
PHYSICAL REVIEW A 98, 043822 (2018)

All-optical grating in a V + � configuration using a Rydberg state
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We present a theoretical model for controlling the Fraunhofer diffraction patterns of a weak probe field passing
through an atomic vapor. In this model a Rydberg state is taken as the uppermost level. The proposed system
contains a combined two well-known V - and �-type configurations which are exposed to a weak probe field and
two control fields. The position-dependent feature of the atom-field interaction leads to the periodic transmission
spectrum, and various Fraunhofer diffraction patterns are obtained due to the all-optical grating. Also, it is shown
that the intensity of the higher-order diffraction can be controlled by tuning the coupling field intensity and the
interaction length.
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I. INTRODUCTION

Rydberg atoms have achieved considerable attention due
to their huge electric-dipole moments, very long radiative
lifetimes [1], large extensions of the electronic wave functions
[2], and extreme sensitivity to external electric fields [3].
Rydberg atoms are directly created by laser excitations or
coherently by stimulated Raman rapid adiabatic passage [4].
The strong interacting nature of Rydberg atoms makes them
a suitable medium for engineering long-range interactions,
long-range quantum information processing [5], investigating
the strongly correlated systems [6,7], or even engineering the
exotic quantum many-body phases [8,9].

The large dipole moment, the long radiative lifetime, and
very weak binding energies of the Rydberg atoms make them
attractive candidates for studying the quantum optics phenom-
ena [10]. Also, some physical properties of the medium, such
as geometric cross section, can be changed due to the huge
size of the Rydberg atoms [11]. Therefore, these atoms are
extremely sensitive to the applied external electromagnetic
fields. Basically, manipulation of the Rydberg atoms with
small gradients of electric fields is possible due to their huge
electric dipole-dipole interactions. Long-range dipole-dipole
interactions in the Rydberg atoms can exceed several microm-
eters, leading to many-body effects [12,13]. Highly excited
Rydberg atoms with long-range interparticle interactions have
various applications in complex quantum systems, such as
solid-state physics and plasma physics. The applications of
these strong interactions range from photoassociation (PA)
[14] to energy transfer in biological molecules [15]. For exam-
ple, Rydberg atoms are a suitable building block for studying
N -body, many-body cooperative, or collective effects [16,17].
These atoms are employed to quantum engineering of the
entanglement of natural particles [18] and implementing the
fast quantum gates [19,20]. Also, during light storage, control-
lable two-photon states are generated by using the interactions
between Rydberg atoms [21].
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On the other hand, electromagnetically induced trans-
parency (EIT) refers to the cancellation of a weak probe laser
field absorption due to the destructive quantum interference
via a strong coupling laser. Coherent coupling of the Rydberg
states via EIT is used to generate cross-phase modulation
(XPM) [22] and photon entanglement. It is well known that
by using a standing-wave pattern instead of the traveling
wave in a typical EIT system, the probe field experiences
periodic spatial variations of absorption and dispersion, and
the medium can act as an amplitude or phase grating. This
electromagnetically induced grating (EIG) can effectively
diffract the probe field into higher orders of diffraction. EIG
has various applications in optical communications, such
as probing the optical characteristics of the materials [23],
realization of optical bistability [24], nonlinear multiwave
mixing [25], surface solitons [26], all-optical switching, rout-
ing, and light storage [27,28]. So far, the EIG has been
theoretically realized in the �-type [29], � -type [30,31], N -
type [23], Y -type [32], semiconductor quantum-well systems
[33], and has experimentally been observed in cold [34,35]
and hot [36] atomic samples. Recently, the effect of EIG
is proposed in Rydberg atoms [37] in a three-level cascade
system.

In this paper, we present the details about the realization
of diffraction gratings in a four-level (V + �) atomic sys-
tem involving a Rydberg state as the uppermost level. It is
shown that the far-field (or Fraunhofer) diffraction patterns
are strongly influenced by the Rabi frequency of the standing-
wave field and the interaction length of the atomic sample. It
is well known that giant optical nonlinearities, and ultimately
the regime of strong atom-photon interaction, can be achieved
using EIT schemes with a Rydberg state [38,39]. Thus, the use
of a Rydberg state provides an opportunity to realize more
practical all-optical gratings by establishing the EIT condi-
tion. Furthermore, the presence of additional levels allows the
use of additional control fields, which leads to the modifi-
cation of the EIT window. In particular, the combination of
V and � systems provides more efficient all-optical grating
using a Rydberg state. Among many proposals, this config-
uration has been utilized to study, of the electromagnetically
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FIG. 1. (a) Schematics of the cold atoms interacting with probe
and standing-wave field. (b) Energy-level configuration for a four-
level (V + �) system.

induced absorption (EIA) resonances [40], sub- and superlu-
minal light propagation [41], optical bistability [42], and atom
localization [43].

This paper is organized as follows: In Sec. II we present
the theoretical model and the governing equations. In Sec. III,
by using a standing-wave coupling field, we investigate the
spatial modulation of the absorption and dispersion to obtain
the far-field diffraction patterns. We present the conclusion in
Sec. IV.

II. MODEL AND EQUATIONS

The schematics of the proposed system is shown in Fig. 1.
We consider the energy levels of the cold 87Rb atoms with
level |1〉 ≡ 5S1/2|F = 1〉 as a ground state, level |4〉 ≡ 44D5/2

as a Rydberg state, and the other two intermediate levels
are |2〉 ≡ 5P3/2|F = 2〉 and level |3〉 ≡ 5P1/2|F = 2〉. The
�-type configuration is formed by a probe light field with
Rabi frequency �p acting on a |1〉 → |2〉 transition and
a strong control field with Rabi frequency �c2 acting on
|2〉 → |4〉. However, the V -type configuration involves the
above-mentioned probe field and a standing-wave coupling
field with Rabi frequency �c1 that drives |1〉 → |3〉 transition.
The corresponding decay rates are �1 = 0 (since level |1〉
is ground state), �2 = 2π × 6.1 MHz, �3 = 2π × 5.9 MHz,
and �4 = 2π × 0.3 MHz. Note that other states (e.g., S or
D) can also be chosen by tuning the laser field frequency
and polarization, as well as applying the appropriate selection
rules [44,45]. In addition, for the highly excited state 85Rb or
87Rb, only the remarkable fine interaction (nD3/2 and nD5/2)
remains, and the nd state hyperfine splitting may be neglected
[46,47]. At low pumping intensities, the Rydberg signal for
44D5/2 is stronger than that of 44D3/2 [45]. For the ground
and the intermediate states, the states are chosen so that
the decay rates to some other lower levels become zero. Thus
the branching ratio for the selected levels are unity. Also,
since the ground electronic state of the 87Rb is 5s2 S1/2, the
relaxation to the lower filled states is not allowed.

We assume the standing-wave field has a sinusoidal profile
as �c1 = �c1 sin (πx/�cx ), where �cx is the spatial fre-
quency of the standing wave. Also, the center of mass of the
atoms is nearly constant along the standing-wave field. Thus,
the kinetic energy of the atoms can be neglected by applying
the Raman-Nath approximation. It is assumed that the Ryd-
berg gas is so cold that the spatial positions of the atoms are
nearly fixed. In addition, the distribution of the uniform atoms
will not be changed due to the spatially modulated standing
wave. Therefore, the interaction Hamiltonian of the system
under the electric-dipole approximation and in rotating-wave
approximation can be written as

HI = h̄

2
[�p|1〉〈2| + �c1|1〉〈3| + �c2|2〉〈4|] + H.c.

+ h̄[�p|2〉〈2| + �c1|3〉〈3| + (�p + �c2)|4〉〈4|], (1)

where �p = ω21 − υp, �c1 = ω31 − υc1, �c2 = ω42 − υc2

are the corresponding frequency detunings. Here, υp, υc1, and
υc2 stand for the frequency of probe, coupling, and standing-
wave fields, respectively. In addition, ωij (i, j = 1, 2, 3, and
4) are the frequency difference between level |i〉 and level |j 〉.

The time evolution of the density-matrix equations of
motion is given by

∂ρ11

∂t
= �2ρ22 + �3ρ33 + i

2
�p(ρ12 − ρ21) + i

2
�c1 sin (πx/�cx )(ρ13 − ρ31),

∂ρ22

∂t
= −�2ρ22 + �4ρ44 + i

2
�p(ρ21 − ρ12) + i

2
�c2(ρ24 − ρ42),

∂ρ33

∂t
= −�3ρ33 + i

2
�c1 sin (πx/�cx )(ρ31 − ρ13),

∂ρ44

∂t
= −�4ρ44 + i

2
�c2(ρ42 − ρ24),

∂ρ12

∂t
=

(
−�2

2
+ i�p

)
ρ12 + i

2
�p(ρ11 − ρ22) − i

2
�c1 sin (πx/�cx )(ρ32 − ρ14),
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∂ρ13

∂t
=

(
−�3

2
+ i�c1

)
ρ13 + i

2
�c1 sin (πx/�cx )(ρ11 − ρ33) − i

2
�pρ23,

∂ρ14

∂t
=

[
−�4

2
+ i(�p + �c2)

]
ρ14 − i

2
�pρ24 − i

2
�c1 sin (πx/�cx )ρ34 + i

2
�c2ρ12,

∂ρ23

∂t
=

[
−1

2
(�2 + �3) + i(�c1 − �p )

]
ρ23 − i

2
�pρ13 − i

2
�c2ρ43 + i

2
�c1 sin (πx/�cx )ρ21,

∂ρ24

∂t
=

[
−1

2
(�2 + �4) + i�c2

]
ρ24 + i

2
�c2(ρ22 − ρ44) − i

2
�pρ14,

∂ρ34

∂t
=

[
−1

2
(�3 + �4) + i(�p − �c1 + �c2)

]
ρ34 − i

2
�c1 sin (πx/�cx )ρ14 + i

2
�c2ρ32. (2)

The above density matrix elements obey the normalization
and Hermitian condition

∑4
i=1 ρii = 1 and ρij = ρ∗

ji .
The atom-field interaction of the system is described by the

electric susceptibility χp. The susceptibility of probe field can
be calculated by solving the above density matrix equations
under the steady-state condition ( ∂

∂t
→ 0) and in the weak

probe field approximation. In this regime, i.e., �p � �2, the
perturbation approach can be applied. Thus, the linear electric
susceptibility depends on the coherence term ρ21 via equation

χp = N |μ̂21|2
ε0h̄ �p

ρ21, (3)

where

ρ21 = − 1

8A
i �p

× [(
�2

c2 + 4γ32γ34
)
γ14 + γ32 �2

c1sin2(πx/�cx )
]
, (4)

and

A = − 1
16�4

c1sin4(πx/�cx )

− 1
16�3

c1sin3(πx/�cx )�c2

+ 1
16�2

c1sin2(πx/�cx )
(
�2

c2 + 4γ12γ32 − 4γ14γ34
)

+ 1
16�c1 sin (πx/�cx )

(
�3

c2 + 4�c2γ32γ34
)

+ 1
4γ12γ14

(
�2

c2 + 4γ32γ34
)
,

γ12 = −
(

�2

2
− i �p

)
,

γ32 = −1

2
(�2 + �3) + i (�c1 − �p ),

γ34 = −1

2
(�3 + �4) − i (�p − �c1 + �c2),

γ14 = −1

2
�4 − i (�p + �c1). (5)

Here, N is the atom number density and μ̂21 is the matrix
element of the electric-dipole moment for probe transition.
As a result of intensity-dependent susceptibility, a strong cou-
pling field with a standing-wave pattern may lead to spatially
modulated absorption and dispersion. Thus, the ensemble can

act as an atomic grating, which can diffract the weak probe
light into higher orders of diffraction.

In order to study the diffraction patterns of the probe
light, we begin with Maxwell’s wave equation. As shown in
Fig. 1(a), the weak probe field with amplitude Ep propagates
along the z direction through an atomic sample of length L.
Under the slowly varying envelope approximation (SVEA),
and in the steady-state regime, the spatial behavior of the weak
probe field can be described by [29]

∂Ep

∂z
= i

π

ε0λp

Pp, (6)

where λp is the wavelength of the weak probe field. For exper-
imental realization of the proposed EIG, a thin vapor cell con-
taining cold 87Rb atoms is preferred. This condition requires
a high optical depth of the medium. However, increasing the
optical depth by increasing the atomic density is problematic,
because if the interatomic spacing becomes comparable to the
size of the electron orbit, then additional dephasing occurs as
a result of the interactions between ground-state atoms and
Rydberg electrons [48]. In a recent technique for laser cooling
in an EIT experiment, an ensemble of cold atoms with an
optical depth exceeding 500 has been reported in different
Rb isotopes [49]. Hence, the assumption of thin grating is
rational.

Substituting the slowly varying induced polarization Pp =
ε0χpEp = 2N (μ̂21ρ21 + μ̂12ρ12) into Eq. (6), and by choos-
ing �cx as a unit of x and z0 = 2λph̄ε0�20/πNμ̂2

21 as the unit
of z, the normalized transmission function of the probe field
for an interaction length L of the medium can be obtained as

T (x) = e− Im (χp ) Lei Re (χp ) L

≡ e−α(x) Leiφ(x) , (7)

where the first (second) term in the exponential corresponds
to the atomic grating absorption (phase) modulations, which
are given by

|T (x)| = |e− Im (χp ) L| (8)

and

φ (x) = Re (χp ) L. (9)
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TABLE I. Corresponding parameters for the optical properties of
Rydberg 87Rb transitions.

Level Rb state �/2π (MHz) Wavelength (nm)

|1〉 5S1/2 0 (Ground state) 0
|2〉 5P3/2 6.1 λp = 780
|3〉 5P1/2 5.9 λc1 = 795
|4〉 44D5/2 0.3 λc2 = 480

By taking the Fourier transformation of T (x), we obtain the
far-field or Fraunhofer diffraction as

Ip(θ ) = |F (θ )|2 sin2(Mπ�cxsin θ/λp )

M2sin2(π�cxsin θ/λp )
. (10)

Here, the weak probe field is chosen as a plane wave, M

denotes the number of the spatial periods of the atomic
grating illuminated by the probe field, and θ denotes
the diffraction angle of probe field along the x direction
with respect to the z direction. So, the parameter F (θ ) =∫ 1

0 T (x) exp (−i2π �cxxsin θ/λp )dx represents the Fraun-
hofer diffraction of a single space period. The nth-order
diffraction is determined by the grating equation, i.e., sin θ =
nλp/�cx . Hence, the first- and second-order diffraction in-
tensity can be expressed as

Ip(θ1) = |F (θ1)|2 =
∣∣∣∣
∫ 1

0
T (x) exp (−i2πx)dx

∣∣∣∣
2

(11)

and

Ip(θ2) = |F (θ2)|2 =
∣∣∣∣
∫ 1

0
T (x) exp (−i4πx)dx

∣∣∣∣
2

. (12)

III. RESULTS AND DISCUSSION

In this section, the effect of system and laser field pa-
rameters on the diffraction feature of the proposed four-level
(� + V ) atomic system is investigated. A low-power diode
laser can be used as the weak probe field to monitor the
5S1/2 → 5P3/2 transition. For this purpose, Eq. (2) is solved
in the steady state with the actual parameters of a cold 87Rb
atomic system that is compatible for experimental realization.
The electric diploe moment for the |1〉 → |2〉 transition is
μ̂21 = 3.58 × 10-29 C m. The corresponding atomic system
parameters are summarized in Table I. For numerical calcu-
lations, it is assumed that the probe laser field is weak, i.e.,
N |μ̂21|2/h̄ε0 �p ≈ 1. From an experimental point of view,
all the mentioned wavelengths are available with the aid of
diode laser systems.

A. Absorption profiles

Since the electric susceptibility plays a crucial rule in
electromagnetically induced grating, first in Fig. 2 we plot the
absorption and dispersion of the probe field as a function of
the probe detuning. It is assumed that the control and coupling
fields are in resonance with the corresponding transitions,
i.e., �c1 = �c2 = 0. Figures 2(a) and 2(b) show the results
for imaginary (absorption) and real (dispersion) part of the
electric susceptibility for the fixed Rabi frequency of coupling

FIG. 2. (a) Probe absorption and (b) dispersion for fixed
�c2 = 2�2, and (c) probe absorption and (d) dispersion for fixed
�c1 = 1 �2. The other parameters are �c1 = �c2 = 0, N = 3 ×
1010 atom/cm−3 , μ̂21= 3.58 × 10-29 C m, x = 2, and �cx = 4.

field, i.e., �c1 = 1 �2. The Rabi frequency of the control field
(�c2) and the probe field detuning are varied in the range of
0 : 10 �2 and −10�2 : 10 �2, respectively. It is obvious that
in the absence of �c2, an absorption peak appears that
corresponds to the absorption of a typical V -type system.
By increasing the �c2, this absorption peak splits into two
peaks and the system experiences a Rydberg EIT effect. The
corresponding dispersion diagram is shown in Fig. 2(b). From
Fig. 2(c) it is clear that for �c1 = 0 and a fixed control
intensity �c2, i.e., a simple �-type system, the probe field
experiences a Rydberg EIT effect in the locations of the
dressed states which is created by the control field, i.e., �p =
±�c2/2 . This is to say, the absorption profile splits into an
Autler-Townes doublet. It is observed that the width of EIT
windows is proportional to the Rabi frequency of the control
field and higher intensities result in wider EIT windows.
Moreover, by increasing the Rabi frequency of the coupling
field �c1, each of these absorption peaks splits into two peaks.
The corresponding dispersion diagram is shown in Fig. 2(d).

B. Absorption grating

As it mentioned before, the coupling field with a standing-
wave pattern can lead to spatial amplitude and phase modula-
tion across the profile of the probe field. This periodic change
manifests itself in the transmission function of the probe field.
It can be seen from Eqs. (8) and (9) that the absorptive (or
dispersive) part of the electric susceptibility contributes in the
amplitude (or phase) of transmission function. According to
Fig. 3, in the resonance condition, i.e., �p = 0, the dispersion
of the medium becomes zero, while the amplitude of the
transmission function is almost unity. In Figs. 3(a) and 3(d),
it is assumed that the Rabi frequency of the coupling field
is zero; therefore the results show the behavior of a typical
�-type system. Although the transmission of the medium is
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FIG. 3. Absorption grating: The amplitude |T (x )| and the phase
φ/π of the transmission function vs x for (a) �c1 = 0, �c2 = 2 �2;
(b) �c1 = 1 �2, �c2 = 0; (c) �c1 = 1 �2, �c2 = 2 �2. (d)–(f) Cor-
responding normalized diffraction intensity for on-resonance condi-
tion, i.e., �p = �c1 = �c2 = 0. Common parameters are �cx = 4,
M = 5, and L = 50.

almost unity due to the Rydberg-EIT effect, no diffraction
pattern is observed. From Fig. 3(d), it is obvious that all of
the probe light energy will gather in the zeroth order of the
diffraction and no grating is formed, which is a reasonable
result since a standing-wave coupling field is necessary for
the formation of all-optical grating.

Figures 3(b) and 3(e) show the results for a typical V -type
system. In such a system, the EIT significantly differs from
a �-type or �-type system. In a V -type system, the coupling
field modifies the population of the ground state which is also
coupled to the probe field, so a saturation phenomenon might
take place. Thus, the absorption profile is simultaneously
influenced by the EIT and saturation effects. This saturation
leads to the increment of the absorption at the resonance
(�p = 0) and does not affect the width of the transparency
windows arising from the EIT effect [50]. Figure 3(b) shows
the amplitude and phase of the transmission function for the
parameters �c1 = 1 �2, �c2 = 0, and �p = �c1 = �c2 = 0.
A small absorption modulation which oscillates around the
average transmission of 98% is observed for the probe field
and the phase part is still zero. The spatially modulated
coupling field generates the periodic regions of high and low
probe absorption, which diffracts the weak probe field. The
corresponding diffraction spectrum is shown in Fig. 3(e).

The red-dashed line corresponds to the �-type system
when the standing-wave field applies to the |2〉 → |4〉 transi-
tion. Thus, we expect that for a combined V and � system,
the intensity of the diffraction orders and consequently the
diffraction efficiency is enhanced. In Figs. 3(c) and 3(f), the
results for a four-level (V + �) atomic system involving
a Rydberg state as the uppermost level are shown. Due to
the Rydberg-EIT effect and the periodic modulation of the
transmission function, the all-optical induced grating acts as
a pure absorption grating with maximal transmission. As it is
well-known, the diffraction efficiency is defined as the ratio
of the intensities of the chosen order of diffracted beam and
the incident beam. A pure absorption grating is generally less
efficient than a phase grating. For considerable enhancement
of the diffraction efficiency of the probe field, one needs to
find regimes with large phase modulation in nearly transparent
medium. High transparency is provided by the Rydberg-EIT
effect in the antinodes of the coupling standing-wave field,
whereas the phase modulation is provided by the spatial
variations of the refractive index.

C. Phase grating

As was mentioned before, the phase gratings have much
more diffraction efficiency than the absorption gratings.
The essential requirement for inducing a phase grating is
the presence of phase modulation, which can be generated
by periodically modulating the dispersion of the medium.
Figures 4(a)–4(c) show the amplitude and the phase modula-
tions for a �-type, V -type, and (�+V )-type atomic systems,
respectively. As it can be seen from Fig. 4(a), in the absence
of the standing-wave field the periodic change of the ampli-
tude and phase of the transmission function has vanished.
On the other hand, in Fig. 4(b) for a V -type system, it is
clear that a phase modulation on the order of π is induced
across the probe field, whereas a small-amplitude modulation
oscillates around |T (x)| = 1. In Figs. 4(d)–4(f), the diffrac-
tion patterns of the electromagnetically induced phase grating
are displayed as a function of sin θ for �-type, V-type, and
(�+V )-type atomic systems, respectively. It is observed that
the efficiency of the combined V and � system is larger than
that for a simple V or � system. From the grating equation,
i.e., sin θ = nλp/�cx , it is predicted that the first and second
orders of diffraction take place in sin θ = ±0.25 and sin θ =
±0.5, respectively. In off-resonance condition, i.e., �p 	= 0,
for the (�+V )-type atomic system, the Rydberg-EIT plays
a crucial rule in increasing the diffraction efficiency. In this
case, large dispersion is accompanied by almost zero absorp-
tion, and this implies that we can implement a nearly ideal
phase grating. Thus, the probe field energy in the zeroth order
of diffraction dramatically decreases due to the increment of
the phase modulation, and this energy transfers to the higher
orders of diffraction. Therefore one can take advantage of
this phenomenon to enhance the efficiency of the all-optical
induced phase grating.

As can be seen from the Eq. (7), the diffraction efficiency
strongly depends on the interaction length of the atomic
sample. Figure 5 shows the variations of the first- and second-
order diffraction intensities Ip(θ1) (solid line) and Ip(θ2)
(dotted line) as a function of the interaction length L. When
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FIG. 4. Phase grating: The amplitude |T (x )| and the phase
φ/π of the transmission function vs x for (a) �c1 = 0, �c2 =
2 �2; (b) �c1 = 1 �2, �c2 = 0; (c) �c1 = 1 �2, �c2 = 2 �2. (d)–
(f) Corresponding normalized diffraction intensity for off-resonance
condition, i.e., �p = 3 �2, �c1 = �c2 = 0. Common parameters are
�cx = 4, M = 5, and L = 50.

the interaction length is small, the probe absorption and the
phase modulation are both insignificant. Therefore the probe
energy gathers into the zeroth-order direction. Increasing L

leads to an enhancement of the phase modulation depth,

FIG. 5. First-order (solid line) and second-order (dotted line)
diffraction intensity in terms of interaction length L for (a) absorp-
tion grating (b) phase grating. Common parameters are �c1 = 1 �2,
�c2 = 2 �2, and �cx = 4.

FIG. 6. The first-order diffraction intensity as a function of inter-
action length L for (a) various coupling field intensities and �c2 =
2�2, (b) various control field intensities and �c1 = 1 �2. Common
parameters are �cx = 4 and �p = �c1 = �c2 = 0.

which causes the probe energy to be diffracted into high-order
directions. It can be seen that there is an optimal value for
interaction length in both cases. For large values of L, the
absorption is dominant and therefore the diffraction intensities
decrease.

Figures 6(a) and 6(b) show the effect of the Rabi fre-
quency of the coupling and control fields on the first order of
diffraction, respectively. It can be observed that increasing the
coupling field intensity leads to higher diffraction intensities,
while there is an optimum value for intensity of the control
field.

The results show that in order to obtain high efficient grat-
ings, optimally choosing the system and laser parameters is
very important. Therefore, tuning properly the Rabi frequency
of coupling and control as well as the interaction length is
a good way to obtain large diffraction efficiencies in both
all-optical absorption and phase gratings.

IV. CONCLUSIONS

In summary, we used EIG via Rydberg atoms to generate
all-optical diffraction grating. We have studied the electro-
magnetically induced grating in a four-level [(V + �)-type]
atomic system, including a Rydberg state as the uppermost
level. It is found that the control field intensity, the probe
field detuning, and the interaction length can improve the
Fraunhofer diffraction intensity in the proposed atomic model.
Also, it is shown that the large diffraction intensities are
achieved both in the first- and second-order directions. Such a
system could find applications in novel photonic devices, such
as all-optical switches and routers and so on. These results
will be of great importance for future experiments relying on
knowledge of Rydberg-state energies. In the proposed atomic
system, the Doppler shift effect resulting from the thermal
motion of the atoms is neglected. As a result, the Rydberg-EIT
effect is velocity independent and is determined by the system
parameters.
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