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Modeling of nonlinear optical activity in propagation of ultrashort elliptically polarized laser pulses
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We propose a general model of third-order nonlinear optical susceptibility of isotropic gyrotropic medium
with frequency and spatial dispersion. Our model allows for the description of the propagation of ultrashort
(several oscillations) elliptically polarized laser pulses in such a medium and does not require smallness of the
characteristic nonlocality dimension, unlike the conventional phenomenological model. We implemented our
model numerically by means of a modified finite-difference time-domain method with an auxiliary differential
equation. We have validated the correctness of our model by the comparison of the results obtained in our
numerical simulations with generally known effects observed experimentally and described earlier theoretically
for the monochromatic radiation or within the slowly varying envelope approach. We investigated effects
accompanying the propagation of ultrashort (several oscillations) light pulses in nonlinear isotropic gyrotropic
medium with frequency and spatial dispersion of cubic nonlinearity.
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I. INTRODUCTION

The effect of nonlinear optical activity, being understood
as the intensity-dependent polarization plane rotation for the
linearly polarized light in a medium with cubic nonlinearity,
was predicted almost 50 years ago by Akhmanov and Zharikov
[1]. Initially it was explained solely by the spatial dispersion
of the nonlinear optical response of the medium. Later it was
shown [2] that it can be caused also by the anisotropic nonlinear
dissipation in a crystal, i.e., by the dependence of the nonlinear
absorption on the mutual orientation of the crystal symmetry
axes and the polarization plane of the propagating light.

At the earlier stage the phenomenon of nonlinear optical
activity was unjustifiably opposed to the self-rotation of
the polarization ellipse [3], which became stronger with the
increase of the polarization ellipse ellipticity degree in the
incident plane wave, and completely disappears for the linearly
polarized light (zero ellipticity). Both these effects, responsible
for the polarization ellipse rotation and deformation in a plane
wave approximation, are described by the nonlinear cubic sus-
ceptibility tensor 7, (.k;w.k,.o.k,—w,—k) which in the
first-order approximation on the spatial dispersion parameter
d/X (where d is the characteristic scale of the nonlocality of
optical response of a medium; w, K, and X are the frequency, the
wave vector, and the wavelength of the propagating radiation)
can be presented as follows:
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where the fourth-rank tensor §® is responsible for the local
contribution and the fifth-rank tensor p® is responsible for
the nonlocal contribution of the medium.

In the middle of 70 s the first experimental evidence of the
nonlinear optical activity [4] came to light, giving the impulse
to the development of the corresponding phenomenological
theory [5-9]. The subsequent theoretical and experimental
investigations assure that the polarization self-action and

“vamakarov @ phys.msu.ru

1539-3755/2014/89(1)/013306(11)

013306-1

PACS number(s): 02.70.Bf, 42.25.Ja, 78.20.Ek, 42.65.—k

interaction of waves are fine and widespread phenomena in
nonlinear optics. Owing to the appearance of metamaterials in
optics (artificial media with high-efficiency nonlinearity and
optical activity, and also media with negative refraction), many
fascinating phenomena which earlier required complicated
experimental setups to be detected, now can be readily
reproduced and studied. In particular, recently giant nonlinear
optical activity was experimentally observed in a plasmonic
metamaterial [10].

However, all results of [5-9] were obtained within
the framework of slowly varying envelope approximation
(SVEA), which is not suitable for the description of ultrashort
pulses. In this case the evolution of the electric field strength
vector can be described in terms of the changes of its modulus
and orientation in space. In the description of ultrashort pulses
the Stokes parameters have no physical meaning, as well, as
the orientation and the ellipticity degree of the polarization
ellipse well known in “conventional” nonlinear polarization
optics. In this case, the description of the polarization state of
the ultrashort pulse can be given in the frequency spectrum
domain, when the polarization state can be attributed to each
Fourier harmonic with certain frequency value [11], or one
should directly consider the hodograph of the electric field
vector. However, in this case it is impossible to discuss any
changes of polarization along the pulse in the spatiotemporal
domain, although sometimes it could be tempting to compare
its behavior with one of the longer pulses.

The finite-difference time-domain method (FDTD method)
[12-17] is currently the most popular and probably the
most efficient tool for the direct integration of the Maxwell
equations along with material equations of an arbitrary type
for the propagation of ultrashort pulses. In Ref. [18] it was
the first time, when the FDTD method with the auxiliary
differential equation (ADE) [17] was used for the description
of the propagation of ultrashort laser pulses in linear media,
possessing both frequency and spatial dispersion. It was shown
that the changes of the direction of the electric field vector
oscillations in the course of the propagation of the ultrashort
pulse in a medium with spatial dispersion is far from the
well-known linear polarization plane rotation for the long
pulse.
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In the present work the modification of the FDTD method
with ADE was used in our study of the propagation of the
ultrashort elliptically polarized pulse in a medium with fre-
quency dispersion and spatial dispersion of cubic nonlinearity.
The results obtained for the ultrashort pulses are essentially
different from those predicted by the analytical formulas for
the evolution of the intensity-dependent ellipticity degree and
the orientation of the polarization ellipse within the framework
of SVEA.

II. FORMULATION OF THE PROBLEM:
MAIN EQUATIONS

A. Physical model

Let us consider plane electromagnetic wave propagating
along the z axis of the coordinate system in a medium
with frequency dispersion and spatial dispersion of cubic
nonlinearity. In this case Maxwell equations and the ma-
terial equations connecting the x and y components of the
strength and the induction of the electric [E(z,7) and D(z,7)]
and magnetic [H(z,7) and B(z,t)] fields can be written as
follows:

10B, _0E, 10B, 0E,

c ot 9z ¢ ot a7’
(2)

10D, 9H, 13D, 0H,

c o 3z ¢ ot 9z’
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Here c is the velocity of light in vacuum, i, j = x,y. The most
general relations between electric field strength E(z,7) and
linear PX and nonlinear PNt polarization of the medium are
the following (see [19]):
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where [dr; and [[[ dridr,dr; indicates the integration on
the whole space by one (x;,y;,z;) or three coordination sets.
The explicit views of Xi(jl)(tl ,r,ry) and Xi(;k)l(tl ,1,13,1,T1,I2,I'3)
describing the dielectric properties of the medium remain
rather unknown yet. For infinite homogeneous medium
possessing arbitrary symmetry, these tensors should depend
on the difference r —r; 3 (instead of r,r;,3) and rapidly
decrease to zero with the increase of |[r —ry,3|. After we
proceed to the spatial and temporal Fourier representations
of electric induction, strength, and medium polarization in
Egs. (3)—(5), when the explicit forms of Xi(jl)(tl,r,rl) and

Xi(j3121(t1 ,1,13,1,11,Irp,1r3) within the first-order approximation
on d /A are expected to provide the following expression (very
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well known in nonlinear optics [5,6,9,19]):

Di(w = w1 + w2 + w3,k = ki +k; +Kk3)
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Here and further we assume the summation by the indices,
which appear twice in each term in the right part of the
expression. At the same time each tensor in Eq. (6) has to
possess “correct” internal and external permutation symmetry
(which is in agreement with the symmetry of the medium and
physical meaning of the tensor). In the case of the propagation
of linearly polarized light (if we assume that the polarization
remains unchanged) in the absence of spatial dispersion, tensor
X,‘?}Zz(ﬁ ,t,13,1,11,I2,r3) must be in accordance with the well-
known model for the nonlinear (third order) optical response of
the medium [17], accounting for instant electron response, as
well as for the effects of Raman scattering. And, finally, after
the substitution of the explicit form of Xi(;lzl(tl ,h,t3,1,T1,I'2,T3)
in Eq. (5), the expression for the PiNL(t,r) should remain
unchanged after simultaneous permutations of indices j <
k and arguments r; <> rp, f; <> t, (or indices j <> [ and
arguments r; < rs, t; <> f3; indices k <> [ and arguments
Iy <> I3, 1 <> 13).

When considering the plane electromagnetic wave (one-
dimensional case) propagating along the z axis, expressions
(4) and (5) become simpler:

o0 o0
Pt = [ an [ afozaEie - nadn, @)
—00 0

o0 o0 o0 o0 o0 o0
PN(1,2) = / f / dz1dzadz; / f /
—00 J—00 J—0 0 0 0

3
X Xi(_,-,),,,l(l1Jz,tz.,z,ZhZz,Zs)Ej(l —t,21)
X Ep(t — 12,22) Eq(t — t3,23)d11dtrdt3. (8)
If we assume the medium to be in a half-space z > 0 and to
possess symmetry group cooo (isotropic gyrotropic medium),

when the following form of the tensor will satisfy to all the
abovementioned requirements for z; > 0:

X1 (.22 = g VD[S + 11(8idy; — 88,z — 21)]
x exp[—(z — 21’ /d | [ (V7dy). ©)

Here §;; is the Kronecker symbol and y; and d; are the
parameters characterizing linear gyrotropy of the medium.
Here [in Eq. (9)] and further i, j = x,y. When the frequency
dispersion is one of the Lorentz type [17], then

2(t1) = [(ene — D3(11) + wl(es — £00)(wl — 83)

X exp(—d&pt) sin ([a)(z) — 83]”%0]/47@ (10)
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where e, €40, Wy, 8o are constants, and §(¢) is a delta function.
For z; <0, Xi(jl)(tl,z,zl) = 0. The substantiation of choice of

such a form of Xi(jl)(tl,z,zl) is given in Ref. [18], where the
expressions (7), (9), and (10) were used for the study of the
propagation of ultrashort (about several oscillations of the light
field) laser pulses in a linear medium with both frequency
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and spatial dispersion by means of integration of Maxwell
equations by the FDTD method with ADE.

The reasonable generalization of this model for the
nonlinear isotropic gyrotropic medium with frequency
dispersion and spatial dispersion of cubic nonlinearity
X (t1.12.13.2.21.22.23) could be the following (21,3 > 0):

Xim(t1.12.13,2.21.22.23) = ad(11)8(12)8(13)8(21)8(22)8(23)[8;;8u + 8151 + 8 ji]
+8(t1)8(t2 — 13)83(13)8(z — 21)8(22 — 23)[D8;x1 + c(8ixbj1 + 8i18 k)
+13(z — 23)(8xi8yj — 8yi8x)ul exp [—(z — 23)* /d3 | [ (W ds)
+8(12)8(t1 — 13)83(11)8(z — 22)8(z1 — 23)[b8ik 81 + (881 + 818 i)
+ 13z — 21)Bxi8yk — 8yi8xx)8 1] exp [—(z — 21)* /d5 ]| /(N d3)
+08(t3)8(t1 — 12)83(12)8(z — 23)8(z1 — 22)[b8i18 jx + (861 + 8ikd 1)
+¥3(z — 22)(8xi8y1 — 8yi8x)8 k] exp [—(z — 22)* /d3] [ (V7 d3), (11)

and X[(f,z,(tl,tz,tg,z,zl,@,zg) =0atz,,3 < 0. Here a, b, and
¢ determine the cubic nonlinearity of the medium, and y3 and
d; determine its spatial dispersion. Indices i, j, k, and [ take
values of x and y. Such a choice of the coordinate dependence
(exponential) is prescribed only by the requirement of rapid
decay of XS,ZZ(Z[,tg,t3,z,zl,zz,z3) to zero with the increase of

|z — z1,2,3] and also by its similarity with Xi(J'l)(fl,Z,Zl). Terms
g®(t13) in Eq. (11) we take as

gP0 = (7f + 1'22)(7,'11'22)_1 exp(—f /) sin(f/1y), (12)

which was thoroughly substantiated in Ref. [19] and references
therein. Here 1, ; are the relaxation time constants, b/a and c/a
determine the relative contributions of Kerr-type and Raman-
type nonlinearities. Substituting (9)-(12) into (3), (7), and (8)
with y1 3 = d; 3 = 0 (in the absence of spatial dispersion) it is
easy to obtain the following:

Di(w = w1 + v + w3,k =k + ky +Kk3)
= go(w)é;; Ej(w,K) + 47 (@1 (w1, 02,03)8;;0mn

+ dr(w1,w2,w3)8im8 jun + G3(w1,02,03)8i18 jm)

x Ej(wi,K)E(w2,k)E, (w3,Kk3), (13)
which also follows from (6) in the case of cocom medium
symmetry (isotropic nongyrotropic medium). Constants &y and
a1, in Eq. (13) can be expressed through the parameters of
our model by the following way:

d1p3 = a+bg (w11 + w332) + c(@3(wi21 +@333)

+ &3(w1,12 + @223)),

go(w) = &0 — a)é(ss — e;"oo)/(a)2 — a)(z) + 2i80a)),
where g3(w) = —(1;2 + 1, N — 172 — 1,2 4+ 2iw/1) .
Dependencies (9)—(11) not only satisfy all the abovementioned
requirements for X,-(jl)(tl ,2,21) and xff,i,(n ,1,13,2,21,22,23), but
also allow for a thin (of the order of max{d;,ds}) surface layer
with transient dielectric properties. Actually, the border of
the medium represents not an abrupt but, rather, a smooth

(

(although fast enough) change in optical properties (from one
medium to another). This smooth change can be treated also
as an additional layer on the medium surface with transient
properties (see, for example, [20]). This fact can be neglected
in many problems, but if one is considering nonlocal spatial
response, this may cause additional features of radiation-
matter interaction [20], because in this case the thickness
of such a layer should not be less than the characteristic
nonlocality dimension.

However, one should take into account not only the fact that
the response of the homogeneous medium with sharp boundary
will be different near the surface of the medium and in its
bulk, but also that the properties of the medium (the dielectric
permittivity and the nonlinear susceptibility) are different near
the surface of the medium and in its bulk. Our model does not
account for this. Apart from that, we do not consider a number
of complicated phenomena on the border of the medium with
spatial dispersion in the vicinity of frequency resonances [21],
e.g., appearance of so-called additional waves.

It is also worth noticing that the models of frequency and
spatial dispersion of linear and nonlinear optical suscepti-
bilities of the medium we use in our work, indeed, do not
account for a number of effects, which are described by a
Debye model. However, in our work we prefer to use another
model, which represents itself the generalization (for the case
of spatial dispersion) of a widely used and efficiently working
dispersion model.

In the case of the propagation of the tightly focused ultra-
short light pulse with broad frequency and spatial spectra, there
become possible the second-order processes [sum-frequency
generation, difference frequency generation (SFG), second
harmonic generation (SHG)] of nonlinear interaction between
its noncollinear components with different frequencies, which
may result in considerable modification of the frequency and
spatial spectrum of the propagating pulse.

In our work we do not take into account second-order
nonlinear processes. Therefore, it would be correct to consider
our results under conditions of absence or smallness of the
second-order response, i.e., in centrosymmetric medium with
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spatial dispersion of cubic nonlinearity, or when the effective
quadratic optical susceptibility value is negligibly small, or
when the phase-matching condition cannot be satisfied, for
example, in the case of the plane-wave propagation in the
isotorpic gyrotropic medium.

B. Auxiliary definitions and difference approximation
of expressions

Numerical model. After substitution of (9)—(12), formulas
(7) and (8) can be written as follows:

PE(t,z) = / g1t fit —t',2)dt’
0

+Cx)/1/ g1t fat —t',2)dt’,  (14a)
0
P(t,2) = / g1t) folt —t',z)dt’
0
+§y)/1/ g1t f3(t — t',2)dt’,  (14b)
0

PANL(t,z)

= 3aE.(1,2)(E;(t.2) + ES(1.2))

+6¢cEL(t,2) fooo g3 () fs(t — t',z)dt’

+6¢E(t,2) /Ooo g3t fr(t —t',2)dt’

+3bE(1,2) fo ) Gfs(t =1, 2) + fot —1',2))dt’
(15a)

+ 3cxy3Ey(t,z)/ g3t fy(t —t',2)dt’,
0

NL
Py(1.2)

= 3aE,(1.2)(EX(t.2) + EX(t.,2))

+6cE,(t,z) /Ooo a3t fst — t',z)dt’

+6(:Ex(t,z)v/ooo g3 () fr(t —t',z)dt’

+3bE,(t,2) /Ooo G fst —1'.2) + fo(t —1',2)dt’
(15b)

+ 3§yy3Ex(t,z)/ g3t fa(r —t',2)dt’,
0

where ¢, =1, ¢, = —1, and

filt,2) = f exp[—zi/d} ]/ (WAd)E(t.2 — z1)dz1,

o0

(16a)

frlt.z) = / exp[—zi/d} ] /(Wad)E, (1.2 — z1)dz,
(16b)
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o0
f3t.z) = / ziexp[—zi/d}] [ (Vad)Ex(t.z — z1)dz,
—00
(17a)

fat.2) = f zexp[—z1/d7)/(Vrd)Ey(t,z — z1)dz1,
- (17b)

fs(t.2) = f exp [~ 2]/ (VT EXt 2 — 2)dz,
~ (18a)

fs(t,z)=[ exp[—z1/d; | [(WAd3)E} (1,2 — z1)dz1,

(18b)
f(t2) = / " exp [~21/d3]/(Wrd)Ex(t.z — 21)
X Ey(t— e, (19)
fa(t,2) = [ Zm exp[—zi/d3]/(Vmd3)(EX (1,2 — 21)
+ Ej(t.z — 21))dz1. (20)

Here functions

wies — €00) [

Fi(t,2) = ———— exp(—3&ot1)
(03 —83)" Jo
x sin ([wp — 62]"°1) £t — n.2)dn, Q1)
i+ [ .
F(t,2) = e exp(—t /1) sin(t) /1) fu(t — t1,2)d1t,
14 0

(22)

(s =1,2,3,4, and h = 5,6,7,8) satisfy the system of ordinary
differential equations,

d’ d

B+ 20— Pt ofF = (e —ex) fi, - (23)
d2F+2dF+l+lF—l+lf
2" T dt " 1 " L "

(24)

with zero initial conditions. Furthermore they can be used in
the new form of the material equation (3):

D, = E; + (800 — D(f1 + V18 fa) + (F1 + 18 Fa)
+ 127 {aE(1.2)[ EX(t.2) + E;(1.2)]
FbE(1.2) (Fs + F) + 2¢E,(t.2)Fs + 2¢E,(1.2) Fy

+ 3¢ Ey(t,2) Fg}. (25a)
Dy = Ey + (¢c — D(f2 + 18y 3) + (F2 + 18, F3)

+ 127 {aEy(t,2)[ EX(1.2) + EX1.2)]

+bE,(t,2) (Fs + Fe) + 2¢E,(1,2) Fg

+2cE(1,2)F; + y3¢y Ex(t,2) Fs}. (25b)
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For numerical solution of (2) and (23)—(25) we used uni-
form grid z,, = mAz, t, = nAt, where m =0,1,2, ... .M —
1,n=0,1,2,...,N — 1. Values of M and N were determined
by the distance traversed in a medium by the pulse, and
by the interval of time it took for a pulse to propagate.
Functions fi, s in Egs. (21), (22), and (25), and also
in difference schemes of (23) and (24), were taken as the
following difference expressions:

M—1

exp [—(m — )*(Az)?/d7}]
S12(tnzm) =
; Jrd,

X Exy(nAtIA)Az = 5", (26)

M—1

exp [—(m — 1)*(A2)*/d}]
f3,4(tn va) =
; Vrd

x E y(nAt,IAz)(m — I)(Az)? = f;’,;tm, 27

M—1

exp [—(m — )*(A2)*/d3]
f5,6(tnvzm) =
ZO: NEZE

X E; (nALIADAz = f{",  (28)

M—1 2 2/ 72
exp [—(m — )*(Az)*/d3]
f7(tnazm) =
; Vrds

x E,(nAt,IAZ)Ey(nAt,IAz)Az = 7",
(29)

M-l exp [—(m — l)2(Az)2/d32]

fS(tnaZm) =
; Vrds

+ EX(nAtIAD|m — (A2 = £, (30)

The substitution of these difference approximations into (23)
and (24) allows one to find the values of F . s(¢4+1,2m), and,
finally, to obtain the system of 2M nonlinear equations for
the electric field strength vector components E, y(t,11,2) =
EQ’J;“” from (25):

[E;(nAtL,IAz)

1,
Ditb" = Dx,y(thrl’Zm)

X,y

m n+1,0 n+1,1 n+l,s n+1,M—1
=) (EyOEN BT L E, ,
n+1,0 n+1,1 n+l,s n+1,M—1
EVLO BT BV LB ). (3D

In Eq. (31) and further index s takes values 0,1,2,...,
m,...,M —1, and the overall look of functions ¢)’Zy is
determined from (25) for each m [also taking into account
(26)-(30)].

In this algorithm in each step at the first stage one
determines the strength of the magnetic field at the time step
t, + At /2 from the strength of the electric field at the previous
time step #,,, and then the induction of the electric field D;‘f;l*’”
atthe time step 7, + At. Atthe final stage we solve the equation
system (31) by the iteration method of the Newton type, in
which at each step we find the next element of {E;’j;l’m}k

sequence, converging to the electric field strength E)’Zjl’m.

Numerical value of each {E)’ffyl""}k was found as a result of
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the solution of the following system of linear equations:

T, =

=D (B B
o N L
N e A IO

In Eq. (32) i,j = x,y, and we assume the summation by
the indices j and [ = 0,1,2,...,m,...,M — 1 which appear
twice in this expression. The elements of block matrix Ji;"l =

AP™ /3 E;.‘H'l having dimension 2M x 2M are calculated for

E"M = {E;?H‘l}k_l. If the medium parameters d; 3 are such

that max{d,;,ds;} is much less than the propagation path of the
pulse L, then Jl.';"l is a sparse matrix, in which the nonzero

elements number is of the order of max{d;,ds}L/(Az)*. In
this case for the solution of the linear algebraic equations (32)
and (33) we can use the generalized minimal residual method
(GMRES) [22].

C. Representation of results

It is well known that the polarization state of the monochro-
matic radiation can be wholly described by a set of four
independent quantities [23]. Apart from the Stokes parameters,
one is able to use the intensity / = A2 + Ai, the ellipticity
degree of the polarization ellipse M = 2A, A, sin A/(A2 +
Ai), the angle of orientation of the polarization ellipse
U = 0,5arctg[2A, Ays cos A /(A2 — A3)], and the parameter,
characterizing the orientation of the electric field vector at
fixed timing. In the formulas above A, , are the real-valued
amplitudes of harmonic (sinusoidal) oscillating Cartesian
components of the electric field strength vector; A is the
difference of their oscillation phases. Now different modifi-
cations of the SVEA are widely used for the description of the
propagation of long pulse. In this method A, , are treated as
slowly varying quantities with respect to changes of z and/or
t. In this case for the fixed time value, the spatial (or temporal)
distribution of the electric field in a pulse is attributed to
the set of a relatively big amount of the polarization ellipses
characterizing the polarization state of radiation in different
points in space (or at different moments in time). The ellipticity
degree M'(z,t) and the angle of orientation W’(z,r) for each of
these ellipses at certain z can be found by the same formulas
with A, ,(z,t) instead of A, , and A(z,t) instead of A. The
analysis of M'(z,t) and W'(z,1) gives us the information about
the polarization changes during pulse propagation.

When proceeding to the shorter pulses (including those
we call ultrashort, thus indicating several-oscillation pulses)
the ellipticity degree and the angle of orientation of the
polarization ellipse defined as above have no physical meaning.
This also concerns any other sets of four parameters, describing
the intensity and the polarization of the propagating radiation
in such a case, because we cannot average along the set
of almost identical ellipses as earlier. In the domain of
ultrashort pulses it would be correct to speak in terms
of the changes of modulus of the electric field strength

vector Ill/z(z,t)z(Ef(z,t)+E§(z,t))1/2 and the angle
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W(z,t) = arctg(E,/E,) it composes with the x axis of the
coordinate system. These two values wholly characterize the
propagating pulse. Additionally, one can define quantities
M(z,t) and W(z,t), which, at certain degree, can be treated
as M'(z,t) and W’'(z,t) defined for the slowly varying envelope
and will carry the information on the predominant orientation
of the electric field vector. It is necessary to provide that
these newly defined quantities M(z,¢) and W(z,¢) would tend
to M'(z,t) and W'(z,t) correspondingly when increasing the
duration of a pulse, and turned into M and W in the extreme
case of the plane monochromatic wave. The need for definition
of M(z,t) and W(z,t) is justified solely by the necessity of
the comparison of results obtained numerically in the present
work as E ,(z,t) with intensity and polarization data obtained
within the framework of SVEA for long pulses.

In the course of the solution of the one-dimensional problem
of pulse propagation in a medium with spatial dispersion of
cubic nonlinearity by the FDTD method it is reasonable to
define M(z,t) and W(z,t) as the following discrete functions
satisfying the abovementioned conditions:

212112 1) - L Gont) + Ty G 1)]/2

|M(sttn)| = = = -
Il (Zm»tn) + [Il (Zmatn) + Il (Zm-i—l’tn)]/z

)

(33)
Y (Zmstn) = —arctg[Ex(Zm,1n)/ Ey(Zm,tn)]- (34

These dependencies are defined only in a number of points
- 172 . .

2 = Zm, where I;""(z,,,1,) achieves local maximum value.
In Egs. (33) and (34) Z,, are the points of local minima of
Ill/z(zm,tn), numbered in such a way that z,, < Z,y < Zint1-
The sign of M(Z,,,t,) is determined by the direction of rotation
of the electric field vector. In the case of a relatively long
pulse the interpolation of M (Z,,,t,) and W (Z,,,t,) gives M'(z,t)
and W'(z,t). The definitions (33) and (34) also have some
limitation: it is meaningful to use them until the oscillations of
the electric field Cartesian components still can be considered
as something similar to harmonic oscillations (even for several-
oscillation pulses). Some examples will be discussed below.

III. THE DISCUSSION OF RESULTS

Let us consider elliptically polarized light pulse with the
Gaussian envelope, which propagates in vacuum towards the
plane boundary z = 0 of the medium with frequency dis-
persion and spatial dispersion of cubic nonlinearity (medium
symmetry group 00oco). We assume that at t = 0 the Cartesian
components of the electric field in the pulse do not depend on
x and y and are expressed by the following formulas:

1/2 _ 2
E.(z,t=0) = <% (l—,/l—M%)) exp (—%)
0

x sign(Mo) - sin (@) , (35)
Pl v (z — z0)’
Ey(z,t =0) = (T <1 +m>) exp <—T>
0
27 (z — 20)
0S (T) s (36)
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where A is the wavelength in vacuum corresponding to the
central frequency of the spectrum of the incident pulse. For
relatively big values of wy in E, ,(z,t), the terms standing
before sine in Eq. (35) and cosine in Eq. (36) can be treated
as slowly varying envelopes. In this case the dimensionless
intensity / = (E)% + E)z,)/ I achieves its maximum value P in
z = z0. Using (33) and (34) it is easy to show that for all values
of z and ¢ the incident pulse has the ellipticity degree of the
polarization ellipse, which is equal to M, and the main axis
of the polarization ellipse is parallel to the y axis (we always
can choose the coordinate axes in such a way for a medium
with cooo symmetry).

A. Medium with local optical response

Comparison with SVEA for the long pulses. As in
Refs. [17,18], we consider a value of @ equal to 8.61 x
10" rad s~! (A & 2.19 um), which means that for wg = 100A
the effective duration of the pulse in vacuum is 730 fs.
Let us assume that at t+ = 0 the maximum of the intensity
of the elliptically polarized pulse (Mo = 0.1) is located at
400 wavelength distance from the medium border, and the
medium is described by the following parameters: ¢, = 5.25,
oo = 2.25, 8o = 1.64 x 107w, wy = 0.460w, 171 = 10.5/w
(~12.2 fs), 15 = 27.6/w (~32 fs), which are analogous to
those used in Refs. [17,18]. Within the SVEA the self-action
of the long pulse, in which the spectrum does not cover
the resonance frequencies of the isotropic nonlinear medium
response, will be affected only by two components of tensor
2@ (see, for example, [5]; p. 1362): XS,)XV =a+ b3;(0) +
(83(0) + 832w)) and x&) = a + bg;(2w) + 2¢&3(0). For
purely Kerr nonlinearity (b = ¢ = 0) the following takes place
X%y = x5+ And for a purely Raman nonlinear response
(a =0), Xg)xy/ x)(;)}\ depends on b, c, 11, T, and w. Different
mechanisms of nonlinearity (Kerr or Raman) identically affect
propagation of the pulse in terms of SVEA, if they yield the
same values of 3 and x ), . Let us check whether the same
statement is true within the framework of our model.

Figure 1 shows the z dependencies of the intensity (a) and
the intensity-dependent angle of rotation of the polarization
ellipse (b) for the pulse traversed about 200 wavelengths
in a medium without spatial dispersion (y;3 =0, d; 3 = 0),
which were calculated in the present work by means of the
algorithm described above. This distance is much less than
the dispersion length of the pulse under consideration for the
chosen values of linear optical response parameters. Therefore,
the influence of linear optical response on the intensity profile
of the propagating pulse in this case can be neglected.

Solid lines in Fig. 1 correspond to a =2 x 107* x I(;l,
b =0, ¢ =0, dashed lines correspond to a =0, b =1 x
1074 x 10_1, c=1x10"*x Io_l. These values of a, b, and
¢ characterizing the cubic nonlinearity of the medium are
chosen in such a way that their substitution in Eq. (11) and
subsequent calculation of Xi(fr)nn(w; w1,w2,w3) [which presents
in Eq. (6)] for given 1; and 1, (chosen above) would yield
equal values for Xsc)yy(a); —w,w,w) and Xg)xy(w; —0,0,0).
But in the first case this will be achieved solely by the Kerr
contribution to the nonlinear response, while in the second
case this will be a purely Raman (retarded) response without
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FIG. 1. The dependencies of the intensity / (a) and the angle
of polarization ellipse rotation W (b) on the propagation coordinate
z/A for the pulse traversed approximately 200 wavelengths in the
nonlinear medium. The medium parameters are as follows: g, = 5.25,
o0 = 2.25, Y= 0,d; =0,8 =1.64 x 1075(1), wy = 0.46w, Y13 =
0,d13=0,71 =10.5/w, 1 =27.6/w;a =2 x 1074 x I(;l, b=0,
¢ = 0 (for solid-line dependencies) anda =0, b =1 x 10™* x Iy !
c=1x10"*x I ! (for dashed-line dependencies). The parameters
of the incident pulse in accordance with the formulas (35) and (36)
are as follows: wy = 100A, My =0.1, P =0.1 (1); P =0.25 (2);
P=05@3);P=14);P=2().

“instant” nonlinearity. Lines 1-5 in this figure correspond to
the values of P = 0.1,0.25,0.5,1,2.

The almost complete coincidence of solid and dashed lines
in Fig. 1 testifies to the weakness of the influence of frequency
dispersion of cubic nonlinearity on the effect of polarization
ellipse self-rotation for given values of intensity and duration
of the incident pulse. After traversing some hundreds of
wavelengths in a medium, the shape of the propagating
pulse practically does not change, the ellipticity degree of
its polarization ellipse is constant, and the z dependence of
the angle of rotation of the polarization ellipse [Fig. 1(b)]
replicates the shape of the intensity profile /(z/A) [Fig. 1(a)]
(the difference between these two dependencies becomes

PHYSICAL REVIEW E 89, 013306 (2014)

visible for P = 2 and higher input intensities). This testifies
direct proportionality of W(z/X) to 1(z/X) in this case.

In order to validate our model of nonlocal and nonlinear
response of the medium, we have performed a number
of numerical simulations in a broad range of parameters
of the nonlinear medium for the long pulses (hundreds of
wavelengths) and for the small values of the intensity of the
incident radiation. Changing the parameters /y and M,, we
have tracked the value of the rotation angle of the polarization
ellipse in the peak of the propagating pulse. We established
that these values of the rotation angle are directly proportional
to Iy and M. At that, the rotation does not occur if My = 0.
Such a dependence of W on My and I is wholly in accordance
with the plane-wave polarization ellipse rotation in isotropic
medium with cubic nonlinearity predicted in Ref. [3]. In the
latter case the angle of rotation was found to behave as the
following: W ~ x &), (: —w,w,w)Mo P Ioz.

For the bigger intensities of the incident radiation, unlike in
Fig. 1, there occurs change of shape of the temporal envelope
of the propagating laser pulse owing to the nonlinear optical
response of the medium. In addition, the polarization ellipse
rotation angle dependence on the propagation coordinate
changes its character.

In Fig. 2 we compare the difference between the instant
(Kerr) and retarded (Raman) nonlinear response in the same
way as in Figs. 1(a) and 1(b), but for bigger values of
intensity. For P ~ 10, Kerr [Fig. 2(a)] and Raman [Fig. 2(b)]
nonlinearity mechanisms yielding the same values of Xg)w
and x%),,, give different z dependencies of the intensity
(solid lines), ellipticity degree (dashed lines), and the angle
of rotation of the polarization ellipse (dotted lines) in the
laser pulse traversed about 200 wavelengths in a medium.
For such big intensities this difference is caused by the strong
broadening of the spectrum of the pulse, which also makes
unjustified the SVEA in this case (predicting similar behavior).
In addition, the abrupt changes of I, M, and W indicate that the
SVEA may give wrong results even in the case of propagation
of relatively long pulses.

B. Medium with nonlocality of nonlinear optical response

Comparison with SVEA for the long pulses. The effects
caused by the nonlocality of the /inear optical response were
discussed in Ref. [18] in detail. In the present work, in order
to demonstrate how the polarization plane rotation occurs,
caused solely by the spatial dispersion of cubic nonlinearity,
we use y; = 0 and d; = 0 for the example shown in Fig. 3.
There one can see the z dependencies of the intensity (solid
lines), the ellipticity degree (dashed lines), and the angle of
orientation of the polarization ellipse (dotted lines) for the
long pulse traversed in a medium about 600 wavelengths. The
curve W(z/A) practically replicates 7(z/X). The maximum
of W(z/A) appears to be shifted in the direction of pulse
propagation [relatively to the intensity maximum—TFig. 3(a)].
This is due to the fact that for the given period of time
the front part of the pulse traverses in a medium more than
the backward part of the pulse (which enters the medium
some periods of oscillation later), thus experiencing stronger
polarization rotation than the backward part. The increase of
the distance traversed in a medium makes closer the maxima
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FIG. 2. The dependencies of the intensity /(z/A) (solid lines),
the ellipticity degree M(z/A) (dashed lines), and the angle of rotation
of the polarization ellipse W(z/A) (dotted lines) on the propagation
coordinate z/A for the pulse traversed approximately 200 wavelengths
in the nonlinear medium, P = 10 and a =2 x 10™* x I(;l, b=0,
c=0@;a=0b=1x10"*xI;',c=1x 10" x I;* (b). The
other parameters of the medium and the pulse are the same as in
Fig. 1.

of the intensity and the polarization plane rotation angle. The
pulse, which was linearly polarized at the beginning, now
becomes elliptically polarized, and its front and backward parts
have the ellipticity degree of opposite signs (opposite sense of
polarization rotation). This is caused by the opposite signs of
the intensity-dependent contributions to the effective refraction
indices for the circularly polarized components of the electric
field in a medium with spatial dispersion. In particular, this
results in the difference of the group velocities of the circularly
polarized components. If x{) is small, then the sense of
rotation is the same in the front and in the backward parts of
the pulse [see Fig. 3(a)]. The increase of the Xﬁ)}} (at fixed
y3) results in the asymmetric dependence of W(z /1) relatively
to the center of the propagating long pulse [see Fig. 3(b)].
In this case its front and backward parts have the opposite
sense of rotation of the electric field vector. When shortening
the duration of the incident pulse, the dependencies 1(z/A),
M(z/\), and W(z/X) become even more sophisticated. This
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FIG. 3. The dependencies of the intensity /(z/)) (solid lines),
the ellipticity degree M (z/X) (dashed lines), and the angle of rotation
of the polarization ellipse W(z/)) (dotted lines) on the propagation
coordinate z /X for the pulse traversed approximately 600 wavelengths
in nonlinear medium. The intensity of the incident pulse is P =1,
its longitudinal half width (corresponding to the effective duration)
is wy = 3002, and the ellipticity degree is M, = 0. The nonlinear
medium parameters are ;3 = 0.1 x (Aly) ™!, d3 = 0.051,a =0,b =
c=2x10"°xI;' (@ and b=c =2 x 107* x I;' (b); the other
parameters of the medium and the pulse are the same as in Fig. 1. The
increase of the x ¥ (at fixed y3) in (b) (by means of the increase of

xXXyy

b and c) results in the asymmetric dependence of W(z/A).

effect is especially strong if wy is of the order of ct,. The value
of the angle of rotation of the polarization ellipse in the peak of
the propagating pulse appears to be directly proportional to P
(initial intensity) in a broad range of parameters of the radiation
and medium with spatial dispersion of cubic nonlinearity,
which is in accordance with the “classic” theory [1]. And,
as was expected, the rotation of the polarization plane does
not take place if 3 = 0 ord; = 0.

C. Propagation of ultrashort pulses in a medium
with nonlocality of nonlinear optical response

When considering the ultrashort (several-oscillation) pulses
the dispersion length calculated from the parameters of the
linear response of the medium is about tens of wavelengths.
Owing to the nonlinearity of the medium and to the nonlocality
of its linear and nonlinear response, the propagating pulse,
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FIG. 4. The hodograph of the electric field strength vector for the pulse traversed 40 wavelengths in the nonlinear medium, P = 2.5 (a) and

P =5 (b). The half width of the incident pulse is five wavelengths. The nonlinear medium parameters are y; =
3 x 10_1; the other parameters are the same as in Fig. 1.

a=0,b=c=10

which was linearly polarized at the medium border acquires
an orthogonal polarization component during the propagation.
In this case it is more convenient to represent the changes of
the E; and E, by the hodograph of the electric field vector
rather than by the conventionally defined in Egs. (33) and (34)
M (z/A) and W(z/)) quantities, because in some fragments of
the propagating pulse the changes of its Cartesian components
cannot be treated as similar (even roughly) to the harmonic
oscillations. The hodograph can be represented as a curve in the
space of parameters E. = E, /(PIy)'/?, E, = E),/(PIO)I/Z,
and z, traced by the end of the electric field vector. The
example of such a hodograph is shown in Fig. 4 for the pulse
with initial half width of five wavelengths after traversing
in a medium 40 wavelengths with P =2.5 (a) and P =5
(b). The line projected to the plane E; = const represents
the dependence E;(z /A), and the line projected to the plane
E ; = const represents the dependence E.(z/A). It can be seen
that the increase of the initial intensity results in the increase
of the orthogonal polarization component. The hodograph
looks like a deformed helix with changing radius, and its axis
coincides with the z axis. In this case it is not possible to
discuss the polarization state of light.

In a number of cases the helicity of the hodograph changes
along the pulse (for example, from right to left, or vice versa),
which reflects the change of the sense of rotation of the electric
field vector. Such a case is well illustrated in Fig. 5, where the
fragmentation of the pulse into two parts occurred, and the
senses of rotation of the electric field vector within these parts
are opposite.

If one considers the medium without spatial dispersion,
when the hodographs of the electric field vector in the
propagating pulses with initial values of polarization ellipse
ellipticity degree —M, and M,, as it was expected, are
absolutely reflection symmetric with respect to one another
relatively to the plane yz, because the optical properties of such
a medium are identical for right- and left-handed circularly
polarized components of light. In the presence of nonlocality
of the nonlinear optical response of the medium ultrashort

—0.1 x (AIp)~", ds = 0.052,

pulse with initial ellipticity degree M, of the same sign as
- Xxxyy(a) —w,w,w), rotates faster than in vacuum, and the
pulse with the opposite sign of the ellipticity degree —M,
rotates slower. Thus, various regimes of pulse propagation can
take place depending on the relations between the quantities
My, a, b, c, and y;. The hodographs of two pulses with
initial ellipticities My and —M, may rotate either in the
same direction or in opposite directions with different rates of
rotation (see Fig. 6) depending on the parameters of medium.
Under certain conditions there can be realized the situation,
when the hodograph of one pulse is rotating, and the hodograph
of another almost does not rotate.

Our numerical investigations have shown that the pulse
possessing initially circular polarization maintains its polar-
ization state during the propagation in a medium with spatial

i {?‘1
“iv%/?/“‘

%W

FIG. 5. The hodograph of the electric field strength vector for the
pulse with peak intensity P = 5 and half width of five wavelengths
after traversing 40 wavelengths in a medium with spatial dispersion

of nonlinearity. Here b = ¢ = 107* x I ! the other parameters are

the same as in Fig. 4.
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FIG. 6. The hodograph of the electric field strength vector for the pulse with peak intensity P = 1, half width of five wavelengths and the

ellipticity degree M, = 0.25 (a) and M, =

—0.25 (b) after traversing 40 wavelengths in a medium with spatial dispersion of nonlinearity. Here

b =c=0.0025 x 10_1, ys = 0, and ds = 0; the other parameters are the same as in Fig. 3.

dispersion of cubic nonlinearity. The same result is given
by the slowly varying envelopes method. The nonzero value
of y3 provides nonlinear circular dichroism, also predicted
by the slowly varying envelopes method, which is the
intensity-dependent difference of the absorption lengths for
the circularly polarized components of the light field with
opposite rotation directions. The latter is illustrated by Fig. 7,
where the hodographs of the electric field vectors for pulses
with My = 1 (a) and My = —1 (b) are shown. It can be seen
that for a distance of 40 wavelengths in a medium with spatial
dispersion the absorption for the pulse with My = —1 (b) is
remarkably stronger than that for a pulse with My = 1 (a).

IV. CONCLUSION

In the present work, we propose the model of the nonlocal
and nonlinear optical response of the medium with frequency

1.0

"

0.5 : \‘ ‘\MM

E' 00

(a) -

dispersion, allowing one to formulate the material equations
without the requirement of smallness of characteristic dimen-
sion scale of the nonlocality and without the limitations on the
duration of the propagating pulse. The modification of FDTD
with ADE was used for the description of the propagation
of elliptically polarized pulses of arbitrary duration in such a
medium. For relatively long pulses the results of the numerical
analysis coincide with those obtained analogously within the
SVEA. For the ultrashort pulses (containing about 10 or less
oscillations of the electric field vector) the results of our
numerical simulations significantly differ from those predicted
by the SVEA, particularly, from the analytic expressions for
the intensity-dependent ellipticity degree and the angle of
rotation of the polarization ellipse in the case of propagation
of monochromatic radiation. For this case we define new
conventional conceptions of the ellipticity degree and the angle
of rotation of the polarization ellipse, since the conception

—T T T
I \‘

|
! \H'M“ ~—

{itLe
|

(b) <

FIG. 7. The hodograph of the electric field strength vector for the circularly polarized pulse with peak intensity P = 2.5, half width of five

wavelengths, and the ellipticity degree My = 1 (a) and M, =
nonlinearity. The medium parameters are the same as in Fig. 4.

—1 (b), after traversing 40 wavelengths in a medium with spatial dispersion of
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of the polarization state is only valid for monochromatic
or quasimonochromatic (long enough) pulses. However, in
certain cases, when the changes of the Cartesian components
of the electric field in the propagating ultrashort pulse cannot
be approximated (even roughly) by the harmonic oscillations,
then it is rather correct to discuss the changes of the modulus
of the electric field strength vector and its orientation. It
is more convenient to analyze E, and E, by means of
the hodograph of the electric field vector. The relations
between the polarization parameters of the incident pulse and

PHYSICAL REVIEW E 89, 013306 (2014)

the medium parameters determine the scenario of the pulse
evolution.

ACKNOWLEDGMENTS

We acknowledge financial support from the Russian Foun-
dation for Basic Research (Grants No. 12-02-31691 and No.
13-02-00324) and the support from a grant of the President of
the Russian Federation for state support of leading scientific
schools (Grant No. NSh-3796.2014.2).

[1] S. A. Akhmanov and V. 1. Zharikov, JETP Lett. 6, 137 (1967).
[2] A. 1. Kovrighin, D. V. Yakovlev, B. V. Zhdanov, and N. L
Zheludev, Opt. Comm. 35, 92 (1980).
[3] P. Maker, R. Terhune, and S. M. Savage, Phys. Rev. Lett. 12,
507 (1964).
[4] S. A. Akhmanov, B. V. Zhdanov, N. I. Zheludev, A. I. Kovrigin,
and V. 1. Kuznetsov, JETP Lett. 29, 264 (1979).
[5] S. A. Akhmanov, G. A. Lyakhov, V. A. Makarov, and V. L.
Zharikov, Optica Acta 29, 1359 (1982).
[6] N.I.Zheludev, A. D. Petrenko, Y. P. Svirko, and G. S. Filippova,
Izv. Akad. Nauk SSSR Ser. Fiz. 48, 603 (1984) (in Russian).
[71 M. V. Tratnik and J. E. Sipe, Phys. Rev. A 35, 2965
(1987).
[8] P. Unsbo and C. Flytzanis, J. Opt. Soc. Am. B 14, 560 (1997).
[9] A. A. Golubkov and V. A. Makarov, J. Mod. Opt. 37, 1531
(1990).
[10] M. Ren, E. Plum, J. Xu, and N. I. Zheludev, Nat. Commun. 3,
833 (2012).
[11] S. Stagira, E. Priori, G. Sansone, M. Nisoli, S. De Silvestri, and
Ch. Gadermaier, Phys. Rev. A 66, 033810 (2002).
[12] A. Taflove, Wave Motion 10, 547 (1988).
[13] R. Holland, L. Simpson, and K. S. Kunz, IEEE Trans. Electro-
magn. Compat. EMC-22, 203 (1980).

[14] A. Taflove and M. E. Brodwin, IEEE Trans. Microwave Theory
Tech. 23, 888 (1975).

[15] K. S. Kunz and K. M. Lee, IEEE Trans. Electromagn. Compat.
EMC-20, 328 (1978).

[16] R. J. Luebbers, F. Hunsberger, K. S. Kunz, R. B. Standler, and
M. Schneider, IEEE Trans. Electromagn. Compat. 32, 222
(1990).

[17] R. M. Joseph, S. C. Hagness, and A. Taflove, Opt. Lett. 16, 1412
(1991).

[18] N. N. Potravkin, I. A. Perezhogin, and V. A. Makarov, Phys.
Rev. E 86, 056706 (2012).

[19] S. V. Popov, Yu. P. Svirko, and N. 1. Zheludev, Susceptibility
Tensors for Nonlinear Optics (Institute of Physics Publishers,
Bristol and Philadelphia, 1995).

[20] A. A. Golubkov and V. A. Makarov, Phys. Usp. 38, 325
(1995).

[21] V. M. Agranovich and V. L. Ginzburg, Spatial Dispersion in
Crystal Optics and the Theory of Excitons (Wiley-Interscience,
New York, 1966).

[22] Y. Saad and M. H. Schultz, SIAM J. Sci. Stat. Comput. 7, 856
(1986).

[23] M. Born and E. Wolf, Principles of Optics (Pergamon Press,
Oxford, 1964).

013306-11


http://dx.doi.org/10.1016/0030-4018(80)90366-1
http://dx.doi.org/10.1016/0030-4018(80)90366-1
http://dx.doi.org/10.1016/0030-4018(80)90366-1
http://dx.doi.org/10.1016/0030-4018(80)90366-1
http://dx.doi.org/10.1103/PhysRevLett.12.507
http://dx.doi.org/10.1103/PhysRevLett.12.507
http://dx.doi.org/10.1103/PhysRevLett.12.507
http://dx.doi.org/10.1103/PhysRevLett.12.507
http://dx.doi.org/10.1080/713820767
http://dx.doi.org/10.1080/713820767
http://dx.doi.org/10.1080/713820767
http://dx.doi.org/10.1080/713820767
http://dx.doi.org/10.1103/PhysRevA.35.2965
http://dx.doi.org/10.1103/PhysRevA.35.2965
http://dx.doi.org/10.1103/PhysRevA.35.2965
http://dx.doi.org/10.1103/PhysRevA.35.2965
http://dx.doi.org/10.1364/JOSAB.14.000560
http://dx.doi.org/10.1364/JOSAB.14.000560
http://dx.doi.org/10.1364/JOSAB.14.000560
http://dx.doi.org/10.1364/JOSAB.14.000560
http://dx.doi.org/10.1080/09500349014551711
http://dx.doi.org/10.1080/09500349014551711
http://dx.doi.org/10.1080/09500349014551711
http://dx.doi.org/10.1080/09500349014551711
http://dx.doi.org/10.1038/ncomms1805
http://dx.doi.org/10.1038/ncomms1805
http://dx.doi.org/10.1038/ncomms1805
http://dx.doi.org/10.1038/ncomms1805
http://dx.doi.org/10.1103/PhysRevA.66.033810
http://dx.doi.org/10.1103/PhysRevA.66.033810
http://dx.doi.org/10.1103/PhysRevA.66.033810
http://dx.doi.org/10.1103/PhysRevA.66.033810
http://dx.doi.org/10.1016/0165-2125(88)90012-1
http://dx.doi.org/10.1016/0165-2125(88)90012-1
http://dx.doi.org/10.1016/0165-2125(88)90012-1
http://dx.doi.org/10.1016/0165-2125(88)90012-1
http://dx.doi.org/10.1109/TEMC.1980.303880
http://dx.doi.org/10.1109/TEMC.1980.303880
http://dx.doi.org/10.1109/TEMC.1980.303880
http://dx.doi.org/10.1109/TEMC.1980.303880
http://dx.doi.org/10.1109/TMTT.1975.1128708
http://dx.doi.org/10.1109/TMTT.1975.1128708
http://dx.doi.org/10.1109/TMTT.1975.1128708
http://dx.doi.org/10.1109/TMTT.1975.1128708
http://dx.doi.org/10.1109/TEMC.1978.303726
http://dx.doi.org/10.1109/TEMC.1978.303726
http://dx.doi.org/10.1109/TEMC.1978.303726
http://dx.doi.org/10.1109/TEMC.1978.303726
http://dx.doi.org/10.1109/15.57116
http://dx.doi.org/10.1109/15.57116
http://dx.doi.org/10.1109/15.57116
http://dx.doi.org/10.1109/15.57116
http://dx.doi.org/10.1364/OL.16.001412
http://dx.doi.org/10.1364/OL.16.001412
http://dx.doi.org/10.1364/OL.16.001412
http://dx.doi.org/10.1364/OL.16.001412
http://dx.doi.org/10.1103/PhysRevE.86.056706
http://dx.doi.org/10.1103/PhysRevE.86.056706
http://dx.doi.org/10.1103/PhysRevE.86.056706
http://dx.doi.org/10.1103/PhysRevE.86.056706
http://dx.doi.org/10.1070/PU1995v038n03ABEH000078
http://dx.doi.org/10.1070/PU1995v038n03ABEH000078
http://dx.doi.org/10.1070/PU1995v038n03ABEH000078
http://dx.doi.org/10.1070/PU1995v038n03ABEH000078
http://dx.doi.org/10.1137/0907058
http://dx.doi.org/10.1137/0907058
http://dx.doi.org/10.1137/0907058
http://dx.doi.org/10.1137/0907058



