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Abstract: The decay of the plasma grating formed at the intersection of two
femtosecond filaments is measured in several molecular and atomic gases. The
grating evolution is ruled by ambipolar diffusion in atomic gases and by a
combination of ambipolar diffusion and collision-assisted free electron
recombination in molecular gases. Electron diffusion and recombination coefficients

are extracted for Ne, Ar, Kr, Xe, N,, O,, CO, and air at 1 bar.
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Intense femtosecond laser pulses propagating in a neutral gas undergo a beam collapse if the incident
pulse peak power exceeds a critical value, P, ~ 0.154%/n,n,, where ny is the linear refractive index, n,
the nonlinear index coefficient and A the wavelength of the laser pulse in vacuum [1, 2]. The collapse is
arrested by the defocusing effect due to multiphoton ionization of the gas. The ensuing dynamic
competition between beam self focusing and plasma defocusing gives rise to filamentation, a propagation
regime characterized by a contracted pulse keeping a high intensity over long distances, leaving a thin
weakly ionized plasma column in its wake [3]. Recently, much attention has been given to the interaction
between two crossing filaments [4-8]. Because of field interference, a two-dimensional plasma grating is
formed in the intersection region when two non collinear filamentary pulses overlap in time. This grating
plays an important role in the interaction between laser beams. For instance, the moving plasma grating
formed by two intersecting filaments of slightly different central frequency is responsible for an important
exchange of energy between the filaments [5]. A stationary grating formed with pulses of same frequency
can interrupt the progression of a filament [9] or it can redirect a third beam of different frequency [7, 10].
Since the plasma grating persists well after the passage of the pulses, it provides a way to manipulate
additional probe beams or filaments in a radiation free environment. The grating is periodic but anharmonic
as the electron density created by the ionization process is a nonlinear function of the laser intensity. It is
therefore important to measure its lifetime and understand the origin of its decay.

Recently, Shi et al. [11] have reported an exponential decay of the plasma grating formed in air by two
UV filaments, with a lifetime on the order of 100 ps in air. However, as shown in this letter, the decay
process cannot be expressed in most cases with a simple exponential law. In particular, the grating decay
time may vary considerably in a given gas, depending on the grating fringe separation. Two distinct
processes contribute to the grating decay: ambipolar diffusion and electron recombination. They have quite
different characteristic times and the laser beam crossing experiment allows assessing these processes in a

parameter domain that has never been explored so far.



We have measured the plasma grating decay in several atomic and molecular gases at normal pressure. In
atomic gases, we observe a decay that is dominated by diffusion. In molecular gases, both plasma
recombination and diffusion contribute to the grating decay on a comparable time scale. From the
measurements, we extract the coefficients of ambipolar diffusion and free electron recombination in Ne, Kr,
Ar, Xe and N,, O,, CO,, and air at atmospheric pressure.

The principle of the experiments is as follows (Fig. 1): In a first configuration A, two laser pulses at same
frequency w enter a cell containing the gas at atmospheric pressure where they form two filaments that
propagate in the y-z plane and intersect in the middle of the cell. A plasma grating is formed in the
intersection region, as evidenced by the image of the plasma luminescence shown for air in Fig. 1(a). The
main period of the observed fringe separation obeys well the relation A = 1/(2 sin(®/2)), where @ is the
crossing angle. A weaker third probe beam at frequency 2w, collinear with one of the filament forming
pulse, is diffracted by the grating in the direction of the other filament. In order to satisfy the Bragg
condition, the probe beam is diffracted by the second order anharmonic term of the grating profile A, = A/2.
The diffracted signal is measured as a function of the delay between the grating forming pulses and the
probe for three different crossing angles, @ = 7°, 14° and 90°. Both filamentary pulses (4 = 800 nm,
duration 35 fs, pulse energy 1 mJ) are derived from the same CPA Ti:Sa laser and are linearly polarized
along x. The probe pulse (wavelength 400 nm, duration 35 fs, pulse energy 30 wJ), of same polarization, is
obtained by frequency doubling in a BBO crystal of a fraction of the CPA laser output.

In a complementary experiment (configuration B), a collimated probe pulse at frequency w propagates
perpendicularly to the bi-dimensional fringe pattern formed by the two filaments crossing under angle
@ =7° (see Fig. 1(b)). In this in-line holographic imaging technique [12-14], the diffraction pattern due to
the plasma bubble is recorded at a distance of 38 cm from the grating by a CCD camera as a function of the

probe pulse delay. Here, the probe beam records the average free electron density through the concomitant



variation of the refractive index. As the direction of the probe beam is parallel to the grating wavevector,
there is no probe diffraction from the grating but only from the overall plasma filament.

Figure 2 shows the amplitude of the diffracted probe signal seen in configuration A as a function of time
in the case of argon and O, for three angles @ [15, 16]. The same experiment has also been performed in
Ne, Kr, Xe, N,, CO, and air. In all atomic gases, there is a strong dependence of the signal diffracted by the
grating with angle @&, but no significant decay of the plasma during the same time interval. By contrast, in
molecular gases, a rapid decay of the plasma is measured, as shown for O, in Fig. 3 (b). The strong
dependence of the signal with @ in Fig. 2 (a) can be qualitatively explained by the fact that the grating
fringe spacing decreases with increasing angle &. Closer fringe spacing leads to a reduction of the time
necessary for a diffusive wash out of the fringe pattern.

The electron diffusion in a weakly ionized plasma is strongly depending on the relation between the
electron Debye length, Ap, electron mean free path, A, and the grating period, A. For the expected
conditions in the plasma filament (the electron temperature is of the order or less than 1 eV and the electron
density ~10® cm®) the electron Debye length, A, =~ 0.07 pm, and the electron mean free path, A,, ~
0.15 um, are much smaller than the grating period 4. Then a quasineutrality is maintained across the
grating and the electron's diffusion is controlled by the ion mobility. As the ion temperature T; is close to
room temperature and is much smaller than the electron temperature, Te, the ambipolar diffusion coefficient
reads as D,y ~ D;(1 +T,/T;), where D; = kT;y;/e is the ion diffusion coefficient, k is the Boltzmann
constant, |; is the ion mobility and e is the elementary charge.

Plasma recombination can occur through collision-assisted electron-ion recombination and additionally
through dissociative recombination in molecules. The dissociative recombination process corresponds to
the collision of an electron with a molecular ion that results in two neutral atoms at the output, e~ + M5y —

M* + M. The corresponding cross-section could be as high as 10" — 10" cm? at room temperature but it

decreases by 2 — 3 orders of magnitude for 7.~ 1-10eV [17]. In the collision-assisted recombination



process, the electron recombines on the parent ion with the assistance of a momentum conserving neutral
atom or molecule: e~ + M* + M — M + M. For an electron density n. on the order of 10 cm?
(corresponding to the density in the peaks of interference fringes), and a neutral density n, = 2.7 10" cm?,
the dissociative recombination time should be on the order of a few ns, while the collision-assisted
recombination time should be in the subnanosecond range. Therefore the latter process dominates under our
experimental conditions. Indeed, several authors have already discussed the decay of plasma generated by
laser filamentation in air in terms of predominant collision-assisted recombination [12, 13].

The electron density evolution in the zone of the filament crossing can be described by the following
equation

an, M 0’ne
% =n,0pm[2lo(1+c0s(qz))]" + Dam aTnz —pnZ ()

where B = Kn, is the coefficient of electron recombination, g = 27 /A is the main grating period, I, is the
laser intensity in the filament, and oy is an effective cross section of strong field ionization. Here, we
assume the plasma quasi-neutrality (the grating period is much larger than the electron mean free path and
the electron Debye length) and weak ionization (n, < n,). The parameter M specifies the dependence of
the ionization rate on the laser intensity. It is different from just a number of photons needed for ionization
as it is supposed by the simple multiphoton ionization model. We use instead the power M extracted from
the PPT (Perelomov, Popov, and Terent’ev) theory, which has been shown by Chin to describe correctly
ionization of gases in the relevant intensity range [18, 19]. We extract an effective number of
simultaneously absorbed photons which varies from M = 4 for Kr to M = 7 for N, [18]. The plasma grating
profile created by the multi-photon ionization is therefore highly anharmonic, it contains a series of
harmonics Nq with N < M. The variation of the refraction index of the plasma, AN = —n,/2n.,, is directly
proportional to the ratio of the electron density to the plasma critical density, n., = egm.w3/e?, so that the

grating evolution deduced from Eqg. (1) contains M spatial harmonics.



As the laser pulse duration is much shorter than the grating relaxation time, we solve this equation in two
steps. First we calculate the electron density distribution after the end of the laser pulse, while neglecting
the two last terms in the right hand side. The electron density reads: n.,(z) = no(1 + cos(qz))™, where
no = 2Mng0y, [ 15! dt. In a second step, we solve the equation for n, by considering only the last two terms
of Eq. (1) with the function n.y(z) as the initial condition.

In atomic gases, the average electron density decays relatively slowly. In Ar, the grating amplitude
corresponding to the main harmonic decreases by a factor 2 in 1 ns while the second harmonic g, = 2q
requires less than 400 ps. This is the consequence of the fact that the rate of ambipolar diffusion rate
increases as the square of the harmonic number. In molecular gases, the plasma recombination time is much
shorter, comparable to the decay time of the grating measured in configuration A, so that both
recombination and diffusion play a role in the relaxation of the plasma grating.

To find plasma parameters D,nm, £, and the initial electron density no, the measured grating decay curves
for the three measured angles are best fitted for each gas. The initial conditions for solving Eq. (1) are
obtained from fringe contrast measurements at different delays in configuration B, as discussed in details in
reference [12]. Figure 3(a) shows an example of the far field image of the diffracted probe beam in O,
measured at a probe delay of 4.5 ps. From a best fit of the fringe profile across coordinate x at maximum
contrast at a given delay, the electron density at the corresponding time can be extracted. Then by changing
the delay of the probe beam z, the decay of the plasma is obtained, allowing extraction of the coefficient g
and by extrapolation the initial density no. Typically the initial electron density is on the order of 10" —
10" cm™. This value is in agreement with that calculated using the PPT theory [18, 19], under the
assumption of a complete interference between the two crossing laser fields. The numerical fitting
procedure is stringent for molecular gases, since for a given set of parameters D,, and £, the diffraction
patterns in configuration A and B as well as their time dependence must be reproduced. Extracted values of

S and D,y are given in Table 1 for several atomic and molecular gases. There is good agreement between



diffusion coefficients D., from our experiments and ambipolar diffusion coefficients D, extracted from
mobility measurements. To calculate D, we use T; = 300 K, T, = 0.5 eV, typical of filaments [20] and ;
values are taken from the literature [21].

The constant K appearing in the recombination coefficient was determined at a very low pressure and at
300 K in He [22] (10% to 10" cm®/s), O, [23] (K ~ 10 cm®s), and Ne (K ~ 10%" c¢m®/s) [24]. The
present experiment gives for the first time a value of K for several gases at atmospheric pressure.

From Table 1, one can see that atomic gases have a much lower recombination rate than molecular gases.
We note however that Ne recombines faster than other atomic gases. We attribute this efficient dissociative
recombination to rapid dimer formation. The extracted dissociation coefficient is consistent with the value
reported in Ref. [24].

To conclude, we have studied the dynamics of the plasma grating created by two intercepting filaments
in different gases. The grating fringe evolution is dominated by ambipolar diffusion in atomic gases and by
a combination of diffusion and recombination in molecular gases. The study of the plasma grating evolution
provides a simple technique to determine several characteristics of this unusual type of plasma which is
dense but weakly ionized.
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Table 1:

Ne Ar Kr Xe 0O, Air CO, N,
D, =D, (1+%) em¥s) 22 0.84 0.47 0.3 12 071 0.44 0.94
Dam (cM?/s) 1 0.84 0.52 0.3 1.1 0.25 0.44 0.6

no (cm®) 7.4x10"  3.3x10"®  1.8x10® 8.7x10Y 1.2x10" 1.3x10" 9x10"  1.3x10"

S (cm*/s) 6.4x10° 1.8x10"° 9.5x10"° 1.7x10° 4.1x10° 5.3x10° 1.8x107 3.3x10°

K (cm%s) 2.3x10%  6.6x10% 35x10% 6.3x10% 1.5x10% 2x10% 6.7x10% 1.2x10°%




Figure Captions:

FIG 1: (a) Pump-probe set up (configuration A) used to study the decay of the plasma grating. The probe
pulse at 400 nm propagates collinearly with one filament and is diffracted along the other filament. The
luminescence of the plasma in air is also shown for two incident angles showing the formation of a grating.
(b) Top view of the holographic imaging set-up used to study the time evolution of the plasma
(configuration B). The far field diffraction pattern of a probe pulse at 800 nm crossing the plasma area in O,
with a delay of 4.5 ps is also shown.

FIG 2: Normalized intensity of diffracted probe signal as a function of the delay = (ps) in (2) argon and (b)
O, for crossing angles @ of 7°, 14° and 90°. Measurements performed in configuration A are represented by
dots. Calculations are represented by continuous line.

FIG 3: (a) Far field diffraction pattern of the probe beam in configuration B in O,; fringes with maximum
contrast are compared to calculations assuming a double Gaussian plasma profile. (b) Decay of the fringe
contrast obtained in O, from successive diffraction patterns.

Table 1: Plasma parameters determined from the dynamics of the plasma grating: the parameters Dam, No
and P are obtained from the best fitting the time dependence of the probe signal by the solutions of Eq. (1).
The parameter K is calculated from the relation § = K n,, and the ambipolar diffusion coefficient are given
for a comparison by using the plasma parameters expected in the filament [20, 21].



