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Abstract: The short-lived longitudinal plasma oscillations generated during
filamentation in Argon and Nitrogen gas are measured with a specially designed
current monitor. The magnitude and initial direction of the corresponding
currents depends sensitively on laser polarization and nature of the gas. The
results are interpreted as resulting from the competition between two forces
acting on free electrons born during the filamentation process, the Lorentz laser
force and a Coulomb wake force resulting from a lateral expansion of the
plasma.

In this letter, we investigate the currents circulating in the wake of a short, intense infrared
femtosecond laser pulse propagating in air in the form of a filament. The understanding of these
currents is important for the long term goal of achieving propagation of electron beams over long
distances in the atmosphere with intense short laser pulses [1]. It is also important in the context of the
THz radiation emitted by filaments and in view of a recent controversy about the role of ionization in
the filaments [2, 3]. Filamentation occurs if the initial peak power of a short laser pulse launched in
atmosphere exceeds a critical value P > Pcr (~ 5 GW at 800 nm in air at normal pressure). The self-
induced change of the refractive index of air leads to beam self-focusing, a process arrested when the
pulse intensity becomes sufficient to ionize air molecules. The subsequent dynamic competition
between beam self focusing and plasma defocusing leads to the formation of a thin, weakly ionized
plasma column in the trail of the self guided pulse [4]. The plasma column is initially in an excited
state, in the form of short-lived (~1 ps) longitudinal oscillations, as evidenced by the pulsed conical
THz radiation emitted by filaments in the forward direction [5]. It is important to know and understand
the phase of the plasma waves as well as the process which excites their oscillations.

We have measured the phase of the plasma oscillations in two gases with nearly identical ionization
potential Ui, Ar (Ui = 15.759 eV) and N, (Ui = 15.576 eV). Surprisingly, we find that the initial
direction of the longitudinal plasma oscillation depends on the nature of the gas. Furthermore, the
initial direction of the electron flow in Ar can be inverted by changing the laser polarization from
linear to circular. We propose an interpretation based on the presence of two longitudinal forces acting
on free electrons after their birth. The first is the laser Lorentz force which, as discussed below, always
transfers a net momentum in the forward direction to born electrons. Its magnitude is significantly
reduced when changing from circularly to linearly polarized light. The second force derives from the
lateral ponderomotive drift of free electrons born earlier in the filament. As these electrons move
laterally, they induce a wake field which attracts new free electrons backwards. The magnitude of this
wake field will depend sensitively on the electron mean free path. The electron scattering cross section
1s the differentiator between Ar and N,.

The key element of our experiment is a calibrated high bandwidth current probe allowing the direct
measurement of the axial electronic current induced during filamentation. In 2000 Proulx et al. have



used a thin antenna placed in the vicinity of the filament to detect a longitudinal charge separation in a
filament [6]. Since then, the only observations of axial currents in filament were made indirectly by
measuring the far field THz radiation from the current [5, 7]. Our current monitor consists of a copper
hollow tore with an inner circular aperture, which is placed around the filament axis (see Figurel).
The small aperture on the inner side of the tore allows the magnetic field B,.,, induced by the axial
current / to penetrate the cavity inside the tore. The detection principle is similar to that of an I-dot
Rogowski coil [8] except that the current induced in the coil is replaced by a skin current flowing on
the inner surface of the copper tore. This allows detection of currents varying at frequencies above 1
GHz. By induction, a potential difference } proportional to the current derivative is created between
the upper and lower side of the tore [9] and measured across a 50 Q load resistance by a 13 GHz
bandwidth oscilloscope (Agilent DSO91304A). The response function of the current sensor, measured
with a vector signal analyzer, is used to deconvolute the measured voltage V. We independently
verified that a positive signal of our detector corresponds to an electron motion in the direction of
increasing z by sending an electric pulse of known polarity through a cable surrounded by our current
monitor.

Figure 1, upper traces, shows typical voltage signals recorded in the middle of the filament in N, (left
column, upper trace) and Ar (right column, upper trace) at normal pressure. The linearly polarized
laser (duration 35 fs, energy: 3 mJ) is focused with a numerical aperture NA of 0.01. A striking feature
is the fact that the polarity of the signal is reversed when comparing N, (or air) and Ar. Moreover, the
signal is one order of magnitude smaller in N, and air than in Ar. To determine the plasma oscillation
at the origin of this signal, we start with an heavily damped THz oscillation waveform of unknown
phase and amplitude but known duration [5, 10, 11] and iteratively compare it, after convolution with
the detector response, with the measured trace (see first and second traces of Figure 1). The plasma
oscillation obtained from a best fit (third trace) starts in the forward direction in N, but in the
backward direction in Ar. In the bottom traces, the signal recorded by the induction coil is represented
as a function of the laser propagation distance z. Red (blue) colours indicate electrons moving in the
direction of (opposite to) the laser beam. The tilted pattern indicates that the initial phase of the plasma
oscillation, in the wake of the ionization front, has almost constant velocity v ~ ¢ over the filament
length. In Figure 2, we compare the signal obtained in Ar and N, for two incident laser pulse
polarizations (circular or linear). The initial electron flow direction is inverted from backward to
forward in Ar by changing from linear to circular polarization. In N,, the forward signal increases by
one order of magnitude when switching from linear to circular light. We have also measured the
dependence of the signals as a function of gas pressure, using a slightly more converging initial beam
(NA = 0.015) and a laser pulse energy of 3 mJ (see Figure 3). With linearly polarized light the signal
amplitude increases with decreasing pressure in both gases, while it stays almost constant with circular
polarization, at least in the range of pressure where filamentation occurs (0.3 - 1 bar). Note that in N,
the initial positive phase of the oscillation becomes negative at lower pressure for linearly polarized
light, while in all other cases the phase of the oscillation does not change with a change of pressure.

To interpret the results, we first calculate numerically the classical motion of an ensemble of 10°
electrons in Argon under the action of the Lorentz force in a 30 fs pulse with peak intensity
I ~5x10"” W/em?. We assume electrons born via optical field ionization and compute their
acceleration by the laser field. The transverse and longitudinal momentum of an electron during the
passage of the pulse are obtained by integration of Newton’s equation

d OA =

—p:e——eBX(VxA). (1)

dt ot m
Where A denotes the vector potential. At first order, the electron is accelerated by the laser field in
the transverse direction:

p, =eA, - eAL,O ) (2
where A | ;denotes the transverse component of the vector potential when the electron is born with

zero initial momentum components. We assume that the photon momentum is transferred to the ion



and that the electron is liberated at rest (for a further discussion on this point, see also Ref. [12]). The
longitudinal component of Eq. (1) can be transformed into

d e’ 0
Py _ o (AL “A L, )2 ’ 3)
dé  2mc 0&
with & = z — ¢t and its solution reads
2
e
py=o (AL AL 4)
mc

Equation (4) rewritten as p,c = pi /2m means that the longitudinal momentum is always equal to
the drift kinetic energy. The net longitudinal momentum acquired by a free electron after the passage
of the pulse (4, =0) thus reads

b = U,, |2sin* @, forlinear polarization )

e 2 forcircular polarization

where U, , = (ezEg /4m a)z) denotes the ponderomotive potential when the electron is liberated from
the parent ion and ¢, the corresponding phase of the electric field.
The maximum momentum gain (62 /2ma’ c)max( E})=1/c’n, , (with
maX(EO2 )/ @ =11 /2n%g,c’) corresponds to an energy of 5 eV, where n, =2x10>"m™ denotes

the critical plasma density. We also included collisional damping in our numerical simulations but

found no significant changes in the results. The expressions for the kinetic energies along transverse
kin?

and show that the

and longitudinal direction after the passage of the pulse satisfy F /17” = >

mc
electron momentum is mainly  found along the  transverse direction  as

EM"E™ =I2r, /2mmc® ~6x107° for transverse energies of a few eV, where 7, denotes the

classical radius of the electron. Figure 4 shows the kinetic energy distributions of the electrons after
the passage of the pulse for linear and circular polarizations. With linearly polarized light, electrons

are preferentially born by bursts close to the peaks of the electric field where the phase @, is close to

zero, corresponding to a small increment of net longitudinal momentum as seen from Eq. (5), and
leaving a large fraction of electrons with a small kinetic energy (see Fig. 4b). The rest is drifting away
almost radially from the filament zone (Fig. 4a). With circular polarization, electrons are born
continually when the intensity exceeds a certain threshold. Compared to the case of linear polarization,
the fraction of electrons with small kinetic energy is insignificant as most of them are left with a final
ponderomotive drift (see Fig. 4e). The fraction of electrons with kinetic energy between 5 and 15 eV
(Fig. 4d) is much more important for circular than for linear polarization. These simulations are in
agreement with calculations presented in ref. [12].

Since the laser pulse always pushes electrons forwards, the results point out to the presence of a
longitudinal force acting in the opposite direction. We attribute this second force to a Coulomb wake
force. A positive space charge region starts forming behind the pulse due to the predominantly lateral
ponderomotive drift of electrons born earlier. Obviously, the mean free path of these electrons will be
a key factor in determining the strength of the wake force. It will be determined mainly by the
collisions of electrons with neutrals, since the degree of ionization in a filament is small (107°-10"%).

The competition between the two forces explains naturally the observations. Consider first the results
obtained with linearly polarized light, shown in Figure 1. It shows that the Coulomb wake force
prevails over the laser force in Ar, while the laser force barely prevails in N,, as evidenced by the
strong reduction of the signal. Inspection of the respective total electron scattering cross sections
brings an explanation to this behaviour. The lateral drift energy of electrons computed in the absence
of collisions is similar in both gases, since the filament clamping intensity is nearly identical in both
gases. However, in the relevant range of energies, between 0.1 and 1 eV, the total scattering cross



section of electrons in N, comprised between 5 and 10¥107'°cm? [13, 14], is larger than in Ar where
the corresponding value is below 1*¥10'°cm? [15]. This leads to an important reduction of the electron
mean free path, and consequently of the Coulomb wake force, in N,.

Results shown in Figure 2 are explained along the same lines. Circularly polarized light induces an
initial forward motion of the plasma wave because it simultaneously increases the forward drift energy,
as seen in Figure 4, and decreases the Coulomb wake force because both gases have a large scattering
cross section above 1 eV [13-15]. Finally, one expects an increase of the Coulomb wake force at lower
gas pressure because of the increase of electron mean free path. This is indeed the case for linearly
polarized light, where the laser force pushing electrons forward is very small. The increase of the
Coulomb wake force is felt sensitively, even altering the initial direction of oscillation in N,. With
circular polarization, where the forward laser force is stronger, the increase of the wake force is
insufficient to revert the initial current direction in the plasma. In order to extract quantitative values of
the wake force, a systematic study in different gases and gas mixture is required. Note that the rise
time of the two opposite forces is not the same. The initial electron motion in the longitudinal
direction is almost instantaneous (at least, on the scale of the plasma oscillation), whereas the wake
Coulomb force grows up on a longer temporal scale. Therefore the plasma oscillations should present
more complicated transients which are not captured owing to the limited bandwidth of the current
monitor.

Several conclusions can be drawn from our measurements and simulations. First, free electrons born
during a laser pulse are always pushed forwards. This point had been disputed in the literature [16-19].
It was argued that electrons liberated at the peak of a laser pulse could be pulled backwards by the
longitudinal component of the ponderomotive force associated with the time varying pulse envelope.
However, this ponderomotive force component, even if it reduces the final kinetic energy of electrons,
is insufficient by itself to induce a back motion of electrons at the end of the pulse. Second, our
calculations and experiments show that the final kinetic energy in the forward direction of free
electrons born during the pulse is higher with circular than with linear light. In filaments, it dictates the
phase of the plasma oscillation. Therefore, circularly polarized light should be used for electron
transport by filaments in atmosphere, since it induces a plasma oscillation with the appropriate phase
to accelerate electrons injected in the wake of the pulse. With linearly polarized light, a backwards
oriented Coulomb wake force reduces or even reverts the initial phase of the plasma. The magnitude of
this Coulomb wake force depends sensitively on the nature of the gas.
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FIG. 1. Experimental setup (a). Upper traces: Original signal measured by the inductive groove

surrounding the filament plasma in N, (b) and Argon (f) at 1 bar pressure.

Middle traces: Calculated signal resulting from the convolution of the heavily damped plasma

oscillation shown in (c,g) with the response function of the detection system.

Lower traces: Theoretical waveform of the plasma electronic current generated during filamentation
with positive (d) and negative (h) initial phase. A positive signal corresponds to an electron

displacement towards increasing z.

Bottom: Scan of the current signal measured with the groove along propagation axis z in N, (e) and
Argon (i) at normal pressure. The laser pulse (3 mJ; 35 fs) is propagating from left to right and is
focused with a lens /' = 150 cm. Red (blue) colors correspond to a forward (backward) electron motion.

The tilt of the pattern corresponds to the velocity v ~ ¢ of the ionization front.
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FIG. 2. Current signal (after deconvolution from the detection response function) measured in N, (left)
and Ar (right) as a function of laser polarization. Upper traces are obtained with linearly polarized

light, lower traces with circularly polarized light. The laser pulse has duration of 35 fs and energy of 2
mJ.
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FIG. 3. Amplitude of the current measured by the induction coil in N, (left) and Ar (right) as a
function of gas pressure for linearly and circularly polarized light. The laser pulse has a duration of 35
fs, an energy of 3 mJ and is focused with a lens F = 100 cm. Filamentation occurs above 400 mbar.
Also shown in the inset are the current signals in N, for 1 bar (top) and 0.5 bar (bottom).
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FIG. 4. Histograms of calculated kinetic energies of free electrons born during filamentation in the
transverse and longitudinal directions with respect to the filament axis z. (a-b) relate to linearly
polarized laser light and (d-e) to circularly polarized light. Also shown are p_x ¢ the transverse and
p_z c the longitudinal components of the drift momentum for (c) linearly and (f) circularly polarized

pulses. The perpendicular momentum for circular polarization corresponds to p, =,/ p f + pi .



