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Abstract

Polarization switching of light in a degenerate two-level medium, known agithenfiguration, is described. The polar-
ization dynamics of light pulses is investigated by means of the inverse-scattering transform. The mathematical formalism
of the inverse-scattering transform that takes into account the initial fluctuations of the medium polarization components
corresponding to atomic transitions between the excited state and the two degenerate ground subAer@tdiguration
atomic system is formulated. The characteristic switching length is evaluated via the physical parameters of the prepared
medium and the optical pulse.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

One of the simplest examples of resonant interaction between intense polarized light and a lossless active optical
medium involves thet-configuration two-level medium, that is, a two-level medium with a degenerate ground level.
In such a medium, the excited level has no angular momentum, corresponding to the quantum¢énurfb&he
ground sub-levels are part of a degenerate triplet lying on the same energy shell. All three have equal quantum number
for the magnitude of the angular momentutm; 1, but differ in the values of the quantum number for the vertical
component of the angular momentum = 0, +1. In a relatively weak static magnetic field, the sub-levels forming
the triplet split. Electronic transitions are permitted between the exéited state and each of the ground states
¢ =1,my, = £1[1]. During these two transitions, the angular momentapitchanges by+1 or —1, respectively.
By the conservation of angular momentum, the photons emitted in these transitions must havi api-1,
respectively. Thus, in particular, the transitiér= 0) < |£ = 1, my = +1) involves right-circularly polarized light,
and the transitiof = 0) < |¢ = 1, my = —1) involves left-circularly polarized light. The quantum diagram for
the two allowed transitions, shownhiig. 1, resembles the capital Greek letterwhence the nama-configuration.
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Fig. 1. Quantum diagram for th&-configuration transition.

This paper focuses on polarization switching in&onfiguration medium. In particular, if a light pulse is injected
into a A-configuration medium with no initial material polarizabilities and population of the excited level, and if
one of the two degenerate ground sub-levels is consistently more populated than the other, the polarization of the
light pulse will switch in such a way that the pulse will interact only with the excited level and the less populated
ground sub-level. Thus, deep into the medium, the electric field will be switched to purely circularly polarized,
and the medium will undergo a pure two-level transition. As a result, we propose a very simple mechanism for
a polarization switch: a degenerate two-levetonfiguration medium, with no initial material polarizability, and
with only one ground sub-level occupied. Arbitrarily polarized light impinging on this medium will switch all its
polarization into circular polarization, whose handedness will depend on which ground sub-level is excited. We
would like to point out that this switching is in stark contrast with the usual linear polarizers, which simply discard
the unwanted polarization component. Inaonfiguration medium, the energy is retained in the nonlinear process
of polarization switching through the resonant interaction between the light pulse and the medium.

We have found our result by utilizing the inverse-scattering transform méggxdd]. For pulse propagation in
two-level resonant media, this method was first usefd 1}, where the Lax-pair of the problem was discovered,
after strong evidence of integrability including an infinite number of conserved quantities and a wealth of exact
solutions had been given[h2,13] A comprehensive theory of the two-level problem based on the inverse-scattering
transform was developed jh1,14-21] In [22—36] the inverse-scattering transform and related methods were used
to find large classes of solutions for the degenerate two-level media and certain three-level media. A comprehensive
review of the inverse-scattering transform technique for multi-level systems is presef@&tl in

The rest of the paper is organized as followsSkection 2 we describe thet-configuration Maxwell-Bloch
equations and their simplest properties and solutionSelttion 3we use the inverse-scattering transform method
to show the polarization-switching property in general, and illustrate it on several cases of one- and multi-soliton
solutions. We also show how to obtain almost complete polarization conversion from one circular component to
the opposite component by controlling the initial populations of the two degenerate ground sub-levels, and discuss
physical parameters needed to produce this conversion in practi@echion 4 we discuss the details of the
polarization dynamics exhibited by the one- and multi-soliton solutions ofAtte®nfiguration Maxwell-Bloch
equations at any given point in space and time. Finallgeantion 5we present a brief set of conclusions.

2. The Maxwell-Bloch equations

Resonant propagation of intense light througheonfiguration two-level active optical medium with a degenerate
ground level is described by the following set of Maxwell-Bloch equations:
0E+

. =/_ p+g(A) da, (1a)
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8,;)_: — 2irpy = %[E-F(N_ ny) — E_p*], (1b)
3‘8’—; —2irp_ = %[E_(N— n_)— Eul, (1c)
%/ — —%[E+p*+ FESp +E_pt +E*p], (1d)
8;1—; = %[Eip*i + E% p4], (1e)
88—1; = %[Eip— + E_pil]. (17)

In these equations, the subscript&nd— refer to the two degenerate ground sub-levels with quantum projections
of the angular momentum equalitg = 1 andm, = —1, respectively. The complex-valued electric field envelopes
E+(x, 1) represent the components of the electric field that take part in the transitions between each of the respective
sub-levels and the excited level. The corresponding complex-valued material polarizability envelopes are described
by the functionsoL (x, 7, A). The parametex represents the detuning from the exact quantum transition frequency
due to the Doppler shift, which is caused by the thermal motion of the atoms in the medium. The velocities of
these atoms are distributed according to the “inhomogeneous broadening” fug@tiprvhich is non-negative
and satisfies the equatigfrj’ooo g(A)dr = 1. The complex-valued function(x, ¢, A) represents the polarizability
envelope in the two-photon process that corresponds to the forbidden transition between the two degenerate ground
sub-levels. The real-valued functions (x, 1, 1) andN(x, t, ») describe the population densities of the degenerate
ground sub-levels and the excited level, respectively.

Eq. (1) are given in the light-cone coordinate frame, that is, the frame that is moving to the right with the
speed of light. The coordinate change between this frame and the stationary laboratory frame is achieved by the
transformation:

t=T-—X, x =X, 2

whereX andT represent the coordinates in the laboratory frame.
System(1) can also be written in the matrix form:

oH 1 [ .

¥=‘—1f [, plg(1) d, (32)
—0oQ

ap R

== [—H +iArJ, D] (3b)

with
1 0 E. E_ N pr p- 1 0 O

H=Z|-Ef 0 0|, p=|pf ny pu|, J=[0 -1 0 4

—E* 0 0 o uwr on_ 0 0 -1

and where A, B] = AB — BA is the commutator of the matriceisand B.
The A-configuration Maxwell-Bloch equatiori$) are completely integrable. In particular, as show[2i®,24],
these equations can be written in the 3 matrix Lax-pair form:

Y .
- = U® = (irJ — H)®, (5)
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b _ l ® bH(x, 1, v)
E_V¢_4<P/_oo—v—k g(v)dv)fb, (5b)

whereP stands for the Cauchy principal value of the integral, &hdo, andJ are defined in formul#4). The
3 x 3 matrix @ is a simultaneous wave-function solution of béis. (5a) and (5b)n order that these equations
be compatible, that is, the mixed second derivative® bk equalEgs. (3) and hencé€l), must hold.

The boundary conditions correspondindgegs. (1)that we study in this paper are those of the signaling problem,
which describe pulse propagation through a semi-infinite medium. In the most general version of this problem, input
electric fieldsE . (O, r) are given at the entrance into the medium at 0, and the limiting behavior of the material
polarizabilities and population densities is given in the distant passtas-oco. In particular, the limits:

lim A(x,t 1), lim ny(x,t 1), Iim n_(x,1 1), lim wx, 1, 1)
[——00 ——00 ——00 [——00

are given as functions afanda, as are the functionBL (x, 1) in the asymptotic expressions:
pr(x,t,A) ~ MR (x,A) ast— —oo. (6)

The validity of these last asymptotic expressions in not obvious, but follows from the derivation of the general inverse-
scattering transform method for the Maxwell-Bloch equations. For non-degenerate two-level systems, this method
was developed if21]; it can be easily extended to tieandV-configurations. (Th&-configuration is the “inverted”

version of theA-configuration: the excited level contains two active degenerate sub-levels, while the ground level
is non-degenerate.) This extension will be presented in a subsequent publication. In this paper, we assume

) lim pw(x,t,A) =0 and R+(x, 1) =0, @)
——00

where Ry (x, 1) are defined in formulg6). Since we are interested in pulse-like solutions, we also require that
E4(x,1) — 0 sufficiently rapidly for allx.

There exist several simple explicit solutions and special subsystems of-ttenfiguration Maxwell-Bloch
system(1) that we describe here. The simplest solutions are stationary,Byite- 0, o = 0, andN, ny, andu
arbitrary functions ok anda.

Another special class of solutions includes inversionless waves. For this®lass,) = ni(x, A) = n_(x, A)
is an arbitrary function ok andi, u(x, A) = p+(x,A) = 0, andEL(x, r) = EL(¢), arbitrary functions of time.

Since all three atomic levels are equally occupied, the electric field propagates through the medium as if it were
vacuum, at the speed of light, without disturbing the medium.

There exist two special, two-level sub-systems of #heonfiguration Maxwell-Bloch systelfi), obtained by
setting eitherEy = p = ny = u =00rE_ = p_ = n_ = u = 0. These correspond to pure two-level
transitions between the excited level and th@r 4+ sub-levels, respectively. The inverse-scattering approach to
two-level systems has been studied extensiveljlin14—21] Of course, each of these sub-systems has its own
stationary solutions and inversionless waves. As we sh@egation 3.2for alarge class of physical initial conditions
for which one ground sub-level is consistently more occupied than the other, the two-level transition corresponding
to the more occupied sub-level is unstable, and the one corresponding to the less occupied sub-level is attracting
Thus, asymptotically for large, the light-medium interaction evolves into the interaction of only one circularly
polarized electric field component with a simple two-level medium.

FromEg. (3b) we can find three time-independent constraints ofAhsonfiguration syster(il), which are the
respective traces of the matricgsp2, andp2. This is because the matrice$andp® satisfyEq. (3b)together with
o, and because the trace of any commutator vanishes identically. Explicitly, these quantities are

L, A =N+ny +n_,
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L(x, 2) = N2+ 0% +n2 +2(1p4 12 + 1o- 12+ [n?)

and

I, ) =N3+n3 +n®
+3[NUp4 12+ o= 1D + np(lp+ 12+ 111%) + n_ (o= P + |®) + prp® i+ pfp— ™).

The first two of these correspond to the conservation of particles and unitarity, respectively.

3. Description of switching obtained via the inver se-scattering transform

In this section, we use the inverse-scattering transform method to describe the mechanism responsible for po-
larization switching in theA-configuration Maxwell-Bloch systeid) with initial conditions(7). Essentially, this
switching is due to the uneven exponential evolution of the two spectral data components that roughly correspond
to the two atomic transitions. More precisely, we will reveal the switching mechanism in two steps. First, we will
demonstrate it for th&/-soliton solutions. Then, we will use the fact that continuous radiation decays with increasing
x to demonstrate this property for a large general class of optical pulses and pulse trains.

3.1. Review of direct and inverse-scattering

In this section, we briefly review the inverse-scattering transform method used to solve the general signaling
problem for theA-configuration Maxwell-Bloch systeld). Let us recall that their Lax-pair is given Iigs. (5)
with the appropriate terms defined in formu(dk Eqgs. (5)form an over-determined system of ordinary differential
equations for the wave-functiah and the spectral parameterWe recall that since we are interested in pulse-like
solutions, we require thdi (x, r) — 0 sufficiently rapidly ag — oo for all x.

The scattering problem fdgq. (5a)falls in the category of Manakov’s probleni37—39] We recall the Jost
functionsg™ (x, 1, 1) to be the solutions dEq. (5a)that satisfy the asymptotic properties:

¢ (x, 1 — oo, ) ~ M, ¢ (x,t — —o0, 1) ~ M, (8)
The Jost functions are related by the formula:
¢, A) =@ (x, 1, A)S(x, &) 9)

for all real A, with S(x, 1) being the scattering matrix. Moreover, for reakthe scattering matri$(x, 1) is unitary
and detS(x, A) = 1. The matrix elemen$11(x, A) can be analytically continued to the half-plane(Aim> 0, and
Sij(x, 1), 1, j = 2, 3, can be analytically continued to the half-plangim< 0. If the electric fieldsZ'. (x, r) decay
as eIl for some positive constaptast — +oo, these regions of analyticity can be extended toAym= —y and
Im(L) < y, respectively.

The real values of. form the continuous spectrum &fg. (5a) and the zeros of11(x, A) in Im(1) > 0 give
all the relevant eigenvalues (Ba). If E(x, r) — 0 sufficiently rapidly as — =00, there is only a finite number,
N, of these eigenvalues at= 1, n = 1,..., N. All the eigenvalues.,, can be shown to be independentiof
[11,21,37]

The inverse scattering is achieved with the aid of the matrix fundtion ¢, s), defined by the equation:

¢ (x, 1, ) = gt 4 / K(x,t s) g8 ds, (20)

—0o0
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whose validity follows from the asymptotic conditi@) for the Jost functiom ™ (x, t, A) atr — —oo. If we write
the matrix functionk in terms of its three columnk = (K1, K>, K3), the Marchenko integral equations for these
columns are computed to &7,39]

3

t
> [é,-Fj(x, r+y) + / Kj(x, 1,5)Fj(x, s+ y) ds] + Ki(x,1,y) =0, (11a)
j=2 e
t
arjrin+ [ RaeoFesend =K. j=23 (11b)
—0Q

Here,g; is the jth canonical unit vector in the three-dimensional Euclidean spacef Andy) are the Marchenko
kernels:

1 [ N -
Fi(x,y) = E/ e MY A A — 1) Bix )Y, =23, (12)
- n=1

wherey ;(x, A) = Sj1(x, 1)/S11(x, 1) are the reflection coefficients, ad(x, A,) are the residues af ;(x, 1) at
their polesh = A,,. The electric field envelopeB, (x, r) and E_(x, t) can be reconstructed from the elements of
the matrix solutionK (x, ¢, s) as

Ei(x,t) = —4K3,(x, 1,1), E_(x,1) = —4K3,(x, 1,1). (13)

As mentioned above, the eigenvalugs. . ., Ay do not depend on. When all the eigenvalués, are simple zeros
of the matrix elemen§11(x, 1), the evolution equations for the residygsgx, A,) have the form:

q :

% = I—[(r22 —r11) B2 + r23p3], (142)
x 4

q .

% = I—[r32,32 + (r33 — r11) B3] (145)
x 4

Here, all the arguments @ andrjk are(x, 4,), and the coefficientgy are defined by

o 1
r1(r ) = P / lim;— —ooNlx, 1, 1) g(v) v, (15a)
S v—A
-
Foo(x, 1) = 77/ lim;— —cony(x, £, v)g(V) dv, (15b)
PSS v—A
o It
r33(x, A) = 7’/ M —oon—(x. 1, V)E0) dv, (15c)
00 vV—A
©limy s oo (x, £, v)g(v)
r23(x, 1) = 7’/ dv, (15d)
o0 vV—A
o |im[—>—OOl’L*(-xv l, V)g(\})
r32(x, A) = 77/ dv. (15e)
PSS v—A
The evolution equations of the reflection coefficiesitgx, 1), j = 2, 3, with reali, are given as
0 i .
W2 _ L@~ 01¥2 + Qasvs + 2xig IR, (163)
0 i .
% = 4103292 + (Qas — Q103 + 27ig(IR-], (16b)
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where
Qu1(x, 1) = ra(x, ) +img(d) lim N, 1, 3), (17a)
Q22(x, 1) = r22(x, 1) +img(W) lim n(x,1,2), (17b)
Q33(x, ) = ra3(x, ) +img(A) lim n_(x,1,2), (17¢)
Q23(x, 1) = ra3(x, ) +img(A) lim pu(x,1,3), (17d)
Q32(x. ) = rap(x, h) +img(h) Im_ p*(x.1. ) (17e)
and
Ry(x, 1) = lim M pt (x, 1, ). (18)

Recall that the last formula follows from the asymptotic conditjéh A derivation of the simplified version of
Egs. (16) with no initial medium polarizabilities,

lim pi(x,t,A) =0, lim w(x,,A) =0
——00 ——00

was presented if86].

The complete equations (16) are derived in a way very similar to the derivation of the analogous equations for the
pure two-level Maxwell-Bloch system, presented2d]. The details of this derivation will be included in a future
publication.

If the broadening functiop(1) is analytic near the real axis, we can use form(1&g and (17Jo rewrite Qjj (x, 1)
as path integrals. For example,

’

° I *)700-/\/‘ Yy

where the symbolt-i0 in the denominator denotes an infinitesimal indentation of the integration path below the
pointv = A. The remainingQij(x, A) are evaluated via the same integral formula with the appropriate integrands
in the numerator.

Egs. (14)withn =1, ..., N, and(16) give thex-evolution of all the relevant spectral data.

We conclude this section with a brief remark about solutions for which the electric field compdhepts)
andE_(x, r) are real-valued. In particular, if these components are to be real, the resulting syrbiaetny.) =
U*(x, t, —1*) of the scatteringquation (5aimplies the equatioi(x, A) = S*(x, —A*) for the scattering matri¢9),
and thus the equatiof;(x, A) = wj(x, —*) for the reflection coefficientg;(x, ), j = 2, 3. Therefore, iy, is a
pole of the reflection coefficieni; (x, 1), then so is-A, and for a simple polé = A,, the pole at-1} must also
be simple. Equating the appropriate Laurent expansions further implies the eqyatiars,) = —,B;f(x, —A)) for
the residueg;(x, 1,) andﬂj(x, -2, 7=23.

3.2. Polarization switching

In this section, we describe the polarization switching for optical pulses and pulse trains traveling through
A-configuration media. We show this switching for the case of initial condit{@hand when

az(x, A) = t_ljrpoo [ny(x, 2, A) — N(x,t, )] =0, (19a)
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az(x,\) = lim [n_(x,t,A) = N(x,,1)] >0 (19b)
——00

and
az(x, A) —a2(x, A) = t im [n_(x,t,A) —ni(x,t,\)] > A >0 (20)
——00

for some numbent and allx anda, that is, if the— sub-level is consistently more occupied than-thsub-level as
t — —o0, and both are more occupied than the excited level.

Under the initial condition§7), both sets of evolution equatior{44) and (16)become decoupled, homogeneous,
first-order linear equations, and can be easily solved. In particular, identically zero reflection coefficients:
Si1(x, A)
S11(x, A)
are included among the solutions(@b) latter solutions are th&-soliton solutions. In this section, we first compute
these, and show their polarization-switching property to hold when condifi®sand (20)re satisfied. We then
show that these same conditions lead to the zero reflection coefficient solution being asymptotically stable, which
extends the switching property to arbitrary incoming pulses.

We first briefly describe the calculation of thé-soliton solutions from the Marchenko equatiofid). The

Yi(x, ) = =0, j=23 1)

solutions of the evolution equatio(®4) for the residueg;(x, 1,), with j = 2,3 andn =1, ..., N, are given by
Bi(X, Ay) = dnj € 1PIEHM) =2 3 (22)
where
Dj(x, 1) = / de P / “’(i E)f(”) j=23 (23)

anddyj, j = 2, 3, are constants. By usiriggs. (21) and (22)we find the Marchenko kerne{$2) to be

N
Fi(x,y) = —i )y dye P iPih j=23
n=1
We substitute these expressions into the Marchenko equdfidhgAfter assuming

N
Ki(x.t.y) = > Ki(x,ne ™,
n=1
N .
Kix.t.y) =Y K'(x.ne™>,  j=23
n=1
and performing the appropriate integrations, we find that the Marchenko equatighscome algebraic equations.
For the two relevant component§1 and K31, of the vectorky = (K11, K»1, K31)T, we find

detC;
Kj(x,t,1) = detBJ . j=23, (24)

whereB is the N x N matrix with elements:

N
B = o 3 Ny o 1P BEAD gy 6 DD gy
j=1
05—t

A= —— 25
K — (25)
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and the(N + 1) x (N + 1) matricesC;, with j = 2, 3, are given by

0 e—iklt .. e—i)nzvt

_Idl/ e_iA’lt_iDj(xv)“l)
Cj= o : (26)

_Ide e_iA,Nt_iDj(x,A.N)
Egs. (13)then yield the electric field envelop@s. (x, 1) andE_(x, 1) as
E(x,1) = —4K3(x, 1, 1), E_(x,1) = —4K31(x, 1,1). (27)

To establish the switching property, let us first notice &) and (23)mply
Im 2, /" ds/oo [a3(&, v) — az2(§, v)]g(v) d
0

4 —0 |V_)Ln|2

asx — oo, due to Imx,, > 0. Moreover, we notice that the determinants of the matiitggiven by(26), can be
expanded in terms of their first columns as

N
detC; =iy (=1 dy e ' Pitetn e D,
n=1

whereC*D is the minor corresponding to tfie + 1)st element in the first column of the matdX multiplied by
e ! and is the same for both= 2 andj = 3. If the N-soliton solution is non-degenerate,&lp # 0. Because of
this and(28), asx — oo, the terms in the determinant d&t are exponentially large compared with the equivalent
terms in the determinant d€g. Therefore, fronEqgs. (27), (25), (26) and (249ne sees that, in the corresponding
N-soliton solution, the componeit_(x, 7) is in general negligible compared to the compongntx, ¢) for large
values ofx.

In addition, conditior(20) and definition(23) imply

|m[D2(x, An) — ;(-xs )”m)] - Im[D3(x, An) — Dg(x, )\m)]
1/~ o0 Im A, Im A,
= Z/O dé/ [aa(§, v) — a2(§,v)] [l il + il ]g(v) dv — oo.

V=2al? v =y

Therefore,as — oo, allthe terms witly = 3in formula(25)are exponentially small compared to the corresponding
terms withj = 2. Together with the result of the preceding paragraph, this implies that the limiting electric field
E (x, f) becomes th&/-soliton solution of the two-level Maxwell-Bloch sub-system that corresponds exclusively
to the transition between the ground sub-level and the excited level, while the limiting electric fieldx, 7)
vanishes.

We now show that, if

aj(x,A) >0, j=12 (29)

thatis, if each of the ground states is more populated than the excited staesttiéon solutions are asymptotically
stable, except in the sharp-line cage) = §(1), when they are only stable. (Our treatment largely follows that of
[11]for two-level systems.) Thus, in this case, when conditi))is satisfied, any input pulse indeed asymptotically
becomes amv-soliton solution of the two-level sub-system corresponding to the transition betweengtaind
sub-level and the excited level.
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We recall that anvV-soliton solution, given by formula€@7), (25), (26) and (24)is stable if any continuous
radiation part with the same initial dafa5) stays small with increasing distangeand is asymptotically stable
if the continuous radiation vanishes with increasinglo show that theV-soliton solutions indeed satisfy this
stability criterion, since we have assumed the initial conditi@)swe use the homogeneous version&qs. (16)
with vanishing off-diagonal coefficient9,3 and Q3,. As noted at the beginning of this section, these equations
decouple, and can be solved easily. If we recall the definitf@8% and (23¥or o ;(x, 1) andD;(x, 1), j = 2, 3,
respectively, we find from the corresponding equatidr® the reflection coefficientg,(x, A) andyr3(x, A) to be

Yi(x, A) =9;(0, 1) exp{—%g()\)/o aj(& A)dE —iDj(x, A)} , J=2,3. (30)

Since, by assumptiof29), «;(x, A) > 0 for all x and realx, and since, for real, both Do(x, 1) and D3(x, ) are
real, the reflection coefficients decay wittior all finite broadening distribution functiong.). An application of
the Lebesgue Dominated Convergence Theorem shows thép (@, 1)| and|v3(0, A)| have finite integrals along
the A-axis) the contribution of the continuous radiation to the Marchenko kefti2)salso decays witkx. Thus,
N-soliton solutions are indeed not only stable but in fact asymptotically stable for large distances

It is interesting to notice thaEq. (30)implies the contribution of the more excited ground sub-level to the
continuous radiation part of the Marchenko ker(2) to become exponentially small compared to that of the
less excited ground sub-level. We remark that similar analysis should therefore also show an analogous switching
property in the amplifier case, in which the continuous radiation dominates.

In the limiting sharp-line casg(x) = 3§(1), away fromi = 0, where there is a singularity, the reflection
coefficientsy»(x, A) andy3(x, A) become

¥t 2) = ;0. 2) eXp{—;—Afo aj(&, A)ds}, j=23

which implies that in this limit the reflection coefficients oscillate, but do not grow. Fksoliton solutions are
therefore only stable. Thus, in the sharp-line limit, we can only claim the polarization-switching property and the
asymptotic non-degenerate two-level behaviorNesoliton solutions.

If az(x, 1) = 0 andas(x, 1) > 0, an interesting limiting case occurs. In particular, both soliton and continuous
radiation components of the fiell (x, ) vanishas — oo by the arguments presented in the preceding paragraphs.
Onthe other hand, the limiting behavior of the fiéld (x, r) becomes independentafits asymptotic shape becomes
that given by the initial reflection coefficiettb (x, A) and initial residuedy, in the corresponding two-level problem.
Formulas(2) show that, in the laboratory frame, this field is being translated at the speed of light without changing
shape.

Clearly, the above results remain true if the indices 2 and 3,4ar@chd —, are interchanged. The preceding
discussion implies, in other words, that in such a situation, deep inside the medium, the light is indeed purely
circularly polarized, and that the direction of its polarization depends solely on the occupation numbers of the two
degenerate ground sub-levels.

3.3. One-soliton solution

In this section, we illustrate the general results of the preceding section on the simplest, one-soliton solutions.
Each such solution corresponds to a single zefo= y + iu, of the elementS11(1) in the upper half-plane,
Im A > 0. For simplicity, we assume that the inhomogeneous broadetiingds given by the Lorentzian:

&

T @y

(1)
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whereg is a positive parameter. Note thatas> 0, we recover the unbroadened, or sharp-line, lgoif) = §(1).
We first restrict ourselves to the simplest special case in which only the degenerate sub-levels are populated as
t — —oo, and the population densities are space-independent. In this case:

lim MN(x,t, 1) =0, lim ny(x,t,A) =ay, lim n_(x,t,)) =as. (32)
——00 ——00 1——00
We remark that the assumpti@®?2) yields the same solutions as the more general assumption:
lim  (ny —N)(x, 1, 1) = a2, im (n— = N)(x,1, 1) = a3,
t——00 ——00

where lim_, _» N(x, t, 1) is an arbitrary function of and, so long asx» andaz are constant.
We solve the principal value integrg83) and find

ajx
4(hy +ie)’
where, in our case, we only considet= 1. We substitut¢33) and the value.; = y + iu into Egs. (25), (26), (24)
and (27) to obtain the one-soliton solution:

Dj(x, k) = j=273, (33)

dipdy &2
Eqf(x,0)=— i secty, (34a)
Vld2|? + |d3|? €249
Aipds €93
E_(x,f)=— ] sechy (34b)
VIda|? 7257 + |dg?
with
6 = 62 — Op2(x) = O3 — 6o3(x), (359)
Youix (1 +8)ajx )
Q=29+ —5—"——-, 0; =2ut + ———"—-, =23 35b
T g wr el T e e (350)
21 21
Bo2(x) =1In , Oo3(x) =In (35¢)
VIdz[? + |d3[? €2 Vda|? €289 4 |d3|?
and
AG = 65— 0y — (1 + &) (a2 — az)x (35d)

A2+ (n+ )3

This solution and its dynamics were first describe{Pii. The analogous solution fdf-configuration media was
obtained in30] and applied to studying frequency conversion.
Asymptotically, for the initial population densities > «3 and for

Y2+ (n + &)

x> xo=4 , 36
T oz —ag) (30)
we find that the soliton solutiof84) behaves as
Aipd; €93 2
E (x,f) = 0, E_(x,f) — o B sech(eg —In —“) ) (37)
|d3] |d3]

Foraz < a3, we obtain the same result, with 2 and 3, andnd —, interchanged. Indeed, this is the predicted
polarization switching. For a special choice of parameters, sol@@) which illustrates this switching process,
is shown inFig. 2
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E 30

t 100

Fig. 2. The simplest one-soliton solution of the type givenBay (34)with parameteryy = 0, u = 1/3,¢ = 0,22 = 5/6, a3 = 1/6,
dy = d3 = —I.

If ap = a3, we findfy = 03 = 0, 2o = 23 = 2, andAd = 0. In this case,

dipd* €% _ 2
Ei(x,0) = ———l Sech<0 I P L

Vlda|? + |d3l? Vlda|? + |d3|?

for all x andt, wherej = 2 in E, (x,1) andj = 3in E_(x, t). In other words, when the two initial populatioas
andag are equal, both polarizations of the electric field survive, and travel together as phase-modulated sech-like
waves, so there is no switching in this case.

Recall that our formulas for the soliton describe it in the light-cane)-coordinate frame that travels to the
right with the speed of light = 1. To transform the soliton to the more natural laboratéfy7)-coordinate frame,
we use the transformatioi2), x = X, r = T — X. In these coordinates, we see that the soliton travels with the
velocity:

_ (toa |7
v_{l+&dﬁ+%u+@q}

wherea = a3 if a2 > a3, @ = a2 if a2 < a3, anda = ap = a3 if ap = a3. As expected, this velocity is less than
the speed of light.

Note that the asymptotic soliton velocityincreases with. In particular, in the infinite-broadening limit,— oo,
the velocityv approaches the speed of light. Moreover, the shape of both soliton components remains unchanged
during the propagation along theaxis. FromEq. (33) we see that the same is true for Arsoliton solution:
in the light-cone(x, r)-coordinate frame, as — oo, the N-soliton solution loses its-dependence, which, in the
laboratory(X, T)-coordinates corresponds to rigid translation of the initial shape with the speed of light. Thus, in
the infinite-broadening limit, all th&v-soliton solutions behave in the same way as solutions of the linear wave
equation.

To determine the actual length of the medium needed for the complete switching of the soliton’s polarization to
circular, let us again first assume that > «3, and recall formulg36). In reality, x ~ 5xg, with xg given in(36),
will suffice for the E-component of the soliton pulse to almost completely vanish, and faE theomponent to
become indistinguishable from the for{3i7). We notice that the quantities:

_ Pt wte?

ji=23
(1 + &)

Xj
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are the spatial widths of the two polarization componeats(x, t), of the soliton pulse shortly after it enters the
medium. Formulg36) shows that the lengtky can be computed as

1 1 1

X0 - X2 X3
and, in general,

1

X0

1 1

X2 X3

In other words, the inverse “switching length” is proportional to the absolute value of the difference between the
inverse spatial widths of the two pulse components.

We now consider a more interesting one-soliton case in which almost complete switching of polarization from
one circular component to another is achieved by tuning the initial populations of the two degenerate sub-levels.
For this case, we assume

lim N(x,t,4) =0, (38a)
——00

. or, x <L,

IIml—)—OO n+(-x9 Z, )") = (38b)
B2, x> 1L,

i ( 2 o3, x<1L, (38¢)

Im;_ _ _(x,t, = C
el B3, x>1L,

wherea, 8;, j = 2, 3, andL are constants, witlt, > a3z andf, < 3. These initial conditions represent a physical
setup in which the occupation numbers of the two ground sub-levels change at a distatz¢he medium, so
that the roles of the more- and less-populated sub-levels switch at that point.

Formulae(34) are still valid in this case, but now with

Yo jx

4 — <L,
o _ T At el * s (358)
1= yla;L + B(x — L)] I=es

2yt + > 5 > L,

Aly? 4+ (u +#)7]
ZMI—%, X<L,
&

0= ’ ML L ji=12 (39b)

puy— WAL B =]

A[y? + (u +¢)?]
(n+&)(op — az)x
A2+ (u+e)?

(1 +&)[(a2 —a3)L + (B2 — B3)(x — L)]
Aly? + (u+¢)?]

(39¢)

[¥? + (1 + )?]

L>4 ,
(u+ &)(a2 — az)
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then for 0« x < L, the soliton becomes exponentially close to the f¢8T). In particular, only the component
E_(x, 1) is present. After the switch at= L, for

x> (HM)L,

B3 — B2
the soliton behaves as
dipds &2 2
Eo(r,f) —» ——192= ° sech(@z —In —M) , E_(x,1) — 0.
|d2] |d2]

This asymptotic solution has an additional shift:

_ (u+ &)z — B2)L
8uly?+ (u+e)3’

in the position of the soliton center as compared to the solution in which the respective initial occupation numbers
are 82 and 83 throughout the medium. It is also important to notice that the amplitude of the soljigogs not
change through the switch.

A one-soliton solution of the type just described is showig 3, which contains a dramatic demonstration of the
switching property. Notice how thE -component vanishes almost completely fo& L but eventually recovers
for largex and saturates to contain all the light, while the-component fox < L grows and saturates to contain
almost all the light, changes speedrat L and stays at approximately the same amplitude until approximately
x = 2L, and then decays and eventually vanishes for large

AXx

3.4. Examples of switching in multi-soliton solutions

It follows from the results oBection 3.2hat multi-soliton solutions should exhibit the polarization-switching
property in a manner similar to the one-soliton solutions. In this section, we illustrate this fact on two examples.
We use the same notation = y; +iuj, j = 1,..., N, for the eigenvalues as in the previous section. We again
assume the Lorentzian for(81) for the broadening functiog(2).

In order to simplify the presentation, we first discuss conditions under which the two electric field components
E(x,1) andE_(x, r) of an N-soliton solution are real. From the remark made at the er@kofion 3.1it follows
that all of the eigenvalues, and the corresponding coefficiemtg, j = 2, 3, in formulag(27), obtained from(25),

(26) and (24)which describe such a¥-soliton solution, must fall into precisely two categories: eithee iu, is

60
E +
1 40
0
30 20
20
10 3 X
t -10 0

Fig. 3. A one-soliton solution of the type given Bygs. (34) and (39yith parametery = 0, x = 1/3,¢ = 1/10,L = 15,02 = 5/6,a3 = 1/6,
B2=1/5,83=4/5,d2 =d3 = —i.
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60

t 10 0 t 100

Fig. 4. A two-soliton solution with parameteyg = y> = 0, u1 = 1/3, u2 = 2/3,e = 1/10,02 = 5/6,03 = 1/6,djp =djz = —i, j =1, 2.

purely imaginary and so aeg;, j = 2, 3, or elsek, =y, + iy, Any1 = —¥u + iy = =4 andd,41); = —d;:j.

If such anN-soliton solution corresponds & purely imaginary eigenvalues amd eigenvalue pairs satisfying

the relations\p, = —A3, _;,n = 1,..., M, itis customary to say that it contair&-solitons, or Z-pulses, and

M breathers, or £-pulses. Due to the switching property that we showe&eaation 3.2 the asymptotics of a

solution composed of these solitons and breathers are, in general, the same as for the corresponding solutions of the

non-degenerate two-level Maxwell-Bloch equations, which are descriljé&,itv]. In particular, for largex, the

entire solution can be decomposed iktavell-separated sech-like soliton components &fidolated breathers. The

latter, whose specific from is shown for instance in forn{@@)in [11], are periodic inc and resemble a pair of single

solitons with different widths and amplitudes of different signs passing through one-another in a periodic fashion.
The first example is a two-soliton solution with real values of the electric field compoBerits 1) andE_ (x, 1).

Fig. 4shows this solution in the case of constant initial occupations of the degenerate ground sub-levefigwihile

shows it in the case when the initial occupations of the degenerate ground sub-levels are step functions described

by formulas(38). In Fig. 4, the two humps of, (x, r) decay and those df_ (x, ) grow and then saturate into two

sech-like solutions traveling with different speedsHig. 5, the humps off, (x, 1) decay and those df _(x, 1)

grow forx < L. After that, £, (x, r) grows and saturates while_ (x, r) decays and vanishes.

The second example is a solution with real values of the electric field compoBgitss) and E_(x, r) that
contains a soliton and a breathiig. 6 shows this solution for constant initial occupations of the degenerate ground
sub-levels, andFig. 7 shows it for step-like initial occupations of the degenerate ground sub-levels as described by
formulas(38). Again, inFig. 6, the componenk  (x, ) decays and:_ (x, t) grows and saturates for largewhile
in Fig. 7 the solution behaves similarly to thatig. 6 for x < L and reverses the growth and decay of the two
electric field components for > L.

t ° 400 t ° T4

Fig. 5. A two-soliton solution with step-like initial populations, as described by form{88% and parameterg; = y» = 0, u1 = 1/3,
p2 =2/3,6 =1/10,L = 15,0 = 5/6,a3 = 1/6, fp = 1/5, B3 = 4/5,djp = djz = —i, j = 1, 2.
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10 A x
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t 10 0 10\ )
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Fig. 6. A soliton-breather solution with parametgis= 0,y = 1/3,y3 = —1/3,u; = 1/3,6 = 1/10,02 = 5/6,03 = 1/6,dj2 = dj3 = —i,
j=123.
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Fig. 7. A soliton-breather solution with step-like initial populations, as described by forfd@zand parametersg = 0,y2 = 1/3,y3 = —1/3,
nj=1/3,6=1/10,L = 15,02 =5/6,a3 =1/6, 82 = 1/5,3 =4/5,djp =djz=—i, j=1,2,3.

4. Polarization dynamics

In this section, we study the polarization dynamics exhibited by the light interacting witfcanfiguration
resonant active optical medium by using the standard concepts from the theory of polarized plane waves, the
polarization ellipse and the Stokes’ variables on the Poincaré sphere. These concepts help to describe the details «
the polarization dynamics of the light pulses under investigation at any point along the medium and at any moment
in time. In particular, we show that polarization dynamics of the one-soliton solutions are independent of time, and
thus have particularly simple representations on the Poincaré sphere.

4.1. Polarized plane waves

For completeness, we here review the basic concepts from the theory of polarized light. Standard references or
this topic ard40,41]. We consider a plane electromagnetic wave with frequanagd wave numbekr, propagating
in the positivex direction. This wave has the form:

Ex ) = Ey(x, 1) _ Re{E dfoon) — |Ey| cos(kx — wt + ¢y) . (40)
’ E.(x, 1) |E.| cos(kx — wt + @)

Here,E = (E,, E,)T = (|Ey| €%, |E,| €%)T is the vector of the complex wave amplitudes.
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As the plane wave propagates in the positiveirection, an observer standing along thaxis looking at the
y — z plane, which contains the electric field vec&ik, ¢), will see the electric field vector trace out an ellipse. This
can be shown as follows. First, we define the circular polarization basis végtarsle_ in terms of the cartesian
basis vectorg, ande in they — z plane as
8=~ (®4id). B= @it
+ = —= ) ) s — = —= ) — ).
2T 2
Note that these vectors satisfy the complex orthogonality relaong} = 1,&. - & = 0, with the dot denoting
the usual real dot product. For a complex electric field amplitude given in components as

E=E,é +E&=E, & +E_&, (41)

the transformation formulae between the two sets of components are

1 i
—(E E_ E,=—(FE;+—-E.). 42

The general form of the complex electric field amplitlfdds given by the formula:

E,=

E=|E(|€98 +|E_|d9" e = (|E4|eV&, +|E_| V8 )@tV (43)

which yields the electric field

E= %(coswéﬁ siny &) cos(kx — wt + ¢ + V)
— M(— siny &, + cosy &) sin(kx — wt + ¢ + V).
ﬁ ) .

This field clearly traces out an ellipse whose major semi-axis encloses theyangfle the y-axis. The angle) is
called the polarization azimuth, and takes on values < x. The ratio of the semi-axes of the ellipse is

|Eq| — |E-|
[Eq|+ |E_|
Given this ratio, the angle of ellipticity;, is computed from the formula:

|E4] - |E_|

tang = ———.
|E4l+ [E_|

(44)
This angle takes on valuest/4 < n < wr/4. Its magnitude is found by enclosing the polarization ellipse in a box
and measuring the angle between the major axis of the ellipse and the main diagonal of the Bax geks sign
represents the sense of rotation of the electric fﬁeld 1) along the perimeter of the ellipse.

Special cases dq. (43)include linear polarization whem= 0, thatis|E| = | E_|, and circular polarization.
In particular, the fiel&f(x, 1) is left-circularly polarized ity = —n/4, thatis| E | = 0, and right-circularly polarized
if n=m/4,thatis|E_| = 0.

An alternative representation of polarized light is furnished by the Stokes parameters:

So = |Ey|? 4+ | E|> = |E+ 12+ |E_|?, (453)
S1=|E,f° - |E.|*= E{E* + E_E%, (45b)

So = EyE} + E.E} = (E{E* — E_E%), (45c)
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z

Fig. 8. Polarization ellipse in the plane perpendicular to the propagation of light.

S3=Ii(EyEf — E.E}) = |E4|* — |[E_|°. (45d)

(see, for exampl@1]). These parameters are not independent, since the intensity ofSiglegn be expressed in
terms of the rest of the parameters via the Pythagorean theiﬁ"em?f + S% + S%. For studying the polarization
of the light wave, we normalize the last three Stokes parameters to obtain the Stokes vector that lies on the unit
sphere:
(S1, 52, $3)"
So ’

This sphere is also known as the Poincaré sphere for the complex field amplitudesl £ _.

To relate the location of the poikin cartesian coordinates to the angjeandn, which identify the polarization
state, we first notice thaty = 2|E ||E_| cos 2/, andS> = 2|E. || E_| sin 2. From(44), we can express the ratio
|[EL|/|E—| in terms of tam, from which we computes = Spsin2; and 2E, ||E_| = Sp cos 2. Therefore, we
see that the angle/2is the angle from the direction to the projection of in thes; — so plane, and  is the angle
from thes; — s2 plane to the vectd. In other words, we have

5= (s1,52,53) = (46)

s1 = COS &) cOS 2/, (47a)

§2 = COS 27 Sin 2, (47b)

s3 = Sin 2. (47¢c)
Given the Stokes vectass, s», s3)T, we can find the values of the anghk¢sandy by solving the equations:

2 _tanzy, (48a)

S1
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Fig. 9. The Poincdr sphere.

53 = sin 2y. (48D)

Each possible polarization state of a light wave is represented on the Poincaré sphere, with the north and south
poles corresponding to right-circularly polarized and left-circularly polarized light, respectively, as drawn in
Fig. 9.

To conclude this section, we remark that the concepts explained in this section hold equally well when the constant
complex amplitude?? is replaced by a complex amplituiﬁx, t) that varies slowly compared with the plane carrier
wave ¢~ _Thisis the case in tha-configuration of the Maxwell-Bloch equatiofis, which we will investigate
in more detail in the next section.

4.2. Polarization dynamics of the soliton solutions

In this section, we apply the concepts reviewed in the previous section to the problem at hand, that of bright pulses
of polarized light propagating through a two-level medium with a degenerate ground level. For sufficiently long
pulses, the two circular polarization components of the light have complex amplifiides?) that vary slowly
compared to the wavelength and time-period of the light, and satisiytbenfiguration Maxwell-Bloch equations
(2). In other words, the light inside the optical medium can be represented in the form:

é(x, H=Re[E (x,)& + E_(x,0e_] ei(kX—a)t)}

with E4(x, 1) satisfying equation$l). In what is to follow, we use the polarization ellipse and Stokes’ parame-
ters representations introduced in the previous section to study polarization dynamics of light interacting with a
A-configuration degenerate two-level medium.

We begin with formulas for the general case of ffiesoliton solutions. We recall that these solutions are given
by formulas(27), obtained from formulag25), (26) and (24)We substitute these formulas into formu(ds) and
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(46)that define the components of the Stokes vest@pnsequently, we find the components of the Stokes vector
for a generalV-soliton solution to be

_ detC3 detC3 + detC> detCy

= , 49a
- |detCo|2 + |detCs)2 (492)
detC5 detC3 — detC, detC}
sp = i—2 " =3 (49b)
|detC2|2 + |detC3)2
detC,|? — |detC3|?
o 2| — | 3l (49c)

%3 = detC,I2 + |detC32’
where the matrice€, andC3 are defined by formula@5) and (26) Formulag49) and (48nhow combine to yield
the equations:

an2y = | detC; detC3 — detC, detC3
~detC} detC3 + detCo detC3’

(50a)

|detCs|? — |detC3|?

sin2n =
21 |detC2|2 + |detC3)|?

(50b)

for the polarization azimutll- and the angle of ellipticity;, respectively.
To compute the Stokes vector and the angleendy for the one-soliton solution&84), we specialize formulas
(49) and (50Y)o the caseV = 1 with A1 = y + iu, as inSection 3.3and obtain

COS(AS2 + £20) SiNn(AS2 + £2¢)
=" == = = = —tanh(A9 + 6p). 51
5 cosh(A8 + 6p) 52 cosh(A8 + 6p) 53 (A8 +60) (51)

Here, A6 is given byEq. (35d)as

(1 + &) (a2 — az)x

AO =03 —02= ,
STRT A (v o
AS2is given by
AQ = 25— 2y = y(a2 — az)x

4ly? + (u +)?]
with £2, and$23 as defined irEq. (35) and

d:
6o = In <E> , R0 = arg(d3da).

|do]
Formulae(48) now yield
A2+ £2
v = % sin 27 = —tanh(Af + 6p). (52)

These results are particularly simple in that they are time-independent. In other words, at each point along the
medium, the polarization of the soliton remains unchanged for all times. From fo(BR)lave first observe that

the ellipticity angle either increases or decreases monotonicalty depending on the sign of the population
differenceas — as3. If this sign is the opposite of the sign 6§, the ellipse passes through linear polarization.
Moreover, since the polarization azimuth changes linearly wjtive see that the polarization ellipse rotates at a
constant rate while moving along theaxis. Its sense of rotation is given by the sign of the produet — a3).
Formulae(51) show that, on the Poincaré sphere, the polarization of the one-soliton solution traces out a segment
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Fig. 10. The Poinca&r sphere for the one soliton solution showrrig. 3.

of a spiral, connecting the north and south poles of the sphere. Its slope only depends on thé€uratia), and
not on the population differenee — 3. Its sense of rotation is given by the sigmofif y = 0, the spiral segment
degenerates into a segment of a great circle. In particular, when the two compBnénts) andE_ (x, ¢) are real,
this circle is the intersection of the Poincaré sphere with the plare 0. Along the segment traced out by the
one-soliton solutions; > 0 if the soliton is a hump, and < 0 if the soliton is a dip. In other words, the one-soliton
solution cannot traverse a pole but can only approach it, since neither of its components can vanish.

These results stay the same for the one-soliton solution with step-like initial populations, as given by formulas
(38). In this case, formulags1) and (52yemain valid if we use formulag9) instead of(35) in their definitions.

It is interesting to note that, for > L, the point(s1(x), s2(x), s3(x)) first exactly retraces the spiral segment it

had traced out fox < L, but now in the opposite direction. It then continues on and spirals into the pole that
signifies the appropriate asymptotic circular polarization. The polarization of the one-soliton solutidridr@is

shown inFig. 10 where it traces out the zeroth meridian on the Poncaré sgfigre.1shows the polarization of a
complex one-soliton solution, which traces out a spiralxAcreases, approximately the bottom thirds of each the
semi-circle and spiral in these two figures, respectively, are traversed twice: first towards the south pole and then
back towards the north pole.

Purely realN-soliton solutions still exhibit relatively simple polarization dynamics. In particular, for any fixed
time ¢, the polarizations at all the points inside the medium lie on a segment of the great circle common to the
Poincaré sphere and the plane= 0, and this segment must end at one of the poles. Similarly, at eachcfixes
time evolution of the polarization also traces out a segment of this circle. Such a segment will traverse one of the

Fig. 11. The Poincd sphere for the complex one-soliton solution with step-like initial populations, as described by fo(@8)lasd with
parametery = 2, u = 1/3,e = 1/10,L = 300,02 = 5/6,03 = 1/6, 82 = 1/5, 3 = 4/5,d> = d3 = —I.
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Fig. 12. The Poinc& sphere for the two-soliton solution with step-like initial populations, as described by for(88)aand parameterg = 0,
y2=1/3,1; =1/3,6 = 1/10,L = 15,00 = 5/6,03 = 1/6, B2 = 1/5, B3 = 4/5,djp = dj3 = —i, j = 1, 2.

two poles on the Poincaré sphere wherever the appropriate electric field component vanishes. This discussion show
that while the ellipticity angle changes from point to point at any fixed tirmed also changes in time at any given
pointx, the polarization azimuth can take on only two valges 0 andy = 7/2. In other words, the polarization
ellipses at any point of space or time have horizontal and vertical semi-axes. A discontinuous transition between
the two values of the azimutf can only occur at points and times when the polarization is circular, in which case
¥ loses its meaning altogether.

For general compleX-soliton solutions, the polarization changes from point to pointand from momentto moment
in a more complicated fashion. An example of a complex two-soliton solution, with step-like initial populations
given by formulag38), is shown inFig. 12 Each of the curves in the figure is parametrizedcby a fixed time
slice, and is composed of two segments joined at the south pole of the Poincaré sphere. The segment joining the
two poles is parametrized by> L, while the remaining segment is parametrizedcby L. The pointx = L is
mapped to the south pole. Thus, fotlose toL andx < L, the light is converted almost entirely to the left-circular
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polarization, while the conversion process reverses itself and the light becomes almost completely right-circularly
polarized forx > L.

5. Conclusions

We have described polarization switching of optical pulses injected intecanfiguration two-level medium,

which is a two-level medium with a degenerate ground level. The precise nature of this switching is determined
by the relative population sizes of the two degenerate ground sub-levels. In particular, the switching occurs if the
medium is initially prepared in such a way that one of the two degenerate ground sub-levels is consistently more
populated than the other. The light switches entirely into the circular polarization that corresponds to the atomic
transition between the less populated ground sub-level and the excited level, without losing any of its energy. In
this way, asymptotically, far into the medium, the light-medium interaction becomes equivalent to the interaction
of light with a non-degenerate two-level medium. We have evaluated the characteristic length associated with the
switching of an optical pulse in terms of the spatial widths of its two polarization components shortly after it enters
the medium. Finally, we have shown how multiple switchings can be produced and externally controlled by changing
the relative population sizes of the degenerate ground sub-levels along the medium.
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