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Effect of an electric field on air filament decay at the trail of an intense femtosecond laser pulse
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Air plasma density decay in a filament produced by an intense femtosecond laser pulse in an external electric
field was investigated experimentally and theoretically. It was demonstrated by means of the terahertz scattering
technique that the rate of plasma decay decreases with increasing electric field. At the electric field of 7 kV /cm the
lifetime of plasma with the density above 10'® cm~* was prolonged from 0.5 ns to 1 ns. Numerical simulation of
electron density decay and electron temperature evolution was performed, taking into consideration dissociative
and three-body electron-ion recombination as well as formation of complex positive ions. The simulation showed
that under the electric field the electron temperature evolves nonmonotonically and passes through a minimum due
to varying contribution of electron-ion collisions to electron heating in the field. The rate of three-body electron
recombination with O,* ions of 2 x 107'°(300/T,)*? cm®/s was found from the experimental measurements at

electron temperatures in the 0.25-0.4 eV range and electron densities in the 10">—10"7 cm
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I. INTRODUCTION

The filamentation of intense femtosecond laser radiation
has been attracting intense interest since its first demonstration
by Braun et al. in 1995 [1]. This effect is governed by the
competition of two processes: self-focusing of a laser beam due
to Kerr nonlinearity and defocusing from photoexcited plasma.
A long plasma channel can be formed due to filamentation. The
subsequent plasma density decay plays a key role for different
possible filament applications, such as lightning protection
[2], atmospheric remote sensing [3], microwave guiding [4],
terahertz generation [5], etc. Different experimental methods
were used to measure the dynamics of electron density
during filament decay. On the subnanosecond time scale,
interferometry [6,7], transverse [8§—10], and longitudinal [11]
diffractometry were used. Direct measurements by transverse
interferometry realized in [7] showed that plasma density
in a single filament reaches 10'7 ¢cm™3 and decays by a
factor of 5 within 300 ps. In [7], the terahertz scattering
technique was also proposed to measure electron density in
the filament. Measurements with this method demonstrated
that plasma density decreased by 2 orders of magnitude (to
1013 cm’3) for 2 ns after the filament initiation, in agreement
with the qualitative results obtained by the diffractive method
[8,10,12]. Over longer time intervals (tens of nanoseconds),
plasma conductivity measurements were used [8,13-17].
Following this approach, the authors obtained plasma density
by measuring the electric current flowing through the plasma
located in a longitudinal external electric field [13] or using
the potential drop caused by plasma screening in a transverse
external electric field [17].

Theoretical investigation of filament plasma decay is
generally based on simplified models (see, for instance,
[8,14,16,18-20]). These models consider one species of
positive ions and one species of negative ions. It is assumed
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that the loss of electrons is governed by two-body dissociative,
electron-ion recombination and, at longer times (several
nanoseconds), by electron attachment to O, molecules; the
recombination and attachment rates are usually assumed to be
constant and their magnitudes are adjusted to obtain agreement
between calculations and measurements. In reality, electron
loss rates depend on electron temperature that decays on
the same time scale as the electron density in the filament
plasma [12]. Therefore, consistent simulation of filament
plasma decay should be based on simultaneous calculation
of electron density and temperature decay. This has been done
in Ref. [12] assuming (i) that electron temperature relaxation
is governed by electron-impact excitation and electron elastic
collisions with molecules and (ii) that the energy of all
electrons is approximately equal to the electron temperature.
These approximations are rather crude and can be used only
to estimate electron temperature. Recently a much more
consistent approach has been developed in Ref. [7]. In that
work, the electron energy distribution in the filament plasma
was assumed to be Maxwellian, whereas the electron temper-
ature evolution was simulated taking into account different
inelastic electron-molecule interactions, including electron-
impact excitation of rotational, vibrational, and electronic
levels of molecules. These interactions are generally used
to calculate electron rate and transport properties in weakly
ionized gases and plasma subjected to external electric fields
[21-24].

Fast plasma decay observed in the experiments imposes
significant limits for filament applications such as lightning
protection, atmospheric remote sensing, and so on. Several
approaches were proposed to increase plasma lifetime. It was
shown that on the tens of nanoseconds time scale, plasma
lifetime may be prolonged using an additional high-power
nanosecond laser [25,26] or a sequence of femtosecond
laser pulses [14,27]. In a recent paper [28], a sequence of
seventeen 60-fs pulses with 15-ns separation between them
and 60-mJ total energy was used. It was shown by measuring
the plasma conductivity and fluorescence that the pulses with
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such parameters lead to an increase in the filament lifetime
up to the microsecond range. In Ref. [16], it was shown
that a Bessel-like nanosecond laser pulse of high energy
(250 mJ) can restore the plasma at delays as large as several
milliseconds (after the passage of a femtosecond laser pulse)
due to electron detachment from negative ions followed by
electron multiplication in an avalanche process. Another way
to slow down plasma decay is to apply an external electric
field along the filament. In Ref. [14] it was demonstrated that
application of high voltage between two pointlike electrodes
placed near the plasma filament resulted in prolongation of
the plasma lifetime from 20 to 60 ns for an electric field of
3.5kV/cm. It is important, however, that all these results were
obtained on long time scales when the plasma density was
rather small, below 10> cm—3, and have limited interest for
the above-mentioned practical applications.

The goal of this paper is to investigate experimentally
and theoretically a decrease in the rate of plasma density
decay in a filament with applied external electric field on
a subnanosecond time scale when plasma density is high
(10"—10"" cm~?). For measuring plasma density we used the
terahertz scattering technique [7]. The theoretical investigation
is based on the approach developed in Ref. [7], which was
extended to take into consideration external electric field. We
considered electron heating in an external electric field that
influences the rates of electron-ion recombination. Compar-
ison between numerical simulation and experimental results
allowed finding the rate of three-body electron recombination
with O, ™, the process that is poorly known for molecular ions.

The paper is organized as follows. The experimental
setup, measurement technique, and experimental results are
presented in Sec. II. Section III contains the theoretical model
and its comparison with experiment. Section IV summarizes
our results. The method for terahertz scattering calculation is
presented in the Appendix.

II. PLASMA DENSITY MEASUREMENT:
SETUP AND METHOD

A plasma filament was excited by a multi-millijoule
Ti:sapphire laser system generating 60-fs pulses with
795-nm central wavelength and 10-Hz repetition rate. In the
experimental setup (Fig. 1), the laser pulse was split into two
parts. The first (pump) pulse with the energy of ~4 mJ was
focused in air at ambient pressure by a spherical mirror with
125-cm focal length and produced a filament ~7 cm long
near the mirror focus. Two circular plane electrodes (25 cm
in diameter) with pinholes (2 mm in diameter) in the center
for transmission of laser radiation were placed coaxially with
the filament at a distance of 5 cm. Thus the filament fully
overlapped the gap between the electrodes. High voltage was
applied between the electrodes to induce external electric field
E in the region of the plasma filament. Due to air discharge
stimulated by the filament [29], the maximum electric field
was limited to 7-8 kV /cm.

For investigation of plasma density decay in the external
electric field we measured the scattering of the probe terahertz
pulses. These pulses were generated in a 2-mm-thick ZnTe
crystal by the laser pulses passed through a delay line. The
terahertz pulses had a duration of ~1 ps with the spectrum

PHYSICAL REVIEW E 87, 053101 (2013)

Probe optical pulse

oW\

\_ / t ZnTe / pulse
Delay line Mirror
E / E/lectrodes

Filament

Spherical mirror

High }tt d
P M - cattere:
| g2 i | voltage THz radiation
1 H source C
12 :
1y :
E ! Teflon Bolomet
: A ] > s lens olometer
' Frequency (THz) |

FIG. 1. (Color online) Experimental scheme for measuring
plasma decay in a filament.

centered near 0.9 THz (see the inset in Fig. 1). These pulses
were directed to the filament transversely to the laser path
along the x axis (in the direction normal to the picture plane
in Fig. 1). Part of the terahertz radiation scattered normally
along the y axis was collected into the input of a liquid-He-
cooled InSb hot-electron bolometer (QMS Instruments) by a
Teflon lens (D = 50 mm, F =70 mm) placed at ~20 cm
from the filament. Efficient terahertz scattering was achieved
because the transverse size (~150 um) of the plasma channel
was comparable with the terahertz wavelength and the plasma
density was close to the critical value corresponding to the
terahertz frequency.

During the experiment, we found that the laser pulse
filamentation in the external electric field was accompanied by
generation of a terahertz radiation comparable to the scattered
probe terahertz radiation. We observed an approximately
square-law dependence of the terahertz radiation energy
generated in the filament on the applied electric field E
[Fig. 2(a)], in agreement with the earlier publications [30,31].
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FIG. 2. (Color online) (a) Bolometer signal as a function of the
external electric field E in the absence of probe terahertz pulses
(boxes). The curve fits the data by the function ~E" with n = 1.9.
(b) Scattered signal as a function of the time delay of probe terahertz
pulse for £ = 0 kV/cm (diamonds), E = 3 kV/cm (triangles), and
E =7 kV/cm (circles). Crosses show the scattered signal obtained
in Ref. [7] and normalized to the present data.
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The terahertz radiation generated in the filament and probe
terahertz radiation were detected by the bolometer simultane-
ously. The difference between the two signals measured with
the probe terahertz pulse and without it gave the required
scattered signal. Figure 2(b) shows the scattered signal as
a function of the time delay for different values of applied
electric field E. Our previous results obtained for E =0
in Ref. [7], after the renormalization (crosses) agrees well
with the present data (diamonds). During the first 200—400 ps
(depending on the applied electric field E) of plasma decay
the scattering signal does not significantly change and after
that it decreases by more than an order of magnitude in 1 ns.
Application of an external electric field leads to slowing down
the terahertz scattered signal decay. Large signal fluctuations
were obtained at E = 7kV /cm, because in this case the energy
of the scattered probe terahertz pulse was comparable to (or
even less than) the energy of the terahertz radiation generated
in the filament.

Evaluation of the plasma density from the scattered ter-
ahertz signal was based on the numerical code calculating
scattering coefficient n of the pulsed electromagnetic radi-
ation from the plasma channel (see Appendix). The code
accounts for radially symmetric plasma density distribution
n.(r), electron collisions in the plasma v, and the terahertz
spectrum taken from the experiment (see the inset in Fig. 1).
To bring into accord the experimental scattered terahertz
signal data with the calculated scattering coefficient n we
used calibration on the basis of the previous optical in-
terferometry measurements (Ref. [7]). The plasma density
distribution n,.(r) = neoexp[—(r/ro)lz] with ryp = 65 um and
nep =2.5x 10'® cm™3 at a time delay of 300 ps acquired
from the interferometeric data was set as a reference point
for E = 0. For this point the reference scattering coefficient
was calculated with the code and was matched to the scattered
signal measured by the bolometer. With this calibration taken
into consideration, plasma density was obtained for other time
delays and applied electric field by matching the calculated and
experimental scattered signals. Note that in the calculations
the shape of the density distribution was fixed and the electron
collision frequency was taken into account as a function of
the time delay. (The time evolution of electron temperature
responsible for the collision frequency is discussed in Sec. I11.)

The dynamics of the plasma density extracted from the
experimental data is shown in Fig. 3 by symbols. We observed
the fast decay of electron concentration about 10-20 times in
~1 ns. The rate of the plasma decay decreases in the presence
of external electric field. For example, the plasma density for
I-ns time delay and £ = 7 kV/cm is approximately twice as
large as that for E = 0. For electric fields E = 3 and 7kV /cm
the difference is less pronounced.

Note that filament parameters (plasma density and diam-
eter) may be estimated by the terahertz scattering technique
without interferometric calibration, solely on the basis of the
terahertz scattering data. Let us first discuss the calculated
dependence of the scattering coefficient n on the plasma
parameters. Figure 4 shows 7 as a function of plasma density
neo for different plasma channel diameters and collision
frequencies of electrons v. The saturation of the scattering
coefficient is observed at some threshold plasma density
Ny, which depends on the plasma channel diameter. For
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FIG. 3. (Color online) Time evolution of electron density during
plasma decay at different values of the external electric field.
The symbols are our measurements, the curves correspond to the
calculations using the three-body electron recombination rate (dashed
curves) calculated in [41] or (solid lines) adjusted in this work to reach
agreement with the measurements. £ = 0 (curves 1), 3kV/cm (curves
2), or 7kV /cm (curves 3).

large diameters (>300 pum), ny, is very close to a critical
concentration n. for the central frequency of the terahertz
pulse (ne; = 10'® cm™3 for 0.9-THz central frequency). The
agreement between ny, and n.,; is rather good for a 130-um
plasma channel diameter (curves 2, 3, and 4). For smaller
diameters ng, shifts to a higher plasma concentration and the
tendency of n to saturation becomes more gradual (curve
5). This is explained by the fact that for such a small
channel diameter (<100 um) the skin effect starts to play
a significant role. The saturation values of the scattering
coefficient from the filament agree well with the scattering
coefficients from the metal wire with the corresponding radius
(curves 1/, 2/, and 5'). For n.y < ny, the scattering coefficient
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FIG. 4. (Color online) Terahertz scattering coefficient 1 of plasma
cylinder with plasma density distribution n, = nexp[— (/7o) 2] and
ro = 150 um (curve 1), 65 um (curve 2), and 20 um (curve 5)
as a function of n, for collisionless plasma (v = 0) and plasma
with v =2 x 102 s7! (curve 3) and v = 5 x 102 s~! (curve 4) for
ro = 65 um. The dashed curves show scattering coefficient of the
metal wire with radius r,, = 150 um (curve 1"), 65 um (curve 2'),
and 20 um (curve 5'). Inset: scattering coefficient of metal wire as
a function of r,, (solid line). Crosses correspond to the normalized
experimental data.
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n scales as n2;, which agrees with the analytical theory in
Ref. [32] for the case of radiation scattering on a cylinder
with dielectric properties close to unity. Electron collisions in
plasma lead to a decrease in the scattering coefficient. But this
effect is noticeable only if collision frequency v significantly
exceeds the central frequency of the probe terahertz pulse.
For example, the scattering coefficients for v = 2 x 10'2 57!
andv =5 x 101257 ! are, respectively, 20—30% and 2.5 times
smaller than those in the collisionless case (see curves 3, 4,
and 2 in Fig. 4, respectively).

The saturation of the scattering coefficient shown in
Fig. 4 limits the range of the plasma density that can be
measured by the terahertz scattering below ny,. For our
experimental parameters (plasma diameter near 130 pm)
theoretical calculation gives ng, ~ 2 x 10'® cm~3. This value
agrees well with experimental results. Indeed, according to the
interferometric measurements of Ref. [7], at initiation of the
filament the plasma density is ~10'7 cm™ and then decreases
to 2.5 x 10'® cm™3 at 300 ps. Thus the scattering signal
should saturate in the first ~200-300 ps and then decrease
in accordance with the experimental data shown in Fig. 2(b).

The terahertz scattering measurements may be calibrated
using a metal wire. We placed the wire with known radius r,,
instead of the filament and measured the scattered signal. The
insetin Fig. 4 shows normalized experimental data for different
rn. The theoretical curve agrees well with the experimental
results. Taking into account that the saturated scattered signal
by the filament equals the scattered signal from the wire
with corresponding radius, it is possible to calculate the
radius of the filament. From this comparison we estimated the
filament radius to be ~75-80 um. This value is only slightly
higher than that derived from the interferometric measurement
(~65 pum). With known values of filament diameter and
saturated scattered signal from the filament, the plasma density
can be calculated for different time delays and applied electric
field.

III. KINETIC MODEL, CALCULATED RESULTS
AND DISCUSSION

To simulate loss of charged particles during plasma decay,
we solved numerically a system of balance equations for
electrons and positive ions:

dn,

- = —k3(T,)n2n 50 —ne;kmn)nm (1)
and
dn,;
d;” =Q;—R;. 2)

Here, n, is the density of O," ions, n pj 18 the density of
positive ions of the jth species, k3 is the rate constant for
three-body recombination of O, ions

e+0] +e— 0 +e, 3)

kpj is the rate constant for two-body dissociative recom-
bination of ions of the jth species, and Q; and R; are,
respectively, the terms describing formation and loss of these
ions. It was assumed that the plasma was uniform and the
simulation was zero dimensional. The loss of charged particles
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TABLE 1. Reactions and rates of electron-ion recombination and
ion conversion.

No. Reaction Rate coefficient

1 e +0," > 040 1.95 x 10*7(%)0'7 cm’/s
2 e +0,"+e” > 0r+e” See text

3 e +0,"N, - N, +0, 1.3 x 1075()? em? /s ©
4 e+ 0,7t > 0,40, 4.2 x 10‘6(%)‘/2 cm?/s ¢
5 e+ 0,"H,0 — 0, + H,0 2 x 107" em? /s ¢

6 0" +2N; - 0,™N, + 0, 0.9 x 10‘30(2)2 cm®/s®
7 0,"N, + Ny — 2N, + 0, 1.1 x 10‘6(2)5-&

exp(=2)em? /s ©

8 0, 420, > 0,7+0, 2.4 x 1070(3%)*2 cm® /s ©

9 0,7+ 0, — 0,* +20, 3.3 x 1070(20)*x
exp( —’57930 yem? /s ®

10 0, ™N,4+0, = 0,7+ N, 10~%cm?/s ®

11 H20+02++M —)02+H20+M

M=0,N, 2.8 x 1078cm®/s ¢

2References [33,34].
PReference [23].
‘Reference [34].
dReference [35].

due to ambipolar diffusion was neglected; this effect could be
important under the conditions studied only for t > 107> s,
the time that is several orders of magnitude longer than the
characteristic time of plasma decay in our experiment. The
characteristic time of electron attachment to oxygen molecules
in atmospheric pressure air is around 10 ns (see the attachment
coefficient in [23]), much longer than the time of plasma
decay in our case; therefore electron attachment was also
neglected.

Table I shows reactions taken into account in the simulation
and their rate coefficients. In our case, the loss of electrons
is controlled by their recombination with positive molecular
ions. The rate of electron-ion recombination strongly depends
on the positive ion composition, which changes with time
during plasma decay. Under the action of the femtosecond laser
pulse, only O, ™ ions with relatively low (12 eV) ionization
energy are produced in air. Complex ions (O4 " and O, N;) can
be formed due to ion-molecule reactions only during plasma
decay prior to recombination with electrons. In ambient air, the
mole fraction of H,O molecules can be around 1%. Therefore
we took into account the formation of O, H,O ions and their
recombination with electrons for air with 1% H,O.

Under the conditions of our experiment, the time of
electron energy relaxation is comparable with the lifetime
of the plasma. Therefore when simulating plasma decay it
was necessary to study simultaneously electron temperature
relaxation and the evolution of electron and ion densities. We
assumed that the electron energy distribution is Maxwellian.
This assumption is satisfied in our case because the frequency
of the electron-electron collisions v, is much higher than
the frequency of electron energy exchange in collisions with
molecules v,. For instance, we have v, ~ 10° s~ and v,, ~
10'3 s~! in atmospheric pressure air for an average electron
energy of 0.1eV and n, = 10' cm~3. Electron temperature 7,
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was obtained from a numerical solution of the electron energy
conservation equation [35]:

3dT,
2 dt

E——(T —T)ve(Te)+ 1 k3 nen,,

dk; dky;
2 2 J
— T gneny = T Z My )

where w is the electron drift velocity, T is the gas temperature,
ve(T,) is the frequency of electron energy relaxation in
collisions with molecules, and [ is the ionization energy
of O, molecules. The first term on the right-hand side of
Eq. (4) corresponds to electron heating in an external electric
field. The last three terms on the right-hand side of Eq. (4)
describe the effect of the so-called “recombination heating,”
which is important when the loss of electrons is dominated by
electron-ion recombination. The third term proportional to /
is due to the fact that the energy released in the reaction (3)
is spent on the heating of free electrons, neglecting radiation
emission and molecule dissociation. The presence of the fourth
and fifth terms on the right-hand of Eq. (4) is explained
by the fact that the probability of recombination increases
with decreasing electron energy. As a result, the predominant
loss of low-energy electrons leads to an increase in electron
temperature.

The frequency of electron energy relaxation v, was cal-
culated by analogy with [36]. The initial value of 7, was
assumed to be equal to the ionization energy of O,. The
calculated results are almost independent of this magnitude
because the rate of electron energy exchange decreases with
decreasing energy. Indeed, high-energy electrons rapidly lose
their energy in the inelastic collisions with excitation of
electronic states of N, molecules and with dissociation of
O, molecules [24,37]; however, when the electron energy
decreases below the energy thresholds of these processes,
the frequency v, drops drastically. The reason is that such
electrons lose their energy only in elastic collisions and in the
inelastic collisions with vibrational and rotational excitation
of molecules.

To simulate the temporal evolution of 7, during the plasma
decay in an external electric field, the electron drift velocity w
is required. In a weakly ionized plasma, the electron energy
distribution and electron transport and rate properties are
controlled by electron collisions with neutral particles and the
magnitude of w depends on the reduced electric field E/N,
where N is the gas number density [24,37]. At sufficiently
high electron densities, electron-electron and electron-ion
collisions are also important. In this case, the magnitude of w
depends on the ionization degree, @ = n./(N + n,), too. We
calculated the electron drift velocity using the computer code
[38]. This code solves the Boltzmann equation for electrons
taking into account electron energy losses due to electronic,
vibrational, and rotational excitation of N, and O,, dissociation
and ionization of these molecules, electron attachment to O,,
and elastic scattering of electrons by molecules and charged
particles. Figure 5 shows the calculated results for £/N =
12.2 and 28.6 Td (1 Td = 107 V cm?) as a function of the
electron density for atmospheric pressure air. These values
of E/N correspond to E = 3 and 7 kV/cm, respectively, at
atmospheric pressure and room temperature. The calculations
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FIG. 5. Electron drift velocity in atmospheric pressure air for
various reduced electric fields (1 Td = 10~'7 V c¢cm?) as a function
of electron density. Calculations were carried out taking into account
(dashed curves) and neglecting (solid curves) electron-ion collisions.

were carried out for two cases: (i) neglecting electron-ion
collisions and (ii) with allowance for electron-ion collisions.
In the absence of electron-ion interaction, the magnitude
of w increases with increasing n, due to electron-electron
collisions affecting the electron energy distribution. The
situation changes when considering electron-ion collisions.
Here, the electron drift velocity decreases with increasing
electron density. This effect is negligible at n, < 10'> cm™3.
The impact of electron-ion collisions leads to a decrease in w
approximately (i) by an order of magnitude at n, = 10" cm™3
and (ii) by one half at n, = 10'® cm~3. Under the conditions
studied, the electron density varied from 10'” to 10’3 cm™3, and
it was necessary to take into account the influence of electron-
ion collisions. It is worth noting that there are a number of
numerical codes to solve the electron Boltzmann equation (see,
for instance, Boltsig + [39]) that consider electron-electron
collisions and neglect electron-ion interactions. Using these
codes, a serious error could be obtained when simulating the
plasma decay in an external electric field at sufficiently high
plasma densities.

The rates of ion charge exchange, ion conversion and
two-body dissociative recombination for O,* and O4* ions
given in Table I were taken from measurements (see the
references therein). Information about the rates of dissociative
recombination for O, N, and O,TH,0 ions is absent, and
we used estimated magnitudes suggested previously for these
rates in Refs. [23,35], respectively. The rate for three-body
electron-ion recombination has been measured (see Ref. [40])
only at electron densities that are several orders of magnitudes
lower than those obtained in our case. This reaction is
a multistep elementary process; therefore its rate constant
depends on electron density. As a first approximation, we used
the three-body recombination rate calculated in [41] for H*
ions in the electron density range studied in this work. The
magnitude of this rate is almost independent of atomic ion
species at T, < 3000 K [40].

Figure 3 shows the calculated time evolution of electron
density in a plasma filament during its decay using the three-
body recombination rate calculated in [41] (dashed lines). The
evolution of 7, was simultaneously simulated using Eq. (4).
The calculated rate of plasma decay was much lower than
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that measured in the experiment. The difference between the
calculated and measured values of n, reached a factor of 2.
The calculations showed that complex ions have no time to be
formed at ¢+ < 0.5 ns and consequently, it was not possible to
reach agreement between the calculations and measurements
by varying the rates of dissociative recombination with these
ions. The rate of two-body dissociative recombination with
O,* ions has been measured in many studies [34] and the
discrepancy between available data is small. Therefore the
main cause of the disagreement between the calculations and
measurements seems to be associated with the rate of three-
body recombination for O, ions.

Three-body recombination of electrons with molecular
ions, the third body being an electron, has been studied
experimentally only for He, ™ ions [42], whereas no theoretical
studies of this process for real molecular ions have been carried
out. The measured rate of three-body recombination for He, ™
ions turned out to be much lower than that for atomic ions.
However, it seems that recombination of He, ™ ions differs
seriously from that for other molecular ions. This is well
understood for dissociative recombination of molecular ions
[34] and could also be expected for three-body recombination.
At the same time, the authors of Ref. [43] hypothesized that
the rate of three-body recombination for molecular ions can
be an order of magnitude higher than that of three-body
recombination for atomic ions due to the channel

e+ A, +e—> A+A+e. (5)

According to the calculation made in Ref. [43], the T,
dependence of the recombination rate for molecular ions could
be weaker than that of the recombination rate for atomic
ions. The difference between three-body recombination of
molecular and atomic ions is associated with the mechanism
of this process that proceeds in many stages [40,43]. In the
first stage, a free electron is captured by an ion in a three-body
collision to form a neutral particle in a highly excited Rydberg
state. Then the weakly bonded electron loses its energy
diffusively due to collisions with free electrons and due to
radiation transitions. The process is finished when the electron
descends to a sufficiently low energy level of the neutral
particle. It was shown in [43] that, in the case of molecular
ions, the quenching rate for highly excited states of neutral
particles could be drastically increased due to dissociation of
highly excited molecular states.

In Ref. [43], a hypothetical model molecular system was
studied in which the energy spectrum of highly excited states
was assumed to be similar to that of a hydrogen atom. The
only exception was one effective highly excited state that could
quickly decay due to molecule predissociation. Recently the
effect studied in [43] has been considered for recombination
of real molecular ions when the third body is a neutral
particle [44]. In particular, this mechanism of three-body
recombination was used to explain the difference between
the available measurements of the recombination rates for
H3* ions in plasma afterglow with sufficiently high particle
densities and storage ring data obtained at low densities. In
addition, the hypothesis that the rate of three-body electron
recombination with O," ions is much higher than that of
three-body electron recombination with atomic ions was used
to explain time-resolved measurements of electron density
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FIG. 6. Time evolution of electron temperature. The curves
correspond to the same conditions as those in Fig. 3.

during air plasma decay after a high-voltage nanosecond
discharge [45].

Assuming that the rate of three-body recombination for
molecular ions can be much higher than the corresponding
quantity for atomic ions, we varied the magnitude of the rate
of three-body recombination for O, ions k3, supposing that
ks = A(T,/300 K)™" with n = 4.5, the typical T, dependence
for the rate of this process [40]. In this case, we conjectured
that the recombination proceeds via the channel (5) and that
the energy released in this process is spent on dissociation and
excitation of O atoms instead of the heating of free electrons.
Therefore, in this calculation, we neglected the third term on
the right-hand side of Eq. (4). The agreement between the
calculated and measured values of n, was obtained for A =
2x 1071 cm® s~! (see Fig. 3, solid lines). In this case, the
rate for three-body recombination of O, ions is higher than
the rate for H ions calculated in [41] for the same range of
electron densities by a factor of 4.8 at 7, = 2000 K and by a
factor of 9.2 at T, = 4000 K. It should be noted that agreement
could also be obtained for other values of A when varying the
value of n. For instance, the calculated electron density fits
well the measurements at A = 107" cm® s~! and n = 4.2.

Figure 6 shows the calculated time evolution of the electron
temperature when good agreement between the simulation
and our measurements was obtained. Here, the electron
temperature decreased with time during the plasma decay in
the absence of electric field, whereas in a nonzero electric field
the electron temperature, after a sharp drop, passed through a
minimum and tended to a constant value due to electron heating
in a given electric field at low ionization degrees. The obtained
minimum is associated with electron-ion collisions leading
to an increase in the electron drift velocity with decreasing
electron density. As a result, a decrease in n, during the
plasma decay caused an increase in the energy gained by the
electrons in an electric field as long as the electron drift velocity
depended on n,.

Figure 7 shows the time evolution of the ion composition
during the plasma decay in the absence of electric field and in
electric field of 7 kV cm™!. Under the conditions studied the
positive ion composition is dominated by O, ions.

The time evolution of the frequencies of electron loss
through various recombination channels is presented in
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FIG. 7. (Color online) Time evolution of ion densities during
plasma decay at £ = 0 (dashed curves) and at £ = 7 kV/cm (solid
curves).

Fig. 8. Three-body electron-ion recombination is the dominant
mechanism of plasma decay at ¢+ < 0.7 ns in the absence
of electric field. The time interval in which this process is
important becomes shorter when the plasma decays in the
electric field because of additional electron heating. At longer
times dissociative electron recombination with complex ions
becomes more important. The rates for these reactions are
poorly known and the calculated results are not reliable in this
case. The rates for dissociative recombination of O, ions are
understood much better, within an accuracy of around 20%.
This allows, using the measured data on the time-resolved
electron density, extraction of the values of the rate of
three-body electron recombination with O™ ions at various
electron temperatures. In particular, the obtained values can
be approximated by k3 = A(T,/300 K)™ with n = 4.5 and
A =2 x 107" ¢cm® s~!. These values correspond to electron
temperatures in the 0.25-0.4 eV range and to electron densities
in the 10"°-10'7 cm~3 range.
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FIG. 8. (Color online) Time evolution of frequencies for three-
body recombination of O,* (curve 1) and two-body dissociative
recombination for O, (curve 2), O, H,O (curve 3), O,™N, (curve
4), and O4™ (curve 5). Calculations were carried out at E = 0 (dashed
curves) and at £ = 7 kV /cm (solid curves).
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IV. CONCLUSIONS

The influence of external electric field on air plasma
density decay in a femtosecond-laser-produced filament was
studied by means of the terahertz scattering technique on the
subnanosecond time scale. It was demonstrated that from
the initial value of 10'7 cm™> plasma density decreases
10-20 times within ~1 ns, depending on the applied electric
field. The increase of the electric field results in a slowing down
of the plasma decay rate. At the maximum electric field of
7 kV/cm (limited by air discharge stimulated by the filament),
the lifetime of a plasma with density above 10'® cm= was pro-
longed from 0.5 to 1 ns. The electron density and temperature
evolution during the plasma decay was simulated simultane-
ously using the available rates of electron-ion recombination
and electron-molecule interactions. The effect of three-body
electron recombination with O, ions, the impact of formation
and recombination of complex ions on electron density history,
and the influence of recombination heating on electron tem-
perature history were shown to be important during the decay
of light filaments. It was necessary to consider these effects
to obtain agreement between measurements and calculations
under the studied conditions. The experimental data were used
to obtain the rate of three-body electron recombination with
O, ions for electron temperatures in the 0.25-0.4 eV range.
This rate turned out to be much higher than the rate of the well-
studied three-body electron recombination with atomic ions,
in qualitative agreement with the hypothesis suggested in [43].
According to the calculations, during the plasma filament
decay in an external electric field, the electron temperature
decreases, passes through a minimum, and then increases to
a stable value controlled by the electric field strength. This
is explained by an increase in the electron drift velocity with
decreasing density of charged particles due to electron-ion
collisions that are important at high densities and become
negligible at low ones.
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APPENDIX: TERAHERTZ SCATTERING CALCULATION

To simulate scattering of the terahertz pulse from the fila-
ment, the following model was used. An electromagnetic pulse
propagates along the x axis and is incident perpendicularly
on an infinitely long (along the z axis) plasma channel with
a radially symmetric electron distribution n.(r) (see Fig. 1).
The electromagnetic pulse is polarized along the z axis and
has intensity spectral distribution /(w) and Gaussian radial
distribution ~ exp[—r?/£*(w)]. The transverse size £(w) is
assumed to be much larger than the corresponding wavelength;
therefore the approximation of a plane electromagnetic wave
for each spectral component w is used. In this approximation,
the incident electric field in the Fourier domain E. may be
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written via a series expansion of the Bessel functions [32]

Eé(a),r,q)) = Ey(w) Z (—i)lfl(kor)e”‘”,

l=—00

(AL)

where J; is the Bessel function of the first kind, ¢ is the
azimuthal angle in the y-x plane, ¢ = 0 corresponds to the
direction of the x axis, kg = w/c, and c is the speed of light in
vacuum. A Fourier component of the scattered field is written
in a similar form:

oo
EXw.rp)= ) alHP(kor)e",

I=—00

(A2)

where HZ(Z) is the Henkel function of the second kind, and a;
are unknown coefficients. The smooth radial distribution of
the plasma density n.(r) in the channel is approximated by a
step function with finite steps M. In each mth step, the plasma
density n.,, is uniform in the region r,, <r < 41, so the
electric field is written as
[e.¢]
EMw.re) =Y [a]" Jknr) + ¢ Nitknr)]e",

I=—00

(A3)

where N; is the Bessel function of the second kind, %, =
VEmw/c is the wave number, &, = 1 — w3, /(w® — iwv) is
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the dielectric constant, v is the electron collision frequency,
Wpm = V4mne,e?/m, e and m are electron charge and mass,
respectively. The magnetic field in vacuum and in the plasma
channel can be written in a similar form. The coefficients a;,
a/", and ¢;" are calculated by the code taking into account the
boundary conditions.

The scattering coefficient is defined by n = W,/ W, where
Wo=m fooo dwl(w)f(w)? is the incident energy of the tera-
hertz pulse and Wy is the scattered terahertz energy over the
range of angles from ¢, to ¢, in the x-y plane. The scattered
terahertz energy is calculated by integration of the Pointing
vector of the scattered radiation:

2 o0 c (%) e as
W, = = f do—L() | dplay+ Y 2 cos(lp)l’.
T Jo w @1 =1 l

(A4)

In Eq. (A4), the transverse size {(w) was calculated with
allowance for diffraction of the terahertz beam with an initial
FWHM size of 3 mm for all spectral components (this size
corresponds to the FWHM optical spot of the probe beam
divided by a factor of +/2). The angles ¢, and ¢, were taken to
be 80° and 100°, respectively, in accordance with conditions
of the experiment.
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