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In this paper we investigate the effect of longitudinal electric field components on the propagation
of intense ultrashort optical pulses. We find that the longitudinal electric field components have
contributions both from modes that in the paraxial limit are polarized transversely to the beam axis
and traveling along the beam axis and from a mode that is polarized along the beam axis even in the
paraxial limit and that travel transversely to the beam axis. We show that the amplitude of this last mode
in general satisfies a dispersive wave equation in the plane transverse to the beam axis and that the source
term in this equation depends on the amplitude of both types of modes. The source is large if the fields are
intense, the pulse is short or the fields are nonparaxial. Thus the effect of the mode that is polarized along
the beam axis is to transport energy away from the collapse region and in this way make the system less
prone to self-focusing collapse. In the weakly nonlinear slowly varying limit we show explicitly that the
effect of the longitudinally polarized mode is to restrict the range of transverse modulationally unstable

wavenumbers and to act as a defocusing lens in the collapse region.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Ultrafast laser pulse experiments and applications are now en-
tering a phase that challenge the validity of physical models uti-
lized for longer pulses in nonlinear optics. When nonlinearity and
strong self-focusing effects dominate, pulses can undergo strong
compression down to a few cycles, potentially develop optical
shock waves and generate strongly anisotropic non-equilibrium
distributions of photo-ionized electrons and ions. Important appli-
cations of intense terawatt (TW) power femtosecond laser pulses
include remote sensing, and efficient long distance energy trans-
fer including confinement of radio frequency or microwave radi-
ation. At petawatt (PW) power levels, the relativistically intense
powers can accelerate electrons up to 1.45 GeV when focused
down to many micron beam waists [1]. In the latter scenario, peak
power densities approaching 10** watts per centimeter squared
are achievable. Ultrashort pulse propagation in general has been
the focus of much theoretical and experimental work and sev-
eral review articles of TW and sub-TW pulse propagation in gases
and condensed media have been published by Couairon and Mysy-
rowicz [2], Chin et al. [3]. Berge et al. [4] and Kasparian et al. [5].
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For a recent review of PW ultrashort laser pulse applications see
the article by Korzhimanov et al. [6].

The qualitative picture emerging from earlier studies of lower
power continuous wave and pulsed lasers is well established.
It was theoretically predicted and experimentally verified that
a narrow beam was subject to a self-focusing instability when
the input power exceeds a critical threshold, P, that depended
on the material properties and the wavelength of the light
[7,8]. That instability, even at TW power levels, leads to an
extreme amplification of the local intensity that is eventually
arrested by various physical mechanisms including ionization
with subsequent generation of a defocusing plasma [9] and/or
dispersion primarily in condensed media. In addition to global
collapse of a narrow beam at the critical power, wide beams can
experience multiple self-focusing events transverse to the beam.
These events are driven by a transverse beam instability that grows
from random intensity fluctuations across the beam [10]. So the
general picture of high intensity ultrashort pulse propagation is
one of a series of randomly generated, self-focusing events across
the transverse beam profile.

The simplest canonical mathematical model that includes both
self-focusing collapse and the transverse filamentation instability
is the scalar Nonlinear Schrédinger equation (NLSE) [7,11]. For this
equation the transverse modulational instability and self-focusing
collapse are amenable to theoretical analysis and many of the
analytic formulas and physical insights that exist in this field are
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based on this mathematical model and its close cousins. The most
obvious shortcoming of NLSE itself is that it does not include
physical effects that will arrest the collapse. In its purest form it
is a equation that forms infinite intensities in finite time [12,13].
Consequently there has been a lot of effort put into coupling this
equation to material degrees of freedom that act to regularize the
collapse. Coupled NLSE-type models that include both states of
polarization have been studied and the self-focusing collapse is not
arrested in these models but the collapse threshold is modified. The
inclusion of counter propagating modes at this level also fails to
arrest the collapse [14].

The effect of an electric field component in the propagation
direction, a longitudinal field component, has been less studied
but some results are known [15,16]. Formally, a bidirectional
ultrashort pulse propagator was derived directly from Maxwell’s
equation by Kolesik et al. [17] but this involved an expansion
in transverse plane wave modes. The unidirectional version
of this propagator has been widely used to study ultrashort
intense field ionization in gases and condensed media. The
influence of longitudinal field components is the focus of the
present work. We show that in addition to the longitudinal field
components associated with travelling waves which in the paraxial
approximation are transverse waves, there is another contribution
to the longitudinal field component that we believe has not been
investigated so far. This mode is undamped and travels orthogonal
to the beam axis. Here we will call it the longitudinal mode. Its
motion is controlled by a wave equation in the plane transverse
to the beam axis. This wave equation is driven by modes traveling
along the beam axis. The size of the driving source is determined
by high intensity, short pulse length and nonparaxiality. These
effects typically go together in many experimental situations but
it is worth noting that the size of the source only requires at least
one of them to be present. The size of the source will in its turn
determine the strength of the longitudinal mode. The presence
of the longitudinal mode can evidently influence the evolution
of the self-focusing event by transporting energy away from the
collapsing region. It could thus compete with other regularizing
effects that have been proposed, like plasma defocusing and higher
order Kerr effects [18]. Additionally, the experimental detection of
this mode could open a new and previously unexplored window
into extreme nonlinear optical interactions of both TW and PW
pulses.

The presence of the longitudinal mode is a direct consequence
of the Maxwell equations, so its existence is not in question. The
effect it might have on the collapse and the practical possibility of
detecting it experimentally is an altogether different question that
can only be resolved through large scale computation and actual
experiments. In this paper we do not address these experimental
and computational issues directly but include in Section 2 a
detailed description of the equations that must be solved in order
to make predictions for specific experimental situations. These
equations constitute a reformulation and generalization of the
UPPE [19] model referred to above. We use these equations as a
starting point for developing asymptotic equations describing the
effects of the longitudinal mode in the weakly nonlinear, small
bandwidth limit. We also note that our approach leads in a natural
way to formulas that can be used to test the accuracy of the UPPE
approximation at least in some cases.

In Section 3 we derive the driven wave equation that controls
the longitudinal mode. It appears through a solvability condition
on the reduced beam equations where only the electric field
appears.

In Section 4 we consider the weakly nonlinear, small bandwidth
solutions to the evolution equations for the mode amplitudes. We
show that in this limit the effect of the longitudinal mode is to limit
the range of unstable wavenumbers for the transverse instability
and to act as a defocusing lens in the collapse region.

2. The beam equations in the spectral domain

Our basic model equations in this paper are the Maxwell
equation including an instantaneous Kerr nonlinearity and linear
dispersion:

P(t,x,y,2) =Py(t,x,y,2) + Pu(t, X, y,2)

t
P (t,x,y,2) = 80/ dt’' x (t — tE(t', x,y, 2)
—0Q

Pni(t, x, Y. 2) = eon(E’E)(t, x, Y, 2).

We introduce the usual beam propagation geometry with the z-
axis pointing in the propagation direction. For what we will do
it is more convenient to write the Maxwell equations in terms
of components. Introducing field and polarization components
through

E(t,X) = eji+ eyj + ek

B(t, X) = byi + byj + bsk

P(t, X) = p1i + paj + psk

the Maxwell equations take the form
dye3 — 0,63 +0b1 =0

0,61 — dyes + 0;by; =0

0xey — dyeq + dtb3 =0

1

3yb3 — ;b — Cjatel = [o0:P1
1

0;by — 9xb3 — Cjarez = Wo0;P2

1
Oxby — 0yby — §3t€3 = Wo0;P3
db1 + )by +9,b5 =0
£0(0xeq + 0yey + 0,€3) = —0xp1 — Oypa — O;P3.

The beam formulation consists of writing the Maxwell equations
as a dynamical system in the z-coordinate. Collecting all of the
equations that contain a derivative with respect to z we get

9,61 = dyes — iy (1
8262 = aye3 + atb]
des = —Vi-el —n(1+LD7'[VL-((e2 +e3)ey)

+0; (1) es + (€7 + 3€3) 9ze3]

1
d:b1 = debs + 0 [(1+L+n (e +ed))e]

1
d:by = dybs — 0 [(1+L+7n (% +ed))e]
d.b3 = _3xbl - 3ybz

where we have defined

t
L:/ dt’x (t —t)

o0
e = ejiteyj.

This is not quite a dynamical system because among other
things the equation for the longitudinal electric field, e3, contains
derivatives with respect to z on both sides of the equation. We will
resolve this problem shortly. For now, observe that the Maxwell
system consists of eight equations and we have only used six
of them to derive our dynamical system. The remaining two
equations give the following two constraints

Bxez — Bye1 + atb3 =0

1
0bs — dyb1 — [(1+L+n(el +¢€3))es]=0 (2)
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on solutions of the dynamical system (1).0Observe however that by
using the dynamical system we have

3, (0xe; — dyeq + d¢bs)
= 040,62 — Oy0;€q + 0;9;bs
= 3y (dyes + dcby) — 0y (dve3 — dcby) + 3 (—dxby — dyby)
= Oyes + Oxb1 — dyxes + dycby — Oxb1 — Db
=0

and
3, (a,m2 — by — Clzat [(1+L+n(ed +ed)) e3]>
= 3d,by — 8,0,b; — Clzazt [(1+L+n (el +e3)) es]
—a (3o Sl 4140 (@ + e
— 9, <8xb3 + C%at [(1+L+n(e +¢€3)) 92])

1
— S0 [(1+L+n (el +€5)) es]

= axyb3 - 8yxb3 — o0V - (g0E + P)
=0.

The constraints are thus conserved by the dynamical system and
therefore only need to be imposed at one point along the beam
axis. We let this point be located at the point zy where the beam
enters the medium. The dynamical system (1) is therefore subject
to the entry point constraint

(32 — dyer + d;bs) [z, = 0 (3)

1
(e =1 = Za[(1+ 140 (e + )| =0,

20

These constraints will turn out to be important for our work.
Observe that so far no approximations have been made and the
dynamical system (1) with the constraint (3) is equivalent to the
original Maxwell equations.

The magnetic field can be eliminated by taking time derivatives
of the equations for b; and b, in (1). This leads to the following
beam equations for the electric field components alone

0,1 = 0xe3 + 0yer — 0yye;

+%an[(1 +L+n(eh +63))e] (4)
0,6y = 0),€3 + Oy1 — Oxx€2

[+ Ln (€ + )]
des = —Vi-el —n(1+D7'[VL- (€] +€)ey)

+0,(e% )es + (e + 3e2)d,e].

As propagation equations for the z coordinate this system is
somewhat awkward since it is an implicit system for d,e3. We could
resolve this by solving the third equation exactly with respect to
d,e3. This would produce a somewhat messy explicit equation for
d,e3. However observe that since the size of the nonlinear term,
as measured by the parameter 7, is in all cases of interest a small
perturbation, we can solve the third equation in (4) with respect to
d,e3 by iterating it once. This gives the system

081 = Oy€3 + Oyer — yye;

1
+ ﬁa“ [(1+L+n(e] +€3))e]

0z€ = ayze3 + axyel — Oxx@2

1
Fha 0+ +e)e]

des = —Vi-e. —n(1+L7"[VL- (€] +edey)
+3,(e%)es — (€4 +3eHV, -e]
but we have

V(e e)e) — (A +3) Vi e
=V.(el +e3)eL + (el +€5) Vi -eyL
— (3 +3e3) Vi -el
=V, (el +e3)eL — 23V, ).
So the electric field equations can be written as
081 = Oye3 + Oyey — dyyeq
o[+ (@ + )] (5)
0,8 = 0),63 + 0xye1 — O
[+ L4n (& + ) e
des = =V -el —n(1+D7"[VL (] +€3) eL
—2e3V. ey + 9, (eh)es].

We will now rewrite this system in the spectral domain. From this
formulation the UPPE approximation is easily described. The key
step here is to find all the modes of the linearized system

1
0,61 = Oxe3 + axyez — dyyer + Cjatr [(1+L)eq]

1
azzeZ = 0y7€3 + 8xyel - axer + ?att [(1 + L) 62]
3263 = _VJ_ e,

Assuming that the medium is homogeneous we can use the Fourier
transform in space and time and get the following algebraic system
for the transformed variables

1
2~ ~ ~ 2~ 2.2, \~
—key = —&1kes — £158; +E5ep — Cjw n“(w)e;
—k“ey = —&kes — £15e1 +E7e; — Cjw n“(w)e;
ikes = —i§ 161 — i&263

where k is the longitudinal wavenumber and § = (&1, &) is the
transverse wavenumber. This algebraic system is easy to solve and
we get the following three types of vector modes.

o Right traveling modes

- 5 0
0 |ef@orgicx-on g |ep@ongiex-on,
L —&1 —&

e Left traveling modes

5 0
0 |e-P@zgicx-an, B | etp@orgiEx-on.
L &1 &

e Transversely traveling modes

0
0 | gi€x—w

11
We have here defined
x=(x,¥) (6)

2
m@9=¢%#@rf% (7)
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The classification of the modes into left and right traveling ones
of course only holds for positive frequencies. Observe that the
transversely traveling mode is purely longitudinal. This is by
definition the longitudinal mode we discussed in the introduction.
Also observe that in order to get actual traveling modes and to
ensure the completeness of the set of modes we assume that
the refractive index, n(w), is real. In order for the Kramer-Kronig
relations to be satisfied n(w) is of course in reality complex,
but assuming that we are far from any material resonances the
imaginary part will be small. The imaginary part can then, if
needed, be included with the nonlinearity.

Because of completeness any vector function, in particular any
solution to the beam Eq. (5), can be expanded in terms of the modes
of the linearized system

0 p
ez t,x) = # da)/dg :A+(z, o, 5)[ %}eiﬁw,s)z
0 —s1

+A-(Z,0,6) | 0 [e D
&

r 0
xBi(z,w,&)| B }efﬂ(wﬁ)z
| —&

ro
+B_(z,w, &) ﬂ} e iBf)z
L&
-
Q(z, w, £) [0 }e"@‘”” + (%)
1

where A, and B, are amplitudes for right traveling waves of the
two states of linear polarization and A_ and B_ are the amplitudes
for the left traveling ones. Q is the amplitude for the longitudinal
mode.

There is however redundancy in this mode description. Since
e is real we only need 3 half-frequency range quantities to fix
it uniquely for each value of z. We have 5 half-frequency range
amplitudes. We can thus impose two more constraints without
restricting physical solutions to the beam equations. We will use
this redundancy to simplify our equations.

We only need quantities defined for positive frequencies but
as usual it is more convenient to work with quantities defined for
both positive and negative frequencies. This gives us the following
representation of the real electric field

p
ez, t,x) = E;[dw/dé{mr(z,w,g)[ ()E]eiﬂ(wf)z
—s1

+A_(z,0,&) | 0 [e P2
&

- 0
X B+(Zs w, E) ﬁ } eiﬁ(w,é)l
L —&2

ro
+B_(z,w, &) /3} g iBf)z
L&

0
xQ(z, w, &) [0} }e“f*w”.
1

This description is even more redundant than the previous one and
we have the usual additional constraints on the amplitudes that

ensure the reality of the electric field

A_(Z,CL),-‘;:) :Aj—(zﬂ —w, _S) (8)
B_(z,w, &) =B, (z, —w, —§)
Q(zv w, ‘é::) = Q*(Zv —w, —};-')

When we use this representation the mode amplitudes A_ and B_
are redundant and will in fact not appear in the final equation.
In this representation the positive spectral content of A, and B,
are amplitudes for right moving waves and their negative spectral
content are amplitudes for left moving waves. The real refractive
index function n(w) is extended as an even function to negative
frequencies.
The component form of the mode expansion is

1 . . )
ei(z,t,x) = s f dwdg (BALeP* + BA_eP7)elEx—eh) (9)

1 . s
el t.x) = — dwd& (BB e? + pB_e F7}el¢ =
1 ifz ifz
63(2, t, X) = ﬁ da)d“;‘{—%‘]A_,_e — 523_'.6

X 51/\_67’.[32 + SZB_efiﬁZ + Q}ei(éxfwt).

Observe that the longitudinal electric field contains both contribu-
tions from A4, By and Q. In a paraxial situation the contribution
from A} and B; is negligible whereas the contribution from Q can
still be significant.

We are now going to insert these expressions into the beam
equation (5). First we compute the derivatives with respect to z
of e; and e,:

1 . .
d,e1(z,t,X) = o dw / de{iB*AL e + Bo,A eP?

_ iﬂZA_efiﬂZ 4 IBaZA_efiﬂZ}ei(?Xfwt)
1
8262(25 t5 x) = 5 3

P dw / d&{iB*B.e'P? + Bd,B, e
_iﬂZB_efiﬁZ 4 IBaZB_efiﬁZ}ei(Ed(fwt).

We can simplify these expressions considerably by imposing the
constraints [20]

3,AeP? +9,A e =0 (10)
9,B,eP? + 9,B_eF? = 0.

What is happening here is completely analogous to what happens
when we apply the method of variation of parameters in order
to find special solutions to second order ordinary differential
equations. In that case we introduce two unknown functions, the
parameters, but we have only one equation to satisfy. We can thus
specify one more relation between the parameters and this is done
in such a manner that the equations for the parameters become
simplified. Integrating the constraint (10) between the boundary
of the domain, zg and some arbitrary point z we get the identity

z

A (Z,w, &) =A_(20, 0, &) — / dz'9,A, (7, w, £)e?F?

20
where A_(zp, w, £) can be given any value. This means that the
constraint does not determine the left propagating amplitude in
terms of the right propagating one. We still have full freedom to
fit any given electric field configurations at zy. Note however the
remark after Eq. (14).

The constraints (10) now imply that

azel(za t, x)
1

=e3 / dwdg (ip2A, eF* — iB2A_e 1F7)elEx—eD) (11)
T
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0,e2(z, t, X)

1 . o
= — | dwdt{ip*B,e?? — ip*B_e~F7}eiE XD
8m3

1 . .
er(z, b0 = o [ dode(—igipA.e’ — B
T

—i& BA_e P* —ig, BB_e F* — 2£,0,A €7
—2£,0,B, € 4 8,Q)e'¢* ),

We now take another z derivative of the expressions for e; and e,.
Observe that because of the constraints (10) the expressions for
0,,e1 and d,,e, contain only first derivatives of the amplitudes with
respect to z.

Inserting these expressions for ey, e, and their derivatives into
the beam Eq. (5) gives after some manipulations the system

{2i(B% + £2)0,A, + 2i6:50,B, }eP? — i£0,Q = NI,
{2i(B% + £2)8,B, + 2i£15,0,A, }eP? — i£,0,Q = NI,
{—2£10,A1 — 26,0,B, )¢’ +9,Q = NL;

for the amplitudes. Here the hat symbol,”, above any quantity
means the Fourier transform in x and t. The nonlinear terms
NLy, NL, and NL3 are defined by

NL = o [((¢] + ) er]
NL = S [((¢] + ) e2]

N3 = —n(1+D7'[VLi(e] +€3)-eL
—Zeng -e —|—BZ (61)63].

By addition and subtraction we can simplify the linear part of this
system and arrive at the following system of first order equations
for the spectral amplitudes

2iB3,A + 2%A = NL; + i&;NL; (12)
2iB3,B + 28°B = NL, + i&,NL3

0*n?(w) —
2,Q = WNL;; - IENLl — IENLZ'

This system is equivalent to the full Maxwell equations under
the assumption that the nonlinear terms are smaller than the linear
terms. The negative frequency content of the amplitudes A and B
will describe the left traveling waves and the positive frequency
content will describe the right traveling waves. Q is the amplitude
for the longitudinal mode. In order to generate a solution consisting
of both left and right traveling waves we must specify the full
spectral content at zg. Observe that (12) appears to be implicit in
d,A and d,B since NL3 contains d,e; and d,e,. However since we are
imposing the constraints (10) these derivatives only depend on A
and B and not on d,A and 9,B as one might have believed. Thus (12)
is an explicit set of propagation equations for the z coordinate.

In the UPPE approximation we assume that the negative
frequency content of the amplitudes at z = zj is exactly zero and
any negative frequency content that might be generated during
the numerical propagation of the amplitudes is removed. Evidently
this is not a consistent solution to the system (12) since the
nonlinearity will drive negative frequency content up from noise
that is always present. The success of the UPPE approximation
depends on whether or not the negative frequency content that is
generated by the actual system is small compared to the positive
frequency content. This can be verified a posteriori using the
constraints (10) and (8). By integration we get the relations

ALz, —w, —§)

S~ &=

V4
=Ko 0. —5) ~ [ daALE 0. 0 (13)

20

B (z, —w, —£)

z

=B} (20, —w, —&) — / dz'9,B,(z', w, £)e*P* .
20

In the typical experimental setup there is no source at z = +o0.

Thus

Az —w,—E) =A_(Z.0,&) —> 0
B (z, —w, —§) =B_(z,w,§) — 0

when z —> +o00. Using these limiting values the identities (13)
turn into

AL (20, —, —&) = / dz'8,A, (7, w, £)e¥F (14)

20

o0
B (20, —w, —£) = / dz'8,B,. (7, w, £)e*F7 .
20

We can now compute the solutions using the UPPE approxima-
tion and then compute the integrals occurring in (14). If the cal-
culated values for A% (2o, —w, —&) and B (zp, —w, —&) are small
compared to A (zp, ®, £) and B, (2o, w, §) we can be assured that
the UPPE approximation is accurate. If they are not small we can
use the identities (14) as the basis for an iterative scheme where
the negative frequency content at z = z; is repeatedly updated
until the procedure converges to a fixed negative spectral content
at zg. Note that Eq. (14) does not contradict our statements made
after Eq. (10) since the assumption that there is no source at infinity
should and will constrain the possible amplitudes at zg.

3. The wave equation for the purely longitudinal mode

We will in this section show that the amplitude for the purely
longitudinal mode satisfies a certain wave equation in a plane
transverse to the beam axis. The traveling mode amplitudes
act as a source in this wave equation. The strength of the
source is determined by high intensity, short pulse length and
nonparaxiality.

In order to clarify the logic of our argument let us first consider
a simpler situation where there is only one transverse dimension.
The electric and magnetic fields are given by the components

E(z,x,t) = ¢€j

B(z, x, t) = bqi + byk.

The dynamical system for this case is

d,e = dby (15)
d;by = dby + Clza[ [(1+L+ne?)e]

d,by; = —0okby

with a constraint preserved by the dynamical system

oxe 4+ 9:b, = 0. (16)

The corresponding closed system for the electric field alone is

1
e = —Owe + ﬁan[(l +L+ne*)e]. (17)

The question we ask is whether or not all solutions to (17) are
physical in the sense that for any solution e there exists an
electromagnetic field satisfying Maxwell’s equations and that has
ej as an electric field component. Since the constrained dynamical
system (15) is equivalent to Maxwell’s equations the question is if
for any solution of (17) we can find functions by and b, such that the
dynamical system (15) and the constraint (16) are both satisfied.
Any solution to (17) is determined uniquely by the specification
of both e and d,e. The specification of d,e turns the first equation
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in (15) into a constraint on the magnetic field component b;. Thus
taking into account the constraint (16) we have the following
system of equations that has to be satisfied by the magnetic field
components

8tb1 = 3ze
Ocby = —oye.

We have a determinate system of two equations for the two
unknown magnetic field components that can be solved for all
choices of e and 9,e. Thus we get the very unsurprising conclusions
that all solutions to (17) are physical.

When we apply the same logic to the beam Egs. (5) and the
corresponding dynamical system (1) we get an overdetermined
system of equations for the magnetic field components. This
overdetermined system leads to a wave equation for the purely
longitudinal mode.

Any solution to the system (5) is uniquely determined by a
specification of ey, e, e3, d,e; and 9d,e,. The specification of d,e;
and d,e; turns the first two equations in (1) into two constraints on
the magnetic field components. Taking into account the constraints
(2) we have the following system of equations that has to be
satisfied by the magnetic field components

8tb1 = 8262 — 8y€3
3[’32 = 3X€3 — 8261
arb3 = 8ye1 — ax(?z

1
0uby — dyby = < [(1+L+n(el +€3))es].

In this case we have four equations for the three magnetic field
components. The system is thus overdetermined and can only be
solved if the right hand side satisfies the constraint

1 n
Vies — 0 (14 Les = der + dyzer + C—zan((ei + ed)es).

If we now insert the mode expansions (9) and apply the constraint
(10) cancellations occur and we end up with the equation

1
Vig— S0 (14D g =N (18)
where

1 4
q(z, t,x) = —/dwde(z,w,g)e'@**wf)
83

n
N = Cj((ei +e3)es).

Note that if we assume that N is the only source of g, in the absence
of N we should use the solution ¢ = 0. In general the source
will depend on q so the wave equation is nonlinear. From (18) it
is evident that high intensity and short pulses will lead to a large
source and to a large contribution to the longitudinal field from g.
Taking the Fourier transform of (18) we get in the spectral domain

C()ZA
Q(Z’ w, E) = _EN(Zv w, g)

where

p = ((%)2 () — 52) .

If the fields are highly nonparaxial, ﬁ(z, w, &) will have nonzero
contributions in the spectral space (w, £) where 8 is close to zero.
This will lead to an enhancement of the mode amplitude Q.

Thus high intensity,short pulses and nonparaxiality all sepa-
rately contribute to a source generating the mode Q that radiates
transversely away from the collapse region. These pulse proper-
ties often go together in physical situations but we only need one
of them to create a significant source for Q.

4. Weakly nonlinear envelope approximation

The purely longitudinal mode will remove energy from the
collapse region so it will evidently have a stabilizing effect. The
extent and specific characteristics of this stabilizing effect will be
found through large scale simulations of the evolution equations
for the mode amplitudes (12). However considering the equations
in the weakly nonlinear, paraxial and small bandwidth limit can
give some analytic insight into what will happen in the more
general setting. We will therefore consider this situation now.

We will in the following assume that the amplitude for the y-
polarized mode, B, is set to zero. This is not really a consistent
solution to the Egs. (12) since any small amount of noise in the
B mode will be driven up by the nonlinear terms. However in
the simplified analysis we present here this possibility will be
disregarded; its presence or not will not change the nature of the
result we will present in this section.

Therefore the mode equations that we will solve approximately
are

2iB3,A + 2B%A = NL; + i&;NL; (19)
an — — —

9,0 =21 Zﬂ(z‘”) NL; — i%NLl - i%NLz.
C

Observe that due to the constraints (8) we can write the mode
expansion for the remaining electric field components in the form

e1(z, t,x)
] H . .
= F dwd%‘{/3A+elﬁZ + ,BA_eilﬂZ}e'(s'xf‘”t) (20)
T
l i X—
= a3 Z / dardg A SE oD 1)
es (25 t; X)
1 ) ) ‘
= L [ dodet-gia.em 1 siae g Qe
T
7‘1 1 S 1 s is(&-X—wt)
= 873 ) dwdég —sEiA+ Qe (22)
S

where s is a binary index with values +and —. We have here
defined for A

s A ifs=+
A= {A* if s = —

and the same for Q°.
We use the multiple scale approach [21] assuming a leading
order for the amplitudes of the form

1 w—wy &
A(z,w,é)zg—on L7 +---

&

Q(szas)=12Q0<Z,w_wo’§>+...
& &

&

For the electric field components e; and es this implies that to
leading order

e1(z, t,X)

— % Z / dwdEASeiS(EXfa)t)
b4
N

~ 1 s O =00 §Y\ iex—on
~87T32$:/da)d582140 <Z,T,g e
_ % Z / dQdKA (2, 2, K) @S (630 gis2(e0) g —iseot
b1
N

= ZAg(z, et, £&)e 50 L 9(g?) (23)
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and

33(2, t,X)

1 1 1 .
- dwds — 1 — As NS is(&-Xx—wt)
8713wa§/3{s§] +2Q}€
1 1 s&1 w—wy &
A~ —]_2Ix 2
8m3 st/dwdéﬂi g2 0 (Z’ e s>

1 s w—w § is(&-X—wt)
—03 | z, 2 ) te
4505

& &

& 1 s 1 s
) Zf B {—5891%\0(2, 2,K) + EQO(Z’ 2, K)}

x eisl(-(sx) eis()(s[) e—isa)ot

=) Q§(z. t, e6)e " + 0(e?) (24)

where

Ao(z, et, €&)
- / dR2dKAy (2, £2, K)e® i
83
Qo(z, st, €&)

__ ¢ /
B 1650070

and where B%,, = B(wy, 0, 0).

Thus Ag and Qq are of order € and have variation of order one
on time scales and space scales of order 1/¢. We use a multiple
scale approach to find consistent approximations to Egs. (19). The
application of the multi-scale method is well known and the details
will not be discussed in this paper. Here we will only make some
remarks on the size on the various nonlinear terms. In the multiple
scale approach we assume that

dRdKQy(z, 2, K)el 0 eif2(eD)

AO = ZSUA()U (25)
Q=) ¢Q,

where the Ao, and Qq, are functions of multiple z scales z; = gz

with j > 0. The evolution of the leading order amplitudes Ay and

Qoo on the slow scales z; for j > 1 are determined so as to render

the expansions (25) uniform on progressively longer length scales.
From Egs. (19) we get for the fastest z scale the system

2iB300 02400 + 2(Boge)*Aco = 0

0,Qp0 =0

and thus we have

Awo(z0, 21, ..., 2,K) = Boo(z1, . . . , 2, K)e'Pooo?
Qoo(20, 21, . - -, £2,K) = Cpo(z1, - .., £2,K).
From (23) and (24) it is evident that

NL; = 0(3).

For the terms of NL; we have the orders
Vi (el +e3) el =0(h

2e2V, -e; = 0(eh)

3, (e1) es = 0(&).

Thus overall the nonlinearity NL; is of order £>. However when
we use the multiple scale method, only the terms in NL; that have
the same variation at the fastest scale zy as Agy will contribute to

the evolution of Agpy on the slower scales z1, z, .... The effects
of the other terms will average to zero on the slower scales. For
NL3 the same logic applies and the only terms that will contribute
to the evolution of Qg on the slower scales zy, z,, ... are terms
that are constant on the fastest scale z,. Therefore the only terms
from 0, (ei) es that will contribute are terms in e? where the fast

. ig0 .
oscillation e'fooo? cancels. But then 8, of those terms is not of
order one but of order ¢. So the terms from 0, (ef_) es that actually

contribute to the slow evolution of Qg are all of order . The
second equation in (19) then shows that Q will vary on scales
z4 = €%z and higher. This tells us that in order to get a consistent
approximation to the system (19) we must apply the multiple scale
method at least up to order &4,

The nonlinearities of the system (19) are composed of NL; and
NL; and applying the same kind of logic as above we are lead to the
simplified system

2iBd,A + 2B%A = NL, (26)
w2 Z(w)A
2.Q = WNIG

where we have removed all terms that cannot contribute to the
slow evolution.

Applying the multiple scale method to this system gives us the
following amplitude equations:

Oz A = _ﬁgooatﬁ_iﬂgooattd‘" - iﬁgzovi”‘\’
+ 5?02 atViA + ﬁgooartt#"
+ oy (6] +1@[%) A — a0, [ (641> + |@[%) A]  (27)
0,Q = —a30,|A|Q
where o1, o; and o3 are positive real constants and where
1 ..
0 _ 1 itk
Bije = iljlk! werca P w1 =0,=0

are the Taylor coefficients of the propagation constant.

4.1. Transverse modulational instability

It is well known that the culprit behind the small scale
filamentation of intense laser pulses is the transverse modulational
instability. In order to see the effect of the longitudinal mode
on transverse modulational instability we consider the simplest
possible situation where we have only diffraction and nonlinearity.
Including all terms in the amplitude equations change the details
of the conclusions presented in this section but not their essence.
Thus we consider the system

Bk = —BodA — B Vi A + iy (64 +1Q]%) A (28)
0,Q = —a30,|A|Q.

The system has exact solutions of the form

A = =>égoeik’.ozei(éo-Xfwol’)

Q=@

where

ko = ,3?000)0 + /382052 + 051(6|=A’0|2 + |@0|2)-

These solutions represent an infinitely broad laser beam.
We now introduce a small perturbation on these exact solutions

A=(1+ a)Ae'o?eiEox—wot)
Q@ =(140)Q.

Inserting these solutions into Eqs. (28) and retaining only terms
of first order in a and q we get the system
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3,0 = —PBY0dca+ 20050 - Via—ipy,Via
+iay (6]4ol*(a + a*) + |@ol*(c + ¢*))
3,0* = —BYda* + 2B%0E0 - Via* +iBYVia*

—iory (6]0)*(a + a*) + |Qol*(c + )
9,¢ = —or3| Aol (c + ¢*)
8,c* = —as|Ag|*(c + c¥).
Taking the Fourier transform of this system we get
kay = ,B?oowa+ + 2/332050 ~Eay + .Bgzogza+
+aq (6]oAol* (a4 a-) + 1@ol* (¢4 + c_))

ka_ = :8?00“"'L + 25(())20530 -fa_ — /382052‘17
— a1 (6]Ao|* (a4 + a-) +Qol* (¢4 +c_))

cy = —a3lool*0;(cy +c2)
c_ = —a3|Ag[*0;(cy + )

where for simplicity we have defined

a, = ak, w, &)
a_ = a*(—k, —w, —§).

The system can be written more simply as

pay = Boyoélas + qay +a2) (29)
pa_ = —Bhota_ —qa +a-)
where

p =k — Bloo® — 2Bgobo - §

q = 2011|o|* (3 — 23] Qo).

The system (29) has a nontrivial solution only if
p2 = (/3820)254 + ZQ,BSZOEZ

and from the definition of the propagation constant (6) we observe
that

1
ﬂgzo =

:3800
SO we can write
1 \2
p* = <T> E2(8 — qug(()]oo)'
Booo
From this it is evident that a perturbation with transverse

wavenumber & will experience exponential growth along the beam
axis if

§2 < 20Bgg0 = r1Aol* (3 — 2a3]@0l*)

where r = 2a485,. This formula show clearly that the effect of the

longitudinal mode in this approximation is to restrict the range of
wavenumbers that experience transverse modulational instability.

4.2. The defocusing lens property

The self-focusing collapse of a intense laser pulse happens
because the refractive index is intensity dependent

n(l) = ng + nyl.

Such an index acts as a focusing lens that increases the intensity
which in its turn focuses more strongly and so on without end
in the ideal case. We will now see that the presence of the
longitudinal mode adds a term to n(I) that acts as a defocusing
lens. What happens will then be a competition between these two

lensing effects. Using as in the previous subsection the simplest
version of the amplitude equations we have

B,k = —Bodh — By Vi + iy (614> + Q%) A (30)
3,Q = —a30,|A|Q.

Observe that the last equation can be solved explicitly. In fact we
have

0,Q = —a30;|A|Q

[}

%1Q1° = —2a30;| 4| |Q|?
U

|@|* = De 3!

where D in general can be any function of the transverse
coordinates and time. The amplitude equation for 4 now becomes

DA = —BlogdeA — By V3 A + iy (6]4]* + De~*3*1) 4.

This corresponds to the existence of a intensity dependent
refractive index of the form

n(l) = ng + nyl + n3e’2“3“ﬁ,

where n3 is some new parameter that can depend on the transverse
coordinates. Since the intensity is higher close to the beam axis
than far away from the beam axis during a collapse, the last term
is smaller on the beam axis than further off the beam axis. This
means that, by itself, it will act as a defocusing lens in the same way
that the term n,I, by itself, acts as a focusing lens. Taken together
the system is still focusing; the effect of the Q mode is to make it
somewhat less focusing.

The last two subsections show that in the limiting case we have
been discussing the effect of the longitudinal mode is to make
the system less prone to filamentation instability and self-focusing
collapse.

5. Summary

We have in this paper investigated the effect of the existence
of a longitudinally polarized mode traveling transversely to the
beam axis. We have seen that in the weakly nonlinear envelope
case the mode tends to make the beam propagation less prone
to filamentation and self-focusing collapse. We have furthermore
shown that in the general case the mode obeys a dispersive
wave equation in the transverse coordinates that is driven by the
amplitudes for the modes traveling along the beam axis and also
by the mode itself in general. The longitudinal mode will thus
transport energy away from the collapse and therefore in general
the mode will tend to make the system less prone to collapse.
The mode can also give a new insight into the collapse dynamics
if it can be detected experimentally. The existence of the mode
and the existence of the effects discussed in this work is not in
question, but whether the effect is of a size that makes it significant
for the evolution of the collapse and filamentation processes and
experimentally detectable is a question that can only be decided
by large scale numerical simulations and actual experiments.

However for the numerical solution of (12) we are faced with
a calculation involving time and three space dimensions. Adding
to this the presence of a very extensive support in spectral space,
the numerical calculations appear daunting. There is however a
simplified situation involving TM fields in a slab geometry that
have many of the same features as the full system discussed in this
paper, including the transversely propagating longitudinal mode.
This system is much more amenable to numerical simulations and
results from these simulations will be reported in a forthcoming
publication.
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