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Electromagnetically induced grating in a four-level
tripod-type atomic system*
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An electromagnetically induced grating in a four-level tripod-type atomic system is studied theoretically. By virtue of
a weak standing-wave signal field, the phase modulation effectively diffracts a weak probe field into the first-order direction.
By changing the weak signal field, the diffraction of the weak probe field can be modulated in real time, and a first-order
diffraction efficiency of more than 32% can be obtained with proper parameters. Such a system has a potential application

in an all-optical switch controlled by a weak optical signal.
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1. Introduction

As we all know, a resonant probe field should be ab-
sorbed strongly by the medium. When another field is added,
coherent population trapping (CPT) is realized, in which
case the extraction of the entire population is prevented.!!=]
Under CPT, the optical properties of the atomic medium
can be manipulated readily. The medium can be made
transparent to the probe field and electromagnetically in-
duced transparency (EIT) is formed.[*! The theory based
on EIT has been applied to many fields such as lasing
without population inversion,>®! enhancement of refractive
index, 78! slow light, 19.10] light storage,[”’lz] nonlinear light
generation, 314 atomic mirrors,[1>-1%) electromagnetically in-
duced grating (EIG),!'72!1 and other effects.[>>-7]

Applying a standing-wave coupling field, the transparent
and opaque regions appear alternately, so an amplitude grating
was proposed.[!”] The refraction property of the probe field is
also changed by the coupling field, and a phase modulation is
therefore introduced here. As a result, a phase grating was pro-
posed in a three-level system.[!”] The atomic grating realized
by this system has been applied to all-optical switching and
routing.['8 The intensities of higher-order diffraction maxima
can also be enhanced in a three-level ladder-type system.!!"]
By introducing a microwave field, the diffraction efficiency
can be further improved. ?°! In addition, some schemes to real-
ize the EIG were proposed for different atomic systems.[?!-28]

In this paper, an EIG in a four-level tripod-type system
is studied theoretically, and first-order diffraction efficiency of
more than 32% is obtained, which is very close to that of an
ideal sinusoidal phase grating. The first-order diffraction effi-
ciency of the weak probe field can be controlled readily, and
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a weak signal can be used to modulate and switch the weak
probe field.

In this article, we review some recent developments in
the field of EIG. Section 2 introduces the theoretical model
and equations. Section 3 discusses the results of theoretical
simulation. In Section 4, we conclude and provide a look at
potential developments.

2. The model and equations

Figure 1(a) illustrates the atomic model. It consists of a
tripod-type four-level atom interacting with three laser fields.
Levels |1), |2), and |3) are the ground states. Level |4) is an
excited state that decays at a rate of I'. A weak probe beam
with a Rabi frequency ), = p41 Ep /2% couples to the transition
[1) <> |4). The levels |2) and |4) are connected by a coupling
field with a Rabi frequency of Q. = U4 E./2k, while a sig-
nal wave with Rabi frequency Qs = Uu3Es /2% is applied to the
transition |3) <> |4). Here U4y, Uap, and 43 are the electric
dipole moments between the corresponding states. If the sig-
nal wave is composed of two overlapping fields that form a
standing wave in the x direction (see Fig. 1(b)), then the sig-
nal Rabi frequency can be written as Q(x) = Qgsin(mx/A),
where A represents the space period of the standing wave.

Under the dipole approximation and the rotational wave
approximation, the interaction Hamiltonian Hj can be written
as

Hi = —h[(Ap — Ac) [2) (2] + (4p — As) [3) (3] + 4p |4) (4]]
—[Qp[4) (1] + Qe [4) (2|
+Qqsin(mx/A) |4) (3| +h.c.], (1)

where Ay, = @p — W41, Ac = O — W42, and A; = @ — @43 are
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the detunings of the probe, coupling, and signal (standing)
waves, respectively. Here, @,, @, and @; are the frequencies
of the optical fields, while w41, @42, and @43 are the corre-
sponding atomic transition frequencies. Then we can obtain
the equations of the density-matrix elements as
P11 =15 pa1 —iQpp14 + L1 Paa,
P21 = [—721 +i(Ap — Ac)|P21 +iQ7 par —iQ2pP04,
P31 = [—11 +i(Ap — As)|p31 +1L sin(mx/A) pas —iQpp34,
Pa1 = (=1 +1i4p)par +1Q2p (P11 — pas) +1Qcp21
+iQgsin(mx/A)pai,
P2 =12 par —1Qcpr4 +IioPas,
P32 = [~ P2 +1(Ac — As)]p32 + 127 sin(mx/A) par — 1Qcp34,
Pa2 = (—Ya2 +iAc) paz +12pp12 +1Qc (P22 — Pa4)
+iQsin(mx/A)p32,
P33 = 1Q sin(7x/A) paz — Qg sin(7x/A) p3a + L343 P44,
Pa3 = (—Ya3 +iAs) P43 +i2,p13 +1Qc P23
+iQgsin(7x/A) (P33 — paa),
Pas =1Qpp14 — Q5 a1 +1Qcprs —1Q: par
+iQsin(mx/A)p3a —1Q sin(7wx/A) paz
— (I + Iip + I3) paa,
pji=(pij)", (i #])),
pit+pn+p33+paa=1, (2)

where I;; is the population decay rate from level i to j, and ¥;;
is the dephasing rate.
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Fig. 1. (a) The atomic model. A tripod-type four-level atom interacting
with three laser beams: probe (£2;), coupling (L. ), and signal (). (b)
Sketch of the probe- and signal-beam spatial configuration with respect
to the atomic sample showing the zeroth and first diffraction orders.
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=

Suppose the probe field is propagating along the z di-
rection through an extended atomic sample of length L. Un-
der the slowly varying envelope approximation and the steady
state regime, the propagation of the probe field is described by
Maxwell’s equation!!”!

aa—EZp = izk—;oPp7 3)
where P, is the slowly varying polarization. By perform-
ing a quantum average of the dipole moment over an en-
semble of homogeneously broadened atoms, we can obtain

P, = 2N 41p41, where N is the atomic density. Substituting
this expression for F, into Eq. (3) yields

0Qy kN
— =i——pai. 4
% Y on & P41 @
In order to present the results in a unitless form, we choose 74
as the unit for all the Rabi frequencies, frequency detunings,

and decay rates, and

0= 2hy41 €0
Nkpit '

&)

which is the resonant absorption distance of the probe field in
the absence of other fields as the unit for z.[']

Then the equation for the probe field becomes

29,
07

= (on+icy)€2p, (6)
where 7 = z/z0 , o = —Im[ps1]y1/Qp, and o5 =
Re[ps1]11/82p. As Qq(x) is a function of x, ¢ and o are
also functions of x. Equation (6) can be solved analytically
to obtain the transmission function of the atomic medium at
7 =1L,

T(x) = e%Wkeiti(L, @)

By Fourier transform of 7(x), the Fraunhofer or far-field

diffraction equation can be obtained as!!”}

2 sin®(MzA sin@/2,)

1,(0) = |E;(9)’ M2 sin? (A sin6/A,)’

®)
where
1
E)(6) = /0 T (x)exp(—i2mAxsin6/A,)dx )

corresponds to the Fraunhofer diffraction of a single space pe-
riod, M is the number of spatial periods of the grating illu-
minated by the probe beam, and 8 is the diffraction angle of
the probe field with respect to the z direction. Here, A is cho-
sen as the unit for x. Since we are mainly interested in the
first-order diffraction intensity, we calculate I,(6) along the
first-order diffraction angle determined by the grating equa-
tion, sin 0; = A, /A, with the result
Ih(61) = |EN (61, (10)

where

EL(6) = /01 T (x) exp(—i27x) dx. an
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3. Results and discussion

Figure 2 displays the diffraction pattern as a function of
sin@ for M =5 and A /A, = 4. The solid and dashed curves
represent the diffraction intensity with and without phase mod-
ulation, respectively. This clearly shows that the amplitude
modulation (dashed curve) gathers more than 90% of the en-
ergy into the zeroth-order direction, while little energy is dis-
persed in high-order directions. When the phase modulation
is added (solid curve), more energy is shifted into the first-
and second-order directions. With parameters properly cho-
sen as: Ap = 1.7, Ac = Ay = 0, 2, = 0.1y41, . = 9.7y,
Q,=0.16741, L=900, I3} = Iip = I43 = 0.66741, Yao = Va3 =
Ya1, and 731 = Y32 = Y1 = 0.0047,, the first-order diffraction
efficiency can be even more than 32%. This is very close
to the efficiency of an ideal sinusoidal phase grating, which
is approximately 34%.[%! At the same time, the zeroth-order
diffraction intensity decreases to about 10%, and about 9%
of the energy is dispersed into the second-order direction. In
numerical modeling, we find that the first-order diffraction ef-
ficiency depends mainly on the Rabi frequencies (€. and €),
the probe detuning A, and the interaction length L.
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Fig. 2. (color online) The diffraction pattern as a function of sin 6 with
(solid curve) and without (dashed curve) phase modulation. The pa-
rameters are A, = 1.7y%1, Ac = A; = 0, 2, = 0.1%1, Q. = 9.7%1,
Q3 =0.16y1, M =5, L =900, A /A, =4, [} = I = Ii3 = 0.66)1,
Ya2 = Y3 = Va1, and 131 = Y32 = Y21 = 0.0047;.

Figure 3 illustrates the first-order diffraction intensity
1,(61) as a function of Q with different .. In curve a, the
peak value of 7,(6;) is only 7% at Q5 = 0.08y4; for Q¢ = Y41,
but it increases dramatically as €2, increases (see curves b and
¢). When €. increases to 9.7y4; (curve c), the peak value
reaches a maximum larger than 32% at g = 0.1694;. Then
it decreases as £2. continues to increase, as shown in curve
d. In curve c, as £ changes from 0 to 0.167}4;, the first-
order diffraction efficiency changes from zero to the maxi-
mum value. Therefore, by choosing a proper ., ,(6;) can
be controlled by changing the intensity of €25, which can be
set well below the saturation level (2 < 41). In a word, a
weak standing-wave signal field can be used to modulate a
weak probe field.

Figure 4 displays the first-order diffraction intensity
1,(61) as a function of probe detuning A, with different L. The
peak value of I,(6;) only reaches 9% at A, = 1.2y4; when
L is 300 (curve a), and it increases as L increases (curves b
and ¢). The maximum diffraction efficiency (32%) occurs at
Ap = 17741 when Lis 900, as curve ¢ shows. As L continues to
increase, the peak value begins to decrease slowly (see curve
d). Thus, a proper L is necessary to achieve a high diffraction
intensity.
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Fig. 3. (color online) First-order diffraction intensity ,(6;) as a func-
tion of € with different .. The curves a, b, ¢, and d represent
the cases of Qc = 1, 3y, 9.7y1, and 207y, respectively. Here,
Ay = 17741, Ac = A; = 0, £, = 0.1y, and L = 900. Other param-
eters are the same as those in Fig. 2.
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Fig. 4. (color online) First-order diffraction intensity /,(6;) as a func-
tion of A, with different L. The curves a, b, ¢, and d represent the
cases of L =300, 500, 900, and 1100, respectively. Here, Ac = As =0,
Q, =0.171, Q. = 9.711, and Q5 = 0.164;. Other parameters are the
same as those in Fig. 2.

The values of A, and Ag have been sought, and we find
that the best result occurs at A. = A; = 0. As a result, when
we choose the parameters as: Ap, = 1.7y, Ac = A = 0,
.Qp = 0.1’)/41 , Q.= 9.7’)/4] , Q= 0.16741 , and L =900, the best
first-order diffraction efficiency is achieved, which is more
than 32%. This atomic grating can be realized in a sodium
or rubidium medium.

4. Conclusion

We have investigated an electromagnetically induced
phase grating in a homogeneously broadened medium con-
sisting of a four-level tripod-type atomic system. The re-
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sults show that the diffraction efficiency of the phase grat-

ing can be controlled easily by changing the intensity of the

weak standing-wave signal field. Choosing proper parameters,

the first-order diffraction efficiency can reach more than 32%

which is very close to that of an ideal sinusoidal phase grat-

ing (about 34%). Such a system can be realized in a sodium

or rubidium medium, and it could find application in an all-

optical switch where a weak standing-wave signal field is used

to modulate and switch a weak probe field.
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