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Electromagnetically induced grating in a thermal
N-type four-level atomic system∗
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The electromagnetically induced grating effect in thermal and cold atoms has been studied theoretically. Studies have
shown that, by adjusting the parameters, the first-order diffraction efficiency of the probe beam in the cold atomic system
and the thermal atomic system is 34% and 31%, respectively, which is very close to the ideal diffraction efficiency of the
sinusoidal grating. However, it is more difficult to prepare the cold atomic system than to prepare the thermal atomic system
in the practical application, so the study of the electromagnetically induced grating effect in the thermal atomic system may
be helpful for practical applications.
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1. Introduction
In recent years, the atomic coherence effects have aroused

widespread interest. Using a standing wave to replace the
traveling wave of electromagnetically induced transparency
(EIT),[1,2] an electromagnetically induced grating (EIG)[3–5]

is formed. It is not easy for the traditional grating to change
the properties of the grating, however, the electromagnetically
induced grating can through the real-time modulate signal and
coupling field to change the properties of the grating in real-
time, and then can real-time modulate the diffraction of the
probe field, thus overcoming the limitations of the ordinary
grating. Hence, it has great application prospects in all-optical
switches and all-optical network control.[6,7]

In 1998, the electromagnetically induced amplitude grat-
ing in the ultracold Lambda atomic system was studied
theoretically.[3] Later, the EIG phenomena in the cold atomic
system were observed experimentally.[8,9] In 2005, Xiao et al.
applied the EIG effect to an all-optical switch and routing.[6]

Besides, the diffraction work of electromagnetically induced
grating in photonic bandgap reflection atomic medium and
atomic-like EIT medium has also been studied.[10–12]

EIG phenomena in different cold atomic systems have at-
tracted more and more attention.[13–20] However, it is more dif-
ficult to prepare a cold atomic system than to prepare a thermal
atomic system in practical applications. Based on these con-
siderations, in this article, we theoretically studied the electro-
magnetically induced phase grating in both the thermal atomic
system and the cold atomic system, and found that the first-
order diffraction efficiency in the thermal atomic system is
very close to that in the cold atomic system, so the study of

EIG effect in the thermal atomic system may be of some help
to practical applications.

The rest of this paper is organized as follows: in Section
2, we give the theoretical model and the equations; the results
of theoretical simulation are discussed in Section 3; Section 4
gives the conclusion.

2. Model and equations

The N-type four-level atomic structure model is shown in
Fig. 1. The hyperfine levels 52S1/2, F = 1 and 2 of 87Rb are
chosen to be |1〉 and |2〉 , 52P1/2, F = 1 to be |3〉 and 52P3/2,
F = 2 to be |4〉 , respectively. A weak probe beam with a Rabi
frequency Ωp couples to the transitions |1〉 and |3〉 , while the
coupling field and signal field connection level |2〉 ↔ |3〉 and
|2〉 ↔ |4〉with a Rabi frequency Ωc and Ωs, respectively. If
the signal wave is formed by two overlapping fields that form
a standing wave in the x direction, the Rabi frequency of sig-
nal field can be written as Ωs (x) = Ωs sin(πx/Λ), where Λ

represents the space period of a standing wave.
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Fig. 1. The N-type four-level atomic system level structure. An N-type
four-level atom interacting with three laser beams: probe (Ωp), cou-
pling (Ωc), and signal (Ωs).
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With the approximate dipole and the rotational wave ap-
proximation, the interaction Hamiltonian is given by[3]

HI = −}[Ωp e−i∆pt+ikpz |3〉 〈1| +Ωc e−i∆ct+ikcz |3〉 〈2|

+Ωs sin(πx/Λ)e−i∆st+iksz |4〉 〈2| + c.c.], (1)

where

Ωp =
er31Ep

2}
, Ωc =

er32Ec

2}
, Ωs =

er42Es

2}
.

In the thermal atomic system, we consider the influence of the
atomic motion with Doppler effect. When the atom moves
with a velocity of v, we define the propagation direction of
the probe beam as the positive direction, the detunings are
then ∆p = ωp −ω31 − kpvz, ∆c = ωc−ω32−kcvz, and ∆s =

ωs −ω42ωp − ksvz, respectively. Among them, ωp, ωc, and
ωs are the circular frequencies of the probe, coupling, and sig-
nal (standing) waves, while ω31, ω32, and ω42 are the corre-
sponding frequencies of the atomic transition. The equations
of the density-matrix elements for N-type atomic system are
then given by[3]

∂ρ11

∂ t
= iΩ ∗p ρ31− iΩpρ13 +Γ31ρ33,

∂ρ21

∂ t
=
[
−γ21+i

(
∆p−∆c

)]
ρ21+iΩ ∗c ρ31

+ iΩ ∗s sin(πx/Λ)ρ41−iΩpρ23,

∂ρ31

∂ t
=
(
−γ31 + i∆p

)
ρ31 + iΩcρ21 + iΩp(ρ11−ρ33),

∂ρ41

∂ t
=
[
−γ41 + i(∆s +∆p−∆c)

]
ρ41

+ iΩs sin(πx/Λ)ρ21− iΩpρ43,

∂ρ22

∂ t
= iΩ ∗c ρ32− iΩcρ23+iΩ ∗s sin(πx/Λ)ρ42

− iΩ s sin(πx/Λ)24+Γ32ρ33+Γ42ρ44,

∂ρ32

∂ t
= (−γ32+i∆c)ρ32−iΩs sin(πx/Λ)ρ34

+ iΩpρ12+iΩc(ρ22−ρ33),

∂ρ42

∂ t
= (−γ42+i∆s)ρ42−iΩcρ43

− iΩs sin(πx/Λ)(ρ44−ρ22),

∂ρ33

∂ t
= iΩpρ13− iΩ ∗p ρ31+iΩcρ23

− iΩ ∗c ρ32−(Γ31+Γ32)ρ33,

∂ρ43

∂ t
= [−γ34+i(∆s−∆c)]ρ43+iΩs sin(πx/Λ)ρ23

− iΩ ∗p ρ41−iΩ ∗c ρ42,

∂ρ44

∂ t
= iΩs sin(πx/Λ)ρ24− iΩ ∗s sin(πx/Λ)ρ42−Γ42ρ44,

ρ ji = (ρi j)
∗ , (i 6= j),

ρ11 + ρ22+ρ33+ρ44 = 1, (2)

where Γi j is the population decay rate from level i to j and γi j

is the dephasing rate between the corresponding levels.

By Eq. (2), we can obtain a numerical solution of the den-
sity matrix equations. The solution contains the speed of the
atoms along the z direction, so we can integrate the velocity of
the atom along the z direction by using this solution, and the
average density matrix element of the system is obtained. At
the same time, we know that the speed of the atoms obeys the
Maxwell–Boltzmann’s distribution (M–B),[21] so the velocity
distribution in the z direction is

fv (vz) =

√
m

2πkT

[
−mvz

2

2kT

]
. (3)

Here, k is the Boltzmann constant, m is the quality of the ru-
bidium atoms, T is the temperature, and vz is the speed of the
atoms in the z direction.

Assume that the probe beam is spreading along the z di-
rection through an atomic medium with a length of L. Under
the slowly varying amplitude approximation, at the same time,
in order to get the result of the dimensionless form, we set γ31

as the unit for all Rabi frequency, detuning, and the attenuation
rate; Λ as the unit for x; and z0 as the unit for z. We can then
obtain propagation equations of the probe beam by Maxwell’s
equations[3]

−i
NF

∂ 2Ωp

∂x2 +
∂Ωp

∂ z
= (αr + iαi)Ωp, (4)

where αr = −Im [ρ31]γ31/Ωp and αi = Re [ρ31]γ31/Ωp. The

NF =
(2
√

πΛ)
2

λpz0
is the Fresnel number of a slit of a width 2

√
πΛ

at a distance of z0.
Because Ωs(x) is the function of x, αr, and αi are also

functions of x. Equation (4) can be solved analytically to ob-
tain the transmission function of the atomic medium at z = L,

T (x) = eαr(x)L e iα i (x)L. (5)

By Fourier transform of T (x), we can get the Fraunhofer
diffraction or far-field diffraction equation [3]

Ip (θ) =
∣∣E1

p (θ)
∣∣2 sin2 (MπΛ sinθ/λp

)
M2sin2 (

πΛ sinθ/λp
) , (6)

where E1
p (θ) =

∫ 1
0 T (x)exp

(
−i2πΛxsinθ/λp

)
dx corre-

sponds to the Fraunhofer diffraction of a single space period,
M is the number of spatial periods of the grating illuminated
by the probe light, and θ is the diffraction angle of the probe
light with respect to the z direction.

3. Results and discussion
We assume γ31 = γ32 = γ42 = γ , γ21 = γ43 = γ41 = 0.004γ ,

and Γ31 =Γ32 =Γ42 = 0.66γ with γ being the natural linewidth
of state |3〉 . Figure 2 displays the transmission function T (x)
as a function of x. The solid curves and dashed curves rep-
resent the results of amplitude modulation and phase modula-
tion, respectively. As shown in Fig. 2(a), in the cold atomic
system, there is a very small effect on the transfer function
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which oscillates around an average transmissivity of 97.7%
when only the amplitude modulation exists; however, when
the phase modulation is added, a great effect on the mod-
ulation transfer function reaching the maximum phase shift
value of 1.17π is observed. Similarly, as shown in Fig. 2(b),
in the room-temperature atomic system, the phase modulation
on the transfer function is larger than the amplitude modula-
tion effect, which makes a great improvement in the first-order
diffraction efficiency of the probe beam.
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Fig. 2. (color online) The amplitude (solid curves) and phase (dashed
curves) of the transmission function T (x) as a function of x. (a)
T = 0 K, ∆s = 250γ; (b) T = 300 K, ∆s = 330γ . The other parame-
ters are Ωc = 15γ , Ωs = 15γ , ∆p = 0.9γ , ∆c = 0, Ωp = 0.01γ , L = 920,
M = 5, Λ/λp = 4, γ31 = γ32 = γ42 = γ , γ21 = γ43 = γ41 = 0.004γ , and
Γ31 = Γ32 = Γ42 = 0.66γ .

Figure 3 shows the diffraction pattern as a function of
sinθ . By adjusting the parameters, we can see from Fig. 3(a)
that, when T = 0 K, with only the amplitude modulation
(dashed curve), 97% of the incident field energy is concen-
trated in the zero-order diffraction direction, and there is al-
most no energy in the high-order diffraction direction. When
adding the phase modulation (solid curve), more energy is
transferred to the high-order diffraction direction. The diffrac-
tion efficiency of the first-order diffraction direction of the
probe beam can reach 34%, while the diffraction efficiency of
the zero-order diffraction direction reduces to 9%. In Fig. 3(b),
when T = 300 K, it has the same rules as that in Fig. 3(a)
(T = 0 K). The diffraction efficiency of the first-order diffrac-
tion direction of probe beam can reach 31%, while the diffrac-
tion efficiency of the zero-order diffraction direction is 17%.
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Fig. 3. (color online) The diffraction pattern as a function of sinθ

with (solid curves) and without (dashed curves) phase modulation. (a)
T = 0 K, ∆s= 250γ; (b) T = 300 K, ∆s= 330γ . Other parameters are
the same as those in Fig. 2.

In Figs. 4–6, the first-order diffraction intensities Ip (θ1)

as a function of Ωc and Ωs with different L are given with
the temperature changing, respectively. It can be seen when
T = 0 K (Fig. 4), namely in the cold atomic system, under the
condition that other parameters are the same, with the increase
of L, the first-order diffraction efficiency of the probe beam is
also increased. When L = 920, the first-order diffraction ef-
ficiency of the probe beam can reach the highest to 34.44%.
With the further increase of L, the first-order diffraction ef-
ficiency is gradually decreased. At the same time, with the
increase of L, the maximum value of the first-order diffraction
in each figure corresponding to the relationship between Ωc

and Ωs is gradually changed from Ωc < Ωs to Ωc > Ωs. When
T = 100 K (Fig. 5) and T = 300 K (Fig. 6), which are in the
thermal atomic system, we found that the first-order diffrac-
tion efficiency of the probe beam has the same rules as that in
T = 0 K (Fig. 4).

From Fig. 4, we can see that the influence of the change
of L is very small for the first-order diffraction efficiency of
the probe beam (diffraction efficiency from 31% to 34.4%),
and from Figs. 5 and 6, the influence of the change of the L on
the first-order diffraction efficiency is relatively large (for ex-
ample, when T = 100 K, the first-order diffraction efficiency
is only 6% with L = 45, however the first-order diffraction ef-
ficiency is 27% when L = 300).

In Fig. 7, the first-order diffraction intensity Ip (θ1) as a
function of ∆p and ∆s with different T is given. In Fig. 7(a),
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when T = 0 K, we can see that with the increase of ∆s,
the first-order diffraction efficiency of probe beam is also in-
creased. When ∆s = 245γ , the first-order diffraction efficiency
can reach the highest value of 33.6%. With the further in-
crease of ∆s, the diffraction efficiency decreases gradually, but
∆p will have little influence on the diffraction intensity of the
probe beam. Here, ∆c = 0, Ωc = 15γ , Ωp = 0.01γ , Ωs = 15γ ,
L = 920, M = 5, and Λ/λp = 4. When T = 100 K or 300 K

(other parameters are the same as those at T = 0 K), the first-
order diffraction efficiency of probe beam increases at first and
then decreases with ∆s increasing. In Figs. 7(b)–7(d), namely
in thermal atomic system, ∆p has also little effect on the first-
order diffraction intensity of the probe beam with ∆p < 2γ .
However, under the condition of 2γ < ∆p < 5γ holding, the
first-order diffraction efficiency of the probe beam closes to
zero rapidly.
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Fig. 4. (color online) First-order diffraction intensity Ip (θ1) as a function of Ωc and Ωs with different L: (a) L = 45; (b) L = 300; (c) L = 920;
(d) L = 1500. Here, ∆c = 0, ∆P = 0.9γ , ∆s = 205γ , T = 0 K. Other parameters are the same as those in Fig. 2.
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Fig. 5. (color online) First-order diffraction intensity Ip (θ1) as a function of Ωc and Ωs with different L: (a) L = 45; (b) L = 300; (c) L = 920;
(d) L = 1500. Here, T = 100 K. Other parameters are the same as those in Fig. 4.
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Fig. 6. (color online) First-order diffraction intensity Ip (θ1) as a function of Ωc and Ωs with different L. (a) L = 45; (b) L = 300; (c) L = 920;
(d) L = 1500. Here, T = 300 K. Other parameters are the same as those in Fig. 4.
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Fig. 7. (color online) First-order diffraction intensity Ip (θ1) as a function of ∆p and ∆s with different T : (a) T = 0 K; (b) T = 100 K; (c)
T = 300 K; (d) T = 400 K. Other parameters are the same as those in Fig. 2.

In addition, we can also see from Figs. 4–7 that with the

increase of T , the maximum value of the first-order diffraction

intensity of the probe beam is reduced gradually.

4. Conclusion

In this paper, we analyzed and compared the factors that

may affect the first-order diffraction efficiency of the probe

014202-5



Chin. Phys. B Vol. 26, No. 1 (2017) 014202

beam in the thermal atomic system and cold atomic system,
and then obtained the laws of the influence on the first-order
diffraction efficiency, so that through adjusting parameters, the
first-order diffraction efficiency can reach 34% and 31% in the
cold atomic system and thermal atomic system, respectively.
However, it is more difficult to prepare a cold atomic system
than to prepare a thermal atomic system in practical applica-
tions. Compared with that in the cold atomic system, the EIG
effect in the thermal atomic system may have some advantages
in practical applications.

This study also shows that, in order to achieve higher
diffraction efficiency, large frequency detuning of the signal
field is necessary both in the thermal atomic system and the
cold atomic system.
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