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Control of resonant weak-light solitons via a periodic modulated control field
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We investigate propagation and control of weak-light spatial solitons in a resonant three-level atomic system
with a periodic modulated control field. It is shown that the periodic modulation acts like periodic potential
which resists the propagation of the soliton in transverse direction. The soliton could be trapped by the periodic
potential in the input channel. When the modulation is canceled, the soliton propagates in its initial incident
direction. The periodic modulation of control field could be used to control the propagation of the weak-light
probe soliton. Due to the good localization efficiency of the periodic potential, an excellent switching is
realized for the probe soliton. These properties may have potential applications in all-optical switching, optical

information processing and other fields.
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Control of light propagation in periodic configuration me-
dium has attracted intense research interest, due to its fasci-
nating physical phenomena and potential applications in all-
optical control and so on [1-5]. Nonlinearity in such
configuration may give rise to lattice solitons or discrete soli-
tons [6,7], and they have also been observed in experiments
recently [6,8—10]. This periodic can be transverse [2-4,6],
longitudinal [11], or simultaneous in transverse and longitu-
dinal directions [12,13]. They all have precision control
functions on the propagation of spatial solitons in a homoge-
neous periodic configuration [2,4] or at the interface of two
different periodic materials [7]. However, previous re-
searches mainly utilize far off-resonant excitation and in-
tense laser fields to generate enough nonlinearity and avoid
large absorption. By virtue of quantum interference effect,
electromagnetically induced transparency (EIT) windows
can be generated in resonant medium [ 14], which provide the
possibility to form solitons at weak-light intensity [15-18].
Due to the requirement of low light intensity, weak-light soli-
tons imply superiority in potential applications. Very re-
cently, Hang et al. have studied weak-light bright and dark
solitons in atomic system with a resonant standing wave con-
trol field [19], in which the standing wave field serving as a
stabilizing factor for the soliton.

In this paper, we study propagation and control of weak-
light spatial soliton in a resonant lambda-type atomic system.
Through introducing the periodic modulation on the control
field, the refractive index of the medium is modified periodi-
cally for the probe field, which is equivalent to create peri-
odic potential in transverse direction. Different from the
standing wave field, the periodic modulated control field en-
sures the medium always in EIT conditions. Then the me-
dium plays the role as a periodic medium and provides some
propagation channels for the probe soliton. Whether the soli-
ton propagates in its incident direction or the soliton is well
trapped in the input channel could be switched by the peri-
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odic modulation. The localization efficiency of the trapped
soliton is very close to 1, which shows good switching per-
formance of the periodic potential. These properties may
have potential applications in optical information processing,
optical engineering and so on.

We carry out our study in a closed resonant three-level
atomic system, as illustrated in Fig. 1. A lifetime broadened
lambda-type atomic system interacts with a weak, pulsed
probe field (|1)—|2) transition) and a strong, continuous
wave control field (|3)—|2) transition) with transverse peri-
odic modulation. Due to spontaneous emission, there exists a
decay of each atomic state. In this scheme, we consider that
the state |1) is the ground state and the decay rate of the state
|3) is very small, which can be realized by adopting a hyper-
fine ground state or a metastable state. Under rotating-wave
approximation, the Hamiltonian of the system in the interac-
tion picture is expressed by

Hip=—1(A12)2] + (A} = A)[3)(3))
- h(Q,2)(1| + Q[3)(2| +H.c.). (1)

From the Hamiltonian and the Liouville equation, we obtain
the following motion equations for the density matrix ele-
ments describing the atomic response,

pi = i(Q;I)zl = Q,p10) + V2122 + V319335 (2)

P33 = 1(Qepay — Qp3n) + ¥23p2 — V310335 (3)

FIG. 1. Energy level diagram and laser excitation scheme.
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P21 = i(Q,p11 = Qppoa+ Qip3) + (1A =T )psy,  (4)

P23 = i(QpPIS - ijzz + ij33) + (18, - Ta)ps,  (5)

Q,p3) +[i(A; = Ay) = T51]p3;,  (6)

together with p;;=(p;;)* (i # j) and the conservation condition
pi1+pp+ps3=1. Here, 20}, is the Rabi frequency of the
probe (control) field for the relevant transition, expressed by
Q0 =|1213)|Epe)/ (2h) with w;; being the dipole matrix el-
ement of the transition |i)— |j). Aj=w,~w;; and Ay=w,
— wy3 are the detunings of probe field and control field from
corresponding resonant transition (w is angular frequency).
v;; is the decay rates from state |i) to state |j). The coherence
decay rates are defined as I'y;=(y+ y23)/2+ )fm , 'z
=(Yo1+ Yo3+ ¥31)/2+ 955 and T'5,=y3,/2+ 947 with aris-
ing from the collision broadening.
Considering the probe-field propagation along z axis and

p31=1(Qepyy —

diffraction along x axis, it can be described by E,(x,z,1)

2 E, exp(ik,z—iw,t)+c.c. with E, being a slowly varying
function of trrne t and distance z and c.c. standing for com-
plex conjugate operation. The interaction of atoms with
fields induces a polarization that oscillates at the frequency
of the weak-probe field. By performing a quantum average
of the dipole moment over the ensemble of the atoms, we
find the polarization

P(x,2,1) = Nptopy; explikyz — iw,t) +c.c., (7)

where N being the atomic density. The evolution of the
weak-probe field is described by the Maxwell equation

V2E ldz_EE_L@ (8)
P o 8062 o’

Under slowly varying envelope approximation, i.e.,
OE, | dz<k,E, and JE,| 9t <w,E,, then (- ;3)E,=2ik,E,
and Eq. (8) is reduced to

g 10 c &FQ
| —+——]Q,+ —2+ =0, 9
l(&z C&t) rt Zw X2 P21 ©

here the coefficient k=Nw,|u;s|*/ (2fic) with ¢ being the
light velocity in vacuum. We consider a steady state propa-
gation regime in which the probe-field envelopes have large
enough temporal widths and hence their time evolution could
be neglected [16,20,21]. Thus, the probe beam is governed
by the following wave equation

Q) c #Q
j—L 4 ——L 4 =0. 10
e 2w, o2 Kp21 (10)

The intensity of the probe field (), is taken to be much
weaker than that of the control field ()., which dresses the
levels |2) and |3) and leads to the destructive interference for
the transitions from the ground state to the two dressed lev-
els, then the depletion of the ground state |1) will be not
significant. We use the perturbation method to solve the mo-
tion equations of density matrix elements in steady state and
the density matrix elements are expressed as p;=2)" 0pl(j”).
Assuming the system is prepared initially on the ground
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state, the zeroth-order solution will be p(ﬁ)zl and other ele-

ments are equal to zero. Under the weak-probe approxima-
tion, we get the matrix element p,; up to the third order:

d;Q)
(1) _ 237 3% 11
P21 D’ ( )
p5 =0, (12)

3 —da2Q + dyds + d(4|Q ) + 2+ A3)/1Q ]
P = D|D|2
X 1Q,[7Q,, (13)

where the new parameters d,=A;+iy, d3=A;—A, and D
=|Q.|*~d,d; are introduced for convenience. In the deriva-
tion of Egs. (11)-(13), we select a metastable state as state
|3) which makes 3, be negligible (y3,=0), and take 75,
=1vy,3=7 for simplicity. In addition, the collision effect in
cold dilute atomic gas is very weak so it has been ignored in
this paper. Thus we obtain the following nonlinear
Shrodinger (NLS) equation governing the propagation of the
weak-probe field:
i@e + Laz—%g + Ké[l = (m, +im)|Q,[*1Q,=0,
Jz 2w, ox D
(14)

2, m=[21Q+Ads+d3(4|Q L+ ¥+ AY)/

Q) IDP.

In order to make analysis convenient, we introduce some
new variables {=z/L;, 7=x/R, L;=w), R*/c, u=Q o/ Qpos
on—l/\mo and my=m(Q.=Q,) to further simplify the
above NLS equation, where L; and R are characterization
diffraction length and beam radius, respectively. Then Eq.
(14) is transformed to the following dimensionless equation:

&Z ;;?zuz +(a, +la)(1 —%:miWF)u:O, (15)
with
QL =20, -A)]A, -4y
L wrve vy L
and
0= y2(A - Ay’ (17)
l |Q P = A1(A - AP+ (4, —Az)zaé

relating to the control field and detunings. Noticing that a;
o (A =A,)? when |Q|?—A (A= A,) #0, so a; can be greatly
suppressed if let (A, —A,)? sufficiently small. Under this con-
sideration, the absorption of the medium will play no signifi-
cant role and the system could be approximately thought as a
conservative one. In fact, this case can be easily realized by
using a strong control field and choosing proper parameters
just near the EIT window. With this consideration, a,>aq;
and m,>m; will be simultaneously achieved. If the control
field is homogeneous (.=€y) and a,<0, Eq. (15) should
have the bright soliton solution of the form as u

]—Usec h(u)e’[“”*“rg (@-11%82] with the incident angle
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FIG. 2. (Color online) Dependencies of a, and
a; on (a) the Rabi frequency of the control field
Q,, (b) probe detuning A;, and (c) two-photon

detuning 6. Other parameters are given in the
text.

20f
(a) e
_20 PR g =
—_ _4 ’ V& -
- 0 / <~ 3! .a
- _gof ¢ o b, LU __
@ ! o -1
B 3323 2.1234 21238
-100}! ’104 Q_(10°s7™)
U
-120 gx
42444648 5 52545658 6
6 -1
Q_(10°s™)
40 20
(b) 20}~ (c)
L Tmeel_ L 0 o LU e e s m TS T T T T
0 e I ‘_:-'_H' T ”/‘
—20f .0 —20f
—_ _ 7 R __ 5 . /
= gg ; a (3=-1.0x10° ~ s}/
~ — —_ 1
< _gol! ~ax10* (8=-1.0x10% o 6o [---a
U
-100p —a (5=-0.8x10% _gotb ~ax 10"
~120} . s
_140 -~ a,x10° (5=-0.8x10% -100
-16 -120
—({‘.8 -1.2 -0.6 . _10 06 1 1 —05 0 0.5 1
A, (10°s7) §(10%s7)

a and the width [ of the beam [19]. However, for the inho-
mogeneous control field, the coefficients a, and m, are com-
plicated, and thus the analytical solution of Eq. (15) cannot
be obtained.

From the above analysis, we notice that the condition of
a,<0 and a,> a; is necessary for generating bright solitons
in this system. Fortunately, this condition is easy to be satis-
fied by tuning the Rabi frequency of the control field Q,
probe detuning A; and two-photon detuning 6=A;-A,,
which determine a, and «a; via Egs. (16) and (17). We inves-
tigate the dependencies of a, and a; on those three param-
eters ()., A}, and &, and show the results in Fig. 2, where we
have considered our model in realistic atomic system via
selecting energy levels of 3S,, P, and P, as atomic states
[1), [2), and |3) in laser-cooled gas of magnesium atoms, in
which the decay time of |2) is about 5.1 ms [22]. In Fig. 2,
the parameters xk=4.0X 108 cm™' s7!, wavelength of probe
beam \,=457 nm, R=40 wm, and then L;=2.2 c¢m are em-
ployed. By taking A,;=-1.7X10%® s7' and &=-1.0
X 10° s7!, the dependency of a, and a; on the Rabi fre-
quency of the control field (), is shown in Fig. 2(a), from
which one can see that with the increase of (), the magnitude
of a, decreases and gradually approaches to zero, though the
absorption coefficient, i.e., a;, decreases simultaneously. The
inset shows the dependency for smaller (), in which a, is
transformed from a,<0 to a,> 0, accompanying greatly en-
hancement of the absorption coefficient a;. We plot the de-
pendency of a,(a;) on the probe detuning A, in Fig. 2(b)
when Q,.=4.3X 10° s7', 6=—1.0x10° s7!, and 6=-0.8
X 10° s7!. It is shown that a,(a;) will almost vanish when
increasing the probe detuning along positive direction. Fig-
ure 2(c) shows the dependency of a,(a;) on the two-photon
detuning & with Q,=4.3X10° s! and A;=-1.7Xx10% s7!,
from which it can be seen that a,(a;) decreases with § and
will keep a small magnitude for positive &. It should be men-
tioned that at two-photon resonance (8=0), i.e., in the center
of the EIT window, a,=a;=0 will be established [as shown in
Fig. 2(c)], which is not expected for generating solitons and

that is why we should choose parameters near the EIT win-
dow. Actually, in all these cases in Fig. 2, a; is several orders
of magnitude smaller than a, except the case for the inset in
Fig. 2(a).

We then consider the control field to be a periodic pattern
of Q.=Qo[1+A cos(Bn)] with A characterizing modulation
depth and B denoting modulation period. Such periodic
modulation of the control field may be achieved by using a
standing wave field formed by two beams with adverse trans-
verse components of wave vector and same longitudinal
components of wave vector. Comparing Eq. (15) with the
NLS equation of continuous model describing solitons in
optical lattice [4,5], one can see that the periodic modulation
of the control field would also arise a periodic potential like
the optical lattices or waveguide array for the probe field. So
the atomic system may possess the similar properties with
optical lattices or waveguide arrays. Each period takes effect
as a propagation channel for the soliton. If the soliton is
input in one channel with a tilt angle, it will meet the peri-
odic potential barrier in transverse direction during propaga-
tion. The potential barrier will resist the transverse propaga-
tion of the soliton, and trap the soliton in the incident
channel.

Based on the above analysis, the proper parameters to
support the formation of the solitons are easy to be realized.
By taking Q,=43X10° s, 0,=179x10° s7!, A,
=—1.7%X10% s, 6==1.0%x10°> s7!, k=4.0Xx10% cm™' s,
N,=457 nm, R=40 pum, and L,=2.2 cm, a,>a; and m,
>m; are achieved simultaneously. The weak-light spatial
soliton will propagate stably and with almost no loss in this
atomic system. According to the bright soliton solution of
Eq. (15) with homogeneous control field, we use a hyper-
bolic secant beam of u(7,0)=u, sec h(5)e'®” with the am-
plitude uy=|a,(Q,=Q,)|"""? as initial probe field.

As the periodic modulation acts like periodic potentials,
the probe soliton may be trapped by the periodic potential,
which provides a switching effect for the weak-probe soliton.
We try to use the modulated control field to switch the probe
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FIG. 3. (Color online) Soliton propagation in the medium with
homogeneous control field (top panels) and being trapped by peri-
odic modulated control field (bottom panels). In the subfigures, (a)
and (e) a=0.5; (b) and (f) @=1.0; (c) and (g) a=1.2; (d) and (h)
a=1.5.

soliton in a tilt direction. Top panels of Fig. 3 show the
solitons propagate along their own incident direction when it
is input at a certain angle and without the periodic modula-
tion of control field. In this case, the medium acts as a ho-
mogeneous EIT medium for the probe solitons. However, the
periodic potential could prevents the soliton from propagat-
ing in its incident direction. It makes the soliton be localized
and propagate only in the input channel, as shown in the
bottom panels of Fig. 3. Here we take the modulation depth
A=0.2 and period B=0.5 in the derivation of the below pan-
els of Fig. 3. The probe solitons is well trapped by the deep
lattice potential and oscillate in a lattice channel. When the
lattice width is too small, i.e., for larger periods, parts of the
soliton energy would leak into other lattices. Therefore, we
consider the lattice width for period B=0.5 to be commen-
surate to the soliton width. If considering smaller modulation
period, the probe soliton could also be trapped, but oscillate
in a wider lattice channel. For weak modulation of the con-
trol field, the probe soliton will traverse the lattice potential
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and cannot be trapped in the lattice channel. So we only
consider the case of deep modulation of the control field
here. Therefore, the periodic modulation of the control field
may be used as a switching for trapping or releasing the
soliton in the propagation direction.

To show clearly the trap of the soliton by the periodic
potential, we plot the input and output profiles as well as the
periodic modulation in Fig. 4 corresponding the cases of the
below panels of Fig. 3. The soliton is completely localized in
the region of modulation enhancement of a period, which
implies that only the region of modulation enhancement
plays the role of the propagation channels for the soliton.
Though the input beam initially covers some region of weak-
ened modulation, it will be eventually trapped into the adja-
cent propagation channel. The output intensity of the probe
beam is almost stronger than its input intensity, due to its
localization in the channel.

The localization efficiency of the soliton is evaluated by
comparing the soliton power trapped in the channel with the
total power of the probe beam. The soliton power localized
in the input channel and the total power of the beam are
calculated by P,=[*"3u(7,0)|?dn and P,=[*Z|u(n,)|*dn,
respectively. We compute the localization efficiency R,
=P,/ P, for the case of Fig. 3(f), and show the result in Fig.
5. It can be seen that a small rising of the localization effi-
ciency appears at first due to radiation of the beam from the
weakened modulation region into the propagation channel.
With the propagation, the soliton is well trapped in the input
channel and the localization efficiency is approximate to 1,
which implies excellent localization performance of the pe-
riodic potential. The solitons input in other tilt angles have
almost the same localization efficiency with Fig. 5, so they
are not plotted in this paper any more.

In conclusion, we have investigated the propagation and
control of the weak-light soliton via periodic modulation of
the control field in an EIT medium. The periodic modulation
modifies the refractive index to be periodic, which acts as
periodic potential in transverse direction for the weak-probe

1.2
@
—=t=0 ---(=0
0.8 —{{=40 —C=40
o 06 ----modulation ----modulation
X
2 o4
0.2 NN N
0 . '\‘ !,‘ somen ! !, . Ii i !
_OL%O 5 '10 ‘2;) 3‘0' 40\‘ 50 0. 0 - 5 '10 ‘2;) 3‘0' 40\ 50 FIG. 4. (Color online) Input and output pro-
n files normalized to the initial amplitude of the
soliton and the periodic modulation pattern of the
1.2 : control field plotted corresponding respectively to
© (d) .
t<o " the cases of Figs. 3(e)-3(h).
0.8 (-0 —{=40
> 06 ----modulation = ----modulation
3 3
S 04 =1
02 N N s
0 B SRt SRR P '
_o. B v (" \ _o. ’/ [ W E
—%0 0 50 -10 0 50

10 20 30 40
n

10 20 30 40
n

016602-4



CONTROL OF RESONANT WEAK-LIGHT SOLITONS VIA A ...

Y ¥

e

P

0.998

0.996

0.994

0.992

Localization efficiency R

O'990 10 20 30 40

Propagation distance ¢

FIG. 5. (Color online) Variation of localization efficiency of the
trapped soliton with the propagation distance.

soliton. In fact, the region of the modulation enhancement in
a period is equivalent to a propagation channel for the soli-
ton. The probe soliton could be well trapped in the input
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channel by the periodic potential. If there is no the periodic
modulation, the soliton will propagate stably in its input di-
rection. The good localization efficiency of the periodic po-
tential implies its excellent switching performance. There-
fore, the periodic modulation could be used for controlling
the weak-light soliton, and function as a soliton switching.
These properties may provide some advantages in soliton
communication and optical information processing.

This work was supported by the National Natural Sci-
ences Foundation of China (Grants No. 60708008, No.
60978013, and No. 60921004), the National Basic Research
Program of China (973 Program) (Grants No.
2006CB806000, and No. 2006CB921104), the Key Basic
Research Foundation of Shanghai (Grant No. 08JC1409702)
and the Shanghai Rising-Star program (Grant No.
08QH1402400).

[1] D. N. Christodoulides and R. L. Joseph, Opt. Lett. 13, 794
(1988).

[2] Y. V. Kartashov, L.-C. Crasovan, A. S. Zelenina, V. A. Vys-
loukh, A. Sanpera, M. Lewenstein, and L. Torner, Phys. Rev.
Lett. 93, 143902 (2004).

[3] D. Neshev, A. A. Sukhorukov, B. Hanna, W. Krolikowski, and
Y. S. Kivshar, Phys. Rev. Lett. 93, 083905 (2004).

[4] Y. V. Kartashov, V. A. Vysloukh, and L. Torner, Opt. Lett. 33,
1747 (2008).

[5] F. Lederer, G. I. Stegeman, D. N. Christodoulides, G. Assanto,
M. Segev, and Y. Silberberg, Phys. Rep. 463, 1 (2008).

[6] H. S. Eisenberg, Y. Silberberg, R. Morandotti, A. R. Boyd, and
J. S. Aitchison, Phys. Rev. Lett. 81, 3383 (1998).

[7]1 Y. Kominis and K. Hizanidis, Phys. Rev. Lett. 102, 133903
(2009).

[8]J. W. Fleischer, M. Segev, N. K. Efremidis, and D. N.
Christodoulides, Nature (London) 422, 147 (2003).

[9] D. N. Christodoulides, F. Lederer, and Y. Silberberg, Nature
(London) 424, 817 (2003).

[10] Z. Chen H. Martinl, E. D. Eugenieva, J. Xu, and J. Yang, Opt.
Express 13, 1816 (2005).

[11] A. Ciattoni, C. Rizza, E. DelRe, and E. Palange, Phys. Rev.
Lett. 98, 043901 (2007).

[12] I. L. Garanovich, A. A. Sukhorukov, and Y. S. Kivshar, Opt.
Express 13, 5704 (2005).

[13] A. Szameit, Y. V. Kartashov, F. Dreisow, M. Heinrich, T.
Pertsch, S. Nolte, A. Tiinnermann, V. A. Vysloukh, F. Lederer,
and L. Torner, Phys. Rev. Lett. 102, 153901 (2009).

[14] S. E. Harris, J. E. Field, and A. Imamoglu, Phys. Rev. Lett. 64,
1107 (1990).

[15] Y. Wu and L. Deng, Phys. Rev. Lett. 93, 143904 (2004).

[16] T. Hong, Phys. Rev. Lett. 90, 183901 (2003).

[17] M. Wadati, J. Phys. Soc. Jpn. 77, 024003 (2008).

[18] M. Wadati, Eur. Phys. J. Spec. Top. 173, 223 (2009).

[19] C. Hang, V. V. Konotop, and G. X. Huang, Phys. Rev. A 79,
033826 (2009).

[20] H. Y. Ling, Y. Q. Li, and M. Xiao, Phys. Rev. A 57, 1338
(1998).

[21] C. Hang, G. Huang and L. Deng, Phys. Rev. E 74 046601
(2006).

[22] A. Godone and C. Novero, Phys. Rev. A 45, 1717 (1992).

016602-5


http://dx.doi.org/10.1364/OL.13.000794
http://dx.doi.org/10.1364/OL.13.000794
http://dx.doi.org/10.1103/PhysRevLett.93.143902
http://dx.doi.org/10.1103/PhysRevLett.93.143902
http://dx.doi.org/10.1103/PhysRevLett.93.083905
http://dx.doi.org/10.1364/OL.33.001747
http://dx.doi.org/10.1364/OL.33.001747
http://dx.doi.org/10.1016/j.physrep.2008.04.004
http://dx.doi.org/10.1103/PhysRevLett.81.3383
http://dx.doi.org/10.1103/PhysRevLett.102.133903
http://dx.doi.org/10.1103/PhysRevLett.102.133903
http://dx.doi.org/10.1038/nature01452
http://dx.doi.org/10.1038/nature01936
http://dx.doi.org/10.1038/nature01936
http://dx.doi.org/10.1364/OPEX.13.001816
http://dx.doi.org/10.1364/OPEX.13.001816
http://dx.doi.org/10.1103/PhysRevLett.98.043901
http://dx.doi.org/10.1103/PhysRevLett.98.043901
http://dx.doi.org/10.1364/OPEX.13.005704
http://dx.doi.org/10.1364/OPEX.13.005704
http://dx.doi.org/10.1103/PhysRevLett.102.153901
http://dx.doi.org/10.1103/PhysRevLett.64.1107
http://dx.doi.org/10.1103/PhysRevLett.64.1107
http://dx.doi.org/10.1103/PhysRevLett.93.143904
http://dx.doi.org/10.1103/PhysRevLett.90.183901
http://dx.doi.org/10.1143/JPSJ.77.024003
http://dx.doi.org/10.1140/epjst/e2009-01075-9
http://dx.doi.org/10.1103/PhysRevA.79.033826
http://dx.doi.org/10.1103/PhysRevA.79.033826
http://dx.doi.org/10.1103/PhysRevA.57.1338
http://dx.doi.org/10.1103/PhysRevA.57.1338
http://dx.doi.org/10.1103/PhysRevE.74.046601
http://dx.doi.org/10.1103/PhysRevE.74.046601
http://dx.doi.org/10.1103/PhysRevA.45.1717

