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The above-mentioned evolution equations admit breather solutions, which are suitable for
describing the physics of few-optical-cycle solitons. Moreover, a non-integrable generalized
Kadomtsev—Petviashvili equation (a two-dimensional version of the mKdV model) was also

put forward for describing the two-dimensional few-optical-cycle soliton propaga®2].

Of particular interest for the physics of FCPs is the mKdV-sG equation; thus, by using
a system of two-level atoms, it has been shown1if] that the propagation of ultrashort
pulses in Kerr optical media is fairly well described by a mKdV-sG equation. It is worthy
to mention that this quite general model was also derived and studi@@,i23]. However,
another model equation for describing the physics of FCPs known as the short-pulse equation
(SPE) has been introduced, tad27], and some vectorial versions of the SPE have also
been investigated?B-30]. Another kind of SPE containing an additional dispersion term
has been introduced ir8f]. A multi-dimensional version of the SPE was also put forward
[32] and self-focusing and pulse compression have been studied33hoThe SPE model
has been considered again in its vectorial version, and the pulse self-compression and FCP
soliton propagation have been investigated in de3dil. [Recently, we have revisited the main
dynamical models mentioned above, which describe the (1+1)-dimensional propagation of
few-optical-cycle pulses in transparent med&][ We have thus proved that the dynamical
model based on the mKdV-sG partial differential equation was able to retrieve the results
reported so far in the literature, and so demonstrating its remarkable mathematical capabilities
in describing the physics of FCP optical solitoB§]

However, there are only a few works devoted to the studgwfoptical-cycle dissipative
solitons It is worthy to mention the works of Rosanet al [6, 7], where both the formation
of few-optical-cycle dissipative solitons in active nonlinear optical bres and the collisions
between them were investigated. The theory of mode-locked lasers essentially relies on mean
eld models derived within the SVEA. One of the most important of such models is Haus’
master equatiorg], which is in fact the stationary version of the complex Ginzburg—Landau
(CGL) equation (se€d[7, 38]). The short pulses are fairly well described by soliton solutions
to the CGL equation, which are unstable for the cubic CGL and stable for the cubic-quintic
one. Both the cubic and the quintic CGL models have been derived from a detailed description
of the laser cavity, in the case of bre lasers mode locked by means of nonlinear polarization
rotation or gure 8 ones3941]. Note that, for such lasers, descriptions of the cavity by means
of full numerical resolution of propagation equations along it also have been used, ségle.qg.
The Lorentz—Haken equations, commonly considered as a general model of a laser setup, have
been reduced to the Swift—-Hohenberg equat#s), [which can be considered as a perturbed
CGL equation B7]. It is commonly admitted that mode locking requires some saturable
absorber 44] or some setup having an equivalent effect; nonlinear polarization rotation and
nonlinear loop mirror have been mentioned above. An alternative technique is the Kerr lens
mode locking (KLM) B5-47], which combines self-focusing due to the Kerr effect and the
use of an aperture to select the highest intensities. KLM is not a mere effective amplitude-
dependent gaitoss effect, but a complex phenomenon which involves the spatiotemporal
intra-cavity pulse dynamics. The existing theory of KLM is based on nonlinear geometrical
optics for Gaussian beams, hence within the SVEA, and the initial approadh-gf] was
not fundamentally modi ed in more recent studies (see el§,49]). The technique is very
ef cient even in the case of strong self-focusing and two-cycle pulses (se&@])gifi which
the validity of the approximations used in the theoretical developments is not ensured.

The aim of this paper is to derive a generic partial differential equation describing the
dynamics of dissipative FCP solitons in a laser cavity lled with two-level atoms, beyond
SVEA model equations. Starting from the Maxwell-Bloch equations, by using a multiscale
perturbation approactb]] we derive a non-SVEA version of the Lorenz—Haken equations
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loss factor (1 — r?). Let z be the variable along the cavity axis and v the light velocity. During
a given round trip, between the two mirrors, the electric field is expressed as

E(z,t) = E«(z — vt) + E_(z + vt). (10)

Let us now consider the wave E., which propagates towards positive z during the considered
round trip. For large times, its expression becomes complicated. More precisely, after the
propagation time T = nL/v, the wave has covered a distance Z = nL, and the wave has
crossed the mirror n times; hence,

E:(z+Z,t+T)=r"Es(z — vt) = eVTI"VLE (z — vt). (11)

For large n, a continuous approximation is performed, assuming that (11) holds for any real
T. A change of variables then yields for large enough t’

E.(Z,t) = E(z — vt') e U0 (12)
where we have the set B = —(vInr)/L. We find in the same way
E_(Z,t') = E_(Z +vt) e P, (13)

Dropping the primes and setting ty = 0 without loss of generality, and within the above
continuous approximation for large t, which in nothing else but the mean field approximation,
we get

E(z,t) = E.(z—vt)e P'+E_(z+vt)e Pt (14)
Then taking twice the t-derivative of (14), and making use of the relation

v(—0,E, +0,E_) e Pt = 3,E + BE, (15)
we find that E satisfies the differential equation

07E = v?02E — 2B0.E — B°E, (16)
or

aZE—i(B+a)2E (17)

== V2 t :

Equation (17) indicates us how the Maxwell-Bloch wave equation (1) should be modified in
order to take into account the mirror losses. Equation (1) is thus replaced with

0E = (B+a)(E+P +P)), (18)

where 3 is the mirror loss parameter and P and P’ are the two polarization terms corresponding
to the two distinct transitions, see section 2.

4. Multiscale approach

It is well known that the reductive perturbation method is a very powerful way of deriving
simplified, generic models describing nonlinear wave propagation and interaction in various
physics settings [51]. We next introduce scaled variables corresponding to a long-wave
approximation of mKdV type, as

1
T=¢t—z —+eW , (19)
\Y

{=¢%. (20)
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With respect to the standard mKdV-type scaling, expression (19) involves an additional
correction of order € to the speed. We expand the optical field E in a power series of a
small parameter € as

E=¢E({,T)+2Ex({, T) +---. (21)

The corresponding power series expansions of p and p’ start with the order €° quantity po.
The gain , and R are also expanded in this way. In [13] was assumed a weak damping, in
order to account for propagation in a transparent medium. No approximation of this kind is
relevant here. We indeed consider a laser setup; hence, the characteristic frequency w, of the
wave must be close to the resonance line, say = wp — w4, and especially fall within the gain
curve. Since we use a long wave approximation, we have (at least formally) wy >~ 0. Hence
the spectral line, which is expressed typically as

1

(w— P+yd
must extend down to w = wo =~ 0, which happens only if its width y; has the same order of
magnitude asthe central line . The second transition, with central line ', has been introduced
to account for cavity losses. Further, losses must be compensated by gain. Therefore it is
necessary that the bandwidths of both gain and losses have the same order of magnitude. Thus
y{ must have the same order of magnitude as v;.

In order to give the physical interpretation of the present scaling, let us consider the inverse
of the spectral width y; as a reference frequency of order €°. The long-wave approximation
means that the characteristic frequency wg of the wave is small with respect to y;, or conversely,
that y; is large with respect to wg. The long-wave approximation can thus be seen as an
approximation of large bandwidth. It is indeed well known that a very large bandwidth is
required to produce ultrashort pulses.

On the other hand, the mirror loss parameter [ is expanded as B = €B; + €2By + - - -.
Hence we assume that 3 is small (good cavity condition). However, the order of magnitude of
3 which allows dissipative soliton propagation is not specified a priori; it will arise as a result
of the computation, see below.

We use the same normalization as in [13]. Thus setting

(22)

f=ct, P = 4mP, p = 4nNhcp, fi= (23)

L
he’

G)a,b = =, (24)

and analogously for other operators and variables with the same physical dimension, allows
us to replace the constants ¢, N, h and 41 in equations (1), (3) by 1. In what follows we drop
the tilde. Note that, according to the change of variables (23), the trace Tr (p) of the density
matrix is not 1 but o = 4tNhc. Now let us proceed with the order-by-order resolution of the
governing equations (1)—(3).

4.1. Order 0
The Schrodinger equation for the first transition (let us call it equation (S)), at order £°, is
0 =[Ho, po] +i o —iRo. (25)
Using
[Hopol= ©°, ~ P, (26)
pe 0
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4.4. Order 3

Equation (S) at order €2 is

10tp2 = [Ho, ps] — Es[M, po] — E2 [M, p1] — Ex [H, p2] +1 3 —iRs.  (48)
The t-component of equation (48) is written as

i0rp2t = — Pat — Espwo — Eapwy — Eqpw, — iyiPat. (49)
Using the expression of p,; and equation (41), we get ps; and consequently the polarization is
-2 2 4\ 2 8 ‘woE?
P3 — % (E3Wo + EZW]_) _ 2b2 |”-|2 E1 + Vt|P—| 0 21
+ yt Va + yt ya 2+ yt2
4 yelp? 2 23y |ufw
+———— (W0 Ez + W10, Eyp) + - 02E;. (50)
24y 24y
For equation (S") we get analogous expressions (with wj = —a, wj = 0, and Ay, replaced

with 0, as above).
The wave equation (18) at perturbation order €° is, since ; = B, = 0,

1 2w 2 , /
70t Es 107 B + WAOE, — 20001 = 0t (s + Py + Pg) + 2830 (B + Py + Py).

(51)
The terms involving the field E3 cancel from equation (51) due to condition (38). The terms
involving the field E, cancel due to conditions (46) (i.e. due to the correction to speed) and
(47) (i.e. the condition that gain compensates losses). It remains the following equation for
Eq:

0;E; = —A0E? — BO2E; — CO’E; + DOE; — Ej, (52)
with
4v 4 Ay
A— Vt|P—|2W20 _ 2Vt|P—|2CZ, (53)
Ya %V Ya THV(
Vv 2 _3y2 2\, \VA /2_3/2 "2
B — : vtz 3Iul o : v/tz 3Iul ’ (54)
Vi Y
2V 2w
Cc— YelH| ! 1 (55)
2+y¢
2V A VAR
D — 2 |L12| . ’ (56)
Ya Z+Vi 2
and
= % (57)
It is worthy to mention that for C = D = = 0, equation (52) reduces to the mKdV

equation. The term containing the second-order derivative with respect to the time variable t
looks like a diffusion term in a partial differential equation of Burgers’ type (see, for example,
[17] and [18]). However, if we assume A1y = YaW1/2 > 0, i.e. for a pumping slightly above
the threshold characterized by equation (47), then C > 0 and this term becomes a gain one.
The term proportional to first-order derivative with respect to the time variable T corresponds
to a pumping term of lower order, but its concrete contribution here is a mere change in
velocity. Thus the parameter D can be changed to any value at our convenience by means of
adequate Galilean transform. The term (— E;) corresponds to the losses due to the mirrors,
withB3 >0and =>0.
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and on the right-hand side of equation (52) appears a set of corrective terms of order €. The
terms which come from F E;,j 2 would be cancelled, at following order, by analogous
terms on the left-hand side of equation (52); hence, they must be dropped. The nonlinear terms
coming from O E3 will be neglected, too. Regarding the terms linear in E1, the coefficients
B, C, D, should be replaced by

\Y

B =B+ —-(co+<p), (68)
\Y

C'=C+ (oo + b)), (69)
\

D'=D - %(ao rap), (70)

respectively. However, these small corrections to the coefficients can be neglected. The last
term dod3E; in equation (66) (and the analogous ‘prime’ one) yields the following term:

eV
—T(d0 +d0)0LE;, (71)

to be added to the right-hand side of (52).
The quantity dg can be evaluated as

_ 7 yZ—3 2 |uPwo

do R ) (72)
and analogously for dj. Finally, equation (52) is replaced with the regularized one
0;E; = —A0E} — BO2E; — CO’E; + DO.E; — GOE; — Ej, (73)
where
GV v vi-3 % IuPwo 2y v -3 7 WP 7
2 2+y¢ : 24y’ ?

The partial differential evolution equation (73), which is anon-SVEA version of Lorenz—Haken
laser equation, constitutes the central result of this work. It adequately describes the physics
of few-optical-cycle dissipative solitons beyond the SVEA. The nonlinear term —Ad;E3
accounts for the Kerr effect, while the term —BafEl accounts for dispersion. These terms
and the corresponding coefficients A and B have the same expressions as in the conservative
counterpart of equation (73), which is the mKdV equation derived in [13]. The term Do;E;
describes a change in the pulse (phase and group) velocity. Expression (56) of D shows that this
velocity change is due to a gain effect. The three other terms account for a frequency-dependent
gain—loss: the main term is —CA2E;, which accounts for a broadband gain. However, the
width of the gain spectrum must be finite, which is ensured by the term —GaZE;. On the other
hand, linear losses must be introduced to avoid excessive amplification they are accounted
for by the term — E;. It is thus seen that equation (73) contains all terms involved by a
one-dimensional description of a laser setup, such as nonlinearity, dispersion and frequency-
dependent gain and losses, except one term: the nonlinear gain, or effective saturable absorber.
We will see below that this term is not necessary for stabilization of the FCP.

6. Numerical simulations

The dynamical equation (73) is solved numerically by means of an exponential time
differencing scheme, of second-order Runge—Kutta type [55] and we implement absorbing
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Figure 5. Formation of a FCP soliton from noise in the presence of velocity filtering yielded by
absorbing boundary conditions.
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Figure 6. The FCP soliton formed from noise shown in figure 5 (thick blue line). The thin red
line shows the transverse variations of the linear absorption coefficient a producing the absorbing
boundary conditions (more exactly a/15).

as a superposition of FCPs. Thus, in order to produce a FCP laser, the question is not, how a
FCP can be produced, but how it can be isolated. In the frame of the numerical computation,
the absorbing boundary conditions achieve it (figure 5). However, the obtained FCP soliton
is locked to the edge of the pumped zone (figure 6). Hence the mechanism of stabilization is
closely related to the temporal localization of pumping realized this way. It strongly differs
from the situation of the figures 1 and 2, in which initial data close to the final FCP were
set. In this case, the absorbing boundary condition only ensured that the pulse did not be
submitted to large perturbation coming from the outside. It only proved pulse stability for
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the cavity working as an amplifier. The situation changes radically when the FCP is expected
to start from noise, since the perturbations also can self-start from noise. It may be thought
that an effective saturable absorber could stabilize the formation of an isolated pulse. We run
many calculations using an additional nonlinear gain/loss term in equation (73), in the (ad
hoc) form —A'E}, —A'92 E3 or —A’ E? 02E;, with various values of the coefficient A'.
The purely cubic term does not modify significantly the stability properties of the pulse, while
the other forms, which are frequency dependent, destabilize it completely, leading either to a
continuous wave or to numerical collapse depending on the sign of A’.

The absorbing boundary conditions are thus the only way to stabilize the pulse. The precise
identification of the physical mechanism they are modelling requires further investigation.
Indeed, careful observation of figure 4 shows that they act as a velocity-dependent filter. It
must be noted that a temporally localized pumping was also used in the numerical simulations
of [49]. In the strict sense, the numerical result shows that a single FCP may be formed if
the pumping is temporally localized, which can be achieved by pumping with a short pulse
(but not a FCP). On the other hand, velocity filtering is not an exotic process. It has been
used to manage the structure of soliton trains; the suppression of the highest velocities yields
a ‘cooling” which transforms a train with a ‘gas’ structure into one with a “glass’, and then
‘crystal’ structure [56]. Further, recall that gain saturation is not taken into account in our
analysis. In the frame of SVEA, the gain saturation is known to limit the number of pulses
[57], and it has been shown that it could stabilize mode locking in solid state lasers [58]. The
accounting of gain saturation in the model is left for further study. A third interpretation could
be sought in the frame of KLM, since it yields a temporal response in terms of amplitude-
dependent gain/loss; it is not excluded that KLM would produce the required velocity filtering.
However, full resolution of the spatio-temporal counterpart to equation (73) is necessary to
study this eventuality. It is thus left for further study. The aim of the present paper was to
derive a non-SVEA model of a laser cavity, and to show that such an approach could describe
dissipative FCP soliton formation. It is restricted to one dimension as a first attempt in this
direction.

7. Conclusion

In conclusion, we have introduced a model based on the Maxwell-Bloch equations for an
ensemble of (2 x 2)-level atoms, which takes into account both the losses due to the optical
field reflection at the laser cavity mirrors and the ones occurring in the optical medium itself.
We have used the multiscale approach up to the third order in a certain small perturbation
parameter. As a result of this powerful reductive perturbation method, a generalized mKdV
equation containing gain and loss terms has been derived. Numerical simulations have clearly
proved its suitability for describing the physics of few-optical-cycle dissipative solitons. A
remarkable feature is that no nonlinear gain/loss term accounting for some effective saturable
absorber is required. However, a single dissipative FCP soliton is formed only if some velocity
filtering or temporal localization of pumping is introduced. The study of the mechanism
allowing to realize such effect is left for further investigation. The results obtained in this
work can also be generalized to (2+1)-dimensional few-cycle-pulse propagation models for
dissipative optical solitons.
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