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Propagation of Short, High-Intensity
Laser Pulses in Air

P. Sprangle,” J. R. Pefiano, A. Ting, B. Hafizi,' and D. F. Gordon
Plasma Physics Division, Naval Research Laboratory, Washington, D.C. 20375

The atmospheric propagation of high-intensity, high-average-power laser beams is
important for a number of directed energy applications. Linear as well as nonlinear
processes affect atmospheric propagation of short, intense laser pulses. A set of equations
for modeling the three-dimensional atmospheric propagation of intense short laser pulses
is presented and discussed. The equations account for the linear propagation effects of
dispersion, absorption, scattering, and turbulence. The nonlinear propagation effects
included are transient thermal blooming, bound electron anharmonicity (optical Kerr
effect), stimulated Raman scattering, ionization, plasma response (wakefields), and
relativistic quiver motion. In many applications nonlinear effects, turbulence, and
dispersion are important because of the short luser pulse durations and high peak
intensities. The equations are used to study the propagation of a single laser pulse with
peak power in the gigawatt range. Examples illustrate several important processes that
would be associated with directed energy applications of intense laser beams, such as a
Jree-electron laser with peak (average) power in the gigawatt (megawatt) range,
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Nomenclature
A complex-valued amplitude of laser electric field
B magnetic field
B; laser magnetic field
C, speed of sound
€, Cp, Cp speed of light in free space; specific heat at constant pressure,
at constant volume
E electric field
E; laser electric field
e base of natural logarithm
e, unit vector along x axis
I3 Planck’s constant divided by 2z
LIy laser intensity
i -1
J current density
K, thermal conductivity
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k. kg wavenumber, carrier wavenumber

! natural numbers, 0, 1, 2, ...

Iy, Ly inncr and outer scale lengths

m mass of an electron

n, Ry, B2, R, IR total, linear, nonlincar, Kerr, and Raman refractive indices
My, Hy neutral gas density, electron density

P gas pressure

P polarization field

Py, Pp, Py self-focusing critical power for Kerr, relativistic, and Raman
0 Raman oscillator function

q charge on an electron

R gas constant

r.rEL spatial coordinate; laser spot size

e classical electron radius

S source term in wave equation

S, axial Poynting flux

T temperature

t time variable

Uion ionization energy

1% velocity

Vi wind velocity (slew)

v, Ug velocity, group velocity

Wy laser spot size

X x coordinate

¥ y coordinate

Zg Rayleigh range

b4 z coordinate

o, O} Clext absorption coefficient, dispersion coeflicient; extinction coefficient
Bt Brecom dispersion parameter, recombination rate

Be group velocity/c

r damping rate

Y ratio of specific heats

AK wavenumber mismatch

AQ frequency mismatch

Sn, plasma density perturbation

Sny, dnty contribution to refractive index due to turbulence, thermal blooming
A wavelength

Vs UVion clectron collision frequency, ionization rate

p mass density

Pes Pwander laser spot size spread, laser beam wander

T =1 —z/u,, retarded time

XL susceptibility

¥ phase

Q transition frequency

W; Wy, Wp, WR frequency: carrier frequency, plasma frequency, rotational frequency
v gradient operator

V_]Z_ transverse Laplacian operator
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1. Introduction

The ability to project significant cnergy on a target is central to many applications ot high-
power lasers. These applications include countermeasures and directed energy weapons.
There are a number of issues for the practical realization of these applications, including
suitable laser technology, propagation, and Larget Icthality. While technically challenging,
there does nol appear to be a fundamental barrier to constructing a laser system with the de-
sired characteristics. Observations of long-distance propagation, filamentation, white light,
and subterahertz radiation generation®'!:13.16:19.20.22,23,29.31.32,44-46.48-51 i1y recent high-
intensity, short-pulse experiments indicate the significant role played by nonlinear and
dispersive effects. For a megawatt-class free-clectron laser (FEL) based, for example, on a
radio frequency linac configuration, the peak power (intensity) can be ~10° x larger than
the average. In this case nonlinear atmospheric propagation processes and dispersion are
expected to be important. The subject of this paper is the analysis of the interplay between
these diverse processes as they relate to the propagation of intensc, high-power laser beams
in the atmosphere.

Studies of laser beam propagation in the atmosphere have been performed since the advent
of lasers. The development of shorter-pulse, higher-power lasers is one of the key drivers
in this arena. In the 1980s most experiments were performed with lasers with pulse lengths
in the nanosecond regirne. In this regime, processes such as rotational Raman scattering,
turbulence, and thermal blooming limit propagation in the atmosphere. These processes
affect the picosecond-to-femtosecond-long laser beams, which arc now available, very
ditferently. The development of high-power FELS, similar to that at the Thomas Jefferson
National Laboratory (TINL),?® has also motivated studies of nonlinear laser propagation
effects in air.

Propagation of intense laser beams in the atmosphere is affected by a number of linear
and nonlinear processes. Diffraction is a linear process by which a laser beam spreads
transversely over propagation distances on the order of a Rayleigh range Zz = mw?/4,
where A is the wavelength of the radiation and wy is the waist of the beam. Dispersion is
a linear process that can result in compression, spreading, or, more generally, Jongitudinal
pulse distortion.! Local fluctuations in the air density due to atmospheric turbulence affect
laser beam propagation principally through the linear refractive index. These fluctuations
introduce a corresponding phase variation across the wavefronts that adversely affects the
coherence properties of the laser beam.!%!121415.18 Linear processes can be compensated
for to a great extent by cmploying adaplive optical elements.*

Nonlinear processes, such as thermal blooming and optical Kerr effect, are of special
concern since they can be only partially compensated for by adaptive optics. Propagation
of a laser beam in air results in a small fraction of the energy being absorbed. The abhsorbed
energy locally heats the air and leads to a decrease in the density. This in turn lowers the
refractive index and thus defocuses (blooms) the beam.®”3**7 The nonlincarity leading to
thermal blooming is on a macroscopic scale, involving the absorption of energy from the
laser and the resulting hydrodynamic responsc of the air. In the case of the optical Kerr effect
it is the nonlinear, anharmonic motion of bound electrons that leads to modification of the
refractive index n7 (Refs. 1, 8, 33, 35, 36, 38, and 39). In the Kermr effect the refractive index
may be written as n =ng + ngf, where ng is the linear index, ng is the Kerr contribution
1o the index, and I is the intensity. Since the intensity of a laser beam is typically peaked
along the axis of propagation, the effective radial variation of the refractive index tends to
focus the beam. If the power exceeds a critical value given by Py =x1*/(2rnong)
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Fig. 1. Schematic depicting several processes associated with propagation of a short, intense
laser pulse in the atmosphere. These include breakup of laser pulse into light filaments and
generation of plasma filaments and low-frequency EMP emission.

self-focusing can be catastrophic. This is accompanied by an increase in intensity that
can eventually lead to ionization of the air and formation of a plasma column. The dielec-
tric properties of the plasma are such as to defocus the laser beam. If the focusing due to the
Kerr effect is in balance with the defocusing due to the plasma, the laser pulse can be guided
over an extended distance. The resulting guided optical filament can propagate far beyond
the Rayleigh range. However, nonlinear processes, including generation of harmonics®
and of low-frequency radiation,'®*! modify the spectrum of the laser pulse considerably.
A schematic depicting some of the processes associated with intense laser propagation in
air is shown in Fig. 1.4

The characteristics of the laser source play a central role in the propagation process.
FELs have the potential of generating high peak power as well as high average power,
with wide flexibility in pulse format. Additionally, since FELs are in principle contin-
uously tunable, they are suitable for use in the maritime environment, by selecting an
appropriate atmospheric transmission window. There are several wavelength bands with
relatively small absorption, and an FEL operating at. for instance, ~1 gm would ap-
pear to be a suitable candidate. Examination of the transmission windows reveals that
there is, for example, a group of absorption lines of water vapor molecules at 1.152277,
1.152319, 1.152373, 1.152420, 1.152423 pm, ..., with a fractional wavelength separa-
tion ~10~*. The linewidth of a picosecond-long FEL pulse is ~107. Such a Fourier
transform-limited laser pulse is likely to be modified by the presence of absorption lines of
the constituents of air. In the case of an intense laser pulse, nonlinear effects, which include
rotational Raman scattering, can broaden the spectrum well beyond the transform-limited
width.

The primary goal of this paper is to analyze and discuss laser beam propagation in the
atmosphere,”*~2"*" providing a significantly more sophisticated model than earlier studies.
A three-dimensional (3D), nonlinear propagation equation is derived that incorporates the
effects of diffraction, dispersion, group velocity dispersion (GVD), scattering, ionization
and plasma formation, pulse energy depletion due to ionization, nonlinearities associated
with bound electrons (optical Kerr effect), spatial inhomogeneity, plasma wakefields, and
relativistic electron motion. For the shorter pulses and the intensities of interest, collisional
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Fig. 2. Laser pulse propagating in air and impinging on a distant target. The initially chirped
laser pulse undergoes longitudinal compression. while the optical Kerr process leads to
transverse focusing. The combined effect is to deliver an intense pulse on target.

ionization is negligible compared to photoionization (principally multiphoton) and rela-
tivistic effects are small. In addition, stimulated molecular Raman scattering, atmospheric
turbulence, and transient thermal blooming processes are incorporated into our model. While
the latter processes had a significant impact on the nanosecond-scale laser pulse propagation
experiments of the 1980s, today’s single picosecond-to-femtosecond-scale pulses tend to
be less susceptible to these. GVD. which leads to a variation of group velocity for different
Fourier components of the pulse. can be severe for the shorter pulses. In fact, if the laser
pulse is initially chirped, the GVD associated with air can induce a significant longitudinal
compression of the pulse. By proper choice of parameters, pulse compression and nonlinear
self-focusing can be arranged to occur simultaneously at a distance, creating atmospheric
breakdown (spark) as indicated in Fig. 2.

This paper is organized as follows. The formulation is presented in Sec. 2, the central result
being a 3D nonlinear equation describing the propagation of a laser pulse in the atmosphere.
A discussion of the key processes affecting short-pulse. intense laser beam propagation in the
atmosphere is given in this section. Generation of subterahertz radiation from femtosecond
optical filaments in air is discussed in Sec. 3. Discussion of filament formation and guided
propagation of laser energy is presented in Sec. 4. Concluding remarks are presented in
Sec. 5.

2. Propagation of Intense Laser Pulses in the Atmosphere

In this section a general 3D nonlinear atmospheric propagation equation for high-intensity
laser pulses is presented and discussed. The need for such a model is dictated by the fact
that in recent experiments, as well as proposed megawatt-class FEL-based experiments,
nonlinear as well as dispersive effects can be the dominant physical processes. This is a key
difference from the laser propagation experiments of the 1980s. The shorter, more intense
pulses available today and in the near future probe an entirely different regime, leading to
new phenomena associated with propagation of high-intensity laser pulses.

The starting point is the wave equation for the laser electric field E, (r, 1), given by

5 9° 1 92
Vi+-——575)EL=S8L+ S\ (1)
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where V2 is the transverse Laplacian operator and z is the coordinate in the direction of
propagation. The linear and nonlinear source terms in the wave equation, S; and Sy,
respectively, represent the physical processes that are relevant to laser pulse propagation in
the atmosphere. In the following the contributions to the source terms are enumerated and
discussed.*

The laser electric field E,(x, v, z, t), linear source term S;(x, y, z, ¢}, and nonlinear
source term Snp(x. ¥, z.!), are written in terms of complex amplitudes, A(x, y, z,1),
Si(x,y,z,1),and SyL(x, ¥, z, t} and a rapidly varying phase, y(z, ¢), that is,

Ei(x,y.2,1) = A(x, y, z, t)expliv(z. £)}é, /2 + c.c., (2a)
Splx,y, 2.0 = Splx, ¥, . Dexpliv(z. 1))éx /2 +cc., (2b)
Snilx, v, z.t) = Snilx, y, z, Dexpliv(z, 1)]e; /2 + c.c., (2¢)

where r(z, t) =koz — wpt is the phase, %y is the carrier wavenumber, «y is the carrier
frequency, &, is a transverse unit vector in the direction of polarization, and c.c. denotes the
complex conjugate. Substituting the field and source representations given by Egs. (2) into
Eq. (1) yields

wo @ 9% 1 8%

—(“a ﬁ—EEI—E)A(I',I):SL(I',I)+SN|_(I',t),
(3)

where the rapidly varying phase factor has been canceled from both sides of the equation.
Although the atmospheric density is spatially varying, the wavenumber is taken to be
constant since the maximum change in the linear refractive index, i.e., fractional change in
wavenumber, from sea level to vacuum is <1074,

To solve Eq. (3) it is necessary to specify the various source terms. The linear source term
represents the cffects of dispersion. turbulence, absorption, and scattering. The physical
processes underlying the nonlinear source term are more varied. The nonlinear effects
included here arise from thermal blooming, bound electron (optical Kerr) motion, rotational
Raman scattering, plasma, wakefield excitation, relativistic quiver motion, and ionization.

W} d
(Vi -k + C—;’ + ko +2i

2.1. Linear source terms
The linear source term amplitude can be written as
Sir,1)= Sp + Sr, )
where Sp and Sy represent the effects ot dispersion and turbulence, respectively, and are

described in the following.

2.1.1. Dispersion. The linear source amplitude can be expressed as!

2 x af -
_ @ 0 _¢ YA, 1)
Sp(r, 1) = (T) ;: oy’ =7, (5)
where £ =0, 1, 2, .... The unitless dispersion coefticients a,(r) in Eq. (5) are given by
£-2 ¢
_ % a_ 292 2
T [¢*B*(ax) — 5], (6)
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where B(w) = (w/c)1 + 47 xp ()] = (w/c)ng(w), xi(w) is the linear susceptibility of
bound electrons, and sy(w) is the linear refractive index.

2.1.2. Turbulence, absorption, and scattering. Atmospheric turbulence affects the
propagation of a laser beam through fluctuations in the linear refractive index,!%-12:14.15.18
The source term [or turbulence can be written as

N2
Sr(r,1) = —2np (%) Snr(AG, 1), %)
where 8n7 represents the change in the linear refractive index due to turbulence. Modeling
of turbulence is implemented by introducing fictitious phase screens at regular intervals
Zn4 1 =Zn + Az along the propagation direction.'* The screens randomize the phase of the
laser field and represent the integrated effect of turbulence on propagation from z,, t0 2, 4 ;.

A number of other processes can be modeled on the same footing as turbulence since their
effects can be represented through a modification to the linear refractive index. Absorption
and scattering by the constituents of air (i.e., molecules, aerosols, etc.) are the two main
processes and are particularly important in the maritime environment.*? Absorption leads
to loss of laser energy, and scattering leads to directional redistribution of laser energy and
hence loss of intensity. Scattering is a strong function of the relative size of the scatterer and
the laser wavelength. Two well-known limits of scattering are Rayleigh scattering (& > size
of scaiterer) and Mie scattering (A ~ size of scatterer). Conventionally, the total attenuation
due to these processes is represented by a single parameter, .y, the extinction coefficient.

The combined effect of turbulence, absorption, and scattering may be modeled by as-
suming that the laser field amplitude evolves according to the prescription

1 i _ 5 .
Appi1(x, ¥y, 1) = exp(—iam;ﬁz) exp (Zko ]szl) explif(x, v, zp)]

where

0, vooy=ko | d2'dnr(x, y.2) (8b)

Zn

is the random phase screen. Conventionally this is cxpressed as

koL 1o (% 0 ax {5 . .
O0u(x, y.2) = J(;_Azlfz f dk ™ f dk, e alky, k)OY ke by, 2),  (8¢)
T —x —00

where a(k,, ky) is a complex-valued random function with Gaussian statistics, zero mean,
and unit variance and ®,(ky, ky, z) is the spectral density function associated with the re-
fractive index fluctuation 8n 7. Various models for the spectral density function are available.
The pure power-law (Kolmogorov) spectrum is given by

D,k ky) = 0.033C2 (k2 4+ &2) 77", )
where C,z, is the refractive index structure constant. In the case of moderate turbulence

C2~ 10" m~%?. Another commonly used model is a modified von Kdrmdn spectral
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density function
©, (ke ky) = 0.033C2[2r/Lo) + K2 + k2] exp[ (2 +k2)E3/35].  (10)

where Ly is the outer scale length and £, is the inner scale length. Typical values for these
scalc lengths are 10 m and 1 cm, respectively. However, these values can vary greatly with
atmospheric conditions.

Turbulence can lead to both spreading and wandering of the laser beam. Spreading occurs
in the limit where the beam spot size is large compared with the scale size of turbulence. In
the opposite limit, beam wander predominates. The spreading effect of turbulence on the
laser beam can be quantified in terms of the spreading angle @preaq- This is given by

y 172
AN\ A
Ospread = |:(er ) * (HP ) i| ' (v
] c

The first term in this expression represents beam divergence due to diffraction, and the
second is due to turbulence, where the transverse coherence distance is given by

6/5 t 2 8 AMPEN
pe =018 | azxCi)|  ~ 0182 G ) - (12)

It follows that the relative importance of turbulence and diffraction in beam spreading is
determined by the relative magnitudes of the coherence length p. and the spot size wo.
As an example, the coherence distance of a 1-zm laser beam over a propagation distance
L =10 km in an atmosphere with C? = 10~"* m~%/® (moderate turbulence) is o, = 1.2 cm
and the scattering angle A /mp,. =27 urad.

In addition to beam spreading, turbulence also causes the beam centroid to wander trans-

versely according 1o’
12
L C3L
Pwander = 11 — +/3 wo. ‘ (13)
o wy"

Equation (13) applies to a focused beam and assumes that C? is independent of path length.
As an example, the centroid of a 1-um laser beam with spot size wy =1 m propagating
a distance L =10 km in an atmosphere with C2=10""* m~% (moderate turbulence)
wanders, on average, a distance puwanger = 11 cm.

2.2. Nonlinear source terms

The nonlinear source amplitude is due to a number of effects and can be written as

SNL(re t) = STB + SKerr + Sraman + Splasma + Swake + Srel + Sion- (14)

where the individual contributions are described as follows.

2.2.1. Transient thermal blooming. The heating that accompanies laser beam propa-
gation in air changes the refractive index by an amount $zng (Refs. 6, 7, 34, and 47). A
local decrease in the index leads to defocusing, or blooming, of the beam. The source term
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for transient thermal blooming can be written as

Sta(r. 1) = —2n.0(%)~5nm(r)A(r, 0. (15)

where Sntg represents the change in the linear refractive index duc to thermal blooming.
The variation in the refractive index is given by

g = (ng — 1)8p/ oo, (16)

where 71 and oy are the ambient refractive index and mass density, respectively, and 8p is the
perturbed mass density. The perturbed mass density may be obtained by employing a hydro-
dynamic description of air. In this case, analysis of thermal blooming starts with the continu-
ity equation 8p/8t + V - (p V) =0, the momentum equation paV /8t 4+ pV . VV =—-VP,
the energy equation pc,(3T/9t+V - -VT)— KN?T —8P/ot—V.-VP=al, and the
ideal gaslaw P = RpT . Here, V is the fluid velocity, 7' is the temperature, £ is the pressure,
[ is the laser intensity, « is the total absorption cocfficient, K, is the thermal conductivity,
R =c, — ¢, is the universal gas constant, and ¢,(¢;) is the specific heat at constant pressure
(volume). To obtain the perturbed density the fluid quantities O are expanded about their
ambient values, Q = Q¢ + § Q. Linearization of the fluid equations lcads to

a 5 C/ 9
poco| — + V-V ) — K, V2 5T——s(—+Vu,-V sp = al, (17a)
at ¥ \ dt

3 2 ¢t C? po s
Sy, v} -y 5o = L Mgy, (17b)
ot v vy Ty

where V,, is the wind velocity (slew), C; = (¥ RTp)"/? is the speed of sound, and y = ¢, /¢,
is the ratio of specific heats.

2.2.2. Optical Kerr (bound electron) effect. The nonlinear contribution from bound
electrons, Kerr effect, is given by

)
WA
Skere(r. 1) = %IM& DA, 1, (18)

where ng is the electronic contribution to the nonlinear refractive index. The novlinear
index defines a nonlincar self-focusing power,®*33%¢ Py =32 /(2w nong).

2.2.3. Stimulated rotational Raman scattering. The source term due to stimulated
molecular Raman scattering is given by!7-%

2
Sraman(®, 1) = —4n%xLQ<r)A(r. ). (19)

where x; is the linear susceptibility evaluated at frequency wy and the unitless Raman
oscillator function Q(r) is given by

2 2
o, 1) = "R [ r dx’(ﬂ) exp[—Talt — 1) sin[wg(t — V(. 1), (20)

27 %y, 133

where wg (~103 s71} is the rotational frequency and 1%y (~10' s7') is the transition
linewidth. The values quoted for wg and T'; are typical of long laser pulses at a wavelength
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of 1 wm. The total nonlinear refractive index is expressible as nny =ngf +ng, where
ng=2m x; Q{r, t)/ny is the Raman contribution to the refractive index. In the short-pulsc
(~femtosecond) limit, #z — 0 and zn, 1s due mainly to the electronic response (Kerr effect).

2.2.4. Plasma. The plasma source term is given by*®

. wi(r, 1) )
bplasma(rs 1y= 2 (1- lU,,,/(D())A(r, 1), (21)
where wp(r, 1) =[4mwgn.(r, 1)/m]/? is the plasma frequency, r, is thc plasma density

generated by ionization, and v, is the electron collision frequency. lonization results in a
plasma column that is localized to the laser axis. The plasma column causes a local decrease
in the refractive index that can defocus the laser pulse. The term proportional to the electron
collision frequency is responsible for the collisional absorption of laser energy, i.e., inverse
bremsstrahlung.

2.2.5. Wakefield excitation. The source term Sy is due to the possible gencration of
plasma waves and is given by*

. 1§
Swake(rs t) = ﬂf‘z )EA(,.5 t)s (22)

Ae

where 8r, represents a plasma density modulation driven by the ponderomotive force
of the laser pulse, i.e., a plasma wakefield.>” The density modulation 8z, is responsible
for electromagnetic pulse (EMP) radiation in the terahertz regime and is discussed in the
following section.

2.2.6. Relativistic quiver motion. 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*®

Srallr, 1) =

@ DT glAlr, 1)l
4c? mceax

2
jl A(r. t). (23)

This relativistic source term defines a critical self-focusing power due to plasma,33:36
P, =2c(q/r.nolwo/w,)?, where r,=g*/mc? is the classical electron radius. The to-
tal nonlinear self-focusing power Py, consists of contributions from the Kerr effect Py, the
relativistic effect P,, and Raman scattering Pg and is given by PN_L' = P,;] + Pp" + P,
or Py = P, Pg Pg /(P, Pg + Pg P, + Pg Pr). For a top-hat laser pulse, a critical power due
to the Raman effect can be defined in a manner similar to that for the Kerr effect .

2.2.7. Photoionization. Finally, the term describing the depletion of laser energy due
to ionization is given by*
Uiop 91

- A(r, 1), 24)

Sion(r, 1) = —8mikg

where Uy, is the characteristic ionization energy. For example, the ionization energy for
0, is 12.1 eV, while for N, it is 15.6 ¢V.
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2.3. Three-dimensional nonlinear propagation equation
Substitution of the source terms into Eq. (3) results in the following nonlinear propagation
equation for the laser envelope:

2, .
N R diky >
1 o ive/wo) + 2 e

o 3 32 c
21—y /2)— — (1 — ) == + its— —— | A,
+2i C( o/ ryw (1 a2)8c3z2 +ia3 ; |AG. D)

wy 03t
23 wgrgn | L o %z ?|AJ?
= dny + 8n + —JA —
|: O )"0 dme Al + w} 4m3ct
w? dn, on,
- (_—5 P 8ikoUion—— ot <+ 4JT—X1 Q(t)i|A(r 1), (25)

where the summation in Eq. (5) has been limited to £ <3 and AK? = (1 — ag)wi/c* — kj.

It proves uscful to transform the independent variables from z, 1 to z, T, where t =¢ — z /v,
and v, will be set equal to the linear group velocity of the pulse. In terms of the new variables
the dematwc.s transform as d/9¢ — 8/07 and 8/dz — 8/dz — 17_16/8r The wavenumber
ko and group velocity v, are as yet unspecified. It is convenient to choose them so that the
form of the propagation cquation is simplified. This is accomplished by setting AKX =0 and
AQ=(1—a1/2wo— B, Leky =0, where B, = v, /c. The choice AQ = 0 defines the carrier
wavenumber and linear group velocity, respectively, as ky = (1 — o)™ 2wy/c = npax /c and
v, =cng/(l — o) =c/{ng + wodng/dwo). With AK = AQ =0, the final nonlinear propa-
gation equation simplifies to

2

w? 9 2
[VJ_ — —(1 — lvp/ﬂ)o)‘l‘zlk[]— - —

0z B, 0z9ct
) a? ¢ @
—¢C kOﬁZW +ld3w Py 3]14(3(' ) T)
2e? winin, @y gMAR @k an
= - ln(5ﬂr+3ﬂﬂs)ﬂo+ 0 EETAR + fq |214— —
wy 4m*c 2 n,
Uion 81 @
+ 8k 2 | 4y “)(LQU) A, ¥, 2. 7). (26)
|A|* dcT

Equation (26) describes the 3D nonlinear evolution of the complex laser field amplitude,
A(x. y, z. 7). The sclf-consistent model employed here involves the solution of Eq. (26)
along with equations that describe the response of the medium (air) to the laser field. The
linear rcsponse in Eq. (26) is obtained from Eqgs. (5) and (7). The nonlinear source terms
are obtained by making use of Egs. (15), (18), (19), and (21)—(24).

A 3D numerical siimulation based on solving Eq. (26) together with the medium response
has been developed that places the laser pulse on a Cartesian (x, y, 7) grid, allowing for the
modeling of asymmetric pulse shapes and laser filamentation. The laser pulse is advanced
in z according to Eq. (26) using a split-step method in which the linear terms are advanced
in Fourier space, while the nonlincar terms are handled in coordinate space.‘ The equations
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describing ionization, wakefield generation, and Raman scattering are solved at each z step
by a fourth-order Runge—Kutta integration.

3. EMP Generation

Electromagnetic radiation has been observed originating from plasma filaments that are
generated by intense Jaser pulses propagating in air. The EMPs have a frequency in the
subterahertz range.

The wave equation for the electric field E of the EMP is given by

IBZE_ 47 g
2 a2’

where J is the low frequency electron current density, given by

VxVxE+ (27)

2(r.t r)/a 2
2 +vJ = “pr )E a_ 2 )(é; - :E)IA(r,r)lzéz. (28)

ot 4 167m w? + v2
where J =gn,V, g is the electron charge, n, is the electron plasma density, V is the
electron fluid velocity, v, is the electron collision frequency, a)f,(r, t)y=4mqg’n plr, 1)/ m is
the plasma frequency, and &, is a unit vector along the z axis. The first term on the right-
hand side of Eq. (28) is associated with collective effects, and the last term represents the
axial ponderomotive force due to axial gradients of the laser envelope and due to electron
collisions. In this idealized model only an axial ponderomotive force exists when the spot
size of the pump pulse is large compared to the plasma filament spot size. A more general
description of EMP generation can be found in Ref. 41. When ionization and recombination
are present the plasma density is given by
ang
ar
where vio, is the ionization rate, Brecom is the recombination rate, and n,, is the neutral density.
The recombination time is Trecom = 1/ Brecomles WheTe Brecom 2 x 1078/ T2 [eV] emss.
Forn, = 10" cm~3 and 7, = 1 eV, we find that the recombination time is Zrecom = 5 ns. The
electron collision frequency is a function of the electron temperature. The ions are assumed
to be stationary and created by the ionization process.
For azimuthally symmetric (8/96) plasma filaments and optical pulses the axial and
radial components of the electric field wave equation are given by

19/ 8 182 wylrz,1) 19 [ JE,
-— = -———|E,——— | r——
rar\ dr c? t? c? rar\ 9z

+ q_lv - J = Vionttp — ﬁrccomnis (29)

- d A 2
dmec?  oF 9 Aol (30a)
32 182 wyrnz.i) A%E,
s __° E, = —=

[8z2 c? 312 c? T drdz’ (30b)

where we have assumed that v, = 0.
To illustrate the application of Eqgs. (27)—(30), generation of EMP radiation from a laser
pulse propagating with velocity V equal to the group velocity in a preformed collision-less
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Fig. 3. Shaded contour plots of axial component of EMP Poynting flux S. =c¢(E x By)./
47 in r—z plane generated by a laser pulse propagating along the axis of a plasma channel.
Ratio of the channel radius to the plasma wavelength Ro, /4, =2/7.

plasma channel in air has been studied. The plasma channel is assumed to have cylindrical
symmetry, and Egs. (27)—(30) are numerically solved on a grid in r—z geometry for a laser
pulse propagating along the axis of the channel. A shaded contour plot, in the r—z plane,
of the axial component of the Poynting flux S-=c(E; x B;)./4m is shown in Fig. 3.
In this example the peak plasma density (on axis) is 10'7 cm™, the peak laser intensity is
4 % 10" W/em?, and the ratio of the channel radius to the plasma wavelength Rey /4, =2/m.
The flux is concentrated around two points (peak flux ~4 kW/cm?) in the trailing half of the
laser pulse and around the channel boundary. Outside the channel the contours curve toward
the back as the distance from the channel boundary increases. An important observation is
that the axial flux is modulated at nearly one-half the plasma wavelength.

Analysis of EMP generation is simplified by transforming from z, 7 to z, t variables. It
can be shown that in general there is radiative EMP in the radial direction. However, in
steady state (i.e., setting 3/dz — 0) there is no radiative EMP in the radial direction in the
absence of collisions.*' Some recent publications on the subject of EMP generation fail this
important consistency check.

4. Application to a Megawatt-Class FEL Beam

In this section results from numerical solutions of Eq. (26) are presented. For many
directed energy applications a |-pm-wavelength FEL with peak (average) power in the
gigawatt (megawatt) range would be a suitable source. A typical pulse format of such
an FEL with a duty factor of 1073 is shown in Fig. 4. In the simulations the micropulse
structure of the laser beam is taken into account approximately by writing the source term
in the thermal blooming equation [given following Eq. (16)] as «(/), where the average
intensity (/) is the peak intensity multiplied by the duty factor. The optical Kerr contribution
ng = 5.6 x 1072 em?/W to the refractive index for air is taken into account, and thus the
nonlinear power for self-focusing is Py~ 2.8 GW. Raman scattering is neglected in the
simulations.*

The purpose of the first example is to show the effect of nonlinear self-focusing on laser
beam propagation and, in particular, its impact on thermal blooming. With a peak intensity
I = 500 MW/cm? and a spot size wy equal to 1.9 cm, the peak power P =rwjl/2=28GW
is at the threshold for self-focusing. A cross wind, along the positive x axis, with velocity
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e~ 1m)

Tpeak ~ 1psec

T ~ Insec

Fig. 4. Typical pulse train format of a megawatt-class FEL, with ~1-mJ energy in a
micropulse.
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Fig. 5. Shaded contour plots of laser intensity illustrating the effect of optical Kerr self-
focusing on transient thermal blooming of a laser pulse propagating in air. (a) Initial pulse
in (x—7) plane. Plots (b) and (c) show the pulse after propagating 5.3 km with and without
the effect of self-focusing, respectively.

V., =40 m/s is present, and the extinction coefficient eex; = 10~ km™! . Figure 5 shows
contour plots of laser intensity for a beam propagating up to a distance of 5.3 km. In
Fig. 5S¢ self-focusing has been artificially turned off. Comparison of Figs. 5b and Sc shows
that a significantly more intense laser beam is obtained as a result of self- -focusing. This
is an example of whole-beam self-focusing. (When the power exceeds the critical power
significantly, the laser beam breaks up into two or more filaments.*?)

For the second example the peak intensity is dropped to / =20 MW/cm? and the spot
size wy is correspondingly increased to 9.4 ¢m to maintain the peak power at the threshold
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Fig. 6. Shaded contour plots of laser intensity illustrating the effect of turbulence on thermal
blooming of a laser pulse propagating in air. (a) Initial pulse in (x—7) plane. Plots (b) and
(c) show the pulse after propagating 3.1 km without and with turbulence, respectively.

for self-focusing. The much smaller intensity in this example implies that the optical Kerr
effect is less significant than in the previous example. A cross wind, along the positive
x axis, with velocity V,, =30 m/s is present, and the extinction coefficient ey = 16-%
km~'. This example is used to illustrate the effect of turbulence on thermal blooming, by
comparing a case without turbulence with one with a moderate amount of turbulence. In
Fig. 6b the refractive index structure constant C2 =10""* m~2/3, the outer scale length
Lo =100 m, and the inner scale length /[, = 1 cm. Comparison of Figs. 6b and 6¢ shows that
even a moderate amount of turbulence can compromise the integrity of the beam after a few
kilometers.

The last example is chosen to illustrate what is to be expected in a typical case when
all the physical processes discussed in the paper and modeled by Eq. (26) are included.
The parameters for this run, the results of which are shown in Figs. 7 and 8, are wind
velocity V,, = 10 m/s, refractive index structure constant C; = 107" m~*/* (typical value
for weak turbulence), outer scale length Ly = 100 m. inner scale length /; = 2 cm. extinction
coefficient ey = 1072 km™', and GVD parameter 5, = 1073! s?/cm. With a peak intensity
I =5MW/cm? and a spot size radius equal to 10 cm, the peak power P = 0.8 GW is less than
Pxy.. and thus the laser beam should not self-focus. However, as the sequence of transverse
(x—y) plane plots in Fig. 8 clearly shows, rather than whole-beam self-focusing, the beam
breaks up into several hot spots after propagating nearly 4 km. With increasing propagation
distance. the beam cross section is dominated by a few irregularly shaped regions of high
intensity.
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Fig. 7. Shaded contour plots of laser beam intensity in the (1—x) plane at propagation
distances z = (a) 0. (b) 3.8, and (¢) 6.3 km through air for an FEL beam with peak intensity
5 MW/em?.
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Fig. 8. Shaded contour plots of laser beam intensity in the (x—y) plane at propagation
distances z = (a) 0, (b) 3.8, and (c) 6.3 km through air for an FEL beam with peak intensity
5 MW/em?.
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5. Conclusions

The central result of this paper is a 3D equation describing the nonlinear propagation
of a laser pulse in the atmosphere. A discussion of the key processes affecting short-
pulse, intense laser beam propagation in the atmosphere is given. The propagation model
includes the effects of linear processes responsible for dispersion, absorption, scattering,
and turbulence. In addition, the nonlinear processes modeled are thermal blooming, optical
Kerr effect, Raman scattering, ionization, plasma response, wakefields, and relativistic
quiver motion. The 3D nonlinear propagation equation is employed to study a range of
problems and applications. These include guided propagation of laser energy and generation
of subterahertz (EMP) radiation from femtosecond optical filaments in air. Based on the
formalism it can be shown that in steady state and in the absence of collisions there is no
radial flux of EMP radiation. Finally, the propagation model can be readily employed to
study propagation characteristics of laser pulse trains from megawatt-class FELs.
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