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A blazed gain grating in a four-level atomic system is theoretically demonstrated. This grating is based on
the spatial modulation of Raman gain, which is created by an intensity mask in the signal field. Due to the
modulo-2π phase modulation, the majority of energy in the amplified probe beam can be deflected into the
first-order direction, and a diffraction efficiency higher than 100% is predicted. When an intensity mask
having two symmetric domains is adopted, this proposal can give a further possibility of all-optical beam
splitting. © 2012 Optical Society of America
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1. INTRODUCTION
Recently, research of atomic gratings based on atomic coher-
ence effects has become a research focus. By replacing the tra-
velling field of electromagnetically induced transparency (EIT)
[1] with a standing wave, an electromagnetically induced
grating (EIG) is created [2], and this phenomenon has been ob-
served [3]. Since the EIG is created by the spatialmodulation of
atomic absorption and dispersion of the resonant probe beam,
the diffraction efficiency cannot be very high. In order to im-
prove the diffraction efficiency of EIG, several proposals of
electromagnetically induced phase grating were reported
[4–6], which are based on the periodicmodulation of giant Kerr
nonlinearity of EIT systems. In this phase EIG, the atomic dis-
persion can be altered periodically, and low probe absorption
can also be maintained, and then the first-order diffraction ef-
ficiency of this phase grating can be close to the efficiency of an
ideal sinusoidal phase grating. Compared with the atomic grat-
ings based on EIT, a kind of gain-phase grating or gain grating
based on active Raman gain (ARG) was also demonstrated
[7,8]. Owing to the spatial modulations of Raman gain and Kerr
nonlinearity in the ARG system [9–11], the gain-phase grating
and gain grating can supply much higher diffraction efficiency
in high-order directions. Common to the aforementioned grat-
ings is that the spatial modulation is induced by a standing
wave, and the probe beam is diffracted into several high-order
directions. When an intensity mask is used in the coupling or
signal fields in the EIT systems, a kind of blazed gratingwith 2π
phase modulation is created, and it can deflect the probe beam
into a certain order (first-order) direction [12,13]. This blazed
grating based on EIT is essentially a phase grating, and its
first-order diffraction efficiency, which can approach 100%,
is limited by the probe absorption.

In this paper, we theoretically demonstrate a blazed gain
grating in an ultracold atomicmedium. This blazed gain grating
is based on ARG, and it is created by an intensity-modulated
mask in the signal field. Owing to the spatial modulations of
probe gain and phase, the majority of energy in the amplified
probe beam can be deflected into the first-order direction,
and then the diffraction efficiency can be higher than 100%.
Therefore, the probe beam at low light levels can also be

manipulated, and this scheme may have great potential to
be utilized as an all-optical switching and routing in the optical
networking [14,15]. When a more sophisticated intensity mask
that has two symmetric domains is used, our proposal gives a
further possibility of all-optical beam splitting for quantum in-
formation process.

2. ATOMIC MODEL AND EQUATIONS
We consider a four-level atomic system interacting with three
laser fields, as shown in Fig. 1. A pumping field Ep with a large
detuningΔp drivestransition j3i–j1i.The j3i–j2i transition isex-
cited by a weak probe field E with a large detuning Δ, and
two-photon detuning of Raman resonance is δ � Δp −Δ. A sig-
nal field Es connects the transition j4i–j2i, and it is also far
detuned from resonance by Δs. We define that Γij (i � 3, 4;
j � 1, 2) is the spontaneous decay rate of the corresponding
transition. In the framework of the semiclassical theory, using
thedipoleapproximationandrotating-waveapproximation, the
HamiltonianHI of theatomicsysteminthe interactionpicture is

HI � ℏ�δj2ih2j �Δpj3ih3j � �δ�Δs�j4ih4j
− �gj3ih2j � Ωpj3ih1j � Ωsj4ih2j � H:c:��: (1)

Including the relaxation terms for the system, the equations of
motion for the density matrix of the system are

_ρ11 � iΩp�ρ31 − ρ13� � Γ31ρ33 � Γ41ρ44;

_ρ22 � ig�ρ32 − ρ23� � iΩs�ρ42 − ρ24� � Γ32ρ33 � Γ42ρ44;

_ρ33 � iΩp�ρ13 − ρ31� � ig�ρ23 − ρ32� − Γ31ρ33 − Γ32ρ33;

_ρ31 � −�iΔp � γ31�ρ31 � iΩp�ρ11 − ρ33� � igρ21;

_ρ32 � −�iΔ� γ32�ρ32 − iΩsρ34 � iΩpρ12 � ig�ρ22 − ρ33�;
_ρ42 � −�iΔs � γ42�ρ42 − igρ43 � iΩs�ρ22 − ρ44�;
_ρ41 � −�i�Δs � δ� � γ41�ρ41 � iΩsρ21 − iΩpρ43;

_ρ43 � �i�Δ −Δs� − γ43�ρ43 � iΩsρ23 − iΩpρ41 − igρ42;

_ρ21 � −�iδ� γ21�ρ21 � igρ31 � iΩsρ41 − iΩpρ23;

1 � ρ11 � ρ22 � ρ33 � ρ44; (2)
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where Ωp � μ31Ep∕2ℏ, Ωs � μ42Es∕2ℏ, and g � μ32E∕2ℏ are
the real Rabi frequencies of the corresponding fields. Here γij
(i, j � 1, 2, 3, 4) is the atomic coherence decay rate between
the levels i and j.

For the Raman gain process, we consider that the atoms are
initially populated in the ground state j1i, and because the
probe field is very weak, the density matrix above can be de-
rived to the linear order of the probe field, and all orders of
other fields. It is worthwhile to point out that the energy-level
diagram in Fig. 1 is similar to the one used by Agarwal and
Dasgupta for the superluminal pulse propagation [16]; thus
the steady-state solution of Eq. (2) can be obtained numeri-
cally by using the complete set of density matrix equations.
It is assumed that all atoms initially populate in level j1i,
and then there could be some populations in level j2i as two-
photon detuning is small. However, the atoms in level j2i
could be driven to level j4i by the pump effect of the signal
field, and finally the atoms could return to level j1i by the
spontaneous emission. As a result, the majority of atoms
should stay in level j1i in the steady state. The induced atomic
susceptibility experienced by the probe field is χ �
3πNΓ32ρ32∕g, where N � N0�λ∕2π�3 is the scaled average
atomic density, and N0 and λ present the atomic density
and wavelength of the probe field, respectively.

In order to create a grating, an intensity mask is added in
the signal field, as shown in Fig. 2, and the Rabi frequency of
signal field in cold atoms is chosen as

Ω2
s �

γ2�������������������������
afx∕Dg � b

p ; (3)

where f…g presents the fractional part of the function inside, γ
is a scale to evaluate the signal Rabi frequency, and D is the
grating period. We assume the parameters of a and b are x-
independent constants. Therefore, it is found that χ � χ�x�
when Eq. (3) is substituted into Eq. (2). In the ARG system,
we use Maxwell’s equation to describe the propagation of the
weak probe field with a small amplification. In the slowly vary-
ing envelope approximation, the equation in the steady state
can be written as

−i
2k

∂2E

∂2x
� ∂E

∂z
� ikχE; �4�

where k � 2π∕λ is the wave vector of probe field. We use the
one-photon absorption length of the probe field ζ � λ∕6π2N
as the unit of the length L of cold atoms, and use D as the unit
for x. As a result, the wave equation becomes

−i
N F

∂2E
∂2x

� ∂E
∂z

� �−α� iβ�E; �5�

where α � k Im�χ� and β � kRe�χ� are the absorption and dis-
persion coefficients of the probe field. Here, N F � 2kD2∕ζ is
the Fresnel number of a slit of width 2

���
π

p
D at a distance ζ. In

the case that N F ≫ 1, the transverse term in Eq. (5) can be
eliminated. Here, we use the typical parameters of 87RbD1 line:
Γij �i � 3; 4; j � 1; 2� � 2γ � 2π · 5.75 MHz and λ � 795 nm.
For the atomic density N0 � 1013 cm−3 and grating period
D � 200λ, it is found N F ≈ 6 × 105. Therefore, we can solve
Eq. (5) analytically, and obtain the transmission function of
probe field at z � L as follows:

T�x� � e−α�x�Leiβ�x�L: �6�
We assume that the input probe beam is a plane wave, and nor-
malize its intensity to be equal to 1; thus the diffraction intensity
distribution can be written as

I�θ� � jE�θ�j2 sin2�NπD sin θ∕λ�
N2 sin2�πD sin θ∕λ� ; (7)

where N is the number of spatial periods of the grating illumi-
nated by the probe field, and θ is the angle between the direc-
tion of the diffracted beam and the z direction. In this
theoretical model, the approximation of plane-wave beams
is used to describe the grating, although an actual experiment
should use Gaussian-like beams; this approximation has al-
ready been demonstrated to agree with the experimental
results in the four-level atomic system [17]. In Eq. (7), the
Fraunhofer diffraction of a single space period is

E�θ� �
Z

1

0
T�x� exp�−ikDx sin θ�dx: (8)

3. RESULTS AND DISCUSSION
For the parameters a � −1∕5950 and b � 1∕5920 in Eq. (3), the
periodic intensity image in the signal field and the Rabi fre-
quency distribution of the signal field are depicted in Figs. 3(a)
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Fig. 1. Schematic diagram of the four-level atomic system in ARG
configuration. The pumping field Ep, probe field E, and signal field
Es interact with the atomic transitions j3i–j1i, j3i–j2i, and j4i–j2i, re-
spectively. Δp, Δ and Δs are detunings of the pumping, probe, and
signal fields, respectively. Here, two-photon detuning of Raman reso-
nance is δ � Δp −Δ.
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Fig. 2. (Color online) Schematic diagram of the beam setup for creat-
ing a blazed gain grating in an ultracold atomic medium. An intensity
mask at the object plane of the lens creates an intensity image of the
signal field in cold atoms at the image plane. The probe beam is dif-
fracted at an angle θ by this grating. BS and PBS are the beam splitter
and polarizing beam splitter, respectively.
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and 3(b), respectively. Here, we use γij �i � 3; 4; j � 1; 2� �
2.01γ, γ43 � 4.01γ, γ21 � 0.01γ, Δp � 200γ, Δs � 100γ, δ �
0.1γ, and Ωp � 10γ in Eq. (2), and demonstrate the induced
x-dependent transmission function in Fig. 3(c). We assume
the interaction length of cold atoms is L � 330 μm, and these
parameters are fixed in the rest of this paper. An investigation
of Fig. 3(c) shows that the amplitude of probe filed is amplified
periodically in space, and the corresponding phasemodulation
within a period can be 2π. It can be understood that the pump-
ing field induces a Raman gain of probe field, and the signal
field modulates the probe gain by changing two-photon detun-
ing of Raman resonance. Therefore, the periodic intensity im-
age in signal field makes the probe gain change periodically.
Due to the Kramer–Kronig relations [18], the intensity mask
in the signal field leads to a phase retardation, which has an
approximate 2π periodic structurewith an abrupt transition be-
tween theperiods as shown inFig. 3(c). The far-field diffraction
pattern corresponding to the diffraction grating of Fig. 3(c) is
depicted in Fig. 3(d). In Fig. 3(d), it is seen that the grating can
deflect the probe beam through an angle of 5 mrad with the
efficiency more than 100% into the first-order direction. For
comparison, the diffraction pattern of the gain grating without
the phase modulation is also demonstrated in Fig. 3(d). It is
found that the gain grating plays no role in diffracting the probe
beam, and the diffraction grating of Fig. 3(c) deflects the am-
plified probe beam into the first-order direction. Because
Eq. (2) is derived to all orders of the signal field, the phasemod-
ulation induced by the intensitymask in the signal field is quasi-
linear, as shown in Fig. 3(c); thus a small amount of probe en-
ergy is diffracted into an angle of 10 mrad. It is difficult to de-
monstrate a mask that can induce a linear phase modulation;

however, it is clear that the majority of energy in the amplified
probe beam has been deflected into the first-order direction,
and the diffraction efficiency can approach 200%. Therefore,
this kind of atomic grating is a blazed gain grating, which is
a mixture of a gain grating and a phase grating. Since our
scheme is based on the process of Raman gain, the probe beam
at low light levels can also be manipulated, which may have
great potential to be used as an all-optical switching and rout-
ing in the optical networking [14,15].

Based on the structure of blazed gain grating, a beam split-
ting with high efficiency can be obtained if we use a more so-
phisticated image in the signal field. The designed intensity
image of signal field has a symmetric intensity distribution
as shown in Fig. 4(a), and the corresponding signal Rabi
frequency can be written as

Ω2
s �

γ2����������������������������
afjxj∕Dg � b

p : (9)

Here, two symmetric domains have opposite blazed directions,
and the corresponding signal Rabi frequency and induced x-
dependent transmission function are shown in Figs. 4(b) and
4(c), respectively. We assume the input probe field has an am-
plitude uniform in the beam width of 12D, and normalize its
intensity to 1. Under these assumptions, the far-field angular in-
tensitydistributionof thediffractedprobebeamcanbegivenby

I�θ� � 1
N2

����
Z �6

−6
T�x� exp�−ikDx sin θ�dx

����
2
: (10)

We depict the Fraunhofer diffraction pattern induced by the
intensity mask having two symmetric domains in Fig. 4(d),
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Fig. 3. (Color online) (a) Periodic intensity image in the signal field, and D is the spatial spacing. This image has finite width 6D. (b) Numerical
amplitude distribution of signal field according to the intensity image of Fig. 3(a). (c) Induced x-dependent amplitude (black dashed curve) and
phase (red solid curve) of the transmission function T�x�. (d) Fraunhofer diffraction patterns for blazed gain grating of Fig. 3(c) (red solid curve),
and the grating without phase modulation (black dashed curve).
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and it is found that the incident probe beam is split into two
beams of equal intensity, and the separated angle can nearly
be 10 mrad. It is worthwhile to point out that the diffraction ef-
ficiency of each beam can be higher than 50%, which is higher
than the efficiency of general beam splitting [12].

4. CONCLUSIONS
In conclusion, we theoretically demonstrated a blazed gain
grating based on ARG in cold atoms. By using an intensity
mask in the signal field, the induced atomic grating amplifies
the probe beam, and deflects it with the efficiency higher than
100% through an angle of 5 mrad. This high diffraction effi-
ciency indicates that a probe beam at low light levels can also
be manipulated in our scheme, which may have some applica-
tions in the all-optical networks. When a more sophisticated
intensity mask is used, our proposal can supply a further pos-
sibility of all-optical beam splitting.
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Fig. 4. (Color online) (a) Periodic intensity image that has two domains in the signal field to split the probe beam. The number of spatial periods in
each domain is six. (b) Numerical amplitude distribution of signal field according to the intensity image of Fig. 4(a). For simplicity, only three
periods in each domain are presented. (c) Amplitude (black dashed curve) and phase (red solid curve) of the transmission function T�x� as a
function of x, which is induced by the signal field in Fig. 4(b). (d) Fraunhofer diffraction pattern of the diffraction grating of Fig. 4(c).
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