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Stimulated Raman Scattering
of Intense Free-Electron Laser
Radiation in the Atmosphere

J. R. Penano,* P. Sprangle, P. Serafim,’ B. Hafizi,’ and A. Ting
Plasma Physics Division, Naval Research Laboratory, Washington, D.C. 20375

Stimulated rotational Raman scattering is known to be one of the main factors limiting the
propagation of high-power laser beams in the atmosphere. A set of three-dimensional,
fully time-dependent propagation equations describing the stimulated Raman interaction
and propagation of short, ~picosecond laser pulses and pulse trains is presenied and
discussed. The laser pulses considered in this study are indicative of those generated by a
megawatt-class free-electron laser (FEL) based on a radio frequency linac. In addition to
the Raman interaction, the equations include other effects such as the optical Kerr
nonlinearity due to bound electrons and group velocity dispersion, both of which are
important for FEL pulses. The effective time-dependent nonlinear refractive index
containing both Kerr and Raman processes is derived. Numerical simulations based on
solving the propagation equations in three dimensions show the detailed evolution of the
Raman scattering instahility for various pulse formats. Stabilization of the Raman
instability for pulses with durations much shorter than the rotational period is
demonstrated. The interaction of FEL pulses in a train through the Raman polarization
Jield is also llustrated.
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Nomenclature
A complex-valued amplitude of electric field
c speed of light in free space
E electric lield
¢ base of natural logarithm
&, unit vector along x axis
h Planck’s constant divided by 2
1, Iy laser intensity
i =1
k, ko wavenumber; carrier wavenumber
m mass of an electron
H,Ho, Nz, Hg AR total, linear, nonlinear, Kerr, and Raman refractive indices
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P polarization field

P self-focusing critical power for optical Kerr nonlinearity
Q Raman oscillator function

q charge on an electron

r,ro radial spatial coordinate, laser spot size

t time variable

v, U velocity, group velocily

X X coordinate

¥ v coordinate

Zr Rayleigh range

z z coordinate

B group velocity dispersion parameter

r damping rate

A wavelength

Y phase

9] transition frequency

W, Wy, WR frequency, carrier frequency, rotational frequency
v gradient operator

v? transverse Laplacian opcrator

1. Introduction

Recent advances in laser technology have gencrated tremendous opportunities for the de-
velopment of unique directed energy applications. For example, free-electron lascrs (FELSs)
have the potential for both high peak power and high average power generation, along with a
flexible pulse format.!! For directed energy weupon (DEW) applications, it is estimated that
on the order of a megawatt of average power will be required. The pulse train of a megawatt-
class FEL driven by a radio frequency (RF) linac will likely be characterized by individual
pulses with durations of ~1 ps and peak powers in the gigawatt range, separated by ~1 ns.
These short, high-intensity laser pulses can undergo unique interactions with the atmosphere
in which both linear and nonlinear processes play a central role. As a result of the high inten-
sities, thermal blooming, bound electron anharmonicity (optical Kerr effect), and stimulated
rotational Raman scattering (SRRS) can affect laser beam propagation. Becausc of the short
duration of these pulses, thermal blooming is not significant for a single pulse. Thermal
blooming will, however, be an important macroscopic effect in the propagation of long
pulse trains. This effect is discussed in an article by Sprangle et al. elsewhere in this issuc.'®
This paper will focus on the effects of SRRS and other processes, such as group velocity
dispersion (GVD), which can affcct the propagation of individual pulses in a megawatl-class
FEL pulse train. The interpulse interactions of a pulse train are also illustrated.

SRRS in air is a quantum mechanical process involving the excitation of the rotational
states of the molecular constituents of air by the laser pulse. It can be characterized as an
instability that scatters laser energy into multiple Stokes and anti-Stokes frequency bands,*
which, because of the dispersive properties of air, can propagate at different velocities and
at large angles with respect to the initial laser pulse. causing a scvere distortion of the laser
envelope.?’ Theoretically, SRRS can be understood as a three-level interaction®7 through
the energy level diagrams shown in Fig. 1. The molecular scatterer is assumed to have two
rotational eigenstates, | (the ground state) and 2, with corresponding encrgies Wy and W,,
and an excited state, e.g., an electronic or translational statc, with energy Wi > W, — W|.
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Fig. 1. Energy-level diagram of Stokes and anti-Stokes line generation from a three-level
model of SRRS.

In this paper, we consider the nonresonant scattering process in which the central laser
frequency @y # $23;1, 232, where 8, = Q, — £, and §,, is the frequency associated with
state n. It is also assumed that Q3(, 232 3> wo 3> wg, where wg = Qs is defined as the
rotational frequency. In this situation, state 3 is not populated and the laser excites a virtual
state that can decay 10 produce the Stokes and anti-Stokes radiation. The generation of Stokes
radiation consists of a transition from state 1 to a virtual state, followed by a transition from
the virtual state to state 2. In the process, a photon with frequency w_ = wy — wy is emitted,
The generation of anti-Stokes radiation consists of a transition from state 2 to a virtual
state followed by a transition from the virtual state to state I, thereby emitting a photon
at frequency w. =y + wg. Since the population of state 2 is much smaller than that of
state 1 in thermal equilibrium, the anti-Stokes lines are generally much weaker than the
Stokes lines.*

Stimulated Raman scattering of laser pulses propagating through air was studied
extensively in the 1980s for longer (~nanosccond) laser pulses.?>-89-13 For altitudes below
100 km, the dominant Raman process for nanosecond pulses is due to scattering from N;
molecules involving the S(8) rotational transition from the J =8 to ] = 6 rotational states,
while the molecule remains in the vibrational ground state.? For a linearly polarized laser
with wavelength 1 2m, experiments using nanosecond pulses indicate that the Raman gain
coefficient is ~2.5 cn/TW (Ref. 5). The observed Raman shill for the S(8) rotational transi-
tionis 75cm™! (wy ~ 1.4 x 10'% s~1), whereas the characteristic relaxation time for excited
states is typically 0.1 ns at sea level.® A number of more recent experimental studies have
employed ultrashort (~~100-fs) laser pulses to investigate Raman scattering in air and vari-
ous gasses.'>!* In particular, the gain coefficient and damping rate have been measured and
found to be different from thosc appropriate for longer pulses. The Raman scattering process
for short pulses in air is expected to be markedly different from long-pulse scattering.® !
For example, the spectral width of a picosecond FEL pulse is comparable with the typical
rotational frequency. Hence there is an appreciable signal at the Stokes frequency from the
onset, and the number of e-foldings that the Stokes wave must undergo before it becomes
comparable with the carrier signal amplitude is reduced relative to the number of e-foldings
requircd for a longer, nanosecond pulse. GVD is also important for picosecond pulses prop-
agating kilometer distances in air. The longitudinal spreading and frequency redistribution
associated with GVD can affect the Raman process.

In a pulse train, interactions between pulses may also modify the Raman process. The
leading pulses can excite molecular rotations that have a finite relaxation time. If the pulse
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separation in time is not large compared with the relaxation time, subsequent pulses will en-
counter a perturbed medium, which could either enhance or suppress the Raman interaction
of the trailing pulse.

One purpose of this paper is to present and discuss a model that takes into account these
and other processes that are critical to the propagation of intense, short laser pulses in air. A
closed system of equations is derived that describes the three-dimensional (3D), fully time-
dependent propagation of a laser pulse in air along with the self-consistent evolution of the
rotational Raman polarization field of the molecules. The propagation equation also includes
the effects of GVD, bound electron anharmonicity (optical Kerr eftect), and nonparaxial
propagation. In some limits an analytical form for the effective nonlinear refractive index
can be derived. For laser pulses short compared with the rotational period, this index is
simply due to bound electron anharmonicity since the rotational levels cannot be excited.
For longer laser pulses, the Kerr and Raman effects both contribute to the nonlinear index
to the same order.'*

In related articles by Sprangle et al.,'®'? the effects of turbulence and ionization, among
others, have been included in the formulation. For the purpose of this study, however, these
other effects are neglected in order to isolate the Raman proccess.

A full-scale, 3D numerical simulation that solves the propagation equations presented in
this paper has been developed at the Naval Research Laboratory (NRL). Because the sim-
ulation is fully time-dependent and self-consistent, it is capable of modeling the transient
short-pulse Raman interaction and the consequent generation of broad multiwave spectra,
as well as the more standard, long-pulse interaction. Simulations are used to model in detail
the propagation of laser pulses of various formats undergoing SRRS. The dependence of the
growth rate of the Raman instability on laser pulse length is investigated. The atmospheric
propagation o[ pulse trains is also considered. In one example, a pulse train with character-
tstics similar to that of a megawatt-class FEL s modeled. Numerical results illustrate the
interaction of pulses through the Raman polarization field.

This paper is organized as follows. Section 2 presents and discusses the set of nonlinear
atmospheric propagation equations. The effective nonlinear index due to the Raman process
is derived in Sec. 3. Section 4 presents the results of the numerical simulations. Conclusions
are presented in Sec. 5.

2. Nonlinear Propagation Equation

An intense laser pulse propagating through the atmosphere is subject to a number of
linear and nonlinear processes that include diffraction, GVD, and nonlinearities due to
the polarization field associated with bound electrons and stimulated molecular Raman
scatlering. A general equation describing the atmospheric propagation of a laser pulse
subject to these effects is outlined in this section. The details of the derivation will be
published elsewhere. The starting point is the wave equation [or the laser electric field
E(x,vy,z,1), given by

, 9% 127 47 3P \
(VH@‘?m) T 0

where V? is the transverse Laplacian operator and z is the coordinate in the direction of
propagation.

The polarization field is written as the sum of a linear and nonlinear contribution,
P =P; + Pyp. The laser electric field E(x, y. z, ¢), linear polarization field P, (x, y, z, t),

Journal of Directed Energy, 1, Spring 2004



STIMULATED RAMAN SCATTERING OF INTENSE FEL RADIATION 147

and nonlinear polarization field Py (x, ¥, 2, 1) are written in terms of complex amplitudes
and & rapidly varying phase, i.e.,

E(x,y,z,t) = A(x, y, z, nexpliv(z. e, /2 + c.c., (2a)
Prx,y,z,0) = Pr(x,y, z, ryexplivy(z, )]é,/2 + cc., (2b)
Puilx,y,z,8) = Poix, v, 2z, nyexpliv(z, 1)]e, /2 + c.c., (2¢)

where ¥(z, 1) = koz — awyr is the phase, 4y is the carrier wavenumber, wq is the carrier
frequency, &, is a transverse unit vector in the direction of polarization, and c.c. denotes the
complex conjugate. A propagation equation for the complex laser electric field amplitude,
A(x, y, z, 1), is obtained by substituting Egs. (2) into Eq. (1).

A closed system of equations is obtained by expressing the polarization field in terms
of the laser electric ficld amplitude A. The linear polarization field modifies the refractive
index while its derivatives with respect to frequency lead to temporal dispersion. The non-
linear polarization field is a consequence of bound electron anharmonicity (Kerr effect) and
molecular rotation (stirulated Raman scattering effect), In terms of the linear susceptibility
X1 (@), the linear polarization field is P; (w) = FL(@w)E (), where the overhat A denotes the
temporal Fourier transform. The amplitude of the nonlinear polarization field can be written
as a sum of Py due to the optical Kerr effect of bound clectrons and Pg due to stimulated
Raman scattering from N, molecules. The nonlinear Kerr and Raman polarization fields
are, respectively,

Py(r.1) = ](:]leA(r,t)FA(r, 0, (3a)
Pr(r.1) = xL Qr. NA(r, 1), (3b)

where ng is the nonlinear index coefticient due to the Kerr effect, x is the local susceptibility
evaluated at the carrier frequency, and Q(r) is the unitless Raman polarization function that
satisfies Egs. (5). Using Eqs. (1)~(3), the following propagation equation can be derived:

" a2 @ 32
(Vl +2kg— — — - — knﬁzﬁ)ﬂx- ¥, 2, 7)

9z v, dzdt
= —4rrw—§ cnx |A]> + XLQ(I)]A(J(, ¥,z,T). )
¢? [ 1672

In Eq. (4), ko = nog(wolwy/c, no(w) = [1 +d4n i (a))]”2 is the linear refractive index and
B2 is the GVD parameter. In writing Eq. (4) the independent variables (z, ¢) have been
changed to the pulse frame variables (z, 7), where 7 =1 — z/v,. v, is the linear group
velocity of the laser pulse, and 8, = v, /c. For air at one atmosphere and laser wavelengths
of A~ 1 pm, we note that n3 — 1 ~6 x 1074, ~5 x 107) and B> ~ 1.6 x 10731 Sz(cm.
Equation (4) describes the 3D propagation of a laser pulse in a dispersive nonlinear Fnedmm,
characterized by the GVD parameter 8;, nonlinear relractive index ng (Kerr effect), and
stimulated Raman response function Q(t).

Stimulated Raman scattering can arise through the interaction of the laser with the dipole
moments of the molecular constituents of air (principally Ny and O5). The inleraf:tion ma‘y
be analyzed quantum mechanically using a three-level model.*”-'® The result of this analysis
is a pair of equations for the Raman response function Q(z) and the population inversion
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function W(z) given by

2
R fz R ) Aw, OF, (sa)
h (8
W (—Q+F2Q)1A(r D = Ti(1+ W), (5b)
at wpl \ 9

where Q3 = w3, + T3, wg is the fundamental rotational frequency, w4 is the effective dipole
moment, ['y and ['» are phenomenological damping rates (I") is the population relaxation
rate and I'» is the dipole dephasing rate), and 2 = Q24 & Q3 1s the frequency associated with
transition from a higher energy virtual state (state 3) to one of two lower energy rotational
states (states 1 and 2).

3. Nonlinear Index Due to Raman and Kerr Effects

The Kerr and Raman nonlinearities contribute to the refractive index and can thus affect
the propagation of the laser pulse. The Kerr nonlinearity is associated with self-phase
modulation and nonlinear self-focusing, whereas the stimulated Raman process can lead to
the generation of multiple Stokes and anti-Stokes waves that can propagaite at large angles
with respect to the propagation axis, thus scattering the laser energy.? In this section, the
total nonlinear refractive index with both Kerr and Raman contributions is derived.

Retaining only the nonlinear propagation terms, Eq. (4) can be wrillen as

. DA 2 .
2iko—— = —[n*z. 1) - n%,]c—gA, (6)

where # is the total refractive index in configuration space and »ny is the linear index. The
total time-dependent nonlinear index is identified as

Sn(t)y=n(t) —np = ngl(T)+ 2 3, Q(1), (7

which contains contributions from both the Kcrr and Raman effects. In the limit Q% & 20,
where Qg = (tAg/h is the Rabi frequency associated with the peak electric field amplitude
Ay, the population inversion associated with stimulated Raman scattering can be neglected,
ie., W(t)= —1, and the Raman response function, from solving Eq. (5a), is given by'?

2 T
0@, 1)= :—,é fo dr’e 0~ ginfwp(r — )| Az, 7O, (8)

The contribution of the Kerr effect to the polarization field is third order in the field am-
plitude. However, as seen from Eqgs. (5)~(7), the Raman polarization field also has a con-
tribution that is third order in the ficld amplitude and thus can contribute to the nonlinear
refractive index at the same order as the Kerr effect. In the absence of Raman effects, the
Kerr nonlinearity by itself can produce a modulational instability when the GVD paramcter
B> < 0 (Ref. 17).

As an example, consider a constant amplitude laser pulse with duration 7,. The f(ield
amplitude can be written as A = Ag{®(1) — O(r — 17)], where T =7 — z/¢. From Egs. (7)
and (8), the nonlinear index within the pulse, i.e., 0 < T < 17, is dn(t) =ns(r) (1), where
the elfective coefficient of nonlinearity is given by

na(t) = ng + ng{l — ™" |cos(wrT) + (I2/wg) sin(wr )]} ©
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with

1672 u? x1 wr

g =

In the long-pulse limit (7 3> 1/ '), the total nonlinear coctticient is given by ny = ng + np,
i.e., ng represents the effective coefficient of nonlinearity due to Raman effects. For pulses
short compared with the characteristic Raman times (7 <« 1/wg, T < 1/ T'2), the nonlinear
refractive index is due to purely the bound electron response, i.e., ns = ng.

The nonlinear coefficient due to Raman processes can also be written as

~¢G, (11)

where G is the Raman gain coefficient that characterizes the e-folding distance of the
gain process for a long, constant amplitude laser beam, ie., A(z)~ ¢“%°, For a laser
with wavelength 1 gem (g = 1.9 x 10'° s7') and Raman parameters wp ~ 1.4 x 1013 71,
>~ 100 s~ and G~2.5 cm/TW (Ref. 5), the nonlinear coefficient due to the ro-
tational Raman processes is ng =5.6 X 1072 cm?/W (Ref. 18). Assuming that bound
electron and Raman effects are the dominant contributions to the nonlinear refrac-
tive index, the empirically determined value of n; = ng + ng in the long-pulse regime
is ~5.6 x 107'% cm?*/W, giving ng/ny~0.1. More recent experiments, which propa-
gate much shorter, ~100-fs laser pulses with wavelength A =0.8 pm through air, sug-
gest that the effective parameters for the short-pulse regime are wg ~ 1.6 x 103 71,
ng A ng A3 x 10712 em?/W, and Ty & 1.3 x 10" 571 (Refs. 12 and 14), giving an effective
gain coefficient of G ~0.025 cm/TW (Ref. 18).

4. Numerical Simulations

A numerical simulation based on solving Eq. (4) together with the stimulated Raman
response given by Egs. (5) has been developed at NRL. The simulation renders the laser
pulse envelope on a Cartesian (x, y, 7) grid. The laser pulse is advanced in z according to
Eq. (4) using a split-step spectral method’ in which the linear terms are advanced in Fourier
space and the nonlinear terms are handled in coordinate space. The equations describing the
Raman response are solved at each z-step by a fourth-order Runge—Kutta integration. The
following simulations will address the effects of pulse duration and pulse shape on Raman
gain and the interpulse Raman interaction of a pulse train,

4.1. Effect of pulse duration on Raman gain

The first set of simulations shows the effects of pulse duration on Raman growth in the
linear regime for single pulses. To isolate effects due to the Raman process, linear diffraction
and the nonlinearity due to bound electrons (the Kerr nonlincarity) are neglected in these
simulations. The paraxial approximation is also made so that the term in Eq. (4) containing
the mixed derivative is neglected. GVD, which is important for short pulses, is retained.

The initial pulse envelope is taken to be Gaussian in the temporal coordinate, ie.,
A(z =0, 1) = Ag exp(—1 /17 ) with no transverse variation (one dimensional; 1D). The laser
wavelength A =1 pum. The parameters describing the Raman response are taken to be
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Fig. 2. Resulis of 1D simulations showing the dependence of the growth rate of the first
Stokes line on pulsc length for Gaussian pulses. Peak intensity is varied with pulse length
to keep the fluence constant.

wg=14x10% 571, I, =10 s !, and gain coeflicient G =2.5 cm/TW. The GVD pa-
rameter B> = 1.6 x 10731 s%/cm.

In what follows, the pulse duration 7, and peak intensity /o are varied keeping the prod-
uct 77 Iy = 10™* J/em?, which is proportional to the pulse energy, constant. For example,
in these simulations, a 1-ps pulse would span wgt. /27 = 2.7 rotational periods and have
a peak intensity of 102 W/em?. For pulses that are long compared with the Raman period
(wr T /2 A= 20), the initial Fourier width of the laser spectrum is narrow compared with
the rotational frequency. Hence there is a much smaller amplitude signal at the Stokes fre-
quency initially for longer pulses compared with shorter pulses {wg 1. /27 & 1), which have
a broader spectrum. In the long-pulse regime, the Stokes wave can undergo ~9 e-foldings
before its amplitude is comparable with the amplitude of the main laser, as opposed to
the short-pulse regime where only ~4 e-foldings are required. As the pulses propagate,
exponential growth of multiple Stokes lines and lower amplitude anti-Stokes lines shifted
from the central laser frequency by harmonics of wg are observed. To determine the Raman
growth rate, the amplitude of the first Stokes line is measured as a function of propa-
gation distance and fitted to an exponential function. Figure 2 summarizes the results of
these simulations. The growth rate is seen to increase as the pulse length decreases from
wrTy /271 > 2010 wrty /27 = 10. For these longer pulses, transient effects are unimportant
and the increase in the growth rate is due to the laser intensity, i.e., the source term for
the Raman polarization field, increasing as the pulse length is made shorter. A dramatic
reduction in the growth rate is observed when the pulse duration becomes comparable with
or less than the rotational period. A number of factors lead to this reduction in the growth
rate. First, these shorter pulses are in the transient interaction regime in which the pulse
duration is shorter than the temporal growth rate of the Raman instability. Second, GVD
for these short pulses tends to spread the pulse longitudinally and decrease the intensity,
thereby decreasing the source term for the Raman polarization field.

4.2. 3D Simulations

When the transverse variation of the laser envelope is included, the stimulated Raman
scattering process can be affected by a number of other 3D effects. For exumple, phase
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Fig. 3. Schematic diagram of the initial longitudinal laser envelope profile used in the
simulations of Figs. 4-9.

matching conditions for the Stokes and anti-Stokes waves can cause them to propagate at
large angles with respect to the laser propagation axis, thus scattering the laser energy. Also,
nonlinear self-focusing can enhance the Raman process by increasing the lascr intensity on
axis. These effects will be illustrated in the following set of 3D simulations.

For the 3D simulations, the initial laser pulse euvelope is given by A(z=
0,r,7)= Agexp(—r?/rd}f (1), wherer = /(x? + y*)is the radial coordinate. The function
f(r), illustrated in Fig. 3, describes a longitudinal pulse profile with rise and decay times
of 7y and a flat midsection of duration 7;. The rise time 19 = 7 /2wg ~ 0.1 ps is chosen to
optimally excite the Raman polarization field within the pulse. The transverse profile is a
Gaussian with spot size rg. For these simulations, all of the terms in Eq. (4} are retained.
In the two examples presented in this section, we compare the propagation of pulses with
durations of 1 and 10 ps. For both examples, the initial laser pulse has wavelength A = 1 zum,
spot size rg = 15 cm, and energy ~35 mJ. For the 10-ps example, this corresponds to a pcak
power of 3.5 GW and a peak intensity of 10’ W/cm?. For the 1-ps example, the peak power
is 35 GW and the peak intensity is 108 W/cm?,

The nonlinear refractive indicies associated with the bound electron anharmonicity and
Raman process are taken to be equal, as indicated by previous short-pulse experiments,'1*
i.e., na=ng =3 x 107"° cm?/W. This corresponds to a nonlinear self-focusing power of
Par =22/ ngna) ~5.9 GW due to the bound electron nonlinearity.!® Hence, the peak
power for the 10-ps-pulse example is below the threshold for nonlinear self-focusing,
whereas for the 1-ps-pulse example, it is above. Experimental determination of Py, for
short pulses is discussed by Ting et al. elsewhere in this issue.?!

4.2.1. Long-pulse example. Figures 4 and 5 show, respectively, the contours of the
intensity and Raman polarization function @ in the (#, x) plane (y =0) for the 10-ps
(7w /27w =25) pulse at various propagation distances. The duration of the initial pulse
(z =0)is long compared with the rotational Raman period, and the rise time is one quarter of
the rotational period. This initial configuration is favorable for the Raman instability since
the sharp rise time optimally excites the rotational Raman polarization and the long pulse
duration contains many rotational periods. Figure 5a shows that the polarization function
Q during the early phase of the instability is mainly localized near the axis of the laser
pulse and rises in amplitude {rom the front of the pulse to the back. At z = 20 km, the laser
intensity is strongly modulated at the rotational frequency. From the front to the middle of
the pulse, the modulations increase in amplitude. Toward the back of the pulse, the on-axis
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Fig. 4. Laser intensity contours in air as a function of time (7) and transverse position (.x)
at propagation distances z = (a) 0, (b) 20, and (c) 30 km for a laser pulse with an initial
Gaussian transverse profile (7= 15 cm) and longitudinal profile indicated by Fig. 3 with
A=1pm, 1p=0.1ps, 7, =10 ps, and I, = 10" W/em?.

intensity decreases as laser energy begins to be scattered off-axis. As the pulse propagates.
the modulations appear to move forward with respect to the original laser pulse. The Raman
polarization field becomes broader in transverse extent (Fig. 5b) and continues to increase
in amplitude as the instability develops. By = =30 km, the intensity modulations, which
were initially strongest at the back of the pulse, have grown in amplitude and have moved
to the front of the pulse. The modulation, which is characterized by a longitudinal bunching
of the laser energy, causes the peak intensity on-axis to become larger by a factor of 4 with
respect to the initial intensity. Scattering of some of the laser energy off-axis is also evident,
with the angle of scattering roughly five times larger than the vacuum diffraction angle. At
z =30 km, the Raman polarization field continues to broaden transversely, but it becomes
highly peaked on-axis.

Figure 6 shows the evolution of the on-axis laser spectrum for the 10-ps pulse. The initial
spectrum is narrow compared with the rotational period. The initial signal at the Stokes
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Fig. 5. Raman polarization function Q, associated with the laser pulse shown in Fig. 4, as
a function of time and transverse position (x) at propagation distances = = (a) 10, (b) 20.
and (c) 30 km.

frequency. Aw = —wy. is two orders of magnitude smaller than the main pump signal at the
laser frequency Aw=0. At 2 =20 km, the pump signal has decayed by a factor of 3, and
the Stokes wave amplitude has grown to a comparable amplitude. The emergence of a much
smaller amplitude, second-order Stokes line at Aw = —2wy, and first-order anti-Stokes line
at Aw = wg is observed. At - =30 km. a broadening of the carrier, Stokes, and anti-Stokes
lines is observed. The amplitude of the Stokes line is greater than that of the pump. It is
evident that the intensity modulations shown in Fig. 4 are associated primarily with the
lower frequency Stokes wave. which, because of the dispersive properties of air at ~1 gm,
have a larger group velocity than the main laser pulse. Hence. the prominent growth of the
Stokes wave is consistent with the observation that the laser intensity modulations travel
forward with respect to the pulse.

4.2.2. Short-pulse examples. The first short-pulse example is for a ~1-ps (1, wg/
27 =2.5) laser pulse with the same spot size and energy as in the long-pulse example
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Fig. 6. Frequency spectrum (on-axis) of the laser pulse of Fig. 4 at z = (a) 0, (b) 20, and
(¢) 30 km showing prominent growth of first- and second-order Stokes lines.

discussed previously. Figure 7 shows the intensity contours for the short pulse in the (¢, x)
plane at y = 0 for propagation distances of z =0, 0.4, 5, and 8 km. At z=0.4 km, the pulse
becomes modulated due to the longitudinal spreading out of the front and trailing portions
of the pulse by GVD. The modulation frequency in this early stage of propagation is notice-
ably larger than the rotational frequency. A growing modulation at the rotational frequency
becomes apparent at z ~ 1 km. At z =3 km, the laser intensity is strongly modulated at
the rotational frequency and has gained a factor of ~2 in intensity on-axis. Similar to the
long-pulse example, the modulations appear to travel faster than the main laser pulse. At
z =8 km, the modulations have surpassed the front edge of the main laser pulse, causing
an apparent longitudinal spreading of the laser. No significant transverse spreading of the
lascr pulse is observed in this example.

The evolution of the on-axis frequency spectrum is shown in Fig. 8. Because of the
shorter pulse duration, there is a much larger amplitude signal at the Stokes frequency
initially compared with case of the longer pulse. Hence fewer e-foldings of the Stokes wave
are required to saturate the Raman process and the pulse becomes highly distorted within a
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Fig. 7. Laser intensity contours in air as a function of time () and transverse position () at
propagation distances = = (a) 0, (b) 0.4, () 5, and (d) 8 km for a laser pulse with an initial
Gaussian transverse profile (o= 15 cm) and longitudinal profile indicated by Fig. 3 with
A=1pum, 1o=0.1ps, 7, =1 ps, and /o = 10° W/cm?.

much shorter propagation distance relative to the long-pulse example. Similar to the long-
pulse example, it is seen that the intensity modulations are due primarily to the growth of
the Stokes wave, although in the case of the shorter pulse. the spectral width of the Stokes

line is very broad.
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Fig. 8. Frequency spectrum (on-axis) of the laser pulse of Fig. 7 at z = (a) 0, (b) 5,
and (c¢) 8 km.

Another simulation was performed with a shorter, 0.5-ps pulse, again keeping the spot
size and pulse energy the same as in the previous two simulations. In this case, although the
peak intensity was large (2 x 10® W/cm?) and small amplitude modulations at the rotational
frequency developed, these modulations did not grow appreciably as the pulse propagated.
Propagation was dominated by GVD, which resulted in an almost symmetric longitudinal
spreading of the entire pulse and a corresponding decrease in peak intensity. The pulse
duration was observed to double after propagating ~0.5 km.

4.2.3. Raman scattering in pulse trains. The following simulations address the inter-
pulse interactions of a pulse train. In a pulse train, the Raman polarization field excited by the
leading pulses can affect the propagation of trailing pulses provided that the pulse separation
is not much greater than the characteristic Raman relaxation time, which, in the absence of
significant population inversion, is given by 1/ I'y. For pulse separations <1/ Iy, the Raman
polarization fields excited by a train of pulses can interfere constructively, thus amplifying
the field and providing a greater seed for instability in trailing pulses. For the pulse train
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of a megawatt-class FEL generated by an RF linac. the pulse separation is expected to
be about 1 ns, which is 10 times the relaxation time. Hence, for this pulse configuration,
interpulse interactions are expected to be negligible, although more detailed experimental
measurements of the Raman relaxation time for ~picosecond pulses is required to verify
this. For the purpose of this study, we consider separation times (~0.2 ns) comparable to
the relaxation time to enhance pulse interaction effects.

Because of computational limitations, these simulations are carried out on a two-
dimensional (2D), (7, x) grid. The pulses are slablike, varying transversely in only one
coordinate. In this situation the nonlinear focusing properties can differ significantly from
fully 3D simulations when the propagation distances become comparable with the non-
linear focal length given by Zxi = Zg//(Po/Pxi — 1) (Ref. 16), where Zg = nomri /h is
the Rayleigh length and Py is the peak power. Hence. we consider examples where the
pulse power Py < Py and the propagation distance = < Zp. The simulation box is split up
longitudinally into individual cells, each containing a single pulse in the train. Provided that
no laser energy reaches the front or back cell boundaries. Egs. (5) for the Raman response

0.2 nsec
A z=0.km
(a)  20[0pse ' H
EIO-EE-EE—EE- 4
8 O—EE-—-EE-EE i=
T10|
-20 i i H 3
13.3 km
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B b —
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z=30.1km 1
()
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A
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h

time ——
Fig. 9. 2D simulation of stimulated Raman interaction of a pulse train. Individual pulses
at = =0 have the same spot size, longitudinal profile, and peak intensity as the initial laser
pulse shown in Fig. 4. Pulse separation is 0.2 ns, as shown in panel (a). Note the change
in time scale between pulses. Panels (b) and (c) show intensity contours of the pulse train
after propagating 13.3 and 30.1 km in air, respectively.
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can be solved analytically at the cell interfaces to model the decay of the polarization field
(both amplitude and phase) over arbitrary durations. The only information required for the
analytic calculation is the amplitude and phase of the polarization field at the front of the
cell boundary.

The first example is a train of pulses with properties initially identical to the pulse shown
in Fig. 4a. The simulation box is shown schematically in Fig. 9a. Each pulse is 10 ps in
duration, The vertical dashed lines denoting the cell boundaries represent breaks in the
t-axis scale of 0.2 ns. The Raman damping time is taken to be 1/ ">, =0.1 ns. The Raman
polarization field decays by a factor of ~8 across the cell boundaries. At a propagation
distance of 13 km, there are noticeable differences in intensity modulations in cach pulse.
The second and third pulses of the train have developed slightly larger amplitude intensity
modulations. At z = 30 km, obvious differences in transverse laser profiles become apparent.

5. Conclusions

SRRS of intense FEL radiation in the atmosphere has been investigated using a fully
self-consistent, 3D numerical simulation. The key result from this study that is relevant to
the atmospheric propagation of pulses generated by a megawatt-class FEL is that the Raman
process can be a sensitive function of pulse format. Longer pulses with durations of >10 ps
are more prone to scattering than short pulses (<1 ps). The scattering observed in the long-
pulse example presented here tends to scatter laser energy off-axis, thus depleting the energy
delivered to a remote target. Subpicosecond pulses are not as prone to scattering but are
affected by GVD. However, GVD results in longitudinal redistribution with no transverse
scattering of laser energy. Hence, for directed energy applications, it seems more beneficial
to usc a short-pulse format to suppress Raman scattering and deliver more energy on target.
For the pulse train of a megawatt-class FEL, the interaction between pulses may not be
important since the pulse separation (~1 ns) is much greater than the assumed Raman
relaxation time of 0.1 ns. More definitive numerical studies, however, require detailed
experimental measurements of the Raman parameters of air (rotation frequencies, relaxation
times, nonlinear index) for picosecond pulses over a wide range of atmospheric conditions.
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