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Abstract. In the present work, we study the Talbot effect under selective reflection of probe radiation
at the interface between a dielectric and a layer of resonant atoms, in which a Raman grating is induced.
Under such conditions, the interface can operate as a reflective diffraction grating. The cases of one- and
two-dimensional gratings are considered. It is shown that the reflection coefficient, with the account of
the selectively reflected wave, can be both greater or smaller than the usual Fresnel reflection coefficient.
The Talbot effect can be observed for a selectively reflected wave in the near-field diffraction region.
The spatial structure of the diffraction patterns essentially depends on the pump field intensity and the
Raman detuning.
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Introduction
When a plane monochromatic light wave propagates through a periodic grating (structure),

the Talbot effect (ET) can be observed, which involves periodic self-reproducing of the grating
image at distances a multiple of the Talbot length [1, 2]. This phenomenon is a consequence of
interference between diffraction orders in the near field (Fresnel diffraction) and takes place for
waves of any nature. This effect has been demonstrated on atomic waves and a Bose-Einstein
condensate [3], surface plasmon polaritons [4], exciton polaritons [5], in metamaterials [6], etc.
Recently, it was observed on gratings based on electromagnetically induced transparency [7,8]. A
possibility of observing ET with amplification [9] on an induced Raman grating [10,11] was shown.
The ET has extensive applications in various fields [2]: interferometry [12], optical imaging and
computing [13], optical microscopy [14], lithography [15], etc. It is a powerful tool to study
the properties of surfaces, particularly to measure the quality of reflective gratings [16, 17] and
surface microstructuring [18]. In [19], the ET was considered in the case of selective reflection
of light from a homogeneous atomic medium under electromagnetically induced transparency.
Reflection of radiation from the interface between a dielectric and an atomic medium is called
a selective reflection (SR) because a spectral structure appears in the reflection spectrum at the
frequencies of atomic transitions [20, 21]. The SR is an effective tool for spectral studies of the
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resonant properties of the medium in the vicinity of the interface with high resolution [22–25].
Based on the SR, a tunable filter [26] and a non-linear beam splitter [27] have been implemented.
This method may be of interest for detecting isotopes in natural atomic vapors [28].

In this paper, we study the Talbot effect under selective reflection of probe radiation at
the interface between a dielectric and a layer of three-level atoms, in which a Raman grating
directed parallel to the interface is induced due to interaction of the probe field with a standing
pump wave. The features of ET under these conditions are discussed for various detunings and
intensities of the pump field. Upon changing these parameters, the Talbot images for selectively
reflected radiation are modified.

1. Theoretical model

Let us consider a homogeneous layer of three-level atoms 2, contained between two transparent
dielectrics 1 and 3 (Fig. 1a), located in the regions z < 0 and z > L, where L is the thickness of
the atomic layer. We will assume that the inner surface of the dielectric 3 has an anti-reflection
coating, so the reflection from this interface can be neglected. Fig. 1b shows the energy states
of a three-level lambda system with two metastable states |0⟩ and |2⟩, where the frequencies of
allowed transitions |0⟩–|1⟩ and |2⟩–|1⟩ are ω10 and ω12, respectively. The initially populated state
is the ground state |0⟩. A probe monochromatic wave with frequency ω2 propagates normally
to the 1 − 2 interface and interacts with a standing pump wave E1(x) = E1 sin(πx/Λ) with
frequency ω1 (Fig. 1b), directed parallel to the 1 − 2 interface (along the x-axis). This wave is
produced by two plane waves with the same frequency ω1, incident at an angle θ to the interface
1 − 2 symmetrically to the z-axis. It is them that generate a standing wave along the interface
in the area of intersection with a spatial period of Λ = λ1/2 sin θ where λ1 is the wavelength of
the pump field E1.

Fig. 1. a) The geometry of the probe field (red arrow) and pump fields (thick yellow arrows)
incident on homogeneous gas of atoms confined between two dielectrics 1 and 3. The red arrow in
the opposite direction is the reflected probe field. b) The energy states of three-level lambda-type
atoms: ω1 is the frequency of the standing pump wave interacting with the transition |0⟩ − |1⟩,
ω2 is the frequency of the probe field (Raman field) interacting with the transition |2⟩ − |1⟩

The probe monochromatic wave E2i incident on the interface 1−2 is partially reflected (E2r)
and partially propagates through the atomic medium (E2t). The electric field of these waves can
be written in the form

E2i = E0 exp[−i(ω2t− k2n1z)],

E2r = ER exp[−i(ω2t+ k2n1z)],

E2t = ET exp[−i(ω2t− k2n3z + ϕ)],

(1)

where k2 = ω2/c, φ = k2L(n3−n2), ni (i = 1, 2, 3) are the refractive indices of the corresponding
medium. The probe wave field with frequency ω2 in an atomic medium E2m can be represented
as E2m = E2(z) exp [−i(ω2t− k2z)] = E2(z) exp (−iω2t). Here E2(z) is the probe field amplitude
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in the atomic medium. The continuity condition for these fields and their derivatives at the
interfaces z = 0 and z = L has the form:

E2(z = 0) = E0 + ER

∂E2(z)/∂z |z=0 = in1k2(E0 − ER)

E2(z = L) = ET exp (ik2L)

∂E2(z)/∂z |z=L = in3k2ET exp (ik2L).

(2)

From boundary conditions (2), it is possible to find the amplitude reflection coefficient of the
probe wave r = ER/E0 as

r =
ik2n1E2(0)− ∂E2(z)/∂z |z=0

ik2n1E2(0) + ∂E2(z)/∂z |z=0
. (3)

Note that the expression (3) takes into account both nonresonant (Fresnel) and resonant (selec-
tive) reflection. In our opinion, such a parameter is more convenient in the experiment, since it is
rather problematic in practice to identify the resonant reflection against the Fresnel background.

First, consider the case of a one-dimensional (1D) standing pump wave along the interface:
E1(x) = E1 sin(πx/Λ). The propagation of the probe field in the Raman system is described by
wave equations. In the given pump field approximation and a slowly varying probe field amplitude
|∂2E2/∂z2| ≪ k2|∂E2/∂z|, equation for the amplitude E2 becomes (see, for example [29])

∂2E2
∂x2

+ 2ik2
∂E2
∂z

= −4πk22χRE2, (4)

where χR is the Raman susceptibility of an atomic medium for a probe wave in the presence of
a pump field, and it has the form [30]:

χR = αr
γ12|G1|2 sin2 (πx/Λ)

δ21 [(δ20 + iγ20) + (|G1|2/δ1) sin2 (πx/Λ)]
, αr =

|d12|2N
2~γ12

, (5)

where δ1 = ω1 − ω10, δ2 = ω2 − ω12 are the one-photon detunings, δ20 = ω1 − ω2 − ω20 is
the Raman (two-photon) detuning, ωmn, γmn, dmn are the frequency, half-width and dipole
matrix element of the respective transitions, N is the density of atoms, ~ is the reduced Planck’s
constant. G1 = d10E1/2 is the Rabi frequency, E1 is the amplitude of the standing pump wave.
Formula (5) is written assuming δ1 ≈ δ2.

Expression (5) shows that the susceptibility χR is periodically spatially modulated with a
standing wave period Λ in the x-direction perpendicular to the propagation direction z. Thus,
when the pump field is a standing wave, the Raman amplification and dispersion of the probe
field can become spatially periodic, and the atomic medium acts like a grating, which is re-
ferred to as Raman induced grating (RIG) [30]. It can be seen from(5) that for the Stark shift
S = |G1|2/|δ1| ≫ γ20 (a strong pump field), the resonance frequency of the Raman transition
is shifted. In contrast, for S ≪ γ20 (a weak pump field), the susceptibility coincides with that
in the perturbation theory approximation [31]. Fig. 2 shows ImχR and ReχR as a function
of the Raman detuning δ20 and the transverse coordinate x for a fixed Rabi frequency of the
pump field G1. Parameter values used for calculations are given in Section 2. Negative ImχR

means the Raman amplification of the probe field. The ImχR peaks correspond to the Raman
resonance adjusted for the Stark shift. The black dashed-dotted curves (Fig. 2b,d) correspond
to the case when the Raman resonance occurs for the pump field at the antinode center, and the
blue dashed curves refer to the fields on the slopes of the antinode. In this case, one can speak
of a spatial splitting of the imaginary part of the Raman susceptibility. The solid pink curve
corresponds to the case when the initial Raman detuning is such that, for a fixed pump field, the
smallest detuning takes place at the antinode center. It increases on the slopes, which leads to a
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Fig. 2. The dependence of ImχR (a, b) and ReχR (c, d) as a function of the scaled Raman
detuning δ20 and scaled transverse coordinate x at G1 = 10

decrease in ImχR. A similar behavior of it is observed for a fixed Raman detuning and various
pump fields.

Assuming that the probe wave is plane and the Fresnel number is NF = Λ2/4λ2L ≫ 1
(diffraction-free approximation), the solution of the (4) equation for the field E2 = E2 exp(ik2z)
in an atomic medium can be written as [32]:

E2(z) = E2(0) exp [ik2(1 + 2πχR)z], (6)

where 0 6 z 6 L. Note that the diffraction-free approximation NF ≫ 1 imposes a limitation on
the atomic layer thickness L.

Using expression (6), the reflection coefficient (3) acquires the form:

r =
n1 − (1 + 2πχR)

n1 + (1 + 2πχR)
= rF

1− 2πχR/(n1 − 1)

1 + 2πχR/(n1 + 1)
, (7)

where rF = (n1−1)/(n1+1) is the conventional Fresnel reflection coefficient at the 1−2 interface.
Note that, in contrast to [19], where only selective reflection is analyzed, the reflection coef-

ficient (7) was written taking into account Fresnel and selective reflection. We can say that the
Fresnel reflection coefficient is modulated by selective reflection. Expression (7) shows that the
reflection coefficient is a periodic function of x with a period of Λ. Therefore, such a structure
at the interface operates like a reflective grating, and the probe field incident thereon can be
diffracted upon reflection.

In the Fresnel approximation (the near diffraction field), the reflected probe field in the
observation plane E2(X,Z) can be calculated using the Kirchhoff-Fresnel integral [33]

E2(X,Z) =
1 + i√
2λ2Z

exp (in1k2Z)E2(0)

∫ ∞

−∞
r(x) exp

[
in1k2
2Z

(x−X)2
]
dx, (8)
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where X and Z are coordinates in the observation plane. Expanding r(x) into a Fourier series
and integrating (8), the field E2(X,Z) can be represented as

E2(X,Z) = E2(0) exp (in1k2Z)
∑

m
Cm exp (i2πmX/Λ− i2πm2Z/ZT ). (9)

Here ZT = 2n1Λ
2/λ2 is the Talbot length, Cm are the Fourier coefficients of the function r(x)

Equation (9) contains all the typical features of ET. In particular, for Zn = nZT (n is
a positive integer), distribution of the field E2(Zn) coincides with the field at the interface
E2(z = 0), i.e. in these planes, the reflected field is an image of the field at the interface. In the
case of fractional ET, at distances Z = (p/q)ZT (p and q are positive integers, p < q), the field
distribution over X also has a periodic character, but its spatial structure may differ significantly
from that at the interface.

The above situation is based on a one-dimensional RIG in an atomic medium. A two-
dimensional RIG can be produced using a similar method. In this case, the pump field is
generated by two standing waves with the same frequency, directed perpendicular to each other
along the x and y axes

E1(x, y) = E1 [sin(πx/Λx) + sin(πy/Λy)] .

Further, we will assume that the periods of standing waves along the transverse axes are the
same: Λx = Λy = Λ. The expression for the Raman susceptibility takes the form

χR = αr
γ12
δ21

|G1|2 [sin(πx/Λ) + sin(πy/Λ)]
2

δ20 + iγ20 + (|G1|2/δ1) [sin(πx/Λ) + sin(πy/Λ)]
2 . (10)

The field in the atomic layer and the reflection coefficient are also determined by formulas (6)
and (7), respectively, however here χR is determined by expression (10). From (7), with the
account of (10), it can be seen that the Raman susceptibility and reflection coefficient are 2D
periodic functions along the x and y directions with the period Λ1 = 2Λ. Fig. 3 shows typical
dependences of ImχR on the transverse coordinates x and y for various Raman detunings δ20
and a fixed value of G1, which have the form of periodic columnar structures. The dashed-dotted
red curve in Fig. 3d corresponds to the perturbed Raman resonance δ20 + |G1|2/δ1 = 0 (when
sin (πx/Λ)+ sin (π/Λ) = 2). Detuning from the perturbed resonance gives rise to a cavity inside
a column, and the transverse size of the column increases (Fig. 3d). Similar dependences are
also observed for different values of G1 and a fixed value of δ20.

For a 2D grating, the reflected probe field E2(X,Y, Z) at a distance of Z from the interface
is defined as:

E2(X,Y, Z) =
i

λ2Z
ein1k2ZE2(0)

∫∫ ∞

−∞
r(x, y) exp

{
in1k2
2Z

[
(x−X)2 + (y − Y )2

]}
dxdy. (11)

Expanding r(x, y) into a double Fourier series, the field E2 can be represented as [9]

E2(X,Y, Z)= ein1k2Z
∑
n,m

Cn,m exp(i2πnX/Λ1+ i2πmY/Λ1) exp
[
−iπλ2Z(n2+m2)/n1Λ

2
1

]
, (12)

where Cn,m are the Fourier coefficients of the function r(x, y).
From (12), it can be seen that, like in the case of a 1D grating, the Talbot length for a 2D

grating with the same periods along the x and y-axes is ZT = 2n1Λ
2
1/λ2. At a distance of ZT ,

all diffraction orders are in phase, and the diffraction pattern is an image of the distribution of
the probe field at the interface.
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Fig. 3. The dependence ImχR as a function of transverse coordinates x and y at δ20 = 100 (a),
δ20 = 90 (b), δ20 = 50 (c), G1 = 5. (d) – The ImχR profile along the x axis (y = 0.25Λ1) for
various Raman detunings δ20

2. Results and discussion

In the numerical analysis, we used the parameters corresponding to the D1 sodium line,
where the |0⟩ and |2⟩ levels correspond to metastable hyperfine sublevels of the 2S1/2 ground
state. The following parameter values were used in the calculations: γ10/2π = 10 MHz, γ21 = γ10,
γ20 = 10−3γ10, N = 1014 cm−3. The Rabi frequency G1 and single-photon detuning δ1 are given
in the units of γ10, the Raman detuning δ20 in the units of γ20, δ1 = −100, and the standing
wave period Λ = 200λ1.

2.1. 1D grating

Fig. 4 shows the behavior of the reflection coefficient for the probe wave R = |r|2 as a
function of the transverse coordinate x for various Rabi frequencies of the pump field and Raman
detunings. For a fixed Rabi frequency G1 and varying Raman detuning δ20, the typical behavior
of the reflection coefficient is shown in Fig. 4a. The reflection coefficient has a similar form
for a fixed Raman detuning and different pump field Rabi frequencies (Fig. 4c). Note that the
higher the Rabi frequency of the pump field, the higher maximum values of R are achieved at
optimal detunings when a perturbed Raman resonance takes places (Fig. 5). Thus, the probe
field distribution along the x-axis at the interface differs from the standing pump wave and has
a more complex configuration, which depends on the pump field intensity, the initial Raman
detuning and the standing wave period. The latter is determined by the angle θ between the
pump fields that generate a standing wave. A change in the angle θ changes the spatial scale of the
emerging structures in the field distribution. The resonant structures in the reflection coefficient
(Fig. 4b,d) are due to SR from the interface between the dielectric and the layer of three-level
atoms with an induced grating since they depend on the Raman detuning. In the region of SR,
the reflection coefficient can be both greater or smaller than the Fresnel reflection coefficient,
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which under the conditions under consideration corresponds to R = 0.04. We emphasize that
the reflection coefficient from the interface, considering the SR, is a periodic function along the
interface with the period of the standing pump wave Λ.

Fig. 4. (a, c) The reflection coefficient R = |r|2 as a function of the normalized transverse
coordinate x for various Raman detunings δ20 (a) for G1 = 10 and different values of G1 (c) for
δ20 = 60. (b, d) The probe field intensity profile at the interface for various Raman detunings
δ20 (b) for G1 = 10 and different values of G1 (d) for δ20 = 60

Fig. 5. The dependence of the maximum reflection coefficient R = |r|2 on the normalized Rabi
frequency G1

Fig. 6a,c,e shows diffraction patterns in the near field (the Talbot carpets) of selectively
reflected probe radiation and intensity profiles (Fig. 6b,d,f) in different Talbot planes for various
Raman detunings and a fixed Rabi frequency of the pump field. At a distance of Z = ZT , the
intensity distribution is similar to that at the interface z = 0, i.e., it is an image thereof. At
the distance Z = ZT /2, the diffraction pattern is also an image of the field distribution at the
interface but shifted by half a period. For smaller regular fractions of the Talbot length, periodic
structures with period Λ can also be observed. However, within the period, the spatial structure
of the pattern differs from the initial distribution of the probe field at the interface (Fig. 6b,d,f,
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Z = ZT /4, Z = ZT /3). A similar picture is observed at different Rabi frequencies of the pump
field and a fixed Raman detuning. Thus, the spatial structure of diffraction patterns is modified
by changing the Raman detuning or the Rabi frequency of the pump field.

Fig. 6. The Talbot carpet (a, c, e) and the intensity profile in various Talbot planes (b, d, f) at
G1 = 10. (a, b) – δ20 = 80; (c, d) – δ20 = 99.2; (e, f) – δ20 = 102

2.2. 2D gratings

In general, the reflection coefficient behavior in a 2D grating is similar to the 1D case, however
there are significant differences. First, for a 2D structure, the period in the spatial distribution
of the field at the interface changes. This is due to the doubling of the period in the spatial
distribution of the Raman susceptibility (see Model section). Fig. 7 shows the behavior of the
probe wave reflection coefficient R at the interface as a function of the transverse coordinates
for various Raman detunings and a fixed Rabi frequency of the pump field for the case of a
2D grating. It can be seen that reflection coefficient is a 2D periodic function of transverse
coordinates with the period Λ1 = 2Λ. The peaks correspond to the selective reflection that
appears near the Raman resonance. In the region of SR, the reflection coefficient depends on
the detuning and can be both greater or smaller than the usual Fresnel reflection coefficient. At
specific detunings, a dip within the peaks can appear, which can be called a spatial splitting
(Fig. 7d). The detunings at which selective reflection occurs depend on the Rabi frequency of
the pump field.

The second difference is that for a 2D case, self-imaging of the field distribution at the interface
is possible not only at a distance of Z = ZT . This is because, for the chosen configuration of
the pump fields creating a standing wave, the Fourier coefficients Cn,m in expression (12) are
nonzero only if m and n have the same parity [9]. Then, the factor (n2 + m2) is always even,
and the reflected field distribution in the planes Z = ZT and Z = ZT /2 coincides with that at
the interface. Fig. 8 shows diffraction patterns of selectively reflected probe radiation in different
Talbot planes for various Raman detunings and a fixed Rabi frequency of the pump field in
the case of a 2D grating. It can be seen that the intensity distribution in the Z = ZT and
Z = ZT /2 planes (Fig. 8a) is similar to the field distribution at the interface (z = 0) while in the
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Fig. 7. (a, b, c) The reflection coefficient from the interface as a function of normalized transverse
coordinates x and y for various Raman detunins: δ20 = 98 (a), δ20 = 99.2 (b), δ20 = 102 (c),
G1 = 5. (d) The single period profile of the probe field intensity at the interface along the x-axis
(y = 0.25Λ1) for various Raman detunings δ20 and G1 = 5

Fig. 8. Normalized intensity of the diffraction patterns in the planes Z = ZT and Z = ZT /2 (a),
Z = ZT /4 (b), Z = ZT /8 (c), Z = ZT /3 (d), G1 = 5

Z = ZT /4 plane (Fig. 8b) it is shifted by half a period. Periodic structures with the period Λ1

are also observed at other fractions of the Talbot length. However, within the period, the spatial
structure of the pattern differs from the initial probe field distribution at the interface and has
a more complex spatial geometry. See, for example, Fig. 8c,d, where diffraction patterns are
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shown in the Z = ZT /8 and Z = ZT /3 planes, respectively. A similar picture holds for various
Rabi frequencies of the pump field and a fixed Raman detuning. Thus, the spatial structure of
diffraction patterns is modified by changing the Raman detuning or the Rabi frequency of the
pump field.

Conclusion
We have studied the effect of selective reflection of a probe wave at the interface between a

dielectric and a layer of atoms, in which a Raman grating is induced along the interface. The
cases of one- and two-dimensional gratings have been considered. It is shown that the reflection
coefficient adjusted for the selectively reflected wave can be both greater or smaller than the
usual Fresnel reflection coefficient. The Talbot effect can be observed for a selectively reflected
wave in the near diffraction region. The spatial structure of the diffraction patterns depends
on the pump field intensity and the Raman detuning. In the case of a 1D grating, the period
of diffraction structures is equal to that of the standing wave. In the ZT and ZT /2 planes, the
diffraction patterns are images of the distribution of the probe field at the interface (the Talbot
images), while at ZT /2, the diffraction pattern is shifted by half a period. In the case of a 2D
grating, the diffraction patterns period is equal to twice the standing pump wave period; in the
ZT , ZT /2, and ZT /4 planes, the diffraction patterns are images of the field distribution at the
interface, while in the ZT /4 plane, the image is shifted by half a period. In the fractional Talbot
planes, periodic diffraction patterns are also observed with a period equal to the period of the
standing wave in the case of a 1D grating and with twice the period for a 2D grating. However,
here the spatial structure of the field becomes more complicated, crucially differing from the
distribution of the field at the interface, and depends on the pump field intensity and Raman
detuning. The reflection coefficient of a selectively reflected wave can be much higher than in
the case of a grating based on electromagnetically induced transparency [19].

This work was partially (results for 1D gratings) supported by the Russian Science Foundation
(RSF) through Grant 19-12-00203.
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Эффект Тальбота при селективном отражении
от рамановски индуцированной решетки

Василий Г.Архипкин
Сергей А. Мысливец

Институт физики им. Л. В.Киренского СО РАН
Федеральный исследовательский центр КНЦ СО РАН

Красноярск, Российская Федерация
Сибирский федеральный университет

Красноярск, Российская Федерация

Аннотация. В работе исследуется эффект Тальбота при селективном отражении пробного излуче-
ния на границе раздела диэлектрик — слой резонансных атомов, в котором индуцируется раманов-
ская решетка. В таких условиях интерфейс может выступать как отражательная дифракционная
решетка. Рассмотрены случаи одномерных и двумерных решеток. Показано, что коэффициент от-
ражения с учетом селективно отраженной волны может быть как больше, так и меньше обычного
коэффициента отражения Френеля. Эффект Тальбота можно наблюдать для селективно отра-
женной волны в ближней дифракционной области. Пространственная структура дифракционных
картин существенно зависит от напряженности поля накачки и рамановской отстройки.

Ключевые слова: рамановское усиление, дифракция Френеля, эффект Тальбота, селективное
отражение.
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