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We consider the propagation of ultrashort solitons in noncentrosymmetric quadratically nonlinear optical media
described by a general Hamiltonian of multilevel atoms. We use a long-wave approximation to derive a coupled
system of Korteweg—de Vries equations describing ultrashort soliton evolution in such materials. This model was
derived by using a rigorous application of the reductive perturbation formalism (multiscale analysis). The study
of linear eigenpolarizations in the degenerate case and the corresponding formation of half-cycle solitons from

few-cycle-pulse inputs are also presented.

DOI: 10.1103/PhysRevA.85.053826

I. INTRODUCTION

Ultrashort pulses with durations of only a few periods of
the optical radiation have become intensively used in the past
decade in many important problems of dynamics of nonlinear
optical waves since the seminal works performed in 1999
[1]. Such few-cycle pulses [2,3] find applications in a wide
variety of research areas such as light-matter interactions at
high field intensities, high-order harmonic generation, extreme
nonlinear optics [4], and attosecond physics [5,6]; see also
a recent special issue dedicated to the 10th anniversary
of the generation of both attosecond pulse trains and of
isolated attosecond pulses [7] using high-harmonic generation
processes [8].

In parallel to the fast experimental progress in the study of
the formation of few-cycle pulses (FCPs) in nonlinear optical
media new theoretical approaches to model their propagation
in a lot of physical settings were developed. It is to be
noticed that three classes of main dynamical models for FCPs
have been put forward in the past years: (i) the quantum
approach [9-12], (ii) the refinements within the framework
of slowly varying envelope approximation (SVEA) of the
nonlinear Schrodinger-type envelope equations [13-20], and
the non-SVEA models [21-35]. It was therefore found in
these earlier studies that the propagation of FCPs in Kerr-type
nonlinear optical media can be described beyond the SVEA
by using the modified Korteweg—de Vries (mKdV) [27,28],
sine-Gordon (sG) [29,30], or mKdV-sG equations [31-33].
It is to be noticed that the mKdV and sG equations are
completely integrable by means of the inverse scattering
transform method [36,37], whereas the mKdV-sG equation
is completely integrable only if some condition between its
coefficients is satisfied [38,39].

We also mention other relevant recent works on the
formation and dynamics of few-cycle pulses in a variety of
physical settings: the propagation and interaction of extremely
short electromagnetic pulses in quadratic nonlinear media
[40-42], the study of few-cycle light bullets created by
femtosecond filaments [43], the investigation of ultrashort
spatiotemporal optical solitons in quadratic nonlinear media
[44], the ultrashort spatiotemporal optical pulse propagation
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in cubic media without the use of the slowly varying envelope
approximation [45,46], the possibility of generating few-cycle
dissipative optical solitons [47,48], the generation of unipolar
pulses from nonunipolar optical pulses in quadratic nonlinear
media [49], and the existence of guided optical solitons of
femtosecond duration and nanoscopic mode area [50].

Other recent relevant studies deal with the problem of
ultrafast pulse propagation in mode-locked laser cavities in the
few femtosecond pulse regime and the derivation of a master
mode-locking equation for ultrashort pulses [51]. Also, a
recent theoretical work presents a class of few-cycle elliptically
polarized solitary waves in isotropic Kerr media [52]. More-
over, robust circularly polarized few-optical-cycle solitons in
Kerr media in both long-wave and short-wave approximation
regimes were also studied in recent papers [53-55].

It is to be mentioned that most of theoretical investigations
concern only FCPs propagating in nonlinear optical media de-
scribed by a Hamiltonian related to two-level atoms. However,
in arecent work [56] we extended the existing studies to a more
general physical situation when we considered a multilevel
system in the framework of the reductive perturbation method
(multiscale analysis) [57]. In Ref. [56] we gave a detailed
mathematical derivation of the mKdV equation for a general
Hamiltonian. We assumed that the absorption spectrum of
the nonlinear medium does not extend below some cutoff
frequency, and that the typical frequency of the FCP is much
less than the latter. In other words, we assumed that the
transparency range of the medium is very large, and we
considered only the frequencies located in the ultraviolet
spectral domain and further; thus a nonlinear cubic (Kerr-like)
medium which has no transition in the infrared was actually
described in Ref. [56].

It is well known that nonlinear propagation of few-optical-
cycle pulses in quadratic nonlinear optical media can be
described by means of a KdV model, which can be derived
in a rigorous way by means of the reductive perturbation (or
multiple scales) method, either from a quantum mechanical
two-level model with a nonzero dipolar momentum in the
excited state, or from a classical model of anharmonic
oscillators [42].

©2012 American Physical Society
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In the present work we intend to give a detailed mathe-
matical derivation of the coupled KdV equations describing
ultrashort soliton propagation in quadratic nonlinear media by
considering a general Hamiltonian for multilevel atoms. We
thus assume that the absorption spectrum of the medium does
not extend below some cutoff frequency, and that the typical
frequency of the FCP is much less than the latter. We therefore
consider that the transparency range of the medium is very
large, and we take into account only the frequencies located in
the ultraviolet domain and further. The effect of the infrared
transitions, which yield a sG model in the case of two-level
atoms and cubic nonlinearity, will be considered in a further
study.

This paper is organized as follows: In the next section we
present in detail the governing Heisenberg equations for the
density matrix p in the case of the most general Hamiltonian for
multilevel atoms and we analyze the corresponding Maxwell
wave equations. We consider the case of quadratic nonlinear
media (i.e., we assume a noncentrosymmetric material with
a nonvanishing second-order susceptibility x®). We work in
the so-called long-wave regime and we perform the multiscale
analysis [57] order by order. In Sec. III we analyze in detail the
nondegenerate case (i.e., we assume that the two values of the
refractive indices are distinct). Then, in Sec. IV we consider
the degenerate case, i.e., we consider that the two possible
linear polarizations propagating in the direction defined by
the z axis have the same refractive index n. In the particular
case when the propagation axis z is one of the eigenaxes of the
medium, the degeneracy conditions imply that the crystal is
uniaxial and the optical axis is the propagation one. The study
of linear eigenpolarizations in the degenerate case and the
corresponding formation of half-cycle solitons from few-cycle
inputs are given in Sec. V. Finally, in Sec. VI we present our
conclusions.

II. STARTING GOVERNING EQUATIONS AND
MULTISCALE ANALYSIS

We consider a set of atoms described by a very general
Hamiltonian:

w, 0 - 0

. 0 wy -+ -

Ay =h . (1)
0 - - wy

The evolution of the density matrix p is governed by the
Heisenberg equation

ind,p = [H.p]. 2)
in which the total Hamiltonian
A=H [ E 3)

includes a term accounting for the coupling between the
electric field E and the atoms through a dipolar momentum
operator it = (u*,”,14%), in which the matrices

nt = (I’Lzm)(mn)e[l,N] S

are Hermitian (i.e., u, = u%.*, where the star denotes the
complex conjugate), and @ = x, y, z.
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The evolution of the electric field is governed by the
Maxwell wave equation
aos oo o 1 ,(= 1=
VE-V(V-E)= S0 \E+—P], 5)
C €0

in which V is the gradient operator, and the polarization density
P is expressed as

P = NTr(pji). (6)

We consider a quadratic nonlinearity; that is, we assume that
the material is noncentrosymmetric, so that the second-order
susceptibility x® does not vanish.

We introduce the slow variables

z
t:s(t—v), 7

¢ =¢’t, ®)

so that
3 = ¢€0,, 9)
3, = —%ar + 63, (10)

The electric field E, the polarization density P and the
density matrix p are expanded in a power series of some small
parameter ¢ as [57]

E=Y e"E,= &(up.vpw)), (11)
p=2 p=2
P :Zepﬁp :ZSP(PP,QP,R,;), (12)
p=>2 p=>2
p= Zgﬂp(P)' (13)
p=0
A. Order 0
The Heisenberg equation (2) at order &° is
0 = [Ho.p"l. (14)
and since
([HOvp])mn = thn;Omna (15)
in which we have set
an = Wy — Wy, (16)

it yields ,0,(,?,2 =0form #n(mmn=12,...,N).

B. Order 1
The Heisenberg equation (2) at order &' is
ihd.p* = [Ho.p"1. a7
Using Eq. (15) into Eq. (17), we obtain the equations
ind, p =0 (18)
and
ind. p° = —1Q, o) (19)
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for m # n. Consequently, p{) =0 for m # n, while the

mn
diagonal terms p'% are constant.

C. Order 2
The Heisenberg equation (2) at order & is
ihdep" = [Ho,p™1 = Ez - [fi, 0. (20)
Since
N
A oD =Y (HeyPon — Py 1A%, - 1)

v=1

and using (15), we obtain the equations

N
. 1 2 0 0
ihd. Pl = AQuaply — 2 Y (113,05 — Piis3,)
v=1
N
y 0 0
— Z (Mf)nvp\()n) - p;(nzl’l“l}:n)
v=1

N
0 0),,z
—w2 D (o) — Pl (22)
v=1
form # n and

N
iRl = — 12 ) (Inn — Pinm)
n=1

N
-2 Z (Mi’lnp:l(:gl - pfnogt/"l’ﬁm)
n=1

N
—wy Y (uepl — pOs,) . (23)
n=1

The off-diagonal components of both p® and p" being zero,
Eq. (22) reduces to

® ( 0 _ p(O) ) ' .
Pon = o (U, + V21, + W2lS,,) s (24)
hQWH’l
while Eq. (23) shows that the diagonal components p{)
should be constant. We assume that p© tends to its thermal
equilibrium value, and all p? with p > 1 tend to zero, at
infinity, and consequently p{)) = 0 for any m.
The polarization density Pis given by Eq. (6), which yields
at order &2

Py=ND o\ thn: (25)

The diagonal terms p? are zero. This point will be presented
below with the third order for the sake of clarity, but can be
derived now, and the sum in Eq. (25) extends on m # n only.
Then, using the results of order 1, we get

P,=N Z (MZIU“;CLm + U2I-’LZm + U)2/.,L’Zlm) (107(1221 — 'Oigt(r)z)) .
’ hQnm Mmil’
nm
(26)
etc., which can be rewritten as
Py =eox'V - Es, Q27)
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where x (! is the linear susceptibility tensor given by

B
N Z o
a1 _ o _ 0 nmtmn
Xaﬂ - th (pmm pnn) Qnm ’ (28)

nm

where «, B = x, y, z. Equation (28) is worth being compared
to the known expression of the linear susceptibility, which is
(Eq. 3.5.15, p. 163 of Ref. [58])

N
X @) = 223 (o0, )

nm

Mgmﬂfm
(Qnm - a)) - lynm .
(29)

Here we neglect the damping (i.e., Y, = 0) and, due to the
long-wave approximation, the susceptibility must be evaluated
as w tends to zero. Then Eq. (28) coincides with Eq. (29).

Now let us consider the Maxwell wave equation (5) at the
leading order &*:

1, 1., 1
Waruz = ?a’ M2~|—%P2 5 (30)
iazv —132 v +iQ (31)
2o 2 = 2% 2 . 2],

1., 1

By substituting Eq. (27) into Egs. (30)—(32) we get, after two
integrations with respect to 7,

n*uy = ur+ (xWVuz + xGv2 + xDws) (33)
n2v2 = U+ (X}(,L)uz + X)(,;)Uz + X;?u&) s (34)
0 = wa+ (xYuz + xJv2 + x{Pwn) (35)

where n = ¢/ V is the refractive index. Equation (35) has the
solution

Wy = —Syutz — Syv2, (36)
where we have set
(H
S, = KL@) 37)
I+ xzz
for « = x,y. Then Egs. (33) and (34) become
(1 —n® + xiuz + xiyv2 =0, (38)
Xuyttz + (L =n® + 5 Jus =0, (39)

in which we have set

1., 1
ro_ LM thzz)xﬁz
Xap = Xap Ok
I+ xzz

(40)
for a, B = x, y. Recall that the tensor ‘! is real symmetrical,

then the system (38), (39) has a nonzero solution if

(=122 + (1= D)X + X)) + Ko Xy — Xiy = 0.
(41)
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The discriminant of this second-order polynomial equation for
(1 — n?) reduces to

2

A= = X0 +4x0,7 (42)
and consequently there are always two real solutions, and two
distinct values of the refractive index n, except if x;, = xy,
and X,/(y = 0 [this analysis proves that (1 —n?) is real but

the condition (1 — n?) < 0, which must be satisfied in real
materials for physical reasons, does not follow from it].

III. NONDEGENERATE CASE

Let us assume that the two values of the refractive index n
are distinct. According to Egs. (38) and (39), the two values
of (n?2 — 1) are the eigenvalues of the matrix

Xex Xy
Xy Xy )’

which is a real symmetrical one and consequently admits
orthogonal real eigenvectors. The mapping in the space which
maps the axes x and y to the eigenaxes and leaves z unchanged
is a rotation around the z axis, which is the propagation
direction. Hence, by means of an adequate rotation around
this axis, we can restrict to the case where x;, = 0 without

PHYSICAL REVIEW A 85, 053826 (2012)

loss of generality. Obviously, considering the particular case
in which the propagation direction itself is an eigenaxis of
the linear susceptibility x ", would considerably simplify the
analysis. However, x® crystals must be noncentrosymmetric,
and hence they are, in general, strongly anisotropic from the
point of view of nonlinear optics. It is an important point that
our analysis is valid for any propagation direction in the crystal,
and not only for propagation along one of the eigenaxes.

The refractive index is then given either by n> = 1 + KXo
or by =1+ X;w let us choose the first value, the refractive
index is thus given by

(1)?2
n=1+ ( }SC) — —(XXZ) ) 43)

1+ ¢
Equations (38) and (39) then reduce to v, =0, while u,
remains free. Equation (36) reduces to w, = —S,u, with Sy

given by Eq. (37), which completes the analysis at this order.

A. Order 3
The Heisenberg equation (2) at order & is
ihd.p® = [Ho,ps] — Es - [i,p "1 = Ex - (1,01, (44)
Using Eqgs. (15) and (21), it yields the equations

N N N
. 2 3 0 0 0 0 0 0
lha‘flor(mi = thnlOr(nr)l —u3 § (/’ijp\(m) - pr(nzu“)lin) — U3 § (/'l’rvnvp\()n) - pr(nzl’b?)}n) — w3 z :(Mlznvlo\()n) - pr(nglu“in)
v=1 v=1 =1

N N
—uy Y (1ol — pis,) — w2 Y (1hp
v=1 v=1

for m # n and

W — s, (45)

N

N N
: 2 0 0 0 0 ) 4 0 0),,z
lhaflol(nn)1 = —Uus 2 :('ufnvlol()nz - l(n\))/"l'ﬁm) — U3 z :(Ml}?}wp\(mg - lor(m)uu’im) - w3 z (H’fnvlo\()nz - Ior(nzu’im)
v=1 v=1

v=1

N N
—uz Y (Pl — Do) — w2 Y (1E, 05 — PIIES,,) - (46)
v=1 v=1

We used vy = 0. Since p@ is diagonal and pV = (0), Eq. (46) shows that p®) = 0 for all m, which was used in the computation

of 132 above. In the same way, Eq. (45) gives

3) _ i 2) (M?’/’Lﬁm + v3/‘“%m + w3uﬁznn) ( r(z(;)z) - r(1?131)
Pmn = al’ mn (47)
an thn
or, substituting Eq. (24) into Eq. (47) and taking into account that w, = —S,u»,
(o9 = o) (st + w31t + w3rt5,) (09 = £
3) _ nn mm x z mn mn nn 'mm
Ppn = ——————= (U, — SxMo,) 0-us + . (48)
mn thnz ( mn X mn) T thn
It allows us to obtain the polarization density at order &3 as
N i(0©® — p(O) w 0 _ 5,0 w )
py= NS b P o (e e Yo 2y P ) Q"") " (31 V31, 03 1L,) (49)
nm Q”m nm nm
and analogous expressions for Q3 and Rj3. Let us set
. B
Ay = N i (oS = p) 1 50)

Goh =

2 ’
Qnm
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foro, B = x, y, z. Itis straightforward to prove that the matrix
(Agp)a,p=x,y,; 1s skew-symmetric and real. In fact it is zero,
this can be justified as follows on a physical basis: Taking the
derivative of Eq. (29) (where we have set y,,,, = 0), we see
that

dxig (@)
Agp = i —2—2| | 51
p=i— (51)

w=0

‘We assume that the decay rates y,,,, are zero, and consequently
no absorption occurs. In this case the linear susceptibility
x(D(w) must be real for any w, and so must be its derivative.
Since direct computation shows that d X;;;) (w)/dw|p= is
purely imaginary, we see that it must be zero (i.e., Ayg = 0 for
all ¢, B). Then the polarization density at this order reduces
|
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to
Py =eyx"V - Es, (52)

with x defined according to Eq. (28). The Maxwell wave
equation (5) at order & is

1, 1., 1
Warm: gat M3+5P3 s (53)
L g2uy = Lo 1 (54)
y20rvs =30, U3+60Q3 ,
1 1
0= gaf (w3 + 6—0R3> . (55)

It is thus the same system as was satisfied by E,. Hence
its solution is straightforward: w3 = —S,u3, v3 =0, and u3
remains free.

B. Order 4

The Heisenberg equation (2) at order &* is
ihd; p3 = [Ho,pa] — Es - (11,01 = E3 - [ji,p"1 = Ex - [ji,p?]. (56)
Using Eqgs. (15) and (21) into Eq. (56), we obtain the equations

N N N
] 3 4 ¢ 0 0 y 0 0) v 0 0 2
lharp’(mz = thn,O,(n,l Uy Z (M;\HV’O\(M) - pr(nlzu“in) — U Z (/’Lanvp\(m) - /Or(ngﬂ]‘)n) — W4 Z (anvpl(m) - Pr(ngl’«vn)
v=1 v=I v=1
N N
1 1 . 1 1 ,
—us Z (oD — oDt ) — ws Z (15,00 — PN i)
v=1 v=1

N N
2 2 2 2 .
—Uz Z (Mj’lc’lvpl()n) - Iol(n\))l‘cﬁn) ) Z (lufnvlol()n) - pr(nzuﬁz)n) (57)
v=1 v=1
form # n and

N N N
. 3 0 0 0 0 y z 0 0
lhaflol(nnz = —lU4 Z ('ufnupf)nz - lol(n\))/'l“ﬁm) — U4 Z (Ml);zvlol(m: - lor(m))lu“l})m) — W4 Z (valo\(mz - 'Or(nglu“lzxm)

v=1 v=1 =1

N N

1 1 1 1,z
—u3 ) (i = i) = w3 D (Ko P = Phioin)
v=1 v=1

N N
2 2 ¢ 2 2
—uz Y (02 — PD k) — w2 > (1 p B — PR, - (58)
v=1 v=1

p© and p" being diagonal, Eq. (57) reduces to

. 3 4 0 0 2 0 0
lhafpr(m)l = thl’llOIS’lr)l - u4,uj§m (lor(m) - pl(ﬂn)’l) - v4lu£nn ('Oi(ln) - Ior(mL)

0 0 1 1 z 1 1
- w4lufnn (pr(m) - pl(ﬂl:’l) - M3ann (pl(ln) - pr(m)n) — W3y, (Ior(m) - pr(mzz)

N N
—u2 ) (1Pl = P ,) = w2 ) (5Pl = PSS, - (59)
v=I v=1
Then substituting Egs. (24) and (48) into Eq. (59) yields
@ ia(3)+(r(gz)_ r(:?r)n)( Xy vy z)_i_('(lil)_ ’(”1’)”)()( SZ)
=5 %Pmn o Uiy, Valhipp W4l T mn — OxMpyp ) U
Pmn Qo 1% o 4L 414 414 T 1 1% 3
| N N
s [Z (13,05 = PSos,) = S Y (5P — Pf,fiuin)] 1. (60)
mn) p=1 v=1
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The corresponding polarization density is

©) ©0)

N (Iomm — Pun
AP D

/"Lfnn X N i Pmm — Pan
) (/“(’nm - X'uftm) at2u2+ﬁ%: (

PHYSICAL REVIEW A 85, 053826 (2012)

0) 0)

ur
Q. 2 ) s (:uflm - Sxﬂzm) Oz u3
nm

N < (o2, — a2 N[ ) (2 o)
4= ™ 4 va? 4 wapt + = mm vw) vy nn X X xuz
7 % Qnm M ( 4y 45 4/-’an) h2 ; Qnmgzum Qnm Qnu o My Mo U2
0 0 0
[ G
h2 i S.an va S.znm an o
N[ =p) (e =) o (s 2
- — — o+ ud ol ) Seun, 61
hz nmy |: Qi Sym 2 2y Homn (anuvm anuvm) A ( )

and analogous expressions for Q4 and Ry.
The Maxwell wave equation (5) at the order &% is

1., 2 1, 1
Warm — 78,85142 = zaf Uy + €—0P4 s (62)
1

, 2 1., 1
groru = ot = 50t (vt =04 ). (63)

I, 1
0= —281 wy+ —Ry4 ). (64)
c €0

Let us introduce a few shortcuts, the first of which is A, given
by Eq. (50). Recall that it is always zero. We define

5. — N 5 (oo =) i
D Dl
0 nm

nm

) (65)

for o, B = x, y, z. Permutation of n and m in the sum in
Eq. (65) shows that B,g = Bg,. We also will need the tensorial
quantity

N p(O) — p(O) p(O)_ p(O)
Topr = o 2 [( ) _ ()~ bln) oo 7

QVH’HQUI’” Qnm an

nmy

(66)

fora, B, y = x, y, z. Then using the results of previous orders
and the tensors (50), (65), and (66), system (62)—(64) reduces
to

1, 2
Warl/ht — VB,B;LQ

1
= 07 [(1+ ) e + oy va + 3 ws
+ (Axx — SxAy) d;us — (Byy — Sy By2) 32>
+ Txxxu22 + szzw22 + (Texz + Tizx) u2w2] . (67)
Loy Loar 14+ ,® (M
2 vy = 2% [Xxyu4+( +)(yy)v4-|—)(yZ W4
+(Ayy — Sy Ay )dus — (By, — Sy B,)d%us
+ Tyxxu22 + Tyzzw22 + (Tyxz + Tyzx)uzwz] s
(68)

1 2 1 1 1

0= Ear [Xz(x)u4 + ng)v4 + (1 + Xz(z)) W4
+ (A — SyA;) 0cuz — (B — Sy B;) afzuz
+szxu22 + Tzzzw22 + (Toxz + Tizr) “2w2] . (69)

Since all A,p are zero, the terms involving d;u3 vanish.
Equation (69) is solved to yield

1
— (1) (1)
Wy = TXZ(ZI)[ T X U4 — Xy V4
+ (Box — S¢B..) 8Zuy + T, us?] (70)
where we have set
Tz’xx = Toux — Sx (Toxz + Tozx) + szTzzz- (71)

Then, reporting wy into Egs. (67) and (68), we get a system of
equations for u4 and v4, whose homogeneous part is identical to
system (38) and (39) for u, and v,. Hence v4 can be computed
as a function of u, and u3 in Eq. (68), while both u4 and vy
vanish from Eq. (67), which can be reduced to

2ncdpuy — %afuz + E0,uy> =0, (72)

which is the KdV equation and where we have set

S = Tixx — Sy (Txxz + szx) + szszz - SxT/

(73)
and
Br =2 (Byx — 28, By, + S:*B..). (74)

Taking the derivative of Eq. (29) (with y,,, = 0), we see
that

1 d*xi5(@)
=2 de 7
w=0
Hence,
42y 1
pr= (10, =5 =5 o ]. e
w w=0 _Sx

Computing the second derivative of x/ = n? — 1 defined by
Eq. (40) and taking into account the fact that the first-order
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derivatives d Xé,ls) /dw = 0 for @ = 0 shows that

PHYSICAL REVIEW A 85, 053826 (2012)

which gives a simple expression of the dispersion coefficient

Ba.

d*n? The nonlinear coefficient can be reduced as follows: The
P = da? |, (77) " expression of the second-order susceptibility x® can be found
- in Ref. [58] (Eq. 3.6.14, p. 173) as
|
Xo(t?y (wp + wg; wq,0p)
N e 'uﬂ MV e MV Mﬂ
| 7 T

260712 o (Qnm —Wp—wy — lynm)(va —Wp — lyvm) (Qnm —Wp — Wy — lynm)(va —Wg — lyvm)

0 — o) [ G W N 1L o } } (78)
(Qum — wp — Wg — EYum ) (82 — wp — [Ynv) (Qum — wWp — Wg — EYum ) (82 — Wq — [Ynv)

It is thus seen that

x5, (050,0) = $(Tugy + Tayp). (79)
where we have neglected damping (¥, = 0). Hence,
1 1
E=(10,-8) x4, 0:00:{ 0 |, [ 0o |. 30
-5 —S

Itis straightforwardly checked that expressions (77) and (80) of
the coefficients of the KAV equation reduce to the expressions
found in Ref. [42] in the scalar case. Hence we have proved
that the KdV equation derived in Ref. [42] holds for an
arbitrary number of atomic levels and arbitrary propagation
direction, using in the latter case the effective refractive
index and nonlinear coefficients seen by the wave. The only
assumption is that (i) the transitions which contribute are all
well above the wave frequency and (ii) the difference between
the two indices in the chosen propagation direction cannot be
neglected.

IV. DEGENERATE CASE

We now assume that the two possible linear polarizations
propagating in the direction defined by the z axis have the
same index of refraction n. Mathematically, this assumption
is that Eq. (41), which is the dispersion relation, has a double
root, which according to Eq. (42) implies that

Xex = X3y and  x., =0. (81)

If the propagation axis z is one of the eigenaxes of the material,
then Xé? =0 for « = x, y, and Eq. (40) reduces to X(;,g =

xo(qlg). In this particular case, the degeneracy condition is that
the crystal is uniaxial, and the optical axis is the propagation
axis (z axis). However, the analysis remains valid for any
coincidence of the two eigenvalues of the optical index. Is it
easy to prove that such a coincidence may occur in a biaxial
crystal. Letus call X, Y, Z the eigendirections, nx, ny, nz the
three eigenindices, and assume ny < ny < nz. We assume a
propagation direction in the X Z plane, making an angle 6
with the X axis. Then one of the two eigenvalues of the optical

index in the propagation direction defined by 6 is ny, while
the other one—Ilet us call it n(6)—ranges from nz as 6 =0
to nx as & = m /2. Since n(0) varies continuously, n(0) < ny
and n(m/2) > ny, the indices n(f) and ny must coincide for
some value of 6. The condition that the propagation direction
lies in the X Z plane is obviously required for getting a simple
proof only, a coincidence will also occur for other propagation
directions, not too far from the XZ plane. The assumption
(81) is thus physically relevant and more general than the
mere assumption of propagation along the optical axis; that is
why we consider it.

The set of equations (33) and (34) gotten at order &2 reduces
thus to wy = —S;us — Syvy, [i.e., Eq. (36)], with S, and S,
given by Eq. (37), which is the value of the refractive index
given by Eq. (43), while u, and v, remain free.

A. Order 3

The Heisenberg equation (2) at order e is still Eq. (44);
however, Eq. (45) for m # n becomes

N
. 2 3 0 0
i1 0y = K Pl — 3 Y (3,085 = Pipobti)
v=1
N
y 0 0 5
—v3 Y (o) = P,
v=1
N
0 0
—w3 Z (I’Lzmvpl()n) - p;(nzl’bin)
v=1
N
1 1
—uz Y (1,0l — P,
=1

N
—02 > (S = P,
v=1

N
+ (Seuz + Syv2) Y (15,05 — pdies,) - (82)

v=1

Equation (46) for the diagonal term is modified in the same
way.
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As in the degenerate case, p'?) = 0 for all m, and Eq. (47) holds. Then Eq. (48) is replaced with

i (O 0 X y z (V] (0)
@) _ l (Ionn - Iomm) x S z ) y z (u:;men + U3 Wimn + U)}/Lmn) (pnn - pmm)
= — — Uy + -8, d0rva | + . 83
pmn h(an)z [('[’Lmn Xl’Lmn) us (I’Lmn }'umn) T 2] thn ( )
The polarization density at order & is thus
N 3 Pam = Pin) P ¢
P3 = EO[(Axx - Sxsz) 81’”2 + (Axy - S}‘sz)arUZ] + ﬁ % (I/t3,ban + v3/szm + w3:u“fzm) s (84)
nm

nm

where we used the shortcut Aqg (o, 8 = x, y, z) given by Eq. (50). Q3 and R3 have analogous expressions. Since it was seen
from Eq. (51) that A,g is always zero, the polarization density at this order still reduces to Eq. (52), and the Maxwell wave

equation at this order & [Egs. (53)—(55)] coincides again with the same system as was satisfied by E. Its solution is thus
w3 = —Syu3z — Syv3, where u3 and v; remain free.

B. Order 4

The Heisenberg equation (2) at order &* is Eq. (56) as in the nondegenerate case. Equation (57) for m # n is modified as

N N N
. 3 4 0 0 0 0 Z 0 0
lhaflot(nr)z = thnmez — Ug § (H’fnvlol()n) - lor(n\))/'l’ﬁn) — U4 § :(anvlol(zn) - Ior(n\))/'l’\v)n) — Wy § : (lufnulol()n) - Ioi(ngu“in)
=1 v=1 v=1

N N N
1 1 y 1 1 1 1
—uz Y (13,05 = PSIS) = v3 D (1Pl = Pioiad) + (Sxtts + S,v3) Y (i 0ly) = PEHL,)
v=1 v=1

v=1

N N N
2 2 y 2 2 y b4 2 2
L) § : (I’Lfnvlo\(m) - lor(nlz/’bin) — U2 § : (I’Lf)nvlo\(m) - Ior(nlz/’bl‘)n) + (Sxus + S)’UZ) z : (I‘Lmvlofm) - Ior(nlz'ulz)n) : (85)
v=I v=1

v=1
Equation (58) for the diagonal terms is modified in an analogous way, which allows us to compute p as

- 0 _ 0

M _ 5
) (u4l‘l’fnn + vapty,, + w4ufnn) + M [( x

thn Mo — x'u“fnn) uz + (M':'m - Sy:“‘frm) U3]

N N
1 2 2 z 2 2
+ nQ : |:Z (I‘Lﬁwp\(m) - Ior(n\z'uﬁn) =S Z (I’L;va!(m) - Pr(nzliin) uz
mn v=1

v=I

P,

N N
" [Z (12 — p20i2) — 8, 3 (50 — pfszm} } | 6)

v=1 v=1

The corresponding polarization density thus involves terms in 9, v3, 3vy, v22, and u,v;, in addition to those present in Eq. (61).
The Maxwell wave equation (5) at the order ° [Eqs. (62)—(64)] can be written down using the shortcuts Aag, Bag, Tupy
(o, B,y = x,y, 2) given by Egs. (50), (65), and (66) respectively, as

1 2 1
W33M4 - Var8§u2 = C_zafz [(1 + X;}v)) us ~+ X)E;>U4 + X)Elw)w4 + (Acx — SxAxp) 0cus + (Axy - Sysz)arU3

—(Byx — S, sz)afzu2 - (Bxy - Sysz)afzv2 + rxxxu22 + Txyyv22 + szzw22 + (Txxy + Txyx)“ZUZ
+ (Texz + Tozuowy + (Txyz + szy)v2w2] , 87

15 2 L oar,m M M
T3 07us = S 0:0cuy = 07 Vs + (14 1)) v+ X ws + (Ays = ScA, 00003 + (A, = S, 4,003

- (Byx - SxByz)ale'tZ - (By_v - S}*Byz)afzvz + Tyxxu22 + Tyyyv22 + Tyzzw22 + (Tyxy + Tyyx)u2v2
+ (Tyxz + Tyzx)u2w2 + (Tyyz + Tyzy)UZwZ] B (88)
1
0= 07 [x&ua + xva + (14 2 i+ (Aax = ScA)00u3 + (Azy = 8,400, v3

— (B — Sszz)arzu2 - (Bzy - Sszz)8r2U2 + szxuzz + szyv22 + Tzzzw22 + (szy + szx)u2v2
+ (Toaz + Tp)uawy + (szz + Tzzy)v2w2] . (89)
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Since all A, are zero, the terms involving 0 u3 or d; v3 vanish.
Equation (89) is solved to yield

1
Wa = D) [—xus — ng)”ét + (Bo — Sy B.)d%us
1+ Xz
+(Bzy — Sszz)afzvz + TZ/_”uz2
+(T,, + T, Juzvy + Tz/yyl)zz] , (90)

where we have set

Tls = Teap — SaTezp — SpToae + SaSpTocze  O1)

2

for a, B = x, y. The definition (71) of T/, coincides with
Eq. (91) for « = B = x. Then, as in the nondegenerate case,
we insert wy into Eqgs. (67) and (68) and get a system of
equations for u4 and v4, whose homogeneous part is identical
to system (38) and (39) for u, and v, and hence completely
vanishes. Equations (87) and (88) can be reduced to

2ncdeuy — %83142 — ﬂ;y 83112 + Exxxaru22

+ Exyyat 1)22 + 2Exxyar142v2 =0, (92)
2ncd vy — 'B—;xafuz - %afvz + B yux 1o

+ Eyyydr02” + 2By 3202 = 0, 93)

which is a set of two coupled KdV equations. We have set
Bap = 2(Byp — SuBg; — SgBa; + SuSpB:;) (94)

and

wpy = 1(Zipy + Eipp), ©3)

where

(,xﬂy = lagy — SﬁTDtZV — SyTaﬂz + SﬁSyTazz —

[x]

S Tz,ﬂy’

(96)

for @, B = x, y. Note that B, defined by Eq. (74) coincides
with B, and that E defined by Eq. (73) coincides with E .
Using Eq. (75), we see that

2 (1)
Bup = du dd22 w:OJ,s, (97)
where
) 1 ) 0
de=| 0 and dy=| 1 |. (98)
—S, -5,

As in the nondegenerate case, computing the second derivative
of X, defined by Eq. (40) and taking into account the fact that

the first-order derivatives of X;}; vanish for w = 0 shows that

Bop = 99)

w=0

The vanishing of X;y may be due to the symmetry, as in the
case of propagation along the optical axis of a uniaxial crystal,
or perpendicular to one of the eigenaxes of a biaxial crystal. It
can also depend merely on specific values of the three indices,
if the coincidence of the two indices occurs accidentally in
some direction which is not simply related to the eigenaxes. In

PHYSICAL REVIEW A 85, 053826 (2012)

the latter case, there is no reason that neither the coincidence
of indices nor the vanishing of X)/cy occurs at some frequency
other than the selected one (which is the limit w —> 0 due to
the long-wave approximation), and consequently the second
derivatives do not coincide: B, # B,, and B, # 0. If, on the
contrary, the coincidence of the two indices is due to symmetry,
it occurs at any frequency, and the second derivatives coincide:
Bxx = Byy and By, = 0. An accidental coincidence of the
indices in a configuration which fixes the eigenpolarizations is
also possible, then 8., # By, but 8,, = 0.

The nonlinear coefficients can be reduced by using the
expression (78) of the second-order susceptibility x® and
Eq. (79). It is seen that

(1]

dy - T :dg.d,, (100)

/ —
afy —

and consequently

Bupy = do-x? (0;0,0) : dg.d, . (101)

V. SOLITONS

A. Linear eigenpolarizations in degenerate case

Let us seek solutions to system (92) and (93), which
represent linearly polarized waves; that is, we seek solutions
of the form

uy =Ucosg, v, = Using, (102)

in which the angle ¢ determines the direction of the wave
polarization. Inserting Eq. (102) into system (92) and (93),
it is found that U satisfies a single KdV equation if the two
conditions

Bix + Bry tang = By, + Py cotan g, (103)
tan® 0 E,,, + tan? (2B ., — E,,y)
+ tan O(Byrx — 2Eyxy) — Byax =0 (104)

are satisfied. Hence in general, such an eigenpolarization of the
nonlinear propagation equations do not exist, since we have
two conditions for a single variable. However, if 8., = 0 and
Bxx = Byy (i.e., if the dispersion terms do not effectively show
the anisotropy), the condition (103) is automatically satisfied.
Condition (104) is a third-order polynomial equation for tan 6;
hence it has either 1 or 3 real solutions. This means that, in the
considered conditions, either one or three eigenpolarizations of
the nonlinear propagation problem exist. For such a solution,
U satisfies the KAV equation

B

2ncd U — Eaju + 20, U* =0, (105)

with 8 = B = By, and
E = By oS¢+ Eyyysingtang + 28,,, sing
= By Cospcotang + By, sing + 28, cos ¢.
(106)

B. Soliton formation from FCP input

Rather than specifying some particular material, we prefer
to discuss solution of the KdV equation (72) or (105) in the
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standard dimensionless form

fz+6fdrf+df=0, (107)
which is obtained by means of he linear transform
— —2ET?
z= P4 T, Cuy,  (108)
4ncT; Ty 35

in which Tj is some reference time. The well-known soliton
of the KdV equation (107) is

f =2p2sech®(pT —4p>2), (109)

where p is an arbitrary parameter. It was first derived in
1872 [59]. The KdV equation can be solved by means of the
inverse scattering transform (IST) method [60], which shows
that any input evolves into a finite set of solitons, plus some
dispersive wave, called ‘radiation’ in the terminology of the
mathematical theory of solitons. We have solved numerically
the KdV equation (107) by means of the modified Euler
exponential time differencing scheme [61], starting from an
initial data in the form of a FCP, as

f = Acos(wT + ¥)sech® (T/Tp). (110)

We take as areference time T, = 0.8 fs, so that a dimensionless
angular frequency w = 1.5 corresponds to a wavelength very
close to 1 um. In the most simple geometry, & coincides
with x2) | o being the polarization direction. We can take
as a typical value of E the value of x{) in beta barium
borate (BBO) [i.e., 4.4 pm/V (cf. [58], p. 50)]. Sellmeier
approximations of the dispersion relation for BBO are given
by industrials selling such crystals (we use the data given
by Red Optronics [62]). Straightforward calculations give
then the value of ,, we get 8, = —0.0111 and —0.0180 fs2
for the ordinary and extraordinary indices, respectively, at
A =1 um. We retain the largest of these two values. It must
be noted that we do not claim that BBO is the best candidate
for the experimental realization of the present theory. Other
crystals commonly used for second-harmonic generation, such
as potassium dihydrogen phosphate (KDP) or silver gallium
sulfide (AgGaS,) may be considered in the same way; the

atf

-50 0 50 100

(2)
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key questions of the applicability of the theory are that the
transparency domain of the medium is sufficient, and that it
actually supports the huge instantaneous intensity of the FCP.
Many secondary questions arise, such as the actual description
of the dispersion, since the present model does not take into
account the resonances at large wavelengths, due to the a long-
wave approximation. Only real experiments can answer the
question of to what extent the theory should be corrected on this
point. We use the values pertaining to BBO as typical orders
of magnitude. We consider normalized amplitudes as 3.5 and
5, which corresponds according to Eq. (108) to maximum
electric field E,, = 3.4 and 4.8 x 10" V/m, respectively.
Using 1, = ceg E,Zn as the expression of the instantaneous
intensity, it corresponds to I, =3 and 6 x 10'* W/cm?,
which belongs to the range of huge values of intensities that
can be reached in the few-cycle regime.

As expected from the IST theory, the input FCP evolves
into a few solitons, plus a dispersive wave. The number of
solitons depend on the amplitude and duration of the initial
pulse and on the carrier envelope phase. Two typical examples
are shown in Figs. 1 and 2. Although an appreciable part of
the energy is dispersed, high-amplitude solitons are formed.
The influence of the carrier-envelope phase ¥ is illustrated on
Fig. 1: whereas for a cosine-type pulse (i.e., ¥ = 0) or for ¥
close to zero the typical outcome is formed by a single soliton
or, more generally, one soliton much larger than all others, two
identical solitons are formed for ¢ = m. It it seen in Fig. 1(b)
that the two solitons have the same velocity. For the most
narrow and energetic pulses of the cosine type, as we said, a
single soliton is formed, or several solitons among which one
strongly dominates. If the FCP duration is a bit larger and if its
amplitude is not too large, the difference between the leading
soliton and the smaller ones may be less important, as seen in
Fig. 2, which shows the formation of three solitons: a larger
one and two smaller ones.

A quite important part of the energy is converted into
dispersive waves. In the (7, Z) frame, the solitons propagate
forward and the dispersive waves backward. Recall that the
variable T is the retarded time (i.e., the figures are plotted in

=
=
20}
40}
60 |
80

100 |

(b)

FIG. 1. (Color online) Formation of two solitons from a FCP input. Panel (a) shows the wave profile. Dashed line is input (Z = 0),
solid line is output ( Z = 6). Panel (b) shows the evolution. The dimensionless parameters are amplitude A = 5, angular frequency w = 1.5,

carrier-envelope phase ¥ = m, duration 7 = 3.2 (dimensionless).
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(a)

PHYSICAL REVIEW A 85, 053826 (2012)

L5 2 2.5 3
Z
(b)

FIG. 2. (Color online) Formation of three solitons from a FCP input. Panel (a) shows the wave profile. Dashed line is input (Z = 0), solid
line is output ( Z = 3). Panel (b) shows the evolution. The dimensionless parameters are amplitude .4 = 3.5, angular frequency w = 1.5,

carrier-envelope phase ¥ = 0, duration 7; = 5.33 (dimensionless).

the frame moving at the velocity V). Itis defined as V = ¢/n,
where the index n is given by Eq. (43). Exactly, V is both
the linear group and phase velocities at the limit of large
wavelengths. If B, is negative, Z and ¢ are in same direction:
the solitons propagate slower than V, the dispersive waves
faster. If, on the contrary, 8, is positive, Z and ¢ are in opposite
directions and the results are inverted: the solitons propagate
faster than V. However, backward-propagating waves can also
be formed, which cannot accounted for by the KdV model,
which is unidirectional. Especially, when a FCP coming from
vacuum is launched into a x® medium, reflection occurs at
the interface, and nonlinear effects may increase the reflected
part [47,49]. Nonlinear backward diffusion distributed in the
medium may also arise, but it remains very small with respect
to refection at the interface. Although in some situations
forward and backward nonlinear diffusions may compensate,
leading to the formation of a lossless traveling wave [35],
backward diffusion may be understood as one of the absorption
and diffusion mechanisms responsible for the damping of the
wave, which was neglected in the present approach.

VI. CONCLUSIONS

In conclusion, in this work we have studied in detail
the propagation of ultrashort pulses in noncentrosymmetric
nonlinear optical media described by a general Hamiltonian
of multilevel atoms. Assuming that all transition frequencies
of the medium are well above the typical wave frequency,
we used a long-wave approximation to derive a governing

model describing ultrashort soliton propagation in a quadratic
nonlinear medium.

The result depends on the difference between the two
indices of the medium in the considered propagation direction.
If this difference is large enough, so that the two eigen-
polarizations cannot interact, a generic Korteweg—de Vries
model is derived. It describes the decay of a FCP input into
one or a few unipolar half-cycle solitons. If the difference
between the two indices can be neglected, a generic coupled
system of Korteweg—de Vries equations describing ultrashort
soliton evolution in quadratic materials was derived by using
a rigorous application of the multiscale analysis.

However, in a real nonlinear optical medium, a broad
transparency range is required, and hence all atomic transitions
must be far enough from the pulse central frequency. However,
in such materials not all transitions belong to the ultraviolet
domain. The contribution of the infrared transitions, yielding
a sine-Gordon model in the case of two-level atoms and cubic
nonlinearity, which are not taken into account in the present
work, should be considered in a further study by means
of a short-wave approximation applied to the same general
quantum mechanical model.
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