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We investigate the plasma dynamics inside a femtosecond-pulse-induced filament generated in an
argon gas for wide range of pressures up to 60 bar. At higher pressures, we observe ionization imme-
diately following the pulse with up to a 3-fold increase in the electron density within 30 picoseconds
after the filamentary propagation of the femtosecond pulse. Our study suggests that this picosecond
evolution can be attributed to collisional ionization including Penning and associative ionizations,
and electron-impact ionization of excited atoms generated during the pulse. The dominance of
excited atoms over ionized atoms at the end of the pulse also indicates an intrapulse inhibition of
avalanche ionization.This delayed ionization dynamics provides evidence for diagnosing atomic and
molecular excitation and ionization in intense laser interaction with high-pressure gases.

PACS numbers: 34.80.Dp, 52.38.Hb, 52.50.Jm, 42.65.Re

Tonization is a likely outcome of intense laser-matter
interactions. Ionized electrons can be used to extract in-
formation about the laser pulse [1] or the electronic struc-
ture of molecules [2, 3]. Tonization plays a critical role in
other phenomena such as balancing self-focusing in fem-
tosecond filamentation [4], achieving phase-matching in
high-order harmonic generation [5], and optimizing injec-
tion in electron accelerators [6]. Various mechanisms give
rise to ionization, depending on the laser conditions and
target properties. Multiphoton and tunnel ionization are
typically the dominant process in tenuous gases and have
been extensively studied [7]. Alternatively, ionization can
result from collisions of atoms with other particles, and
this includes electron-impact ionization, Penning ioniza-
tion (e.g., Ar*+Ar* — ArT+Ar+e~, where Ar* denotes
an excited argon atom) and associative ionization (e.g.,
Ar*+Ar* — Arj+e”). Electron-impact ionization has
been shown to play an important role in laser interactions
with high-pressure gases [8], clusters [9], and solids [10].
It is typically seeded by optical ionization with an ul-
trashort pulse, and separating and identifying these two
effects is a challenging task [8, 10]. Penning ionization
and associative ionization, in which the ionization energy
is given by the de-excitation of the excited atoms, are
important processes in plasma chemistry [11] and have a
characteristic time of microseconds or more in typical gas
discharge. However, their role in laser-produced plasmas
has been elusive and very little studied. The post-pulse
dynamics resulting from collisional ionization is interest-
ing not only to provide a fundamental understanding but
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also to shed light on the physical processes that occur
during the pulse. Measurements of post-pulse electron
dynamics have been made using interferometry in a hot
plasma [12] or indirectly via four-wave mixing [13] or via
Rabi oscillations [14]. The laser intensity used in these
experiments was sufficiently high (> 5 x 1014 W /cm?) so
that the ponderomotive energy was comparable to the
ionization potential, which gives rise to an increase in
the plasma density by tens of percent in agreement with
simulations [15]. However, the plasma density in weakly
ionized filaments either increases by less than one per-
cent [15] or decreases on a picosecond time scale [16] due
to the low electron temperature because of the intensity
clamping [17].

In this Letter, we use time-resolved shadowgra-
phy /interferometry to measure the time dependence of
the plasma density during and immediately following the
formation of a femtosecond filament in a high-pressure
argon gas. We observe a 3-fold increase in the elec-
tron density at the highest pressures within the first
30 picoseconds after a plasma channel is created. Our
experimental measurements, in agreement with theoret-
ical simulations, show that the plasma density continues
to rise after the pulse has passed through the interac-
tion region due to collisional ionization of excited atoms.
The presence of a significant fraction of excited atoms,
which have large nonlinearity [18] and different ioniza-
tion dynamics, can potentially affect the filamentation
with single and multiple pulses. In addition, these re-
sults will help to accurately interpret and control the in-
teraction of intense laser pulses with high-pressure gases,
which has given rise to many interesting phenomena such
as laser-induced gas breakdown [19], generation of warm



dense plasmas [20], supercontinuum generation [21], and
efficient ultrahigh harmonic generation [22]. Moreover,
the study of generation of excited atoms and molecules
is central to the lasing action during filamentary propa-
gation [23, 24], in particular at mid-infrared wavelengths,
where rich electron-impact dynamics may be present
since the ponderomotive energy scales as A2, where \
is the laser wavelength.
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FIG. 1. Experimental setup. BS: beamsplitter, RM:roof-
top mirror, MO:microscope objective. Shadowgraph (insert i)
records plasma-induced absorption imprinted on probe. Inter-
ferogram (insert ii) records plasma-induced phase alterations
imprinted on probe.

In our experiments, 60-fs, 800-nm pulses from a 10-Hz
Ti:sapphire amplified laser system are used. The spa-
tial profile of the beam is cleaned by a vacuum spatial
filter, and the beam is split into a pump beam and a
probe beam. Figure 1 shows the experimental setup in
which the pump beam is focused by a lens of 20-cm focal
length into a gas cell with pressures ranging from 1 to
60 bar, and the energy of the pump beam is maintained
at 0.3 mJ. White-light generation, which is an indication
of filamentation, is observed for pressures greater than
10 bar. The unfocused probe propagates through the fil-
ament and is relay-imaged onto an externally triggered
charge-coupled device (CCD) using a 4f imaging system
and a microscope objective. The spatial resolution is
determined to be 12 pum, and the delay of the probe is
scanned by translating a stage at each pressure. For
the interferometric measurement, a Michelson scheme is
used to produce the two arms and phase alterations are
imprinted onto the top part of the probe, and the bot-
tom part of the beam serves as the reference. After the
spatial orientation of the beam is flipped by a roof-top
mirror, the reference region is spatially overlapped with
the probe region, producing an interferometric image.
The shadowgraph is captured when the roof-top mirror
is blocked. The shadowgraph and interferogram in Fig. 1
show the single-shot raw images captured by the CCD
in the shadowgraphic and interferometric measurements,
respectively.

Figure 2(a) shows two single-shot shadowgraphs at
60 bar of argon gas pressure. At At = 0, the shadow is
so weak that a background image without a pump beam
is subtracted to enhance the contrast. The ionization
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FIG. 2. ((a) Single-shot shadowgraphs for two different de-
lay times. (b) Lineout measurements for several different de-
lay times. Each lineout is averaged over 10 shots. Here the
width of the shadow broadens due to multi-shot averaging.
(c) Transmission extracted from the shadowgraph versus de-
lay at 60 bars. Each data point represents a 10-shot average.

front allows us to determine the timing of the pump and
probe. At a delay of 50 ps, the shadow is directly visible
in the raw image. Figure 2(b) shows the normalized line-
out at the position of dashed line in Fig. 2(a) for various
delays. Figure 2(c) plots the evolution of the transmis-
sion at the axis of the plasma extracted from shadow-
graph. The transmission drops substantially during the
first 30 ps and then levels off to a value slightly less than
0.6. Since the transmission is determined by the plasma
absorption e~ ?Nel where o is the absorption cross sec-
tion, N, is the electron density, and L is the effective
length, the decay of transmitted light clearly indicates
the rise of the electron density.

The change of electron density can also be observed
directly by measuring the phase shift A¢ o< n.L of
the probe beam. Figure 3(a) shows several single-shot
phase images extracted from the interferogram using the
Fourier transform method [25]. Considering the pulse
duration of the probe and transverse dimension of the
filament, the temporal resolution of the measurement is
100fs. Figure 3(b) shows the phase shift at = 0.25 mm
of Fig. 3(a) as a function of the delay At for three dif-
ferent gas pressures. While the phase shift increases by
30% at 20 bar, it increases by more than a factor of three
within the first 30 ps for 60 bar. The shadowgraphic and
phase-shift measurements show modulations outside the
plasma filament, which is caused by the limited spatial
resolution of the imaging system [26]. The oscillations
at the two sides of the plasma in the shadowgraph and
the phase image are not symmetric, which we believe is
due to the ionization being extremely sensitive to the
laser intensity near the threshold and a small asymme-
try in laser intensity results in a significant asymmetry
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FIG. 3. (a) Single-shot phase images extracted from interfer-
ograms at p = 40bar: (i) At =0, (ii) At = 46 ps, and at p =
60 bar: (iii) At = 1ps, (iv) At = 43 ps. (b) Measured phase
shifts vs. delay at several pressures. Each data point is the
average of 25 single-shot measurements. The error bars repre-
sent the standard deviation. The standard deviation at 60 bar
is large because the position is near the end of the filament.

in the plasma density. The FWHM size of the filament
in all the measurements is approximately 12 ym, regard-
less of the pressure or probe delay, which indicates that
the measured size is limited by the spatial resolution of
the imaging set-up and the actual size may be smaller.
Assuming a size of 40 um at 1 atm for a similar focusing
condition [27] and a scaling of d o< vP [28] where d
is the diameter and P the pressure, the predicted sizes
at 20, 40, and 60 bar are approximately 8.9 um, 6.3 um,
and 5.2 ym, respectively. For 0.1rad phase shift, the cor-
responding values of the degree of ionization are 0.009,
0.006, and 0.005. The absence of size variation at var-
ious delays in Fig. 2(b) indicates the time scale of hy-
drodynamic expansion is much longer than that of the
measurement, which is consistent with theoretical anal-
ysis since the ion sound wave needs 8 ns to travel 12 um
based on the sound speed at T, = 1eV. The laser power
used in experiments is below the threshold power for a
clean profile to develop multiple filamentation [29], thus a
single filament is formed. Multi-filamentation is observed
when the input profile is polluted by a damage spot on
the mirror or when a vortex beam is used. Filamentation
in a high-pressure nitrogen gas is also investigated, but
the phase shift is below the noise level. We believe the
different dynamics is due to the electron-impact dissoci-
ation of Ny by the quivering electrons.

To understand the mechanism for the observed picosec-
ond ionization after the pulse, numerical simulations are
performed. We assume that variables have no spatial
dependence since hydrodynamics expansion can be ne-

glected. The post-pulse time evolution of the atom den-
sity and electron temperature T, follows a system of rate
equations where the particle balance is described by,

dN;
d—tj = _;ajijHkNj +;VVlale, (1)

where N; is the density of species j, aj; is the stoichio-
metric coefficient of the atoms, W is the rate of reactions
including electron-impact excitation and ionization, Pen-
ning ionization, associative ionization, three-body recom-
bination, and dissociative recombination. The electron
temperature T, obeys the equation [30, 31],

d (3
E <§N€T€> = - Z%Ejkwj—)kNja (2)
J

where €, is the energy loss or gain of the electrons in
various reactions. The included reactions and the rate
coefficients are listed in Appendix. The reaction rate
scales with the density of reactant, and the initial values
also has pressure dependence.

We simulate the evolution in 60 bar of argon gas start-
ing at to = 200fs, at which time the electrons have ther-
malized. We use the initial normalized electron density
Neo = 0.005 taken from the measurement. The results
are sensitive to the initial densities of atoms in 4s and
4p states Nyg 0 and Nypo. The initial temperature T o
and the densities of other species primarily affect the dy-
namics within the first picosecond, for which we do not
observe much change in the experiment. Thus we assume
T, = 2eV and densities of other species are zero. Fig-
ure 4(a) shows the result for Nys 9 = 0.025 and Nyp o =
0.02, in which the rise time and amplitude approximately
match the measured values. Here, the numbers of excited
atoms are not depleted since electron-ion recombination
generates excited atoms as well. Thus, ionization and re-
combination reach a dynamic equilibrium which lasts un-
til the diffusion or radiative recombination can no longer
be neglected. If Nexcited,0 K Neo and Te is high, rapid
ionization occurs within the first picosecond due to high
atom density, causing 7. to decrease to approximately
2eV. Further ionization can only occur from a tiny frac-
tion of electrons in the high energy tail of the thermal
distribution. When Nexited,0 > Ne,o, electron-impact
ionization of excited atoms alone cannot reproduce the
observed picosecond multifold increase, as shown in the
dash-dotted green curve in Fig. 4(b). Penning and as-
sociative ionization plays a central role not only for the
direct generation of electrons but also for the release of
energy to the electrons, which prevents T, from decreas-
ing and further assist ionization through electron-impact.
The effect of the heating of Penning ionization can be
seen from the solid blue curve and dashed red curve in
Fig 4(b) and 4(c). Here the evolutions of N, and T, with
(solid blue curve) and without (dashed red curve) energy
gain from the Penning ionization are presented. These
simulations confirm that most of the ionization after the
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FIG. 4. (a) Time evolution of normalized density of electrons
and excited atoms. (b) Time evolution of normalized electron
density N with (solid blue line) and without (dashed red line)
the energy gain from Penning ionization and when recombi-
nation and Penning ionization are not included (dash-dotted
green line). (c) Time evolution of Te for the same condition
as in (b).

pulse is due to excited atoms in which the concentra-
tion is nearly one order of magnitude higher than that of
ionized atoms.

Excited atoms can be generated by electron-impact ex-
citation, frustrated tunnel ionization [32], or electron-ion

recombination. Frustrated tunnel ionization is almost ab-
sent for pulses with circular polarization [32]. However,
we observe similar picosecond ionization using circularly
polarized pulses. Three-body recombination into excited
states is included in the post-pulse simulation, but the
corresponding characteristic time is much longer than
the pulse duration, so its contribution to initial excited
atoms is not significant. We thus conclude that electron-
impact excitation is the dominant mechanism responsi-
ble for excited atoms immediately after the pulse. For
ultrashort-pulse filamentation electron-impact ionization
is typically modeled under the assumption that all the
absorbed energy is dedicated to ionize the gas. However,
the excitation has a lower threshold than ionization, so
when the released electrons gain energy through inverse
Bremsstrahlung, this energy is mostly channeled to the
electron-impact excitation when the collision frequency is
high, thus effectively depleting the number of electrons
with energy above the ionization energy and substantially
inhibiting electron-impact ionization.

In summary, we have investigated the temporal evo-
lution of plasma filaments produced by near-infrared
fs laser pulses in a high-pressure argon gas using ps-
time-resolved transverse interferometry and shadowgra-
phy. The plasma density increases several times in the
wake of femtosecond laser pulses, and this represents, to
our knowledge, the first observation of collisional ioniza-
tion of excited atoms in a laser-induced filament. Our ex-
perimental observation is confirmed by simulations and
reveals that intrapulse avalanche ionization is diverted to
electronic excitation. This indicates that avalanche ion-
ization during the laser pulse can be possibly inhibited,
in contrast to the enhanced ionization in laser-cluster in-
teraction. The dependence of collisional excitation and
ionization on various parameters, such as pulse duration
and wavelength, is worth further investigation. We be-
lieve this effect exists at lower pressure for longer pulse
durations. Ultimately, these results are important for
characterizing impact ionization and excitation in the
presence of the laser field [33] and for those experiments
that involve multiple time-delayed pulses for filament and
ionization control [34-36], in particular at high pressures
or at mid-infrared wavelengths.
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plinary University Research Initiative under Grant No.
FA9550-10-1-0561 and the DARPA PULSE program.
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