirani pressure gauge and/or a differential pressure manometer
(PCE-917). At these pressures, and with the above-mentioned dimensions of the orifice, we
assume a choked flow through the orifice. The laser was focused as close as possible to the orifice
exit, leading to a gas jet diameter at the interaction region of �100 µm, with a similar gas density
as within the tube. For the x-ray emission detection and spectroscopy, we used a silicon drift
detector (Amptek XR-100 SDD) with a 7.6 µm thick beryllium foil as an IR filter in front of it.

In our previous work [18] we used a two-cycle 1800nm laser to excite electrons from inner-shell
states of neon and krypton atoms and detected the resulting fluorescence emission from the
corresponding K and L transitions. Accompanying the characteristic K and L emission lines,
we also observed a continuum x-ray emission, coming from either a bremsstrahlung effect or
from recombination radiation. A common practice to separate re-collision related processes,
such as high harmonic generation (HHG), from other competing processes is to check the signal
against the driving laser polarization ellipticity. As the polarization changes from linear to
elliptical, the electrons’ trajectories quickly run away from the parent ion and the re-collision
related process ceases to exist [19]. Hence, to verify the re-collision mechanism for the case of
inner-shell electrons, we checked the fluorescence yield against the laser polarization ellipticity.
For that purpose, we placed a quarter waveplate (QWP) just before the focusing element of the IR
laser. The ellipticity was calibrated by rotating a linear polarizer after the focus and measuring
the transmitted IR power against the polarizer orientation. During our previous work [18] the
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Fig. 1. Schematic drawing of the experiment. A gas nozzle is placed inside a vacuum
chamber. The few-cycle IR laser is focused into the gas jet and produces x-ray emission due
to electron re-collision and/or electron collision with neighboring atoms. The x-ray yield
and spectrum are detected by a silicon drift detector (SDD), which is placed at right angle to
the propagation direction of the IR laser beam to avoid the contribution of a possible HHG
background. A λ/4 waveplate is used to control the polarization state of the IR laser on
target.

x-ray signal from inner-shell excitation of the Ne atoms was too weak to check the ellipticity
dependence, but with krypton we observed a reduction of the x-ray emission correlated with
the increase of IR ellipticity. This behavior is a well-known signature of the direct laser-driven
electron re-collision process. However, the reduction of the x-ray yield with increasing ellipticity
was not as strong as it is usually observed in HHG experiments [19]. In this paper we further
investigate these laser-induced inner-shell excitations in more detail and characterize the specific
role of electron re-collision.
As a first step, we improved the signal-to-noise ratio and repeated the linear-to-circular

polarization scan, for both neon and krypton atoms. Figure 2 shows measured x-ray spectra from
neon and krypton as a function of the QWP angle.
The results presented in Fig. 2(b) are similar to those we got in our previous work, i.e. the

yield of the characteristic line in krypton peaks at linear polarization and drops to a minimum at
circular polarization, though it does not completely disappear. This picture is more detailed than
the previous one and we can see a slight shift between the peak position of the characteristic
line and the peak position of the continuum. Contrary to Fig. 2(b), Fig. 2(a) shows a completely
opposite behavior: both the characteristic K line and the continuum emission from the neon
atoms peak around the circular polarization of the IR laser and reduce to a much lower yield
near the linear polarization. To explain this, we resort to a competing excitation mechanism. In
our first observation of K-shell excitation in neon [12] we concluded that at high gas densities
the probability of exciting neighboring atoms by laser-released high-energy electrons is not
negligible and has to be considered.
In the following section we would like to elaborate this idea further. We calculate the

probabilities for the tunnel-ionized electron to either re-collide with the parent ion and initiate a
core-hole excitation, or to drift away from the parent ion and collide with one of the surrounding
atoms, again, with high enough kinetic energy to excite a core-shell electron. Hereafter we
term these electrons “drift away electrons” (DAWEs). Since our experiments involve many
uncertainties such as the exact gas density and the exact laser intensity on target, the goal of the
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Fig. 2. (a) The x-ray spectrum generated after inner-shell excitation of neon atoms as a
function of the QWP angle (linear polarization approximately at 0, 90, 180 & 270 degree,
marked as white solid lines; circular polarization at 45, 135, 225 & 315 degree, marked
as white dashed lines). The false color map represents number of counts per energy bin.
The laser parameters are 1800nm, 12 fs, and 370 µJ (estimated peak intensity on target
2.8 × 1015 W/cm2). (b) The corresponding x-ray spectrum for krypton atoms as a function
of the QWP angle. Same angle markings and laser parameters as (a), except for a pulse
energy of 310 µJ (estimated peak intensity 2.3 × 1015W/cm2).

following section is to develop a simplified model, which incorporates the essential features of
these two excitation mechanisms, and predict within an order of magnitude at which conditions
one process dominates over the other. Our model is similar to the famous quasi-classical three-step
model [20] that explains most features of HHG qualitatively. As the first step, we assume that a
valence electron tunnels out from the atom due to the strong laser field and emerges at the tunnel
exit with zero velocity. After tunneling out of the atom, the electron traverses in the strong laser
field according to the classical equation of motion. Depending on the time at which the electron
has emerged at the tunneling exit, there are two possibilities: the first is that the electron will
come back to its parent ion and re-collide with it. The second possibility is that the electron
will keep oscillating for more than one period in the laser field with a constant drift velocity
that takes the electron away from its parent ion [21]. If the re-colliding electron has enough
energy at the collision moment, or the escaping electron has acquired enough energy during
its drifting in the laser field, they have a certain probability to “kick” an inner-shell electron
from its tightly bound state, while leaving a hole in the inner shell. We would like to compare
these two processes of direct re-collision and collision of a DAWE, and calculate the probability
ratio between them for different experimental conditions, e.g different laser intensities, laser
wavelengths and polarizations, gas densities and different atomic species.

We start by calculating the x-ray fluorescence yield due to direct re-collision. During the
excursion of the electron in the continuum, after ionization, the electron wavepacket tends to
spread and the overlap between the parent ion core and the ionized electron density reduces.
Therefore, we assume that the probability to excite an inner-shell electron due to direct re-collision
is proportional to the ratio between the excitation cross section σ(vr) and the electron wavepacket
area πw2

r at the re-collision time tr. Thus, the probability per unit time for an electron detached
at time t = ti to excite an inner-shell electron of its parent ion through re-collision at time tr is
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given by [12,22,23]:

dpex(ti) = η(ti)
σ(vr)
πw2

r
dti, (1)

where η(ti) is the ionization rate at the ionization time ti and σ(vr) is the excitation cross
section as a function of the electron velocity vr at the re-collision time tr, and wr is the electron
wavepacket spread at the re-collision time. Note that tr, vr and wr, are all functions of ti. Note
also that the ionization rate depends also on the laser intensity and the ionization potential (see
discussion below). The total probability for inner-shell excitation through electron re-collision
is the integration of Eq. (1) over the whole pulse duration. Here we neglect re-absorption and
assume that the fluorescence yield is proportional to the number of excited atoms in a given
volume. The fluorescence yield due to the direct re-collision process is therefore written as:

Yre = ρ0∆V
Γrad

ΓAug + Γrad

∫
η(ti)

σ(vr)
πw2

r
dti, (2)

where ∆V is the effective volume, defined by the intersection of the focused laser beam and
the gas jet, ρ0 is the gas density, and Γrad and ΓAug are the radiative and Auger decay rates,
respectively.
To derive the fluorescence yield due to collisions of the DAWEs with neighboring atoms

we calculate the respective excitation probabilities as well. For a given electron with a drift
velocity vdrift the collision probability is ρ0σ(vdrift)∆L, where ∆L is the effective distance the
electron traverses in the medium. The total probability is therefore the multiplication of this
collision probability with the ionization probability, and the fluorescence yield for the collision
with neighboring atoms is:

YDAWE =

∫
Γrad

ΓAug + Γrad
[ρ0η(ti)∆V]ρ0σ(vdrift)∆L dti

= (ρ0∆V)ρ0∆L
Γrad

ΓAug + Γrad

∫
η(ti)σ(vdrift) dti,

(3)

where vdrift is the drift velocity of the DAWE which is again a function of the ionization time ti
[20]. Since absolute values are hard to determine, we are most interested in the ratio of these
yields. This ratio is given by:

Yre
YDAWE

=
1

ρ0∆Lπw2
r

∫ η(ti)σ(vr) dti
∫ η(ti)σ(vdrift) dti

, (4)

To check the ratios between the fluorescence yields for different experimental conditions we
numerically integrate Eq. (4). For the re-collision yield Yre we assumed a linearly polarized laser
and calculated η(ti) according to the adiabatic approximation in which the static ionization rate

ηstat(F, Ip,Z) = ω0 |Cχ,l |
2
(
2F0
F

)2ξ−1
exp

(
−
2
3
F0
F

)
, (5)

is now time dependent through the dependency of the electric field F(t) on time. (Compare
Eq. (4) in [24], where ~ = me = e = 1, κ =

√
Ip/13.6 eV, ω0 =

κ2

2 , F0 = κ3, ξ = Z/κ, Z is
the charge state and Ip the respective ionization energy). Because of the long wavelength and
therefore low frequency of our laser field, the adiabatic approximation is justified [24–27]. To
further simplify our model, we neglected any dependences on angular momentum and magnetic
number, thus |Cχ,0 |

2 � 22ξ
ξΓ(ξ+1)Γ(ξ) .

With a high enough laser intensity, the probability to release a valence electron reaches unity.
At this stage a second electron starts to be tunnel-ionized, with Z = 2 and Ip equal to the second
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ionization energy. Once the second electron is ionized a third one starts to be ionized and so
on. This process is called sequential multiple ionization. In parallel to the sequential ionization
process, there is also a non-sequential ionization process in which the re-colliding electron can
ionize another valence electron. The non-sequential ionization is usually dominating at the early
stages of ionization, but at higher intensities when the ionization probability comes close to unity,
sequential ionization becomes the dominant process [28]. For that reason we consider here only
the sequential ionization process. We solve a system of time dependent differential equations:

ÛNZ = NZ−1 η(F, Ip(Z),Z) − NZ η(F, Ip(Z + 1),Z + 1), (6)

ÛN0 = −N0 η(F, Ip(1), 1),

with the initial conditions: NZ(t = −∞) =


1, Z = 0

0, Z , 0
, where NZ is the Zth charge state

population. After solving this system of equations, we have the total ionization rate

ηtot(t) =
∑
Z

ÛNZ(t) (7)

and we replace η(ti) with ηtot(ti) in Eq. (4).
After deriving the ionization rate, we now calculate the re-collision time tr and the velocity of

the electron vr at the re-collision time by calculating the electron classical trajectories ®r(t) under
the influence of the laser field with the assumption of zero velocity at the tunneling time ti and the
requirement that ®r(tr) = 0 [20,29]. For the wavepacket spreadwr we setwr(ti, tr) = ~

2mew(ti) (tr − ti)

[30], and for σ(v) we used the Bethe formula σ(v) = A Ei ln
(
mev2
2Ei

)
/

(
1
2mev2

)
[31–33], where

Ei is the binding energy of the inner-shell electron and me is the electron mass. Since we are
only interested in the ratios between the different fluorescence yields, we can set A = 1 (in the
case that different channels are involved, we still assume that their cross sections are within the
same order of magnitude). For ρ0 in Eq. (4) we assume similar gas density as within the nickel
tube and the effective length ∆L is the gas jet radius at the interaction region (∼100 µm). Having
ηtot(ti), tr, vr, σ(vr), wr, ρ0 and ∆L, we can plug all these values into Eq. (4).

What remains is to calculate the x-ray fluorescence yield due to the drifting away electrons. We
used the Bethe formula for the cross section σ(v) as above, but unlike for the re-collision process
that occurs mainly at linear IR polarization, with the DAWE we have to distinguish between
linear or circular polarization of the driving laser. Hence, in Eqs. (5)–(7) for the ionization rate,
we replaced the linearly polarized field ®F(t) = F(t) cos(ωt)x̂ with the circularly polarized field
®F(t) =

(
F(t)/

√
2
)
(cos(ωt)x̂ + sin(ωt)ŷ). To understand the main difference in DAWE energy

spectra between the linear polarization and circular polarization laser laser field, we have to
remember that the DAWE drift velocity, under the assumption of zero velocity at the tunnel exit
time ti, is given by the vector potential at the tunneling time ti, i.e.:

®vdrift =
e
me
®A(ti) =

e
me

∫ ∞

ti

®F(t) dt (8)

For the linear polarization, electrons tend to be ionized near the peak of the electric field.
According to Eq. (8), for the linear polarization the peak of the electric field is when the magnitude
of the vector potential tends to be close to zero. Therefore, the momentum distribution of DAWEs
from a linearly polarized driving laser is peaked around zero. The situation for a circularly
polarized driving laser is different. In a circularly polarized electric field, the magnitude of the
field is constant and only its direction changes in time. In that case, and according to Eq. (8),
the vector potential also has a constant magnitude and its direction is always perpendicular to
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the electric field. Thus, with a circularly polarized driver, the DAWE momentum distribution is
peaked around this constant value of the vector potential. In addition, with short pulses, we have
to account for the change of the electric field amplitude with the pulse envelope, even for the
circular polarization case (see Fig. 3).

Fig. 3. Calculated DAWE spectra for the linearly and circularly polarized cases. (a) and (b)
The kinetic energy of a DAWE which tunnels out at time t for linear polarization and circular
polarization, respectively. (c) and (d) The ionization rate of the first and second charge state
as a function of time for linear polarization (c) and circular polarization (d) (blue line for
Ne→ Ne + , red line for Ne + → Ne ++ ). (e) and (f) The resulting DAWE energy spectrum
for the linear and circular polarization, respectively. In our simulation we used a 1800nm,
12 fs, 6 × 1015 W/cm2 laser pulse, hence the laser pulse envelope amplitude changes in
time for both the linear and the circular polarization cases. The distinct peaks in the electron
spectrum for the circular polarization are evidence of multiple ionization (f). The dashed
line linking panel (b) and (d) marks the time at which the electrons within the peak in the
spectrum around 1800eV (indicated by the dashed arrow) were ionized.

Figure 3 shows typical DAWE spectra for the linear and circular polarization cases. Because
of the high intensities in our experiment we also account for multiple ionization. The few
distinct peaks in Fig. 3(f) for the circularly polarized driver are the results of multiple ionization.
Evidently, in linear polarization, electrons are tending to be ionized at times at which the electric
field peaks and the vector potential, as well as the induced electron drift energy, is close to
zero. Therefore, the DAWE spectrum is most prominent at low energies. Contrary, the DAWE
spectrum generated by the circular laser polarization peaks at higher energies, thus having a
higher probability for inner-shell electron excitation.
At this point it is necessary to make some comments on the validity of the above-mentioned

model for the high laser intensities used in our experiment. Tunneling through the potential
barrier as ionization mechanism is possible as long as the binding energy of the valence electrons
is still below the maximum energy of the barrier. For each charge state and its ionization energy
there is a threshold laser intensity, beyond which the potential barrier is suppressed sufficiently
by the laser electric field that the valence electron can escape even classically. At this point, the
ionization mechanism changes from “tunnel ionization” to “barrier suppression ionization” (BSI)
with a lower ionization rate. For more details about barrier suppression ionization we refer the
reader to [34–36]. Under our experimental conditions at least the first ionization of neon and the
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first three ionization steps of krypton are within the criteria for BSI. Therefore, we simulated
electron spectra similar to the ones shown in Figs. 3(e) and (f), but including BSI as in [36].
for comparison (see Fig. 9 in the appendix). The results show only a slight deviation from the
ones without the BSI mechanism. In line with our goal to have the simplest model grasping the
essential features of our experiment and in the limits imposed by the accuracy of the experimental
data, we can neglect this effect in the current discussion. Another issue at such a high laser
intensity is whether one needs to include the magnetic field of the laser in the calculations as
well. In [28] this question was investigated and it was shown that magnetic field effects can be
safely ignored, although minute effects could be observed [37].
Having corroborated the validity of our theoretical model, we use numerical integration to

calculate the ratios between the different x-ray emission rates. Figure 4 shows these ratios on a
semi-log scale for ionization of neon atoms at different laser intensities. Figure 5 shows the same
information for krypton atoms.

Fig. 4. Results of numerical simulation. Ratios of x-ray yield after ionization in neon
as a function of the laser intensity for different excitations mechanisms: “Rec” for re-
collision, “Lin DAWE” and “Circ DAWE” for DAWEs from a linearly and circularly
polarized laser, respectively. Laser parameters: 12 fs, λ = 1800 nm; gas density ρ0 =
2.5 × 1018 cm−3 and interaction length ∆L = 100 µm. It is evident that at lower laser
intensities (I<2.5 × 1015 W/cm2), and with the given gas density, re-collision excitation
dominates over excitation from the linear DAWEmechanism. At higher laser intensities, both
the signals from linear DAWEs and from circular DAWEs overcome the re-collision-induced
x-ray emission.

Figures 6(a) and (b) shows the measured x-ray emission spectra after ionization of krypton
atoms at two different laser intensities in a false color plot as a function of the QWP angle. Both
measurements were done with 60 fs laser pulse duration at a driving wavelength of 3200 nm
at an estimated laser intensity of 1.1 × 1015 W/cm2 for Fig. 6(a) and 2.3 × 1015 W/cm2 for
Fig. 6(b). Figure 6(b) presents a similar shape of the fluorescence yield as a function of the laser
polarization ellipticity as the shape presented in Fig. 2(a) for ionization in neon atoms, driven
by the 1800nm laser at comparable intensities, but different from the shape of the fluorescence
yield for ionization of the krypton atoms at 1800nm laser wavelength shown in Fig. 2(b). The
main experimental difference between the two cases is the higher ponderomotive energy for the
longer-wavelength driving laser used for the data in Fig. 6(b). For the data shown in Fig. 6(a),
we reduced the ponderomotive energy and indeed see a shift of the maximum x-ray yield from
circularly polarized light towards some more elliptical polarization, but the shift towards linear
polarization, as it appears in Fig. 2(b) is not fully recovered.
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Fig. 5. Same as Fig. 4, but shows the ratios of x-ray yield after ionization of krypton atoms.
It is evident that for krypton with the given gas density, re-collision excitation dominates
over excitation from linear DAWEs over the whole simulated laser intensity range. For
intensities above 4.5 × 1015 W/cm2, excitation by DAWEs from a circularly polarized laser
becomes dominant over re-collision excitation, and above 5.0 × 1015 W/cm2 also excitation
by DAWEs from an elliptically polarized laser (ε = 0.7). These results are in par with the
experimental results (see below and Fig. 8).

Fig. 6. (a,b) Experimental data: x-ray spectra after ionization in krypton as a function of
QWP angle, where 230° corresponds to linear polarization and 275° to circular polarization.
Laser parameters: λ = 3200 nm, τp = 60 fs. The estimated laser intensity for the data in (a)
is 1.1 × 1015 W/cm2 and 2.3 × 1015 W/cm2 for the data in (b). (c,d) Numerical calculation
of the DAWEs energy spectrum as a function of the QWP angle (0° corresponds to linear
laser polarization and 45° to circular polarization in this calculation) for the same laser
parameters as in (a) and (b), respectively. The red and black arrows indicate the energy of
the krypton L-shell (1590 eV).
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To understand this trend better, we investigate the corresponding DAWE spectrum. For a given
laser intensity, the peak field in a circularly polarized laser is

√
2 times smaller than the peak

field of a linearly polarized laser pulse. Therefore, below a certain laser intensity threshold, the
kinetic energy of the DAWE driven by a circular polarization pulse does not suffice to excite
inner-shell electrons, while at the same intensity for linear polarization the DAWE energy will
suffice. In such a case, DAWEs from a linearly polarized laser are more probable to excite
inner-shell electrons than DAWEs from a circularly polarized laser, although, on average, DAWEs
from a circularly polarized laser have higher energies than those driven by a linearly polarized
laser. Taking the two effects together, it can happen that at certain intensities the maximum
probability for inner-shell excitation occurs at some ellipticity 0<ε<1. Figures 6(c) and (d)
shows the simulated DAWE energy spectra on a false color logarithmic scale as a function of the
QWP angle, for the same laser parameters as in the experiment. At the lower laser intensities in
Fig. 6(a)), we can attribute the dip in the L-shell x-ray emission, around the circular polarization
setting, to the similar dip in the electron energy spectrum (Fig. 6(c)). At higher laser intensities,
this dip disappears for both the x-ray emission and the electron energy spectrum (Figs. 6(b) and
6(d)). Figure 6 demonstrates the importance of the laser intensity for the ratio of the fluorescence
yields at linear or circular laser polarization.

To study this effect further we checked this ratio for a range of intensities. Figure 7(a) shows
experimental data, how the characteristic x-ray yield from ionized neon atoms changes as a
function of the laser peak intensity, for the linear and circular laser polarization with λ0 = 3200 nm
and a pulse duration of 60 fs. Figure 7(b) shows the ratio between these x-ray yields on a semi-log
scale, and Fig. 7(c) presents our corresponding numerical calculation of the yield ratios on a
semi-log scale.
By comparing the experimental results and our numerical calculation we see that at a low

intensity, and for a given gas density, the re-collision excitation dominates over excitation by
DAWEs for the linear laser polarization. However, at higher intensities inner-shell excitation
by DAWEs takes over. This general trend also shows up in the set of data that was taken for
ionization of krypton atoms exposed to laser pulses with 12 fs pulse duration and a wavelength
λ = 1800nm. Figure 8 presents false color plots for the x-ray emission spectra from ionized
krypton as a function of the QWP at three different laser intensities. At low intensities (panel
8(c)), it shows preferable excitation with linear laser polarization for both the Kr characteristic
line and for the surrounding continuum. As the laser intensity increases (8(b)), the peak emission
of the continuum shifts towards the circular laser polarization state, and at the highest intensity
(Fig. 8(a)) we see higher more characteristic x-ray at the circularly polarization laser state. This
is in accordance with our numerical simulations (see above).
In conclusion, while the mechanism of laser-induced electron re-collision remains the same

for HHG and for electron impact ionization/excitation of valence electrons, the extension towards
keV energies and interactions with inner-shell electrons is not trivial. Several factors are involved
in these differences: first, because of the high ponderomotive potential needed to reach inner-shell
electrons, the atom experiences a series of sequential tunnel ionization events towards a higher
ionization state, as opposed to “low energy” HHG (< 100 eV), where we usually have a single
ionization state. Second, since the inner-shell electrons are closer to the atom nuclei and partially
screened by the valence electrons, their interaction cross section with the fast re-colliding
electron is significantly smaller than the recombination cross section of the slower electrons
with the parent ion that usually happens in the “low energy” HHG. As a result, other competing
processes are brought to the front of the stage which make it more difficult to study the inner-shell
excitations. One of the main competing processes is electron collision with neighboring atoms.
Despite some earlier evidence [12,18], the possibility to ionize/excite inner-shell electrons by
laser-induced electron re-collision remained controversial. The goal of this research is to improve
our knowledge about inner-shell excitation through laser-induced re-collision.
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Fig. 7. (a) Experimental data: Ne characteristic x-ray line yield as a function of the drive
laser intensity, for both linear and circular polarizations. (b) The ratio between linear
polarization yield and circular polarization yield on a semi-log scale. Error bars are too
small to be shown except for the first point in (b), where the number of counts is small.
(c) Numerical simulation: Ratios of x-ray yields after ionization of neon as a function of
excitation mechanism. Rec for direct electron re-collision, Lin DAWE and Circ DAWE for
DAWEs generated by a linearly and circularly polarized laser, respectively. Parameters for
all panels: τp = 60 fs, λ = 3200 nm; gas density ρ0 = 2.5 × 1018 cm−3; interaction length
∆L = 100 µm.
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Fig. 8. False color plots of x-ray emission spectra after ionization of krypton atoms at
different laser intensities and for different polarization states. The vertical scale shows
the QWP angle. White solid horizontal lines mark the approximate linear polarization,
while dashed white lines mark approximately the circular polarization. Laser parameters:
λ = 1800 nm, pulse duration 12 fs. The estimated laser intensities are (a) 5.1× 1015 W/cm2,
(b) 2.3 × 1015 W/cm2, and (c) 2.0 × 1015 W/cm2.

In view of the possibility to use the re-collision process as the initiating process in a pump/probe
experiment for studying core-hole dynamics, we examined the conditions under which direct
electron re-collision excitation of K-shell and L-shell electrons in neon and krypton, respectively,
are dominating over excitation by DAWEs. We measured the x-ray emission perpendicular to the
propagation direction of the incoming infrared laser and observed both the K-shell and L-shell
characteristic lines, as well as a continuum emission, which we attribute to bremsstrahlung
or recombination processes. To verify the re-collision mechanism for the case of inner-shell
electrons, we checked the fluorescence yield against the laser polarization ellipticity. We
found that at low laser intensities it peaks at linear polarization but observed a shift of the
maximum fluorescence yield towards circular polarization for higher laser intensities. According
to our calculations, we explain this behavior by the domination of the indirect collision-induced
ionization mechanism with neighboring atoms for laser intensities above an element-specific
intensity threshold. These results are an important step towards the possibility to use IR-field
driven electron re-collision as the initiating pump step in pump/probe experiments for studying
core-hole dynamics at their natural temporal scale. We believe that this work can also shed some
light on challenges experienced in earlier attempts to generate HH radiation beyond the keV
spectral range.

Appendix

Figure 9 shows the effect of BSI compared to tunnel ionization for the same laser conditions as in
Fig. 3 with Ne atoms as target. For the calculation of the BSI rate we used the formula from [36]
with α = 12.
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Fig. 9. Simulation of BSI compared to tunnel ionization at the same laser conditions as in
Fig. 3 for the first two ionization steps in Ne atoms. TI – tunnel ionization. BSI – Barrier
Suppression Ionization.
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