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Propagation of intense short laser pulses in the atmosphere
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The propagation of short, intense laser pulses in the atmosphere is investigated theoretically and numerically.
A set of three-dimensiondBD), nonlinear propagation equations is derived, which includes the effects of
dispersion, nonlinear self-focusing, stimulated molecular Raman scattering, multiphoton and tunneling ioniza-
tion, energy depletion due to ionization, relativistic focusing, and ponderomotively excited plasma wakefields.
The instantaneous frequency spread along a laser pulse in air, which develops due to various nonlinear effects,
is analyzed and discussed. Coupled equations for the power, spot size, and electron density are derived for an
intense ionizing laser pulse. From these equations we obtain an equilibrium for a single optical-plasma fila-
ment, which involves a balancing between diffraction, nonlinear self-focusing, and plasma defocusing. The
equilibrium is shown to require a specific distribution of power along the filament. It is found that in the
presence of ionization a self-guided optical filament is not realizable. A method for generating a remote spark
in the atmosphere is proposed, which utilizes the dispersive and nonlinear properties of air to cause a low-
intensity chirped laser pulse to compress both longitudinally and transversely. For optimally chosen param-
eters, we find that the transverse and longitudinal focal lengths can be made to coincide, resulting in rapid
intensity increase, ionization, and white light generation in a localized region far from the source. Coupled
equations for the laser spot size and pulse duration are derived, which can describe the focusing and compres-
sion process in the low-intensity regime. More general examples involving beam focusing, compression,
ionization, and white light generation near the focal region are studied by numerically solving the full set of
3D, nonlinear propagation equations.
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I. INTRODUCTION tical processes. The combined effects of diffraction, nonlin-
ear self-focusing, ionization, and plasma defocusing play an
The propagation of short, intense laser pulses in the atmamportant role in the propagation of laser and plasma fila-
sphere may have a number of important applications in thenents[1,5,6,19—2& In addition, nonlinear bound electron
areas of active and passive remote sensing, electronic couaffects, stimulated Raman scattering, and plasma formation
termeasures, and induced electric dischafgetficial light-  contribute to considerable spectral broadening and white
ning). For example, localized ultraviolet radiation generatedight generation by the laser pul§®,9,23,27-32
at a remote distance by laser ionization can provide a source The physics governing the atmospheric propagation of
for active fluorescence spectroscopy of biological and chemishort intense laser pulses can be very different from that of
cal agents in the atmosphere. Pulses of intense, directddng laser pulses. For example, the Raman instability associ-
white light may also find applications in the areas of hyper-ated with the excitation of molecular rotational modes, which
spectral imaging and differential absorption spectroscopy. can disrupt the long-distance propagation of Iqenseg
Experiments using ultrasho(t-100 fseg, high-intensity  pulseg 28], may not be as disruptive for laser pulses that are
(>10" W/cn?) laser pulses appear to have demonstratedhorter than the characteristic period of the rotational mode
long-distance atmospheric propagation, air breakdown, filat~pseg. In addition, experiments and theory indicate that
mentation, and white light generatiqi—14]. Intense, di- the nonlinear refractive index of air is a function of the laser
rected white light pulses have been generated and backscatulse length; e.g., for a100-fsec pulse, it is observed that
tered from atmospheric aerosols up to altitudes-db km  the effective nonlinear refractive index can be several times
[4]. The generation of pulsed THz radiation in plasma chansmaller than for a longei>pseg pulse[1]. Also, because of
nels formed by femtosecond pulses has also been observétkir large spectral content, short laser pulses are more af-
and analyzed15,16. Although many of the observations fected by dispersion. Finally, the atmospheric propagation of
cannot be completely explained, the experimental, theoretintense, short laser pulse trains generated by, for example, an
cal, and numerical results obtained to date indicate potentiaf linac driven free-electron lasgB83], may result in suffi-
applications for both passive and active remote sensingient spectral broadening to affect the laser absorption rate.
[4,17,18, and induced electric discharges0—14, among That is, the broadened laser pulse spectrum, rather than lying
others. To achieve these potential applications it is necessabetween individual absorption lines, may overlap some of
to have a comprehensive and quantitative understanding difie lines. This could affect the thermal blooming process,
the physical mechanisms that govern the propagation of inwhich is a sensitive function of the absorption rate.
tense, short laser pulses in air. In this paper we derive, analyze, and numerically solve a
The propagation of intense, short laser pulses in the atmaystem of three-dimension&8D), nonlinear equations for
sphere involves a variety of diverse linear and nonlinear opatmospheric laser pulse propagation. The model includes dif-
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fraction, group velocity, and higher-order dispersion, stimu- Laser Pulse Air
lated molecular Raman scattering, photoionization, nonlinear  epyejope: |A| refractive index:
bound electron effects, ionization energy depletion, and ng + on

propagation in a spatially varying atmosphere. The propaga-% T
tion equations are used to analyze a number of physical pro- |
cesses, such as optical/plasma filamentation, pulse compres ,

z A

sion, nonlinear focusing, and white light generation. A y
coupled set of equations for the laser power, spot size, and frequency: w

electron density is derived. At sufficiently low intensities Plasma Filaments  Optical Filaments
where ionization is negligible, a necessary condition for
equilibrium of a laser filament is derived. It is shown that atChir ed laser pulse in air. The total nonlinear index laser enve-
high intensities laser power depletion due to ionization im'lopep|A| and Fi)nstantanec.)us frequenayin the general model are
plies the absence of a matched beam solution, although e’é’ssumeﬁ to be functions of the coordinatasy(z, 7=t— z/v,)
tended propagation is possible, provided the ionization rate i&/herev is the linear group velocity of the laser E)ulse. o
sufficiently small. For laser intensities sufficiently low that g
ionization effects and stimulated Raman scattering can b
neglected, a set of coupled equations for the laser spot sige

and oulse duration are also derived. The counled equatio ased on numerical solution of the general propagation equa-
P ) P q NHns on a 3D Cartesian grid are used to model high-intensity

descr_ibe nonlinear_ self-focgsing, compression, and Spr_eadmgcmospheric propagation. Laser pulse propagation in a spa-
of chirped pulses in a spatially varying aimosphere. Slrnula'ially varying atmosphere is also considered. Finally a sum-

tions based on the 3D numerical solution of the generaﬁnary is presented in Sec. VI. The Appendix contains the
propagation equations are used to study highly nonlmea&erivation of the nonlinear.sou.rce terms.
n

propagation in the presence of plasma generation and Rama
scattering.

A process by which a laser pulse can remotely ionize a ll. GENERAL NONLINEAR PROPAGATION EQUATION
localized region of the atmosphere is studied for possible In this section we derive a general nonlinear 3D equation
remote sensing applicat_ions. By introducing a negative freaescribing the propagation of an intense laser pulse in air.
gﬂfsréq::ac:lszngenrgao rﬁ:?g}ﬁgﬂg?%?ﬁ;&ggfﬁ%Sjg’ tct)hﬁneaT.he e_qugtion incorporates the eﬁects of diffractio_n, .disper-
group velocity dispersion. In addition, transverse self-glpn’ lonization, pulse energy deplepon due. o lqmzatlon,

. : ’ X . stimulated molecular Raman scattering, nonlinearities asso-
focg;mg of the pulse takes place due to aimospheric non“néfated with bound electrons, spatial inhomogeneity in air
earities. For a properly chosen set of parameters, the foc ensity, plasma wakefields, and relativistic electron motion.

Q|stances for Iongltud|r]al compression gnd tran_syerse_focu%igure 1 is a schematic representation illustrating the forma-
ing can be made to coincide, resulting in a significant inten-

2 ) . ; tion of optical and plasma filaments and showing the
sity increase over a relatively localized region. The com-é]

FIG. 1. Schematic illustration showing filamentation of a

ression and focusing in the low-intensity limit. Simulations

L . (x,¥,z,7) coordinate system used in the derivation of the
pressed and focused laser pulse can ionize a local regio

(~1 m in extent of the atmosphere, several kilometers away fopagation equations.

from the source. The localized spark can generate ultraviolet

radiation through recombination. Since many biological and A. Wave equation

chemical agents will fluoresce in the optical regime when The starting point is the wave equation for the laser elec-
illuminated with ultraviolet radiation, the recombination ra- tric field E(r,t), given by

diation can be used as a source for atmospheric fluorescence

spectroscopy. For this application, the ultraviolet radiation 5 52 1 92
must be generated locally since it is highly absorbed in the Vit 2~ @2 2/E=S+ S 1)

atmosphere.

This paper is organized as follows. In Sec. Il the generaﬁherevi is the transverse Laplacian operator ani$ the
Il

oordinate in the direction of propagation. The quantigs
and Sy, denote source terms which are, respectively, linear
and nonlinear in the laser electric field.

nonlinear 3D propagation equations are derived. In Sec.
photoionization processes, filamentation in neutral air an
white light generatior(including the effects of photoioniza-
tion and Raman scatteripgre discussed. Using the source- The laser electric fieldE(x,y,z.t), linear source term
dependent expansion method, coupled equations for the lasgr . A

power, spot size, and electron density are derived, and a (x,y,z,.t), and nonlinear source terrﬁNL(x,y,z,t), are
approximate equilibrium is obtained in Sec. IV. Section Vertten in_terms  of complex amph_tudesA(x_,y,z,t),
presents a discussion of compression and focusing of a Iasgk(x'y_’z’t)’ .andSNL(x,y,z,t), and a rapidly varying phase
pulse in the atmosphere, leading to the generation of a spal”{((z’t)’ that is,

at a remote location. Coupled equations for the laser spot
size and pulse duration are derived from the propagation
equations in the low-intensity regime. Using the simplified
coupled equations, conditions are derived for optimal com- S (x,y,z,t)=S,(x,y,z,t)exd i 4(z,t)]&/2+c.c., (2b)

E(x,y,z,t)=A(X,y,z,t)exdiy(z,t)]&/2+c.c., (2a)
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Sw(X,Y,z,t) =S\ (x,y,z,t)exd i ¢(z,t)]&/2+c.c., win3n,
(2¢) Sbount{rit) = 41rc

|A(r DIPA(r,b), )

where(z,t) =koz— wot is the phase, is the carrier wave wheren, is the electronic contribution to the nonlinear re-

number,w is the carrier frequency, is a transverse unit o tive index. The nonlinear index defines a nonlinear self-
vector in the direction of polarization, and c.c. denotes th%cusing powerP —)\2/(271'!’1 n,) (Refs.[34—37)
NL ™ A0 ot'2 . - .

complex conjugate. Substituting the field and source repre- The source term due to stimulated molecular Raman scat-
sentations given by Eq$2) into Eq. (1) yields tering is given by

V2 K2+ wé+2'k I a0l z o1z A w5
kot gz 2k, T2 G o @ gAY Sramak 1) =~ 477 X QDA(T,), (®
=Sy(r, )+ S (r.), ®

wherey, is the linear susceptibility and the unitless Raman

where the rapidly varying phase factor has been cancelle@Scillator functionQ(t) is determined by solving Eq¢A9)
from both sides of the equation. Although the atmospheri@"d(A10). The Raman source term can also contribute to the
density is spatially varying, the wave number is taken to bdhird-order polarization field.

constant since the maximum change in the linear refractive "€ Plasma source term is given by

index, i.e., fractional change in wave number, from sea level 5

. T wp(r,t) v
to vacuum is<10 *. Splasmd T, t) = pcz (1—|w—:)A(r,t), 9

B. Li t .
inear source terms where w,(r,t)=[47q%ne(r,t)/m]*? is the plasma fre-

The linear source amplitude can be expressei8ak quencyn, is the plasma density generated by ionization, and
" Ve IS the electron-neutral collision frequency. lonization re-
o) IA(r,1) Its in a pl lumn that is localized to the | i
S.(rt)= @o S iCay(rws , @) sults in a plasma column that is localized to the laser axis.
L c/) =o ¢ 0 ot ' The plasma column causes a local decrease in the refractive

index, which can defocus the laser pulse. The term propor-
where€=0,1,2,.... In terms of the conventional dispersiontional to the electron collision frequency is responsible for
parameters [34], B,=d'B(w)/dw’|,- where B(w) the collisional absorption of laser energy, i.e., inverse brems-
w=wq’
=(wlc)[1+475 12— (w/c)ny(w); the coefficients Strahiung. _ _ ,
aréwgiv)(a[n by mi ()] (wle)now) The source tern$,,4 IS due to the possible generation of
plasma waves, and is given by

-2 ¢
__ %0 T g > w2(r ) n
R S G Swd 0= 25 A, (0

e

for example, where én, represents a plasma density perturbation driven

o2 by the ponderomotive force of the laser pulse, i.e., a plasma

—2l1- — , —1—c2(B2+ , wakefield[38]. The density perturbation, determined by Eq.
“ Wo Pob “2 (Bi+ Bob2) (A19) together with Gauss’s equation, results in a modula-

tion of the plasma density at the plasma frequency.

The term S, is due to relativistic effects arising from
quiver motion of plasma electrons in the field of the laser,
and is given by
Here, x| (o) is the linear susceptibility of bound electrons

1
and a3=—c?wq| B182+ gﬁoﬁs

andng(w) is the refractive index. For the cases of interest, it wﬁ(r,t) glA(r,t)[\?

is sufficient to use the approximatiggy~c 1. Sl )=~ —422 mcwg A(r,t). (11)
C. Nonlinear source terms This relativistic source term defines a critical self-focusing

— 2 2

The nonlinear source amplitude is due to a number oPOWer due fo PlasmEB7], Ppiasma=2¢(a/T¢) No(wo/ wp)*,
effects. and can be written as wherer,=qg?/mc? is the classical electron radius. The total
’ nonlinear self-focusing power consists of contributions from

SNL(rvt)ZSbound+ SRaman+ Splasma+ S\Nake+ Srel+ Siona both l:)NL and Pplasma and is given byPNL Pplasma/(PNL

(6) + Pplasma» @s shown in Ref[36]. Typically, Ppjasma P »
so that the nonlinear self-focusing power is due to bound
where the individual contributions are derived in the Appen-electrons and is equal #®y, .
dix. The nonlinear contribution from bound electrons, the Finally, the term describing the depletion of laser energy
Kerr effect, is given by due to ionization is given by
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Uion —ap) Y2wglc=ngwg/c  and  vg=cng/(1—a;s)=cl/(ng
Sion(r,t)= 8W|kow A(r t), (120 +wydng/dw,). TakingAK=AQ =0, the propagation equa-
tion simplifies to
where U, is the characteristic ionization energy. For ex-
ample, the ionization energy for,@s 12.1 eV while for N
itis 15.6 eV.

+2ik 2 7
ooz~ Bg dzdcT

2
[0} Ve
vi-Pl1-i=2
L C2 wq

. . . . . 5? c &
D. Full nonlinear three-dimensional propagation equation

Substituting Eqs(4)—(12) into Eq. (3) results in the fol-

2 .
— ——>tiagz——33
C koﬁzaczrz '013wO 9033 A(X,Y,z,7)

lowing nonlinear propagation equation for the laser enve- win3n, 5 q? 2 wf) one
lope: =~ g A 4mc4_f| *- c? n,
2 Ve 52 2
V2+AK2—C—p(1—| og) T 2Kyt 52 +8mk0|A'|°; e 477‘”2 XLQ(t))A(x Y.2,7),
w d 92
+2i ?0(1—011/2) (- @) s (15
where a small termd?A/3z%) has been neglected. Equation
c o3 (15) describes the 3D evolution of the complex laser field
Hlag— W}A(f,t) amplitudeA(x,y,z,7). The self-consistent model employed
0 here involves the solution of Eql5) along with equations
win3n, , 2 wg . w3 SN, that describe the response of the medi(air) to the laser
== W'Al + Am2ct o — |Al*— 2 field. In Eq. (15), the linear dispersion response is obtained
@o © from Eq.(4), while Eq.(A6) gives the nonlinear bound elec-
Uign Ne 2 tron response. The stimulated Raman response is obtained
8mk0WZ o t 4w—2XLQ(t) A(r,t), (13)  from Egs.(A9)—(A11). Plasma effects, wakefields, and rela-

tivistic effects are given in EqA20); while Eg. (A26) pro-
vides the expression for pulse energy depletion due to ion-
ization. Finally, photoionization rates are given in the
following section.

A 3D numerical simulation based on solving Eq&5)
together with the medium response has been developed,
which places the laser pulse on a Cartesiayy (r) grid,
allowing for the modeling of asymmetric pulse shapes and
laser filamentation. The laser pulse is advanced &ccord-

where the summation in E4) has been limited t6 <3 and
AK?=(1— ao)wO/C —ko

It proves useful to transform the independent variables
from z tto z, 7, wherer=t—2z/v4 andv 4 will be set equal to
the linear group velocity of the pulse. In terms of the new
variables the derivatives transform a&t— d/dr and dl 9z
—dldz—v 4 9ld7. Under this transformation, Eq13) be-

comes

9 2 @
+2ikg —— —

2
w 14
Vi+AK2_C_§<1_iw_:

2

L, A0 9 5
"¢ Ger TR

+ JR—
dz  Bg dzicT 97

ing to Eq. (15 using a split-step methoB4] in which the
linear terms are advanced in Fourier space, while the nonlin-
ear terms are handled in coordinate space. The equations
describing ionization, wakefield generation, and Raman scat-
tering are solved at each step by a fourth-order Runga-
Kutta integration. To facilitate computation of the plasma
wakefield, the ternt?V X V X E,, has been neglected and the
approximationV~V , —(&,/vg)(d/d7) has been made in

) & Eqg. (A19) and in using Gauss'’s equation.
+|a3w—0 prc] A(X,Y,z,7)
[ll. IONIZATION, FILAMENTATION,
2.2 2 2
- ( wononzl o q? wp| o © % AND WHITE LIGHT GENERATION
4mc 4m%c® w2 _2_ Ne In the following sections we use the theoretical model
5 2 presented in the previous section to analyze ionization, fila-
n w ; . .
— ik lozn e 47T_§XLQ(U AX,Y,2,7), mentation, gnd spectral broadenmg of_short, intense Ia}ser
|A| a9 c pulses in air. The analyses of optical filament propagation

whereAQ = (1— a1/2)w0—,8g_10k0 and By=vg/c.

The wave numbek, and group velocity 4 appearing in

and white light generation consist of substituting a self-
similar form for the solution of the complex amplitude into a
reduced version of Eq15), and obtaining equations for such

Eq. (14) are as yet unspecified. It is convenient to chooseguantities as the laser spot size, phase, curvature, and instan-
them so that the form of the propagation equation is simplitaneous frequency. While these analyses are not meant to be
fied. ChoosingAK=0 andAQ =0 defines the carrier wave rigorous, they can provide some quantitative understanding

number and linear group velocity, respectively, kas=(1

of the processes considered.

046418-4



PROPAGATION OF INTENSE SHORT LASER PULSES . .. PBNCAL REVIEW E 66, 046418 (2002

A. Photoionization tion are based on Volkov states, which are the exact solutions

The free-electron density in air can change because df€scribing a free electrotin vacuum) interacting with an

ionization, recombination, and attachment processes. Th%scillating electromagnetic figl@G]. .
rate equation for electron density, is Although the ATI process is inherently quantum mechani-

cal, certain aspects have classical interpretatjdiis When

INg 5 the number of photons per cubic wavelength is much greater

—r = W= M= BiNe, (160 than unity, the laser field can be described classically. Also,
since the laser electric field is oscillatory, an electron will

wheren,, is the neutral gas densityy is the photoionization ~undergo oscillatory motion with a time-averaged kinetic en-
rate, 7 is the electron-attachment rate coefficient, ghds  €rgy Eose=0?|A|%4mef. The energy associated with the
the recombination coefficient. For the laser pulses of interestlectron oscillation should be much greater than the photon
here, which have durations efl psec or less, recombination energy#wg for the classical description to apply. For the
and attachment processes play a negligible role in the propgarameters of interest, i.el.;~10 W/cn?, A\~1 um, the
gation of a single pulsg39,14]. number of photons in a cubic wavelength M0,

For short laser pulses, free electrons are generated bylI\*/%wyc~2x 10 and the oscillation energy is10 eV,
multiphoton and tunneling processes; avalanche ionization ise., ~eight times larger than the photon energyw,
not significant. The principal constituents of air are nitrogen~1.2 eV. Hence, for the parameters of interest, certain as-
and oxygen, and hence the total photoionization rate can bgects of ATI can be accounted for classically, such as the
written approximately agV= 0.8Wy,+0.2Wo,, correspond- enhanced energy gain of the ionizécee) electrons. Other
ing to the proportion of N and G molecules in normal Ccharacteristics, however, such as the qgantization of the elec-
atmosphere. For either one of these species, the ionizatidfon energy, cannot be described classically.
rate takes different forms according to the value of the N our model, the energy depleted from the laser pulse due

Keldysh parameteyy [40], i.e., to the ATI process is accounted for classically. For example,
retaining only the mixed derivative term and terms describ-
Uil eV] 12 ing the linear plasma response and plasma wakefield, the
Y=2.31x 10° ()\Z[Mm])“[W/sz])) , propagation equatiofiEq. (15)], reduces to Bq(JA/dz)

%[1—(i/wo)(&/&r)][(wglcz)(l+ ong/ng)A]. The reduced
whereU q, is the ionization energy. The value of the Keldysh propagation equation results in an equation for energy con-
parameter identifies the multiphoto(>1) and the tunnel- servation given by J(|A|%/87)/9z=— Ng(JE s/ ICT)
ing (yk<<1) regimes. —2Eysd INg/dcT), whereNg=n.+ én,. The first term on

In the multiphotonmp) regime, the ionization rate [g1]  the right-hand side accounts for laser energy that is con-
verted to electron oscillatory motion. This term indicates that
laser energy is converted to electron kinetic energy at the
front of the pulse, while at the back of the pulse the oscilla-
tory kinetic energy is converted back to laser energy. The
wherel (r,z,7) is the intensity] mp=ﬁw§/amp, andoy,isa  second term on the right-hand side, in the absence of ioniza-
cross section determined empiricallg5,42 to be equal to  tion, accounts for the energy lost due to the ponderomotive
6.4x 10" 18 cn? for short pulses. The characteristic multi- excitation of plasma wakefields.
photon ionization intensity for a =1 um laser pulse is In the tunneling regime, the time-averaged ionization rate
| mp=5.8% 10* W/cn?. The integer¢ denotes the minimum for a linearly polarized laser pulse [40]
number of photons needed for ionization, i.ef,
= Int[Uion/fLw0+ 1]

An electron, however, can absorb more photons than i, _, Uion " In o 2 (Uion 32 In vz
necessary for multiphoton ionization. This process is referred "™ unflo Uy I ex 3\ Uy I ’
to as above-threshold ionizati¢AT!) [43]. In ATI, when the (19
electron absorbs>¢ photons, it enters a continuum state
with an excess energy o6{ €)% w,. This excess energy is
manifested as oscillatory and ponderomotive motion of thevhere Q,=4.1X 10" sec'* is the fundamental atomic fre-
ionized electron. For sufficiently high intensities, the cou-guency,l,;=3.6x 10'® W/cn?, andU,=13.6 eV is the ion-
pling of these continuum states can become important. ATization energy of hydrogen. Finally, since the peak laser in-
was first observed by Agostifil4] who reported the occur- tensity in a guided filament is typically-10** Wicn?, the
rence of several distinct peaks in the electron energy spedonization process is neither purely multiphotonl (
trum separated from one another by the photon energy. In the 102 W/cn?) nor tunneling (>10* W/cn¥). In the inter-
traditional theoretical description, ATl is treated as a two-mediate f/~1) regime, an analytical fit is employed, hav-
stage process consisting of the ionization stage and thiag the formW,= a,It“1**2I"0] |n the expressions for the
above-threshold stagp45]. The above-threshold stage is ionization ratesy,, omp, @y, k1, andk, are fitting con-
characterized by an electron that is only weakly influencedtants chosen to match the experimental measurements. As
by the atomic potential, so that its motion is dominated byan example, Fig. 2 is a plot of the ionization rate versus
the laser field. Quantum mechanical solutions of this interacintensity for a laser wavelength of 08m. The fitting con-

€
27w (I(r,z,r)) , (18)

W= =11 I'mp
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5 . real functions oz and . The instantaneous frequency of the
Muldphaton pulse on axis can be defined as
= 5 DE—
. 30(z,7)
£ 0 ; w(2,7)= wo~ : (21)
E -15 ! Tunneling aT
& 20 i Tonization ) ) )
= ; To determinedd/ 97 we rewrite the full nonlinear propaga-
25 tion equation in Eq(15) in the form
-30

10 11 12' 13 14‘ 15 16 IA wg
logal1 (W /)] 2ikg——=—[n*(z,7)—ngl Z A, (22)

FIG. 2. Dependence of ionization rate on laser intensity. Dashed . . L . .
lines delineate approximate tunneling(<0.5) and multiphoton ~Wheren(z,7) is the index of refraction in configuration space
(y<>5) ionization regimes. variables. For the present purposes, only the terms contrib-

uting to the index of refraction from bound electrofisg.
stants for this plot are chosen to reproduce the experimeri?)]; Raman scatteringEq. (8)], and the plasm4Eq. (9)]
tally measured short-pulse ionization rate reported in Refs/Vill be retained. The bound electron and Raman contribu-

[25] and[42] tions are given in EqLA15) while the plasma contribution to
the index is— wy(z,7)/2nwgs. The nonlinear index can be
B. Filamentation in neutral air written as
Perturbations or hot spots on the intensity profile of a oN=n(Z,7) —Ng= dNpoungt SNramant MNplasms

laser beam can grow as a result of a filamentation instability.

Filamentation, i.e., transverse breakup, of a laser beam is ddat is,

to the interplay between diffraction and nonlinear self- .

focusing. Consider a laser beam propagating in a neutral gas, sn(r,7)=n,l(r,7)— an dr’W(r)R(7—7)I(r,7")
for which the nonlinear focusing power %, and the trans- -

verse laser intensity profile is slightly perturbed by a small, 2 2
localized hot spot. The spatial growth rate of this perturba- ~ wp(2,7)/2Nowy, 23

tion due to the filamentation instabilif87,48 is given by \yhereny, is the Raman contribution to the nonlinear index

N (3w 1\12 for long pulsesW(7) is the population inversion variable,
r=——ls—x (20  and
7TXJ_ PNL XJ_
w%—l— %
where | is the laser intensity and, is the characteristic R(r)z( ” )erﬂsin(er) (29
R

transverse dimension of the filament, i.e., spot size. As a

function of the dimension of the filament, the growth rateis the Green's function for the Raman process normalized
vanishes fox, <Xmis=[Pn./(371)] ™%, reaches a maximum o, that/“d7R(7) =1, wg is the characteristic Raman fre-
equal torf_”aX:?’)\I/(sz'-) at Xl:‘/?).(m‘“’ and decreases in- quency, and’, is a phenomenological damping rdsee the
versely V.V'rt]h xlhasf_)lg—m. At max;]rlnum gr?"g‘ ratle _the Appendix for the details In the remainder of the paper we
power within the filament Is roughly equal By, . 1t IS iy 555 me negligible population inversion(r)~ —1. To

Lherekfore .expelglted that ahlasel;t;e/ellam W"ih a poR/e/mI: obtain the instantaneous frequency along the pulse, we sub-
reak up intaN |am'entsw eréN= PNL- AS an EXample, - iy te the representation of the complex amplitidénto
the nonlinear focusing power associated with air for an- Eq. (22), with the result

wavelength,~1-nsec-duration laser is in the range o83

GW (n,~5.6x 10" cn?/W) [49]; therefore a 100-GW la- 90w,
ser pulse may eventually breakup into a few tens of fila- 22~ ¢ oz, (259
ments.
Jd |n( B) wqo
C. White light generation 7 " oni(z,7), (25b)

The nonlinear interaction of an intense, short laser pulse
in the atmosphere can result in significant spectral broaderwhere sn,(n;) is the real(imaginary part of 5n, which is
ing due to self phase modulation. The phase of the laser fieldssumed small compared to unity. The instantaneous fre-
becomes modulated through the time-dependent refractivguency spread along the pulse is given by &4), together
index by nonlinear effects, ionization, Raman processes, etwith Eq. (253,
Although 3D effects also play an important role in spectral ,
broadening, a 1D analysis is useful. The solution of the laser S _ . wo (7 aon(z',7)
. > ) w(z,7)=w(z,7)— wy= —F—dZ'.
pulse propagation equation in 1D has the fo{z,7) c Jo ar
=B(z,7)exdif(z,7)], where the amplitud® and phase are (26)
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J'Ilb,mmi_ (a)

S = N

10%6n

10°6n

0 0.1 0.2 03 04 0.5 0 0.1 0.2 03 0.4 0.5
front T (psec) back front 7 (psec) back

FIG. 3. (a) Variations of the nonlinear refractive index due to  FIG. 4. (@) Instantaneous frequency shift, g7), due to bound
bound electrons, Raman effects, and plasma generation, as given Blgctrons, Raman effects, and plasma versus pulse time
Eq.(23) versus pulse time=t—z/v, for a laser pulse with wave- —Z/v4 after propagating 0.5 m in air. A laser pulse with wavelength
length\ = 0.775.m, peak intensity,=5x 103 W/cn?, and pulse  A=0.775um, peak intensityo=5x 10" W/cn?, and pulse dura-
duration 7, =500 fs. (b) Total nonlinear refractive indexsolid  tion 7, =500 fs is assumedb) Total frequency shiftsolid curve,
curve), i.e., Mpoundt MNramari Mplasmar aNd laser intensitydashed 1., dwpoundt dWRamart S@piasma@nd laser intensitydashed curve
CUIVe Versusr. versusr.

Note that only the nonlinear terms in the refractive index will the back. The sum of the individual contributions to the re-
create new frequencies and the linear terms redistribute thigactive index, plotted in Fig. ®), shows that for these pa-
frequencies within the pulse. The instantaneous frequencyameters, the variation of the refractive index is of the order

spread isdw = dwpoungt SWramart 0@plasma that is, 1075,

, Figure 4a) plots the normalized instantaneous frequency

Sz 7-)=( —n2ﬂ+nRJ’Tdr’W(~r’) IR(7—1") I(r, ') shifts due to bound electrons, stimulated Ramgn scattering,

’ ar 0 ar ' and plasma after propagating for 50 cm in air. For these

) parameters the variation in the frequency shifts due to the

1 Jdwp) woz 5 various effects are comparable in magnitude. The bound

2ngw3 dt | ¢’ @7 electrons produce a redshift at the front of the pulse and a

blue shift at the back, while ionization produces a blue shift
wherel =cnyB?/8 is the intensity. across the entire pulse. Stimulated Raman scattering pro-

As an example, consider a laser pulse with wavelengtlduces a red shift near the front of the pulse and a blue shift at
A=0.775um, amplitude A(z,7)=8mly/csin(wr7) for  the back. The net frequency shift, i.e., the sum of the bound
O0<r<7_ (and zero otherwige peak intensity |,=5 electron, plasma, and Raman contributions, plotted in Fig.
X 10" W/cn?, and pulse duratiom, =500 fsec propagating 4(b), shows a 10% redshift at the front of the pulse and a
in air. For the short-pulse regime, the bound electron andarger 40% blue shift at the back.

Raman effects are assumed to have the numerical values
=ng=3X10 ¥ cm?/W, wg=1.6x10%sec?, and T,
=1.3x10" sec ! [50]. For the plasma term, the dominant
ionization mechanism is taken to be multiphoton ionization
of O,, so that the ionization rate is given by HEd8), with In this section, long-range propagation of an ionizing la-
€=8, for A=0.775um. ser filament in air is considered. The propagation distance of

For these parameters, FigaBplots the individual contri- a laser pulse in air is limited by a number of processes. Two
butions toén, given by Eq.(23), due to bound electrons, fundamental laser pulse propagation mechanisms that can, in
Raman scattering, and plasma. Bound electron effects prgrinciple, result in extended propagation distances (are
duce an increase in the refractive index that is proportional tanoving foci and(ii) self-guiding. In the moving foci mecha-
the laser intensity, while the generation of plasma causes theism the focal length depends on laser power through the
refractive index to decrease from the front of the pulse to theptical Kerr effect, and different temporal slices of the laser
back. The Raman response causes an increase in the refrgcise focus at different distancfs1,52. This can give the
tive index at the front and peak of the pulse and a decrease #lusion of extended propagation. However, only an infini-

IV. SELF-GUIDED PROPAGATION OF AN IONIZING
LASER PULSE
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tesimal fraction of the laser energy is propagated over exwhere the subscripis, i) denote the real and imaginary parts

tended distances. In the self-guiding mechanism, extendeaf the function, respectively. The details of a related deriva-

propagation distances can be obtained by balancing the dé@en using the SDE method can be found in R&4]. The

focusing effects of diffraction and plasma formation againstcomplex functiond= andG used in Eqs(31) are given by

nonlinear atomic focusing, i.e., Kerr effect. In self-guiding,

losses such as ionization can deplete the laser pulse energy 5o s

and significantly limit the propagation distance, as shown F(z,7)= 2kg d(2f IRTM(r,z,7)exp( — 2r</R?),

below. (323
The process of ionization and optical filament propagation

can be analyzed by retaining diffraction, the nonlinear refrac- 1 e

tive index, plasma effects, and laser pulse energy depletion G(z,7)= _J d(2r¥R?)M(r,z,7)(1—2r2/R?)

due to ionization in Eq(15), i.e., 2kg

w2(2,7) X exp(—2r?/R?). (32b)
V2+2|k0 +y|A(r z,7)|%— ©r 5
¢ Equations(31) can be combined to give an equation for the
8riky Uy (me pulse power and spot size,
¢ AP A(r z,7)=0, (28)
1P -
where y= w3nin,/4mc. P oz a

A. Source-dependent expansion method (92_F22 4 ——(1+ koR%G,) + 2_R+ RG |G+ R 9G =0,

The following analysis of Eq.28) is based on the source- 9z R (33b)

dependent expansidisDE) method that was originally de-
veloped in Ref.[53]. In the SDE formulation, a reduced

: whereP(z,7)=cR?B?/16 is the laser power. For the present
wave equation of the general form

problem, we find from Eq(28) that
V2+2|k0 A(r,z,7)=M(r,z,7)A(r,z,7) (29 w3(r,2,7)
M(r,z,7)=—9|A(r,z,7)|?+ ———

CZ

is solved by a variation of parameter technique where 8k Uiy dNg(r,2,7)

M(r,z,7) is a known nonlinear function of(r,z,7). The g (34)
complex electric field amplitude is given by c A aT
A(r,z,7)=B(z,7)exdib(z,7)] Since the multiphoton ionization rate is proportional to the

laser intensity to the power df, Egs.(16) and(18) indicate
xexp{—[1+ia(z,7)]r?/R?(z,7)}, (30)  that the radial dependence of the plasma density is given by

Ne(r,z,7) =nNeo(z, 7)EXP(—2€r¥R?). Substituting Eq. (34)
whereB is the field amplitudef is the phaseR is the spot  jnto Egs.(32) gives
size, andu is related to the curvature of the wave front. The
guantitiesB, 6, R, and« are real functions of and 7. Using 2 _
the SDE method, a set of self-consistent coupled equations(z,7)= =— ( Ygo, t w’;o i 8ko 1 U'g“ %)
for the pulse amplitudeB(z,7), phase6(z, 7), curvature 2ko| 2 t+lc ¢ ¢ B Jr
a(z,7), and spot sizd(z,7), can be derived. Applying the (353
SDE method, we find

1 aBR) Gzn=5, Trr
8Ky (€—1) Ujgn dngg
- 2 BZ 4 (35D
(70+(1+a2)+a(9R 10 . (315 ¢ T
ST TR T, 5 5 s
7z KoR Roz 20z Finally, substituting Eqs(35) into Eqgs.(33), the laser pulse
power and spot size are found to be given by
1R N 2a G (310
Rz " koR? E ¢ P_ R ang .
7z~ 2V (362
1da (1+a? _ G G a1
29z kRZ . Cor et @19 ng
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(36b)

where Py =c/2y=\?/(2mn,) is the nonlinear focusing
power, £ is the number for photons needed for multiphoton
ionization,U,,, is the ionization energy(z, 7) is the elec-

tron density on axis generated by photoionization, the linear

index has been set equal to unity,&1), andr.=g%/mdc?
=2.8x10 ¥ cm is the classical electron radius. Note that
the 1¥ dependence of the power loss in E§63 is due to
the fact that the radius of the plasma channeRis/2¢ for
multiphoton ionization. The Z/dependence of Eq363 is

also apparent from energy conservation considerations. The
energy lost by the laser pulse due to multiphoton ionization

in propagating a distancAz is given approximately by
AW=(ngAzmR?/2¢)U,, and taking a derivative with re-
spect to time leads to E¢363.

PENCAL REVIEW E 66, 046418 (2002

100

20 40 60

T (fsec)

80

FIG. 5. Dependence of normalized laser power on pulse time
7=t—2/vg, for the equilibrium described by Eq39). The spot
size variation is assumed to have the foR(\r)/Re=1+ €7/ 7R,

with 7g=120 fsec anR,q=50 um. The laser pulse has wavelength
N=0.775um. Multiphoton ionization of @ (¢=8 for A
=0.775um) andPy, =1.7 GW are assumed.

ESR

d

aT

Pi(r)

P(r)—1
Ionﬁ( T)2€ '

= (39
R*(7)

The on-axis electron density generated by multiphotorwhereP(7) = Pey(7)/ Py, R(7)=Ref7)/Re0), and

ionization is given by Eq(25) (evaluated at =0),

|

wherel(z,7)=2P/(7R?) is the intensity on axis. Equation

| ¢
_) N, (37)

I'mp

2T wg

(€—1)!

dNgg
o7 =me(r=O)nn=

2
w

¢
_ n_»2 NL
Qon={er 12 (e— 11 ?Req(o)(szq(onmp/z) vo:
(40)

wherew,= (47q°n,,/m)¥2. Since there is no plasma at the

(364 indicates that the laser power decreases as a function @fead of the pulse to counteract self-focusing, the initial con-

propagation distance in the presence of ionization since e
ergy is expended in ionizing the air. The quantity on th
right-hand side of the equation for the spot size, B§b),

represents the effects of energy loss due to ionization an
S-

indicates that a matched, self-guided filament, is not po
sible. The single-photon ionization casé=1) is a special
situation. The right-hand side of E(R6b) vanishes, since the
ionization term in Eq(28) is independent of for =1, and

the ionization process does not affect the focusing propertie

of the pulse.

B. Self-guiding condition
An approximate equilibrium of the filament's spot size

erHition on the power i$2(0)=1. Consider a particular set of

examples for which the spot size is taken to vary linearly

fjom the front of the pulse to the back, i.eR(n)=1
+e7/m. Figure 5 plots solutions of Eq39), i.e., power
versusr for several values of corresponding to cases in
which the spot size is increasing, constant or decreasing with
7. The laser wavelength is taken to he=0.775um, Py,

1.7 GW, and multiphoton ionization of Qs assumed, i.e.,
=8. To counteract plasma defocusing, the laser power must
increase with7 to maintain equilibrium. For these param-
eters, the variation of the power along the pulse is the small-
est for the constant spot size example.

can be found when the energy depletion due to ionization is ¢ pulse energy depletion due to ionization and maximum

low. Neglecting ionization on the right-hand side of Eq.
(36b and takingdR/9z=0 gives an approximate equilib-

rium condition in terms of the filament power, spot size, and

on-axis electron density,

27l )
Ped 7)=Pni| 1+ mreReq(T)neO(T) , (38

propagation distance
The rate of change of laser pulse energy can be found by
integrating Eq{36a over the pulse length,

L

)

aEpuIse:
iz

7 Uion

2 ¢

, Meg

d7R Iy

(41)

where the subscript eq denotes the equilibrium value. ThawhereE,{z)=[-d7P(z,7) is the pulse energy ang is
electron density dependence can be removed by differentiathe pulse duration. Equatiofdl) can be approximately

ing Eq. (38) with respect tor and using Eq(37). The result-
ing equilibrium condition is in terms of a differential equa-
tion

evaluated by taking the laser spot size to be nearly constant,
i.e., independent of, and using the approximate equilibrium
condition in Eq.(38),

046418-9



SPRANGLE, PEMNO, AND HAFIZI PHYSICAL REVIEW E 66, 046418 (2002

1.1 20
. z2=0 L —-— 7 = 120fsec
1.08 s o
5 1.06 .
% 1.04 g 10
1.02 AN 5 T = 12fsec
1k 2=402p \
0 20 40 60 80 100 120 0036100 130 200 250 300

front 7 (fsec) back. 2/Zx

FIG. 6. Solutions of the power and spot size equations, Egs.
(36), showing power profiles versus pulse time-t—z/vg at dif-
ferent propagation distances. The power profile-a0 is an equi-
librium described by EQq.(38). For the initial laser pulse)
=0.775um, lo(7=0)=4.3x 10" W/cn?, T,=120 fsec, Ro(7)
=50um, i.e., an initially uniform spot size, and Rayleigh length
Zr=mR3/\=1cm. Multiphoton ionization of @ (£=8 for A
=0.775um) andPy, =1.7 GW are assumed.

FIG. 7. Normalized spot size versus propagation distance at
three different times within the pulse-€0, 12, 120 fsex for the
same parameters as in Fig. 6. The portion of the pulse areund
=12 fsec maintains a relatively constant spot size for over 200
Rayleigh lengths.

become negligible. The result is that the power profile re-
mains relatively unchanged far>40Zz. The spot size and
intensity, however, continue to evolve.
P(T'-)_ 1) _ (42) Figure 7 shows the evolution of the laser spot size at three
different locations within the pulse, i.e., the front=0),
within the body of the pulses=12 fsec), and at the back
n(57-= 120 fsec). The spot size remains relatively constant
throughout the pulse for the first ten Rayleigh lengths of
ropagation before the equilibrium is lost. &&10Zy, the
ront and back of the pulse start to diffract. The spot size at
the back increases at a faster rate due to the initial defocusing
4r, (2 ouisd 0) caused by the plasma. .However, the portion qf the pulse
L max™ U (0+1)2 (PIPy —1)" (43) aroundr=12 fsec maintains at a constant spot size for over
ion NL 200 Rayleigh lengths before diffracting.
Figure 8 shows a shaded contour plot of the on-axis laser
r{'ntensity as a function of andz. The initial laser pulse at

5Epulse~ |on (€+1)2

The energy loss rate is independent of the number of photo
needed to ionize the air molecules wheis large. The maxi-
mum distance a pulse can propagdtg, ) can be estimated
by assuming that all the pulse energy goes into ionizing th
air,

whereE;s{0) is the initial laser pulse energy. In principle,

extended propagation or self-guiding is possible only whe :
the laser pulse power is approximately equaitiot slightly z=0 spans the length of the plot. The defocusing of the front

greater thanthe nonlinear focusing power, whicfor air) is ~ @nd back leads the formation of a very short pulsé& fseg
Py ~2 GW. in the first ~80 Rayleigh lengths of propagation. However,

other mechanisms that are not included in the reduced SDE

D. Propagation of an ionizing laser pulse

Equations(36) are solved numerically to illustrate an ex- 20
ample of high-intensity pulse propagation in air. We consider Intensity (arb. units)
a laser pulse with wavelength=0.775um and a uniform 200 07 P S T !
initial spot sizeRy,=50 um, which corresponds to a Ray-
leigh length ofZg= wRﬁ/)\%l cm. The initial intensity at 150
the front of the pulse i$o(7=0)=4.3x 10" W/cn?. In cal- N
culating the ionization rate, we assume multiphoton ioniza- =~
tion of O, so that{ =8, \=0.775um, andU;,,=12.1 eV. 100
The initial power profile is chosen to correspond to an equi-
librium given by Eq.(38). The equilibrium power profile is 50
perturbed by a 0.1% amplitude modulation, and its evolution
shown in Fig. 6. For the first ten Rayleigh lengths, power is
depleted uniformly th_roughout the pulse by ionization. As 0y 20 40 60 80 100 120
the back of the pulse is defocused by the presence of plasma, 7 (fsec)

the intensity drops and ionization ceases. The front of the

pulse remains focused and continues to ionize and lose en- Fig. 8. Level plot of intensity versus pulse time-t—2z/v, and
ergy. This leads to a localized depletion of power at the heagormalized propagation distanzézy, for the laser pulse of Flgs 6
of the pulse, which is evident in the power profile at and 7. A very short pulse of lengtk5 fsec with powerP~ Py,
=40Zy. For z>40Zg, the pulse intensity decreases to ais generated az~80Z, and propagates for=150@y before
level where energy losses and defocusing due to ionizatiodiffracting.
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High Intensity Compressed Pulse sec !, damping ratel',=1.3x 10 sec !, andng~n,=3
Low Intensity Chirped Pulse ™~ X 10~ 1° cm?/W. The group velocity dispersiofGVD) pa-
T T GV induced g1 rameter is8,=2.2x 10 3! seé/cm, and higher-order disper-
S — sion has been neglected. For the range of intensities and
pulse duration T(z) I pulse durations examined, the effects of collisional ioniza-

spot size nonlinear tion, recombination, and plasma wakefields are not important
w and have also been neglected. For a typical plasma density of

2=0 z=L 10'6 cm3, peak intensityl ~ 10 W/cn?, pulse duration

7.~ 100 fsec, and laser wavelength=0.775um, the ratio

FIG. 9. Schematic illustration of the simultaneous transverseof the pulse duration to the plasma period LiprL/27T

"?md long'tUd'nal. compression of a C.h'rp'.ed Ias.er p.U”S? due to non-_ 0.1; and the density perturbation associated with the wake-
linear self-focusing and group velocity dispersion in air.

field is of the ordersn,/n.~10°. A brief discussion of the
numerical methods used in the simulation is found at the end

equations, e.g., group velocity dispersion, will affect thegf Sec. II.

propagation of such short pulses. This short pulse, which i
characterized byP~P,, , propagates for an additional
15z before diffracting. This short pulse generation process
resembles the relativistic guiding and pulse shortening If the laser intensity is sufficiently low, the effects of ion-
schemes proposed in earlier wolllgs,56], except that here ization and Raman scattering will not be important and the
ionization contributes to the defocusing, and guiding is acPropagation equation in a spatially varying atmospheric den-
complished through the Kerr effect associated with boundity, i.e., EQ.(15), reduces to

electrons. 2

V2 +2ik i—c2k Bo(2)
s 0(92 02

A. Low-intensity propagation regime

2.2
V. COMPRESSION AND FOCUSING OF LASER PULSES Jcer

IN AIR

2 —
In this section the theoretical model together with simu- T H2)|Arz 0% |Ar,2,7)=0. (44)

lations are used to study longitudinal and transverse com- . i ) )
pression and ionization of chirped laser pulses in the atmo? Writing Eq. (44), higher-order dispersion has been ne-
sphere. A low-intensity chirped laser pulse propagating in ajglected. The_ spatial variation of the atmosphere is taken into
can compress longitudinally due to linear group velocity dis-2ccount mainly through the dependence of the group ve-
persion and focus transversely due to nonlinear effects. FAPCity dispersion coefficienB,(z) and the nonlinear refrac-
optimally chosen parameters, the longitudinal, transversédive indexny(z), both of which are proportional to the neu-
and focal distances can be made to coincide, resulting in 2l density. In principle, the wave numbds, is also
rapid intensity increase and ionization near the focal regiondependent on the neutral density, but is taken to bf constant
This scheme for remote ionization is illustrated schematiSince the fractional change ik, is less than~10"", as
cally in Fig. 9. noted in .the discussion of EQ). _ _
The propagation of the high-intensity laser pulse near the Eduation(44) can be solved numerically; however, a sig-
focal region is markedly different from its propagation far nificant simplification of the equation is possible by assum-
from focus, where the intensity is low. In the following sub- iNg that the evolution of the laser pulse is self-similar. That
sections we consider separately the low-intensity propagdS: We assume that the pulse is described by an analytical
tion regime, where ionization and Raman processes are né2fm that depends on certain spatially dependent parameters,
important, and the propagation near focus, where the las§uch as the spot size and pulse duration of the laser pulse.
intensity becomes so sufficiently high that ionization occursWith this assumption, a set of simplified coupled equations
In the low-intensity regime, a coupled set of equations forc@n be derived for the evolution of the spot size, pulse dura-
the laser spot size and pulse length are derived. Numeric&on, amplitude, and phase of the laser field. Assuming that
solutions of the coupled equations are compared with the fufin€ laser pulse has a Gaussian shape in both the transverse
numerical 3D simulation in the low-intensity regime. Propa-and longitudinal directions, the complex amplitude can be
gation near focus, in the high-intensity regime, is examinedVrttén as
using the full 3D numerical simulations. i Mt i 2R2(2) < [14i8(2)]72T2
Tge simulations model the propagation ef100-fsec A(1,2,7)=B(z)e!" e [Tl IMR@e AT (225
pulses with A\=0.775um and intensities as large as (45
~ 10" W/cn?. The dominant plasma generation mechanismwhereB is the field amplitudeg is the phaseR is the spot
is the multiphoton ionization of  which although less size,« is related to the curvature of the wave froftis the
abundant than N has a lower ionization energy. The ion- laser pulse duration, anglis the chirp parameter. The quan-
ization rate given by Eq18) with € =8 agrees well with the tities B, 6, T, R, a, B are real and functions of the propaga-
ionization rate plotted in Fig. 2 over the intensity range oftion distancez. The instantaneous frequency spread along the
10*2- 10" Wicn?. The parameters used in modeling the ro-pulse, i.e., chirp, isSw(z,7)=28(z)7/T?(z), where <0
tational Raman response are the short-pulse parameters giver0) results in a negativépositive) frequency chirp, i.e.,
in the Appendix, i.e., rotational frequenayr=16x10 frequency decreasefncreasep towards the back of the
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pulse. The full frequency chip along the pulse from front to 4A[1+ B?(2)]?

back, i.e., fromr=—T to T, is Swsy=4BIT. Aw(z2)= 7w

Substituting Eq(45) into Eq.(44), one obtains an identity

in the variables and . Equating the like powers afand where 8(z) is given by Eq.(47b). Using Eq.(47b the in-

the following coupled equations fd® and T are obtained: stantaneous frequency spready(z, 7) = 28(z) 7/ T2(z), be-
comes

(49

PR 4 L Eo 1) 63
2 2Rd|l T x T/ T(2)
022 KR T S
0 PNL 5(1)(2,7') IBZT(Z) 97 (50)
PT 4B, Ey 1 4,3§+ 1 9B, dT (46D Thus the frequency chirp vanishes along the entire pulse

when the pulse length reaches a minimum.
For a spatially uniform neutral density and in the absence

whereEy=PT is proportional to the laser pulse energy andE)31:4r]10nI|near effects, i.en,=0, the solution of Eq(46b) is
2 ( z
+

is independent of, P(z) = wR(z)?1(2)/2 is the laser power,
Zr

97 ko Py RT? T B, 9z oz

211/2

| (2) =cnyB3(2)/8 is the intensityPy, = Py, /4 is the effec- -

tive self-focusing power, an@N,_=)\§/27Tn0n2 defines the T(2)=To
usual self-focusing power. The method used to obtain Egs.

(46) involved equating powers af and 7; a more rigorous and the chirp parameter is
derivation involving the source-dependent expansion method

[53] would result inPy, being equal toPy, . Hence, in B(z)—lﬂ—iT—g
numerical solutions of Eq$46) we setPy, =Py, . The first 2B2 dz 2B, Zy
term on the right-hand side of E46a describes vacuum 5 )
diffraction while the second term describes nonlinear self\WhereTo=T(0), Bo=(0), andZ;=Tg/2| B,| is the group
focusing, i.e., due tm,. Nonlinear self-focusing dominates Velocity dispersion length. Substituting Ed$1) and (52)
diffraction whenP>P,, . The curvature parameter, chirp, into Eq. (49) yields Aw=4(1+B3)¥4T,, which indicates

Z
1+BOZ—T

b Z
’80+(1+'80)Z_T' (52)

phase, and energy evolve according to that for a linear atmosphere the Fourier spectral width is
constant. In the absence of nonlinear effects, a minimum
koR dR pulse length ofTo/(1+ B3)Y? is reached at/Z;=—By/(1
“(Z):_TE’ (478 +B2), provided the chirp parameter is initially negative,
Bo<0.
T oT In the limit that the pulse length does not change appre-
B(2)= 8. 77" (47 ciably, it can be shown from Eq463a that the variation of
B2 92 the spot size with propagation distance is given by
a0 2 B> 1 P 7 p 27172
—=— =+ — 47¢ = —2a— +| a’— —+ —
Jz kORz T2 k0R2 E)NL ( ) R(Z) RO 1 zaozRo ( ao F)NL 1) (ZRO> ,
(53
&EO 2 .
E=0, (47d  where Zgo=koR5/2. Equation (53) shows that whenP

>Py., the spot size goes to zero in a distance
respectively. Equatiofd7b) indicates that the pulse energy is

conserved. ag+ V(PIPy)—1

The general expression for the Fourier transform of the 2/ Zgo= ~ Pt (54
pulse amplitude is 1—(P/PyL) +ag
- where the=* sign is chosen so thatis positive.
"A(r,z,w)=f drA(r,z, ") expiwT). We compare the solutions of Eq#l6) and (47) with the

full numerical simulation. In the present example, propaga-
) ) ) ~ tion through a uniform air density is considered. The initial
Using Eg.(45) we find that the Fourier pulse spectrum is |aser pulse atz=0 is described by Eq.(45) with \

given by =0.775um, R,=1cm, To=0.66 psec, and8,=—20 (a
) 5 negative chirp with Swy, /we|~0.05),a,=0 (a collimated
S(a))~ex;{ . T(@e ) (48) pulse, and initial peak intensity,=10° W/cn?. In numeri-

41+ B%(2)]) cally solving Egs(46), the nonlinear index of air is taken to

be n,=6x10 ° cn?/W, which is larger than the experi-
The full Fourier spectral width at &/of the amplitude is mentally measured value 06310~ ° cn?/W [50]. This was
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FIG. 10. Variation of(a) laser spot size(b) pulse duration, and
(c) peak intensity, fromz=0 to 0.49 km, for a laser pulse with 7 (psec)
initial valuesRy=1 cm, T(=0.66 psec,8,= —20, anday=0. The
initial peak intensity islo=10° Wicm’ (Po/Py =0.94). Solid FIG. 11. Surface plots of the laser intensity z£0 and z
curves denote solutions of the envelope equations, i.e., 5.  =0.49 km showing compression and focusing corresponding to the

Points in panelsa) and(b) and the dashed curve in parte] denote  simulation of Fig. 9. Peak laser intensity increases by a factor
full scale simulation results. of 300.

done in order to approximate the inclusion of Raman effectsThe results of the full simulation, denoted by the points in
into the nonlinear refractive index. Raman effects can inFigs. 1qa) and 1@b) and the dashed curve in Fig. (&) are
crease the nonlinear refractive index by an amount equal th good agreement with the solution of E¢47). Figure 11
the bound electron contribution, e.g., see Fig. 4. For thesghows surface plots of the distribution of laser intensity with
parameters, the focal distance for both longitudinal andr and transverse coordinateat z=0 and near focus at
transverse compression is expected to-feS km, based on  =0.49 km obtained from the full simulation. The laser pulse
Egs. (46). For the full simulation, which includes Raman focuses both longitudinally and transversely such that the
effects, we take the nonlinear bound electron index to beeak laser intensity az=0.49km is ~3x 10" W/cn?,
n,=3x10" cm?/W, so thatP/Py, ~0.5 initially. which is a factor of 300 larger than the initial intensity; note

Figures 10a) and 1@b) show the evolution of the laser the change of scale between Figs(aliand 11b).
spot and pulse duration as the focal point is approached. The

pulse length decreases almost linearly withy a factor of
~10 fromz=0 to ~0.49 km. The spot size decreases at a
slower rate fronz=0 to =0.4 km and then falls rapidly over When the laser pulse is sufficiently intensel0'3 W/cn?

the last 0.1 km from focus. The corresponding evolution offor ~100-fsec pulses, ionization processes, plasma defocus-
the peak intensity is shown in Fig. . The intensity in- ing, and Raman scattering effects become important. In this
creases relatively slowly over most of the propagation pathsection, we simulate propagation of the laser pulse from the
gaining a factor of~10 over a distance of 0.4 km, and then previous example through the region of plasma generation.
increases rapidly by a factor 0f30 in a distance of-0.1  The output of the previous simulation is extrapolated-f&

km. The reduction in the spot size due to nonlinear selfm using Eqs(46) to numerically solve for the laser spot size,
focusing fromz=0.4 to 0.49 km is mainly responsible for duration, and peak intensity close to the ionization region.
the enhanced intensity gain observed near the focal poinfThe extrapolation was performed because of the computa-

B. High-intensity propagation regime
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FIG. 12. Full scale simulation results showing the variation of
peak laser intensity and peak plasma density with propagation dis- s
tance in the vicinity of the focal region. The laser puls&at=0 is
characterized byR=0.25 mm, T=120fsec, 8=7.2, =2, and =
peak intensityl =8.8x 10" W/cn?.

tional difficulty in using the full nonlinear simulation to ac-
curately model the large variation of the spot size near the
focal point. The extrapolated results are then used to initial-
ize the Gaussian laser pulse in this high-intensity simulation g1 13, Surface plots of laser intensity following the formation
which begins azy=492 m. The propagation distané& is  of plasma for the parameters described in the caption of Fig. 11.
measured relative ta,, i.e., Az=z—2z,. The pulse atAz
=0 is described by EQ.(45, with R=0.25cm, T  will be limited. Refocusing will not be possible when the
=0.12 psec,8=7.2, anda=2. The initial peak intensity ~ amount of energy lost to ionization is sufficient to cause the
=8.8x 10" W/cn? is below the intensity at which ioniza- pulse power to become less than the nonlinear self-focusing
tion effects become important. The initial ratio of the peakpower. Figure 14 shows the pulse energy as a function of
power to the nonlinear focusing powét/ Py, =2.5. propagation distance. The sudden decrease in enerdy at
Figure 12 shows the evolution of the peak laser intensity=5 cm corresponds to the location at which a plasma density
and peak plasma density near the focal point. FAms0 to  of ~10'" cm™ 2 is generated. Fromz=5 to 25 cm,~7% of
5 cm, self-focusing causes the peak intensity to increase bythe pulse energy is lost to ionization. Figure 15 shows the
factor of ~8. As the laser intensity reaches the ionizationon-axis profile of the laser intensity and pow@eormalized
threshold, a plasma channel is formed, which is highly localto P,,) at Az=16.5cm. The power profile atAz
ized near the laser pulse axis. The radius of the plasma char-16.5 cm remains relatively unchanged from its initial
nel is ~20 um. Formation of a plasma channel counteractsGaussian profile, indicating that there is little longitudinal
the nonlinear focusing effect. Froz=5 to 20 cm, the energy transfer. Hence, the distortions in the laser intensity
peak intensity is limited te<7x 10" W/cn? while the peak  profile are caused mostly by transverse focusing. Note that a
plasma density is on average7.5x 10'¢ cm™3. sufficient amount of powerR~ 2Py, ) is present in the trail-
Figure 13 shows the evolution of the laser intensity profileing edge of the pulse to allow for self-focusing. For this
from Az=6.3 to 16.8 cm. The generation of a highly local- particular example, however, it is not possible to numerically
ized plasma channel atz=4 cm causes the trailing edge of simulate propagation beyondz=25cm due to the large
the laser pulse to defocus and the pulse to shorten on axis, amount of spectral broadening that occurs, causing the theo-
shown in Fig. 18a). Earlier parts of the pulse remain focused retical model to become invalid; e.g., Az=25cm, | So|
due to the absence of plasma. As the on-axis pulse lengtk 0.4w,,.
decreases, the plasma density also decreases, thereby allow-

ing the trailing parts of the pulsgvhereP> Py, ) to refocus. _ 1

The refocusing of the trailing edge leads to the double- ‘é 0.99

peaked intensity profile seen in Fig.(bR® Subsequently, the 5 098

intensity of the leading peak decreases due to diffraction un- 8 097

til the intensity of the trailing peak becomes the global maxi- 2 0.96

mum [Fig. 13c)]. At Az=16.8 cm, the trailing peak is re- 3 0.95

constituted in such a way that the laser intensity profile ﬁ“_ 0'94

appears similar to that atz= 7.6 cm. In earlier work§24] it g

was proposed that these recurrences underlie the experimen- = 0‘930 % 10 15 30 35
tally observed long-distance propagation of intense pulses in Az (cm)

air.
Since laser energy is lost to ionization whenever refocus- FIG. 14. Variation of laser energy with propagation distance in
ing and plasma generation occur, the number of recurrencealie region of plasma formation for the simulation of Fig. 11.
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: Az=165cm o1 (a) I (arb.units)
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FIG. 15. Normalized, on-axis profile of laser intensity/ () 0.05
and power P/Py.) at propagation distancAz=16.5cm for the
simulation of Fig. 11. 0

-0.05

Figure 16 shows that the on-axis Fourier spectrum of the
laser pulse broadens with propagation distance. The asym- -0.1 Az=152cm
metry of the spectrum, i.e., the more prominent redshift, is 03 %) ) o1 02
associated with the gradient of the laser intensity becoming ’ ’ ’ )
larger at the front of the pulse than at the b&8k]. At Az 7 (psec)

=17.7cm, the blue-shifted part of the spectrum is suffi- £ 17 |ntensity profile(dashed curvésand normalized in-
ciently broad that it spans the visible spectrum indicating thaiantaneous frequency spreadw{w,) of the laser pulse ata)
white light is generated near the focal point. Modulations iNnAz—0 and (b) Az=15.2 cm corresponding to the spectra of Fig.
the spectrum, which are prominent Az=15.2cm, are 15,

caused by a self-interference effect that can be understood as

follows. Initially, every axial position within the chirped la-

ser pulse hasya diﬁe}r/ent frezuency, as shown in Fpiga)17 Ro=28 cm, To=5 psec.lo=3.2x 10° wicn?, \=1.06 um,

As the pulse propagates, Fig.(bYshows that distortions in Bo= —46 (a negative chirp W|tH5wfu”|/w0~0.C_)2), anda,
the laser envelope cause different axial positions of the pulsg 10 (a focusing beam The dashed curve in Fig. (@8
to have the same frequency. These positions represent wav@3ows the altitude variation of the air density. The solid
with the same frequency but with different phases that cafurve shows the evolution of the peak laser intengityr-
interfere constructively or destructively depending on themMalized to its value ax=0) with altitude. For these param-
relative phase difference. This interference results in multi€ters the focal length, i.e., the distance at which the pulse

peak structures in the spectrysi]. duration and spot size are simultaneously minimizee; 24
km. The intensity increases by a factor 0k20* at focus.
C. Vertical propagation, compression, and focusing Most of the intensity gain occurs within 5 km of the focal

region where the density of air is relatively low.

We use Eqs(46) to examine propagation in a spatially  Figure 18b) shows the variation of laser spot size and
varying atmosphere. The spatial variation of air density iSpuIse duration wittz. Fromz=0 to ~20 km, the spot size
given by n,(z)=n,(0)exp(-7L,), where ny(0)=2.7  decreases linearly with indicating that the transverse focus-
X 10 cm™% is the neutral density at sea level, abgd  ing is mostly linear, i.e., due to the wave front curvature of
=8 km is the characteristic scale for the upward variation Ofthe pu|Se_ Nonlinear Se]f-focusing becomes dominant over
the air denSity. The initial laser pulse is characterized by[he final 2 km of propaga’[ion and causes the Spot size to
decrease more rapidly. In the absence of ionization and other
higher-order nonlinearities, the spot size collapses to zero at
z~22 km. The pulse duration decreases continually due to
group velocity dispersion, and is reduced by a factor of
~1/20 in the focal region.

VI. SUMMARY

In this paper we have investigated a number of key physi-
cal processes associated with short, intense laser pulses
propagating in the atmosphere. Some of the potential appli-
cations stem from the possibility of creating an atmospheric

FIG. 16. Fourier spectrum of laser intensity as a function of ‘lamp” at a remote location with spectral characteristics that
wavelength at propagation distances=0, 15.2, and 17.7 cm for are similar to a white light sourcet,8,9. The applications
the simulation of Fig. 11. range from remote sensing and ultraviolet fluorescence spec-
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tween nonlinear self-focusing, diffraction, and plasma defo-
. cusing, and is shown to require a specific distribution of
air density (arb. units) power along the filament. For the approximate equilibrium,
15000 / the laser power at the head of the pulse equals the nonlinear

20000 | .

focusing power, and increases towards the back of the pulse.

10000 . The increase in power is necessary to counteract the effect of
5000 T plasma defocusing. When the laser intensity is sufficiently
~~~~~~~ high to cause considerable energy depletion due to ioniza-
0 @ tion, an equilibrium solution no longer exists and self-guided
0 5 10 propagation is not possible. Numerical solutions of the SDE

equations show thata100-fsec laser pulse can propagate in
a self-guided mode for-10 Rayleigh lengths, after which
plasma defocusing erodes the front and back of the pulse.
This defocusing leads to the formation of a very short
~5-fsec pulse that can propagate fot00 Rayleigh lengths.

A method for generating a remote spark in the atmosphere
has been proposed and investigated. This method utilizes the
dispersive and nonlinear properties of air to cause a low-
intensity chirped laser pulse to compress both longitudinally
and transversely. For optimally chosen parameters, the trans-
verse and longitudinal focal lengths can be made to spatially

FIG. 18. (a) Dependence of air densi(y'ashed Cur\]ﬂand peak coincide reSUlting in a rapid intensity increase, ionization,
laser intensity(solid curve on z (altitude. (b) Normalized laser ~and white light generation in a localized region far from the
spot size(dashed curveand pulse duratiofsolid curvg as a func-  Source.
tion of altitude. Evolution of the laser spot size, pulse duration, and Solutions of the envelope equations are found to agree
peak intensity for the given density profile are calculated using Eqswell with full 3D simulations in the low-intensity propaga-
(46). Initial conditions are given byR,=28 cm, To=5 psec, |, tion regime far from the focal region. Near the focal spot
=3.2x10° Wicn?, A=1.06um, Bo=—46 (a negative chirp with  where the intensity is large enough to ionize air, plasma fila-
| Swsu|/ wo=~0.02), anday = 10. ments can be generated in a regiofi m in extent and
significant white light generation occurs.

troscopy to electromagnetic countermeasures, hyperspectral

0 5 10 15 20
z (km)

imaging, differential absorption spectroscopy, and induced ACKNOWLEDGMENTS
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taneous frequency shift along an intense laser pulse in air hasy_ (6) is derived. It is convenient to write the nonlinear
been calculated. The analytical results have been obtained Ry rce term as

assuming a self-similar form for the laser envelope and de-

riving coupled envelope equations for the amplitude, phase,

curvature, and spot size. As an example, for-B00-fsec SaL(r 1) = Spoundt Sramar™ Splasmat Swake Srei™™ Sion

laser pulse, the frequency shifts associated with bound elec- _ iP(z,t)

trons, ionization, and Raman scattering are found to be com- =Su(r.ne"Yeforc.c., (A1)

parable. The combined effects of bound electron nonlineari-

ties, ionization, and Raman scattering produce a redshift avhere the various contributionsS,oung, Sraman  Splasma

the front of the pulse and a larger blue shift at the back. Syaes Sl @Nd Sen, represent, respectively, contributions
Using the SDE a coupled set of equations for the spofrom the third-order nonlinearity associated with bound elec-

size, laser power, and electron density is derived. A necedrons, stimulated Raman scattering, plasma generation,

sary condition for an approximate equilibrium of a single wakefields, relativistic motion of free electrons, and laser

optical filament has been derived, assuming that the ionizaenergy depletion due to ionization. The various source terms

tion rate is low. The equilibrium involves a balancing be- are derived in the following sections.

APPENDIX: DERIVATION OF NONLINEAR
SOURCE TERMS
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1. Nonlinear polarization of bound electrons

In general, the nonlinear source term due to bound ele

trons, Kerr effect, is
Sbounc(r1Zrt):4770_2(92Pboun((r1t)/f9t2
=Syoundl,D)e@V8 2+cc., (A2

where the phase ig(z,t) =koz— wot. The nonlinear polar-
ization field is given by{34-36

Pboun({rvt):XNL<E'E)tE(rvt)v (A3)

PBNCAL REVIEW E 66, 046418 (2002

ing rate have been measured and found to be different from

dhose appropriate for longer pulss0].

The theoretical model used here to incorporate the effects
of stimulated rotational Raman scattering into the general
nonlinear propagation equation is based on the standard den-
sity matrix formalism[70] with an envelope representation
for the laser electric field, i.e.,, E(r,t)
=(1/2)A(r,t)e'*®VY8 +c.c., whereA(r,t) is the complex
amplitude,@, denotes a unit vector in the polarization direc-
tion, and c.c. denotes the complex conjugate. The envelope
representation allows for the generation of a multiwvave Ra-
man spectrum, i.e., harmonics of the Stokes and anti-Stokes
sidebands, as well as broadening of the individual lines. The

where yy_ is the scalar third-order susceptibility of the neu- q4e| als0 describes the Raman response in the transient

tral gas and the bracket$, denote a time average. In this
approximation the third harmonic component of the nonlin-

regime, and accounts for the natural damping or relaxation of
excited states and saturation due to the population depletion

ear polarization field is neglected and the nonlinear responsgs he ground state.
is assumed to be instantaneous. The refractive index is the gtimulated Raman scattering is associated with a nonlin-

sum of the linear and nonlinear contributions, and in thee

absence of relativistic effects is expressible as
n(r,w)=ny(r,w)+n,l, (A4)

wherel is the time-averaged intensity ang is the nonlinear

ar polarization field Pramafr,t) = Pramalr.t)e V& /2
+c.c., which gives rise to a source term in the propagation
equation for the laser envelope. The nonlinear source term is
expressed in terms of the nonlinear polarization as

Sramak1Z,1) =47C ™ 20?Pramal 1)/ t?

refractive index associated with bound electrons. Equation

(A3) can be expressed in terms o, i.e.,

1
Pbounc{rat): E[Znonzl(r,t)]E(r,t)

Mo | A DIPE(T A5
A Cn2| (rl )l (rl )! ( )
where ng is the linear index,n2=(8w2/n§c)XN,_, [(r,t)
=(cl4m)ny(E-E);=cng|A|?/87 is the intensity, andn,l|
<ny—1 has been assumed. Substituting Ep) into (A2)
and using the envelope representation Egr,t), i.e., EQ.
(2a), the amplitude of the nonlinear source term is

wé”é”z
4C

Svound I2,1) = |A(r,t)|2A(r,t). (A6)

2. Stimulated nonresonant Raman scattering

Stimulated Raman scattering of laser pulses propagating

through air has been studied extensivied$,59—-69. For al-

titudes below 100 km, the dominant Raman process for long

pulses(~nseg is due to scattering from Nmolecules in-
volving the S(8) rotational transition from thedd=8 to J

= Spamak I 1)€YV 2+ c.c. (A7)

It is assumed that the rotational states of a molecule can be
represented as a three-level system with energy levigls
andW,, and an excited stat@.g., an electronic or transla-
tional stat¢ with energy W3>W,—W,. Since the eigen-
states are assumed to possess definite parity, direct transi-
tions between states 1 and 2 are forbidden. It is also assumed
that the Raman processes is nonresonant, so that state 3 is
not populated. Under these assumptions, it can be shown
using the standard density matrix formaligm0] that the
nonlinear polarization can be represented as

Pramai= XL Q(DA(r,1),

whereQ(t) is the unitless oscillator function which is deter-
mined by the system of equations

(92
??+(w§+r§)q+2r2

(A8)

Q  Oi A
ot R WA
(A9)

W Q% |A(LDI?(9Q
T or A—g<_+F2Q)_F1(W_W0),

at
(A10)

=6 rotational states, while the molecule remains in the vi-

brational ground stat¢61]. For a linearly polarized laser

with wavelength 1.05um, experiments using long~nseg
pulses indicate that the Raman gain coefficient~2.5
cm/TW [28]. The observed Raman shift for tI18¢8) rota-
tional transition is 75 cmt (A w~ 14X 10'? sec’*) while the

whereQ g= nAqy /% is the Rabi frequency associated with the
peak laser amplitudd, and w is the dipole transition mo-
ment matrix element associated with transitions to state 3.
The quantitiesI’; and I', are phenomenological damping
rates that have been included heuristically. The quamtiig

characteristic relaxation time for excited states is typicallythe difference between the normalized population densities
0.1 nsec at sea level. A number of experimental studies havef states 2 and 1, and/;=W(t— —). For a medium in
employed shorte(~—100 fse¢ laser pulses to investigate Ra- which all molecules are initially in the ground state,
man scattering. In particular, the gain coefficient and dampW,= —1.
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Assuming a slowly varying amplitude for the polarization,
i.e., | 2P ramarf 9t%| < @3 Pramal, the source term for stimu-

lated Raman scattering is given by

2

Wo
Sramar™ —47T?X|_Q(r,t)A(r,t). (A11)

The solution of Eq(A9) can be rewritten in the form

NRNg [t
Q(r,t)=— f dt'W(t")R(t—t")I(r,t"),
27TX|_ — o0
(A12)
where
2 2
wp+T
R(t)=( R Z)e—th sin(wgt), (A133)
WR
is the Green’s function for the Raman process,
1672 2w
. XL M R (A13b)

Ngr= 72 ]
R cempQ 72 w3+T3

PHYSICAL REVIEW E 66, 046418 (2002

P S S (A17)
R wqo (,()R+F2 g

In the long-pulse limit £1/T",), ng represents the effective
nonlinear index due to Raman effects, and the total nonlinear
refractive index isny =n,+ng. For shorter pulses, com-
pared with the characteristic Raman times<(l/wg, 7
<1/T',), the nonlinear refractive index is due purely to the
bound electron response, i.ay =n,.

Experiments suggest that the Raman response is a sensi-
tive function of the pulse duration. For a lofig-nseg laser
with wavelength 1um (wo=1.9x10"®sec!), the rota-
tional Raman response is dominated by 8{8) rotational
transition fromJ=28 to J=6, which is characterized byg
~1.4x10" I',~10%sec’!, andg~2.5 cm/TW for air at
STP[28,62. For these parameters, the nonlinear refractive
index due to rotational Raman processes ng=5.6
X 10720 c?/W. Assuming that bound electron and Raman
effects are the dominant contributions to the nonlinear refrac-
tive index, the empirically determined value of, ~n,
+ng in the long-pulse regime is-5.6x 10" ° cn?/W, giv-
ing ng/ny ~0.1. More recent experiments, which propagate
much shorter~100-fsec laser pulses with wavelength

is the Raman contribution to the nonlinear index for long=0.8 um through air, suggest that the effective parameters

duration pulses £>1I',,wg), and R(t) is normalized such

for the short-pulse regime areg~1.6x10"sec?!, ng

that 5dtR(t) = 1. If only the Raman source term is retained ~n,~3x 10" *° cm?/W, and I',~1.3x10"%sec? [50],
on the right-hand side of E@15), it can be shown through a giving an effective gain coefficient @~0.025 cm/TW.

stability analysig[35,3€ that an initial Stokes perturbation
6A(z=0) on a cw pump laser beam can grow exponentially,
i.e., AA(z) = 6A(0)exp@l,2), with a maximum gain coeffi-

cient
872 L u? wy 1
9="C 2 ar,’ (Al4)

wherel , is the pump intensity. Stokes—anti-Stokes coupling

will reduce the gain coefficient.

The nonlinear polarization field in EA8) has a contri-

3. Plasma, wakefield, and relativistic source terms

The source term in the wave equation due to the motion
of free electrons is given b$ye.= (47/c?)ddl ot, where the
plasma current density satisfies the equation

aJ “)123
—tvl=-—

ot 4 (A18)

e

oNng
1+ n— E(r,t).

In Eq. (A18), w,(r,t)=(4mgng(r,t)/m)*? is the plasma
frequency,ng(r,t) is the electron densitygng(r,t) is the

bution that is third order in the field amplitude, and thus Cajasma density perturbation due to wakefields, apis the
contribute to the total nonlinear refractive index. Including -qjjision frequency of electrons. For azi/r%3><1,012 sec!
. e

the bound electron and molecular Raman response, the totﬁ

nonlinear refractive index is

t

nN,_(r,t)=n2I(r,t)—an

dt'W(t )R(t—t")I(r,t").
(A15)

For a constant amplitude laser pulse with duratign the

I9,24]. Equation(A18) is valid even if the plasma density is
increasing because of ionization. It can be shown that the
electric field associated withng(r,t) satisfies the equation
[71]

92 q wi(r,t)
2 2 _ P 2
S T PVXV X+ l(rt) [Ey=7 - V|Al2.

(A19)

field amplitude can be written aRA=A [O(7)—0O(7

— )], wherer=t—2z/c. We assume that there is negligible The wakefield density perturbation is then obtained from
population inversion,W(7)~—1. With these approxima- sn,=V.E,/4rq. Writing the laser electric field and plasma

tions, Egs(A13) and (A14) indicate that the total nonlinear gource terms as E(r,t)=A(r,t)e“®Va/2+c.c. and
e it he pise, Le. 8= 18 Sted(12,t) = Sredr 1) €'/@V8 2+ C.C.,  respectively, Eq.
N (7)=ny+ng{1—e 27T cog w7 (A18) yields
+(I'y/wg)sin(wgT)]} (A16) w3(r,1) sn,  om 0
| S"ee:T(lJrn_e_ W)(l—lw—JA(r,t).

whereng can be written in terms of the gain,

(A20)
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In writing Eq. (A20), the plasma current densifywas ob- 4. Laser energy depletion due to ionization

tained to orderve/wo<1. The plasma frequency in EQ. 14 gerive the source term describing the depletion of the
(A20) contains contributions from ionization and relativistic laser energy due to ionization, we note that the rate of change

electron motion. In order to write out each contribution €X-of the total field energyelectric and magneticdue to only
plicitly, the electron mass is written as+ ém, wheremis  nization is

the electron rest mass aniin is the modification due to
relativistic motion of the electron in the laser field. To second IW;
order in the field amplitude, the fractional change in the elec- 9z

= Uionj ne(xryazi T)d(T, (A23)
tron’s mass is

2 ) whereW; is the total field energyJ,o, is the effective ion-
oo 1AM (A21)  ization energy, ando is the differential cross sectional area.
0 The total field energy can be written as

om/ 1
mm—Z

In writing Eqg. (A21) it has been assumed thiatA/mcw)|
<1, i.e., the weakly relativistic limit. The magnitude of
qA/mcuw, is often referred to as the laser strength parameter. Wi= —f dﬂf d(cr)(E-E)/4, (A24)
For a linearly polarized laser beamgA/mcwy|=8.6
X 1071\ [ wm]) (1Y W/cn?]), whereX is the wavelength
in microns and is the intensity in W/crh

Using Eg.(A21), Eqg. (A20) can be written explicitly as

where ( ), denotes a time averagéE-E),=|A|%/2, and
—cdr is the differential in thez direction. Substituting Eq.

Stee= Spiasma* Srel+ Swake: Where (A24) into Eq. (A23), we find that
wg(r,t) Ve a|A|? dng
Splasma:T 1- w_o A(r,t), (AZZa) 9z =—8m ionE- (A25)

wp(r,) (qlA(r,t)l

2
So=— A1) (A22b) Equation(A25) accounts for field energy lost due to ioniza-
el 4C2 mc 0 L)y

tion, and indicates that an additional source term given by

2
wy(r,t) on
Suake=— gz — A1), (A220) Uion 9Ne
e

C Son: - 87TIkOW2_ EA (A26)
where it has been assumed tht/m<1, v./wg<<1, and
|ong|/ne<1. should be present to properly account for energy depletion.
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