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Abstract: We investigate the propagation of a soliton-pair in 3-level atomic systentoegsonance. We present an explicit analytical
expression of the soliton-pair shape. We show that the speed of the quditocan be controlled. Furthermore, we derive a condition
for completely stopping the light.
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1. Introduction retrievedB4]. In another context, Park and Shi3g
showed a systematic method for constructing families of
emulti-component pulses in EIT media. H. Eleuch and his
Co-workers B6,37], derived analytical solutions of
solitons and pair of solitons in dissipative resonant media
In this paper we investigate the soliton-pair
propagation in the three level dissipative media out of

Considerable attention was paid in the three last decad
to the non linear optical medid |2,3,4,5,6,7,8,9,10,11,
12,13,14,15,16,17,18,19], mainly the Solitons formation
in electromagnetically induced transparency medium

(EIM[20,21,22,23], as they have important physical resonance, we elaborate an explicit analytical expression

featuresP4,25]. In particular, spatiotemporal solitons : : . e
: ..~ of the pair soliton shape and we derive a condition for
known as STSsZ6]. They are pulses, which maintain completely stopping the light.

their shape by propagating in the medium due to the
balance between the group-velocity dispersion,
diffraction, and nonlinear self-phase modulation.
Moreover, EIT is an important tool for realization of
controllable  atom-light coupling, such as the
manipulation of optical pulse propagation through atomic
and atom-like media via slow2[, 28,29 and stored light
[30,31,32,22]. Among the interesting potential
applications of EIT and slow light is the practical . ;
realization of a quantum memory. Electromagnetically The three-level atom is described by quantum system

induced transparency (EIT) has mainly been studied fotVith three energy level9),,|1) and2) . The restriction to

three-level systems. In particular, a considerable istere two Iow_er energy level is Ya“d if the frequency of the
teracting waves are distant enough to all other

has been dedicated to the Lambda-configuration where ; ; .

pair of optical pulses propagates without absorption. This'eduencies. In this model we take into account the rates
medium can be made experimentall§3] if, a weak Y12 of radiative decay from the higher leveg) to the
signal pulse propagates through the medium pumped by levels |1) and2) and neglecting the other dissipation
strong control field. The group velocity of the weak signal effects.

depends on the control field intensity, and can be reduced This three-level system is irradiated by a light beam
to zero. In this case the photonic information of the pulsecontaining two monochromatic fields; and E, which

is completely transferred to the atoms. This coherentpropagate with polarization adequate to couple the optical
transfer is reversible, which means that the pulse may beransitions [0) «+ |1) and|0) <+ |2)). We suppose that the

2. Model

The medium considered here is a three level atom in the
AN —configuration interacting with two non-resonant
electromagnetic fields. The two atomic transitions are
| excited by two variable laser fields.
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level§l) and |2) are decoupled (transitiofl) <> |2) transition frequencies and we havep = 2= andwyo =
negligible). In fact a free atom has at least two states atto_&

same parity between which an electrical dipole transition P10 and pao terms oscillate at the respective driving
is not a}llowed. Furthermore,_ we assume that the twofig|q frequency and thepy; oscillate with frequency
optical fields have slowly varying envelopes4{35, 36]: differences of the two light fields. So, we can define the
slowly varying amplitudes of the off-diagonal density

1|9Es << ’El ; 1|9E << Ez‘ (1)  matrix elementpig pz20andpy: through the relations:
w | ot wy | ot
In the rotating wave approximation the Hamiltonian of the Pio = pjoexpliwjet) for j=1,2
system is
H = Ho+Hi : :
o P21 = Pa1expli (620 wro)t) ®)
Ho = Z SR
i=12 The off-diagonal elements, which describe the atomic
H= Z 0 (ad aiEi + &' aE") ) coherences, can be decomposed into imaginary part and
i=T,2 real parts :
Where Hg is the field free Hamiltonian andl; is the Pjo = Xjo+ijo

interaction of the atom with the electromagnetic fiels.
a' are respectively the annihilation and creation fermions
operators of the atomic leveli, verifying the P21 = X21+iUh1 )

anti-commutation relation {a;,aﬂ = &j. The two - ) ) )
+ The Hermitian propriety of the density matrix ensures

dipole transition matrix elements which are assumed to bg, 4t the diagonal elemens1 pz» and pgo Must be real.
real are denoted by, andg. The dynamical evolution of - thege terms are the level populations and determine the

system is governed by the master equation internal energy of the atom.; = w — wand
d » = wpo — wp are the detunings between the laser
GP= ﬁ[Hﬁ] +£p ()  frequencies and the atomic transitions frequencies. We

. _ _ _ have developed in this section, the evolution of the atomic
The irreversible decay partin the system is denqteﬂ_my parameters. In the next section, we explore the
and corresponds to the incoherent processes. Itis given bysropagation of the field§; andE, through the medium

and its spatial and temporal dynamical behavior.
g0 = 2 [agaup,afac] + 2 [agaup,af ao] + P poral &y

%[agazp,agao] +% [ag a2, a3 2] 4

The time-varying density matrix elements verify the
following evolution equations

3. Analysis of the fields propagation

This section deals with the analysis of soliton propagation

%Plo = i wiop10—1d1E7 (Poo — P11) in the medium described above. The signal figldfor
j = 1,2 are described by the Maxwell equations for a
+ idp5,E5 — (legW) P10 slowly varying approximation (SVA) 38,
d 39]:% +c% = ig'pj-o. Moreover, the condition for
— P20 = 10020 — i doE; (oo — P22) soliton-pair propagation is expressed as
dt Ej (x,) = Ej (x—vgt)
+ idyp1Ef — (V1+ VZ) 020 The propagation constants of the fielgls which are
2 considered to be real, are given gy= %;TNgi(wzvL 3).

& is the vacuum electric constam,is the atomic dipole
density andc is the velocity of light.vy represents the
group velocity of the soliton-pair. We introduce a moving

d ) ) .
G = id1E1p20+1d2010E; +i (wpo- w10) Poo

P = 1d; (Ejpio—Ejpjo) +Vipoo for j=1,2 coordinatez = x — Vgt which propagates with the pulses’s

d d . . velocities. In this new moving coordinate we have
P = g i) forij=0.1,2 2 = —vgZ andZ = 2. We assume in this work that the

d d ( ) ) two spontaneous emission rates are approximately equal:
_ e — + —

dit 0 dr PP 1 = y» = y.We suppose also, th&b is real which gives

The last equation is derived from(p) = 1. d; are the  x20 = 0. The complete set of the evolution equations for
coupling constantsu; g and wy represent the two atomic  medium-fields interaction (Maxwell-Bloch equations) are
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obtained from Maxwell equations and the master equation

d_ & r B=-3

gz = V*gL,Um* azyn1+1 X10 C— _ra

d = % 2a a r D = da

dzwm = VgX10— 1X11— 02X21+ T Yho E — 492 (12)
(7} s Ok, 4
Vg Yoo+ a1y ( 62k1)

dg%o = 02(—1—p11) — a1 X21+ I Yoo ) o
z 4. Shapes of Solitons and stopping light

d ..
o= a0+ azyno condition

In this section we derive an analytical explicit shape of
the soliton, so we must find an explicit relation between
andz. From the definition of the function we obtain the
azPn = 20110~ I (1= p11—p22) following relation between the field amplitude and the

d
d;%l = Q2X10

d local coordinate, for small field amplitudex ,we get :
P22 = 202420~ I (1—p11—p22) (8)
d d2g2 da
R _ === Z= o
daz"? Vg(C—Vg) Y20 p
= —kal20 - /7da
d o d101 W Sia + S$0?
01 = —————ho _ _
dz Vg(C—Vg) _ 2 ianht {2520 51] (13)
= —kino S St
Whereaianda, are both variables and related to the where
field amplitudes by the following expressions: S =4-T
. . S =X
151 d2E>
ap=——, ay=—— ) _ } % 2
Vg Vg == 5(62k]_ +A ) (14)

We deal here with the case where; = Ad1 = Ad Herewith we obtain two possible expressions of the
which means that the two pulses constituting thesoliton pulse shapes (The plots in Bigepresent the two
amplitudes of the pair have the same shape but witthossible shapes of the solitons, the used parameters are
different amplitudes. The new constahtis defined by  from realistic values40,41,42,43,44,45]) :
r=2.

V(

9

The optical fields 1 and 2 have slowly varying -s Sz
amplitudes, in this case, we can neglect the variation ofd(1) (2) = W(l—tank(7))
the curvature and we can assume that the third and the S Sz
forth order of the differentiations are negligible. After a(, (z) = 52 (1—tani(=-)) (15)
algebraic manipulations and differentiation of the 2X 2
Maxwell-Bloch equations, we obtain a non-linear In order to calculate the velocity of the soliton, we
differential equation: determine, first the maximum amplitude of the soliton. It

is given by the following relation:
dp dp
= Bp? Dp(——)+E(5=)+F 1 %
amaX*Y*?* S (16)

where we introduce a new variabfedescribing the

field evolution of the fieldx by The expression of the group velocity for the solition pair is
then:vg = z—5—. From the fact thatg < c, we deduce
da iti ihe soli i
p(a) = % (11) a condition for the soliton propagation
_Yy
The expressions of the constants are: Omax < — £, (7)
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5. Conclusion

In this paper we have studied the propagation of a
soliton-pair in an absorbing and a non-resonant three level
atomic media inA configuration. We derive an explicit
analytical solution for the soliton-pair shapes. We show
that the group velocity of the soliton-pair can be
controlled by changing the values of the maximum
amplitude and the detunings. These results are important
in several physical applications such as in
telecommunications. In fact, typical slow light systems
exhibit loss of information through dispersion.
Controlling slowing light propagation through solitons
propagation is an efficient way to reduce loss of
information and un-distortion.

References

[1]Y. S. Kivshar, B. Luther-Davies Phys.Re20881 (1998).

[2] H. A. Haus W. S. Wong, Rev. Mod.Phy&8, 423 (1996).

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

[4]Y. Guo, C. K. Kao, E. H. Li, K. S. Chiang, Nonlinear
Photonics. Series in Photonics, Springer, New York, 2002.

[5] H. Eleuch et al., Phys. Rev. 85, 013830 (2012).

[6] G. Dridi et al., Phys. Rev. A80, 043408 (2009).

[7]1H. Eleuch and Y. V. Rostovstev, J. Math. Ph$4, 093515
(2010).

[8] P. K. Jha et al., PhyS. Rev. 82, 045805 (2012).

[9] E. A. Sete et al., Journal of Modern Optisg, 1311 (2012).

Figure 1: Soliton shapes((;)(a) anda () (b) as function of z for
the following parameters (in the S! unita)i = 1.5% 108; cw; = 5%
10%,d2 =3%10"%%,d1 = 1.5x103%,y = 5% 10%;A= 15,0, =
0.15%10%; gy = 0.17%108; &, = 0.03% 10%; 3, = 35;.

[10] E. A. Sete et al., IEEE Journal of Slected Topics in quantum
Electronicsl8, 541 (2012).

[11] E. A. Sete and H. Eleuch, Phys. Rev.8%, 043824 (2012).

[12] M. S. Abdalla et al., JOSA. B9, 719 (2012).

[13] G. Stegeman and R. Stegeman, Nonlinear Optics:
Phenomena, Materials and Devices, John Wiley &
Sun, New Jersey, (2012).

[14] N. Boutabba, L. Hassine, N. Loussaief et al., Organic.
Electronics4, 1 (2003).

[15] H. Eleuch and N. Rachid, Eur. Phys. J.97, 259 (2010).

[16] H. Eleuch, N. Ben Nessib and R. Bennaceur, Eur. Phys. J. D
29, 391 (2004).

[17] N. Boutabba, L.Hassine, A.Rihani, et al., Synth. M&i39,

227 (2003).
[18] A. Biswas, Quant. Phys. Lett, 79 (2012).

wherec is the velocity of light in vacuum.
Furthermore, for 518, < 0 another propagation

condition for the soliton-pair should be verified:
[19] H. Eleuch and A. Prasad, PhyS. Lett3&6, 1970 (2012).

| &102G2000
A>y|——F7— 18
A O20101 Wio (18)
[20] Y. C. She, D. L. Wang, W. X. Zhang, Z. M. He and J. W.

The two cases whered = +,/ 7% are very Ding, J. Opt. Soc. Am. &7, 208 (2010).
interesting as the soliton’s velocity vanishes which meanfl] W.X.YangandR. K. Lee, Eur. Phys. LeiG, 14002 (2008).

that the soliton-pair can be stopped. This can be used t 22l ,1\1598(1)55??26:)’02.) Eleuch and H. Bouchriha, Synth. Metals

greatly. reduce noisg, allpwing infqrmation to be [23] N. Boutabba and H. Eleuch Math. Model. of Nat. Phenom.
transmitted more efficiently in the medi]. Moreover, 7,02, (2012).

storing the energy information at a desired time, is anp4]y. py, Y.zhang, C. Zuo, C.Li, Z. Nie, Hi Zheng, M. Shi,
important challenge for the quantum information R. Wang, J. Song K. Lu, M. Xiao, Phys.RevZ®, 063839
processing. In fact, storing and retrieving back a quantum  (2009).

state of light may destroy the information that it carries. [25] Y.wu, X. Yang, Phys.Rev.A1, 053806 (2005).

In this Context, developing quantum memories is a way[26] B. A. Malomed et al., J. Opt. B: Quantum Semiclassical
to avoid shape deformation and energy |1485[ Opt.7, R53 (2005).

© 2013 NSP
Natural Sciences Publishing Cor.



Appl. Math. Inf. Sci.7, No. 4, 1505-1509 (2013)www.naturalspublishing.com/Journals.asp

NS O) 1509

[27] L.V. Hau, S. E. Harris, Z. Dutton, and C. H. Behroozi,
Nature 397, 594 (1999).

[28] M. M. Kash, V. A. Sautenkov, A. S. Zibrov, L. Hollberg, G.
R. Welch, M. D. Lukin, Y. Rostovtsey, E. S. Fry, and M. O.
Scully, Phys. Rev. LetB2, 5229 (1999).

[29] M. Fleischhauer and M. D. Lukin, Phys. Rev. L&4, 5094,
(2000); Phys. Rev. &5, 022314 (2002).

[30] C. Liu, Z. Dutton, C. H. Behroozi, and L.V. Hau, Nature
409 490 (2001).

[31] D. F. Phillips, A. Fleischhauer, A. Mair, R. L. Walsworth,
and M. D. Lukin, Phys. Rev. Let86, 783 (2001).

[32] A.V. Turukhin, V. S. Sudarhanam, M. S. Shabhriar, J. A.
Musser, B. S. Ham, and P. R. Hemmer, Phys. Rev. B&it.
023602 (2002).

[33] K. J Boller, A. Imamogluand, S. E. Harris, Phys. Rev. Lett
66, 2593(1991).

[34] 1. Novikova, A.V. Gorshkov, D.F. Phillips, A.S. Sorensen,
M.D. Lukin and R.L. Walsworth. Physical Review Letters
98, 243602 (2007).

[35] Q. H. Park and H. J. Shin, Phys. Rev6EE 3093 (2000).

[36] H. Eleuch and R. Bennaceur J. Opt. A: Pure Appl. 6pt
528 (2003).

[37] H. Eleuch, D. Elser and R. Bennaceur Laser Phys. lett.
391 (2004).

[38] J. H. Eberly, Quantum Semiclass.373(1995).

[39] L. Mandel, E. Wolf, Optical Coherence and Quantum
Optics, Cambridge University Press, 1995.

[40] J. Kastel, M. Fleischhauer, S. F. Yelin and R. L. Walsworth,
Phys. rev LetB9, 073602 (2007).

[41] V. B. Tiwari, S. Singh, H. S. Rawat, M. P. Singh and S.
C. Mehendale, J. Phys. B: At. Mol. Opt. Phy&, 095503
(2010).

[42] N. Boutabba, Eur. Phys. J. 85, 158 (2012).

[43] Xiao-Yu Yang, Yong-Yuan Jiang, Optics Communications
285 2161 (2012).

[44] Z. Shuncai, J. Phys. B: At. Mol. Phys. 43, 045505 (2010).

[45] L. J. Hua, Commun. Theor. Phy&2, 113 (2004).

[46] A. I. Lvovsky, B. C. Sanders and W. Tittel, Nat. Photonics
3, 706 (2009).

© 2013 NSP
Natural Sciences Publishing Cor.


www.naturalspublishing.com/Journals.asp

	Introduction
	Model
	Analysis of the fields propagation
	Shapes of Solitons and stopping light condition
	Conclusion

