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We present a comprehensive model of plasma dynamics that enables a detailed understanding of

the ways the air plasma induced in the atmosphere in the wake of a laser-induced filament can be

controlled by an additional laser pulse. Our model self-consistently integrates plasma-kinetic,

Navier�Stokes, electron heat conduction, and electron�vibration energy transfer equations,

serving to reveal laser�plasma interaction regimes where the plasma lifetime can be substantially

increased through an efficient control over plasma temperature, as well as suppression of

attachment and recombination processes. The model is used to quantify the limitations on the

length of uniform laser-filament heating due to the self-defocusing of laser radiation by the radial

profile of electron density. The envisaged applications include sustaining plasma guides for long-

distance transmission of microwaves, standoff detection of impurities and potentially hazardous

agents, as well as lightning control and protection. VC 2011 American Institute of Physics.

[doi:10.1063/1.3601764]

INTRODUCTION

Remote control of plasmas induced by laser radiation in

the atmosphere is one of the challenging issues of free-space

communication, long-distance energy transmission, remote

sensing of the atmosphere, and standoff detection of trace

gases and biothreat species. Sequences of laser pulses, as

demonstrated by an extensive earlier work (see, e.g., Refs.

1–3), offer an advantageous tool providing access to the con-

trol of air-plasma dynamics and optical interactions.

Recently, Henis et al.4 have proposed to use a dual femtose-

cond=nanosecond laser pulse to enhance the energy density

locally deposited in a laser-induced plasma in the atmos-

phere. Recent experiments by Zhou et al.5 have demon-

strated that the lifetime of plasma channels generated

through filamentation of femtosecond laser pulses can be

increased by applying a delayed nanosecond pulse. A similar

scenario has been observed6 in the regime of resonance

enhanced multiphoton ionization (REMPI), involving an av-

alanche hybrid ionization of a gas by nanosecond laser

pulses with intensities well below the breakdown threshold.

Close enough to these problems is the evolution of the

plasma channel created in the atmospheric air by a femtosec-

ond pre-ionizing laser pulse with an external DC electric

field studied in Refs. 7 and 8.

Several important applications of air-plasma tailoring

with a double laser pulse are envisaged. First, this approach

can improve the detection sensitivity of the radar—REMPI

diagnostic technique add9 strongly promoting its application

for standoff detection.10 Second, the double-pulse method

can help to generate laser plasmas at reduced gas densities,

e.g., at high altitudes in aerospace applications. Third, using

an additional heating laser pulse may be instrumental in

resolving the issues of laser ignition,11,12 with the first pulse

providing pre-ionization in a gas chamber, thus substantially

reducing the requirements for the main, combustion-igniting

laser or microwave pulse. In a prototype experiment imple-

mented recently at Princeton,13 a femtosecond laser pulse

was employed to pre-ionize a gas, with additional gas heat-

ing provided by a subsequent microsecond microwave pulse,

whose intensity was well below the breakdown threshold.

Fourth, ionization of the atmosphere using double laser

pulses suggests interesting options for the manipulation and

long-distance transmission of microwaves.14–16 Arrays of

laser-induced filaments have been shown to form wave-

guides for microwaves15,16 enabling, in particular, a guided-

wave delivery of radar radiation for long-distance communi-

cation and stand-off detection of biothreat species in the

atmosphere. In a recent experiment, Châteauneuf et al.17

have employed a 100-TW femtosecond laser source to gen-

erate a cylindrical array of more than 1000 filaments, form-

ing a waveguide for 10-GHz radiation. Organic impurities

and pollutions, e.g., those found in abundance in the sum-

mertime smog of big cities, have been shown18 to facilitate

the creation of plasma guides for microwave radiation.

Common to all these methods is the problem of fast plasma

decay in the wake of the femtosecond laser pulse, which

leads to dramatic limitations on the lifetime of plasma-based

waveguides.

In this work, we present a model that allows a detailed

quantitative analysis of plasma dynamics induced by addi-

tional laser pulses used to tailor the properties of plasmas

decaying in the wake of a laser filament in the atmosphere.

We show that, with an appropriate optimization of parame-

ters of plasma-tailoring laser pulses, an uncontrolled gas

breakdown due to avalanche ionization can be avoided. The

model of atmospheric plasma decay used in the analysis pre-

sented below in this paper modifies the model developed
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in our earlier work16 toward a more realistic description of

excitation, relaxation, and recombination processes in the

multicomponent plasma of atmospheric air. This model is

applied below to identify the ways the air plasma induced in

the atmosphere in the wake of a laser-induced filament can

be controlled by an additional laser pulse.

IONIZATION IN A FILAMENT INDUCED BY
A FEMTOSECOND LASER PULSE

We consider a filament induced by Ti: sapphire femto-

second laser pulses with a central wavelength k1 ¼ 800 nm.

For a rectangular laser pulse of duration s1, the electron den-

sity is estimated as

ne ¼ nOþ
2
þ nNþ

2
� ½NO2

-O2
þ NN2

-N2
�s1; (1)

where ne is the electron density, nOþ
2
and nNþ

2
are the densities

of oxygen and nitrogen molecular ions, respectively, NO2
and

NN2
are the densities of oxygen and nitrogen molecules, and

-O2
;-N2

are the photoionization rates of oxygen and nitrogen

molecules. The rates -O2
;-N2

were calculated (see, e.g., Ref.

19) on the basis of a modified Keldysh theory.20 For laser

pulses with an intensity Ifs ¼ 4� 1013 W=cm2 and pulse

width s1 ¼ 100 fs, we find nOþ
2
¼ 1:02� 1023m�3,

nNþ
2
¼ 4:08� 1020m�3, and ne ¼ 1:024 �1023m�3.

To mimic typical plasma parameters in a filament

induced in air by a femtosecond laser pulse,21–23 we take the

following initial conditions for the plasma parameters at the

instant of time t¼ 0: Te¼ 1 eV, T¼ Tv¼ 300 K, and

ne ¼ ðnOþ
2
þ nNþ

2
Þ � 1 � 1023 expð�r=r2bÞ; (2)

with rb¼ 50 lm. These results for the electron and ion den-

sities are used as initial conditions in simulations of the

decaying air plasma.

FILAMENT PLASMA DECAYING AND A SECOND
LASER PULSE

With an assumption of a cylindrical geometry of plasma

decay, the continuity equations for all plasma species are

written as

@½ns�
@t

þ 1

r

@ðr½Cs�Þ
@r

¼ ½Gs� � ½Ls�; (3)

where ns are the densities of Nþ
2 ; O

þ
2 ; N

þ
4 ; O

þ
4 ; NO

þ; Oþ

(nþ), eðneÞ, O�
2 ; O

� (n�), O; N; NO; O3, and Gs;Ls are the

corresponding generation and loss rates. The charge particles

fluxes Cs appearing in Eq. (3) are defined by the equations

Ce;� ¼ �le;�ne;�E� De;�
@ne;�
@r

þ ne;�u; (4)

for electrons (Ce) and O�
2 ;O

� ions (C�);

Ci;þ ¼ li;þni;þE� Di;þ
@ni;þ
@r

þ ni;þu; (5)

for the ith sort of positive ions, and

Cn ¼ �Dn

@nn
@r

þ nnu; (6)

for neutral species.

Here, le ¼ em�1ðvm þ vcÞ�1
is the electron mobility,

li;þ and l� are the mobilities of positive and negative ions,

respectively, De ¼ leTe, Di;þ ¼ li;þT, and D� ¼ l�T are

the relevant diffusion coefficients, T is the translational tem-

perature of the gas in eV, and Te is the electron temperature

in electron volts. The last terms in Eqs. (4)–(6) become im-

portant for prebreakdown or breakdown intensities of the

plasma-tailoring laser field or long time intervals (�10 ns);

vm � 3:91 � 10�14NT1=2
e is the electron-neutral transport

frequency, vc ¼ 2:91 � 10�12neT
�3=2
e lnK is the electron-

ion Coulomb collision frequency,24,25 N is the air density in

m�3, and ln K is the Coulomb logarithm. The mobilities for

positive and negative ions are given by equal

lþ;� ¼ 0:21=ðp � 300=TÞ (in m2 V�1 s�1), where p is the air

pressure in Torr and the temperature T is in K; u is the gas

velocity.

The radial field component E ¼ �@/=@r is calculated

by solving the Poisson equation for the potential /,

1

r

@

@r
r
@/

@r

� �

¼ � e

e0

X

i

ni;þ �
X

k

nk;� � ne

 !

; (7)

with boundary conditions @/=@rjr¼0 ¼ 0 and / 1ð Þ ¼ 0.

Summations in Eq. (7) are done over all types of positive

and negative ions.

The intensity of the subsequent infrared laser pulse is

assumed to be too low to induce any noticeable ionization

effects in the surrounding air. However, at elevated inten-

sities, cascade ionization in the pre-ionized filament by elec-

trons oscillating in the laser field becomes significant. While

a rigorous calculation of vi involves the solution of the rele-

vant quantum kinetic equation, in this work, we choose an

empirical relation taken from26

viðTeÞ ¼ vi;N2
þ vi;O2

;

vi;N2
� p½Torr�

300

T½K�

107
ffiffiffiffiffi

Te
p

� �

14:093þ 27:366Te þ 1:386T2
e

� �

�

� exp � 15:58

Te

� ��

; (8a)

vi;O2
� p½Torr�

300

T½K�

107
ffiffiffiffiffi

Te
p

� �

1:43þ 2:47Te þ 0:456T2
e

� �

�

� exp � 12:06

Te

� ��

: (8b)

Note that because of the assumption of a Maxwellian elec-

tron distribution function, an application of these formulas to

a nonionized or weakly ionized air leads to an overestimation

of the ionization rates at electron temperatures Te� 1 eV.

However, in the case of air plasma with a relatively high

electron density induced by a femtosecond laser pulse, we

can assume that the electron density distribution is
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Maxwellian due to the high rate of electron-electron Cou-

lomb collisions.

Electron photodetachment processes, with a rate

@ne
@t

� �

phd

¼ � @n�
@t

� �

phd

¼ rph
ILðr; tÞ
�hxL

� �

n�; (9)

contribute to the electron generation and the loss of negative

ions, with ILðr; tÞ being the intensity of the plasma-tailoring

laser field, xL being the frequency of this radiation, and rph
being the cross section of electron photodetachment from

O�
2 ions in the atmosphere through the �hxL þ O�

2 ð4R�
g Þ

! eþ O2ð3R�
g Þ process.27 We have neglected the photode-

tachment from O� atomic ions, because the threshold for

this process (�1:4 eV (Ref. 27)) exceeds the photon energy

�hxL for subsequent heating by infrared laser radiation con-

sidered in the present work.

Parameters of the gas flow are defined by solving axially

symmetric Navier�Stokes equations,

@q

@t
þ 1

r

@ rquð Þ
@r

¼ 0; (10)

@qu

@t
þ 1

r

@ rqu2ð Þ
@r

¼ � @p

@r
þ 2

3
g

1

r

@

@r
r 2

@u

@r
� u

r

� �� ��

þ 1

r

@u

@r
� u

r2

�

; (11)

@qðeþ u2=2Þ
@t

þ 1

r

@ r½qðeþ u2=2Þ þ p�uð Þ
@r

¼ Qþ 1

r

@

@r
rkh

@T

@r

� �

þ 2
3
g

1

r

@

@r
ru 2

@u

@r
� u

r

� �� �� �� �

:

(12)

Here, p and e are the gas pressure and energy, q is the gas

density, and kh and g are the heat conductivity and viscosity

of the gas, and

Q 	 Qðr; tÞ ¼ QVT þ QeT þ QR; (13)

where QVT is the rate of heating due to vibrational-

translational (VT) relaxation per unit volume,

QeT ¼ 3

2
nekðTe � TÞdðvm þ vcÞ (14)

is the rate of direct gas heating due to elastic electron�mole-

cule and Coulomb collisions, k is the Boltzmann constant

(Te and T are in Kelvin). For a weakly ionized air plasma,

d � 2mð0:2=MO2
þ 0:8=MN2

Þ � 2m=M and M � MN2
MO2

=
ð0:8MO2

þ 0:2MN2
Þ, where MN2

is the mass of nitrogen mole-

cules and MO2
is the mass of oxygen molecules; QR

�Pi er;ibr;ineni;þ is the rate of dissociative recombination

heating, with the coefficients er,i taking values from the inter-

val 0.04 eV 
 er 
 3.4 eV, depending on the sort of molecular

ions involved in dissociative recombination28 (here, we set

er;i ¼ 1 eV for all the reactions of dissociative recombination),

and br;i are the dissociative recombination coefficients (see

Table I).

The gas density q, pressure p, and energy e, appearing in

the Navier�Stokes equations, are assumed to follow an

ideal-gas equation,

p ¼ ðc� 1Þqe; (15)

with e ¼ cvT and c ¼ cp=cv ¼ 1:4.
Energy transfer to molecular vibrations is included in

the model through the equation for the vibrational energy Ev,

@Ev

@t
þ 1

r

@ðrEvuÞ
@r

¼ QeV � QVT ; (16)

where

QeV ¼ 3

2
nekðTe � TvÞvevðTeÞ (17)

is the energy transfer rate of excitation of molecular vibra-

tions due to collisions of molecules with electrons, Tv is the

vibrational temperature, and vev is the electron�vibration ex-

citation rate.

When the energy Ev is not too far from its equilibrium

value E0
v , we have

QVT ¼ Ev � E0
v

sVT
; (18)

where

Ev ¼ Nev ¼ N
�hx0

expð�hx0=TvÞ � 1
; (19)

and

E0
v ¼ Ne0v ¼ N

�hx0

expð�hx0=TÞ � 1
; (20)

where N is the molecular density and e0v and ev are the ther-

mal-equilibrium and nonequilibrium vibrational energies per

molecule, respectively,

sVT ¼ 1=fN � ½7 � 10�16 expð�141=T1=3Þ
þ aO � 5 � 10�18 expð�128=T1=2Þ�g; (21)

sVT is the VT-relaxation time,13,16 a0 is the molar fraction of

atomic oxygen, �hx0 is the vibration quantum (�hx0 ¼ 0:29
eV for N2 molecules), and N and T are expressed in m�3 in

K, respectively.

Electron heat conduction is governed by the equation

@

@t

3

2
kneTe

� �

þ 1

r

@

@r
r

5

2
CekTe � ke

@Te
@r

� �� �

¼ JL �
3

2
nekðTe � TvÞvev �

3

2
nekðTe � TÞdðvm þ vcÞ

� neðvi;N2
IN2

þ vi;O2
IO2

þ �exI
�Þ; (22)

where

JL ¼ e2neILðvm þ vcÞ
e0cm½x2

L þ ðvm þ vcÞ2�
(23)
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TABLE I. List of kinetic processes and rates.

eþ N2 ! Nþ
2

Approximation (8a) Ref. 26

eþ O2 ! Oþ
2

Approximation (8b) Ref. 26

eþ O2 þO2 ! O�
2 þO2

1:4 � 10�41
300

Te

� �

exp � 600

T

� �

exp
700ðTe � TÞ

TeT

� �

[m6=s] Ref. 34

eþ O2 þN2 ! O�
2 þN2

1:07 � 10�43 300

Te

� �

exp � 70

T

� �

exp
1500ðTe � TÞ

TeT

� �

[m6=s] Ref. 34

Oþ
2 þ O2 þ O2 ! Oþ

4 þ O2
2:4 � 10�42 300

T

� �3:2 [m6=s] Ref. 34

Nþ
2 þ N2 þ N2 ! Nþ

4 þ N2 5 � 10�41 [m6=s] Ref. 34

Nþ
4 þ N2 ! Nþ

2 þ N2 þ N2 10�6 � 10½�14:6þ0:0036�ðT�300Þ� [m3=s] Ref. 34

Nþ
4 þ O2 ! Oþ

2 þ N2 þ N2 2:5 � 10�16 [m3=s] Ref. 34

Oþ
4 þ O2 ! Oþ

2 þ O2 þ O2
3:3 � 10�12

300

T

� �4

exp � 5030
T

� �
[m3=s] Ref. 34

eþ Nþ
4 ! N2 þ N2

2 � 10�12 300

Te

� �1=2 [m3=s] Ref. 34

eþ Oþ
4 ! O2 þ O2

1:4 � 10�12 300

Te

� �1=2 [m3=s] Ref. 34

eþ Nþ
2 ! Nþ N

2:8 � 10�13
300

Te

� �1=2 [m3=s] Ref. 34

eþ Oþ
2 ! Oþ O

2 � 10�13
300

Te

� �

[m3=s] Ref. 34

eþ NOþ ! Nþ O
4 � 10�13

300

Te

� �1:5 [m3=s] Ref. 34

eþ OþO2 ! O�
2 þO 1 � 10�43 [m6=s] Ref. 34

O�
2 þ O ! O3 þ e 1:5 � 10�16 [m3=s] Ref. 34

O2 þ N ! NOþ O
1:1 � 10�20T exp � 3150

T

� �

[m3=s] Ref. 34

Oþ þ NþM ! NOþ þM; M ¼ O2;N2 1 � 10�41 [m6=s] Ref. 34

Nþ þ O2 ! Oþ
2 þ N 2:8 � 10�16 [m3=s] Ref. 34

Nþ þ O2 ! NOþ þ O 2:5 � 10�16 [m3=s] Ref. 34

Nþ þ O ! Nþ Oþ 1 � 10�18 [m3=s] Ref. 34

Nþ þ O3 ! NOþ þ O2 5 � 10�16 [m3=s] Ref. 34

Nþ þ NO ! NþNOþ 8 � 10�16 [m3=s] Ref. 34

Nþ þ NO ! Nþ
2 þ O 3 � 10�18 [m3=s] Ref. 34

Nþ þ NO ! Oþ þ N2 1 � 10�18 [m3=s] Ref. 34

Oþ þ N2 ! NOþ þ N 3 � 10�18expð � 0:00311 � TÞ [m3=s] Ref. 34

Nþ
2 þ O2 ! Oþ

2 þ N2
6 � 10�17

300

T

� �1=2 [m3=s] Ref. 34

Nþ
2 þ O ! NOþ þ N

1:3 � 10�10
300

T

� �1=2 [m3=s] Ref. 34

Nþ
2 þ O ! Oþ þ N2

1 � 10�17
300

T

� �0:2 [m3=s] Ref. 34

Nþ
2 þ O3 ! Oþ

2 þ Oþ N 1 � 10�16 [m3=s] Ref. 34

Nþ
2 þ NO ! NOþ þ N2 3:3 � 10�16 [m3=s] Ref. 34

Oþ
2 þ N2 ! NOþ þ NO 1 � 10�23 [m3=s] Ref. 34

Oþ
2 þ N ! NOþ þ O 1:2 � 10�16 [m3=s] Ref. 34

Oþ
2 þ NO ! NOþ þ O2 4:4 � 10�16 [m3=s] Ref. 34

Nþ
4 þ O ! Oþ þ N2 þ N2 2:5 � 10�16 [m3=s] Ref. 34

Nþ
4 þ N ! Nþ þ N2 þ N2 1 � 10�17 [m3=s] Ref. 34

Nþ
4 þ NO ! NOþ þ N2 þN2 4 � 10�16 [m3=s] Ref. 34

Oþ
4 þ O ! Oþ

2 þ O3 3 � 10�16 [m3=s] Ref. 34

Oþ
4 þ NO ! NOþ þ O2 þO2 1 � 10�16 [m3=s] Ref. 34

O�
2 þ O2 ! eþ O2 þO2

8:6 � 10�16 exp � 6030

T

� �

1� exp � 1570

T

� �� �

[m3=s] Ref. 34

�hxL þ O�
2 ð4R�

g Þ ! eþO2ð3R�
g Þ; rphð�hxLÞ Ref. 27

O�
2 þOþ

2 ! O2 þO2

O�
2 þNþ

2 ! O2 þN2

2:2 � 10�12 q=q0ð Þ1:5; q 
 q0

2:2 � 10�12 q0=qð Þ1:2; q > q0

(

q0 is the air density at STP [m3=s] Ref. 24
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is the Joule heat, ke ¼ 5kneDe=2 is the electron heat conduc-

tivity, vex is the rate of electronic level excitation, and I* is

the relevant effective excitation energy.

The electronic and vibrational excitation rates are calcu-

lated using the model of Ref. 29,

vexðTeÞ ¼ 5:53� 106ðN=N0ÞT2
e ð1812:23þ T�15

e Þ
� expð�1:7835=T2

e Þ; (24)

vevðTeÞ � ½8:917 � 1010T�3
e ð9:93þ T5

e Þ expð�2:36=T3
e Þ

� vexðTeÞI��=�hx0; (25)

TABLE I. (Continued)

eþ OþO2 ! O� þO2 1.10�43 [m3=s] Ref. 34

eþ O3 ! OþO�
2 1.10�15 [m3=s] Ref. 34

eþ O3 ! O� þ O2 1.10�17 [m3=s] Ref. 34

O� þ O ! O2 þ e 5.10�16 [m3=s] Ref. 34

O� þ N ! NOþ e 2.6� 10�16 [m3=s] Ref. 34

O� þ O2 ! O3 þ e 5.10�21 [m3=s] Ref. 34

FIG. 1. (Color online) Time dependences of the electron (upper), vibrational (middle), and translational (lower) temperatures in the wake of a laser-induced

filament in the atmosphere in the absence (I2¼ 0) and in the presence of laser radiation with (left column) kL¼ 10.6 lm and IL¼ 106 W=cm2, 107 W=cm2 and

(right column) kL¼ 1.06 lm, IL¼ 108 W=cm2 and 109 W=cm2. In the left three figures, the breakdown development at IL¼ 5�109 W=cm2 is shown.
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where the electron temperatures are expressed in eV, N0 is

the gas density at a pressure of 1 atm and a temperature of

300 K, and I* is the effective excitation energy, which is

taken equal to 10 eV.29

The other processes included in the model along with

their rate constants are listed in Table I. Our model

neglects two-body dissociative attachment processes, such as

e þ O2 þ dW ! O� þ O (dW � 3.6 eV), since the electron

energies acquired within the considered range of laser inten-

sities are well below the activation energy of such processes.

RESULTS AND DISCUSSION

The above-described model is applied to simulate

plasma dynamics in an individual filament created by a fem-

tosecond laser pulse with the above-specified parameters.

We assume that the plasma produced in the wake of a laser

filament is irradiated by an additional laser pulse, which is

turned on at the instant of time t¼ 0 with its intensity IL
remaining constant over a time interval of hundreds of nano-

seconds. This additional laser beam is assumed to be loosely

focused in such a way as to provide constant field intensity

over the filament area. We examine plasma dynamics in

the presence of radiation delivered by one of the two

widely used laser sources—a neodymium laser (kL ¼ 2pc=
xL ¼ 1.06 lm) and a CO2 laser (kL¼ 10.6 lm). The laser inten-

sity provided by both lasers is assumed to be too low to induce

any noticeable multiphoton or tunneling ionization of the me-

dium. In this regime, an additional laser pulse decelerates plasma

decay primarily through the suppression of three-body electron

attachment and dissociative recombination processes. In addition

to these two mechanisms, the photons of 1.06-lm radiation are

energetic enough (�hxL � 1:17 eV) to slow down the plasma

decay through the photodetachment of electrons from neutral

species (the activation energy is about 0.5 eV). In the case of a

CO2 laser, no electron photodetachment can be induced because

of the low energy of laser photons (�hxL � 0:12 eV).

Application of a low-intensity infrared laser pulse can

radically modify the plasma dynamics in the wake of a laser-

induced filament (Figs. 2–5). With the intensity of Nd-laser

radiation taken two orders of magnitude higher than the in-

tensity of CO2-laser pulses, to compensate for the / x�2
L

scaling of plasma-heating efficiency (see Eq. (23)), Nd- and

CO2-laser pulses give rise to similar tendencies in plasma

FIG. 2. (Color online) Time dependences of the electron density ne on the axis in the wake of a laser-induced filament in the atmosphere in the absence or

presence of laser radiation with a wavelength kL¼ 10.6 lm (left) and kL¼ 1.06 lm (right). In the left column figures, the breakdown development at

IL¼ 5�109 W=cm2 is shown.

FIG. 3. (Color online) Time-evolution of air plasma components on a filament axis (left) and a radial distribution at t¼ 50 ns (right) in the absence of laser

radiation.
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dynamics. These laser pulses heat plasma electrons, sustain-

ing a large gap between the electron and vibrational tempera-

tures on the time scale of hundreds of nanoseconds, with

higher intensities IL translating into wider temperature gaps

dT at a given instant of time (see Fig. 1). An increase in the

electron temperature suppresses electron attachment to oxy-

gen molecules and decelerates dissociative recombination,

with the relevant rate constants scaling as b / T�n
e , where

0:5 
 n < 1:5 for recombination rates for different molecu-

lar ions (see Table I). As a result, the electron density is

high over an extended time interval at t¼ 100 ns and ne
� 8.5� 1019 m�3 for CO2-laser pulses with IL¼ 107 W=cm2

(Fig. 3, left) and ne � 2.3� 1020 m�3 for Nd-laser pulses

with IL¼ 109 W=cm2 (Fig. 4, left). The corresponding

plasma frequencies xp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

e2ne=e0m
p

are 5:2 � 1011 and

8:5 � 1011 1=s. It means, in accordance with Refs. 15 and

16], that an array of such filaments can be maintained to

guide microwave radiation at f¼ 30 GHz (angular frequency

x ¼ 2pf � 1:9 � 1011 rad=s) at t> 100 ns.

At elevated intensities of the second ns laser pulse (still

below breakdown of surrounding air), intense ionization and

Joule heating in the initial filament can increase the condi-

tions up to those typical for a high conductive arc discharge.

The initial phase of this process is shown in Figs. 1 and 2 for

the case of IR CO2-laser radiation at kL¼10.6 lm and IL¼ 5

� 109 W=cm2 (the model considered in this paper is not ap-

plicable to the description of transition to the arc-kind

plasma regime, because it deals only with electron impact

ionization, but not thermal ionization, which becomes domi-

nant at a high gas temperatures). As a result, a highly con-

ductive long channel is generated, which may be used in

lightning-protection systems. It was shown that the rate of

arc-like channel decay may be controlled with additional re-

sidual heating by a series of defocused ns-laser pulses with

repetition rate �1–10 kHz. The physics of sustaining con-

ductivity in a channel is similar to what is studied theoreti-

cally in Refs. 30 and 31 and experimentally (for a small-

scale laboratory pulsed arc).32

PLASMA-FILAMENT2HEATING-PULSE INTERACTION
LENGTH

The radial distribution of the electron density ne(r) in

the filament plasma across the laser beam translates into a

transverse profile of refractive index, giving rise to a nega-

tive lens. This lens defocuses the heating laser pulse, limiting

the effective length of interaction of this pulse with the

FIG. 4. (Color online) Time-evolution of air plasma components on a filament axis (left) and a radial distribution at t¼ 50 ns (right) in the presence of IR CO2

laser radiation with kL¼ 10.6 lm and IL¼ 107 W=cm2.

FIG. 5. (Color online) Time-evolution of air plasma components on a filament axis (left) and a radial distribution at t¼ 50 ns (right) in the presence of Nd-

laser laser radiation with kL¼ 1.064 lm and and IL¼ 109 W=cm2.
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plasma produced by a filament, thus preventing a uniform

heating of the plasma by the nanosecond laser pulse. To

identify the regimes where this effect can be minimized, we

calculate the refractive index (n) and absorption coefficient

(v) of the plasma medium as24

n ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

eþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

e2 þ r=e0xLð Þ2
q

2

v

u

u

t


 1;

v ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�eþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

e2 þ r=e0xLð Þ2
q

2

v

u

u

t

; (31)

where e ¼ 1� x2
p

x2
L
þðvmþvcÞ2

, r ¼ e2neðvmþvcÞ
m½x2

L
þðvmþvcÞ2�

are the dielectric

function and conductivity of the plasma.

In Fig. 6(a), the early phase of breakdown development

for the case of infrared CO2-laser (k ¼ 10:6 lm) with inten-

sity 6.5� 109 W=cm2 is shown. The corresponding evolution

of the index of refraction and absorption coefficient on the

filament axis are shown in Fig. 6(b).

The heating-pulse�postfilament-plasma interaction effi-

ciency is almost insensitive to the focusing of the heating

laser beam, but is primarily controlled by the efficiency of

coupling of this beam into the postfilament plasma. Large

gradients of the electron density in the postfilament plasma

would strongly defocus the heating laser beam and should

therefore be avoided. To illustrate this argument, we plot in

Figs. 7(a)–7(c) the radial profiles of the electron density and

the corresponding index of refraction and absorption coeffi-

cient. The radial profiles of the refractive index n(r) found

from these simulations are used to analyze the ray trajecto-

ries of the heating pulse by using the eikonal-approximation

equation z rð Þ ¼ �b
Ð r

0
n2 rð Þ � �b2
	 
�1=2

dr, where the z-axis is

chosen along the plasma column and �b ¼ n rð Þdz=ds is the

ray invariant, s being the path measured along the beam tra-

jectory.33 For a plasma column with a radius of 50 lm and a

refractive index change Dn � 5 � 10�2 (Fig. 7(b)), the

resulting negative lens will give rise to an additional diver-

gence of a laser beam hpl� 1 within a plasma length of only

�1 mm. In this regime, strong defocusing of the heating

laser beam by the transverse profile of the electron density

will prevent the efficient coupling of the laser beam into the

plasma column in the wake of the filament, rendering a uni-

form heating of this column impossible. For weaker elec-

tron-density gradients, e.g., those corresponding to an on-

axis electron density of �1016 cm�3, the plasma-induced

change in the refractive index in the postfilament plasma is

Dn � 5 � 10�5. A beam divergence hpl¼ 1 is then achieved

within a plasma length of 1 m, enabling a uniform heating of

extended regions of ionized gas in the wake of a filament

and sustain guiding of microwave radiation.15,16

FIG. 6. (Color online) Time evolution of (a) the electron density (ne) and the electron (Te), vibrational (Tu), and gas (Te) temperatures and (b) refractive index

(n) and absorption coefficient v on the axis of the filament in the presence of a heating CO2 laser pulse with kL¼ 10.6 lm and IL¼ 6.5.109 W=cm2.

FIG. 7. (Color online) The radial profiles of the electron density (a), refractive index (b), and absorption coefficient (c) in the presence of a heating CO2 laser

pulse with kL¼ 10.6 lm and IL¼ 6.5.109 W=cm2.
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CONCLUSION

We have presented a detailed model of plasma dynamics

in the wake of a filament induced in the atmosphere by an

ultrashort laser pulse. Analysis performed with the use of

this model helps quantify the limitations on the lifetime of

microwave plasma waveguides induced in the atmosphere

through the filamentation of high-intensity ultrashort laser

pulses. We have demonstrated that, near- and mid-infrared

laser pulses can tailor the plasma decay in the wake of a fila-

ment, efficiently suppressing, through electron temperature

increase, the attachment of electrons to neutral species and

dissociative recombination, thus substantially increasing the

plasma-guide lifetime and facilitating long-distance trans-

mission of microwaves. Postfilament plasma lifetimes of

tens to hundreds of nanoseconds demonstrated in this paper

suggest that the laser pulses with pulse widths ranging from

hundreds of nanoseconds to several microseconds would

provide an ideal tool to sustain the plasmas and tailor plasma

parameters in the wake of a laser-induced filament. Micro-

second pulses of 10.6-lm radiation within the above-speci-

fied range of field intensities can be delivered by CO2 lasers,

while appropriate laser pulses with a wavelength around

1.06 lm can be generated by neodymium-doped lasers. The

available neodymium-based and CO2 lasers enable the gen-

eration of 1.06- and 10.6-lm pulses with the required inten-

sities and pulse widths at kilohertz repetition rates. Laser

pulses with higher intensities can give rise to efficient ioniza-

tion and heating of the postfilament plasma, eventually

inducing a highly conductive arc discharge. Highly conduc-

tive long plasma channels generated as a result of this pro-

cess would offer promising solutions for lightning

protection. However, the plasma-filament�heating-pulse

longitudinally uniform interaction length is limited due to

the self-defocusing of the heating beam. This effect becomes

important when subsequent heating laser pulse is focused to

values close to breakdown and it depends on the laser

wavelength.

ACKNOWLEDGMENTS

We are grateful to Dr. Phillip Sprangle and Dr. Daniel

Gordon from NRL for helpful discussions. The work by

MNS and RBM was supported by the Science Addressing

Asymmetric Explosive Threats (SAAET) Program of the

U.S. Office of Naval Research. AMZ acknowledges a partial

support of his research by the Seventh European Framework

Programme under project No. #244068 (CROSS TRAP).

1E. H. Piepmeier and H. V. Malmstadt, Anal. Chem. 41, 700 (1969).
2R. H. Scott and A. Strasheim, Spectrochim. Acta, Part B 25, 311 (1970).
3S. M. Gladkov, A. M. Zheltikov, N. I. Koroteev, M. V. Rychev, and A. B.

Fedotov, Sov. J. Quantum Electron. 19, 923 (1989).

4Z. Henis, G. Milikh, K. Papadopoulos, and A. Zigler, J. Appl. Phys. 103,

103111 (2008).
5B. Zhou, S. Akturk, B. Prade, Y.-B. André, A. Houard, Y. Liu, M. Franco,
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