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Raman gain grating in an ultracold atomic medium
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Abstract; This paper demonstrates theoretically that a Raman gain grating can be formed in an ultracold
atomic medium driven by a standing wave and a probe field. Due to the spatial modulation of active Raman
gain, the weak probe field propagating along the direction normal to the standing wave can be diffracted into
the first-order direction effectively, and the zero-order diffracted beam is also amplified. Under manipulation
by a microwave field, the first-order diffraction efficiency can be improved to be higher than that of electromag-
netically induced phase grating. This system can be used as a highly efficient switch for an all-optical network.
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1 Introduction

Recently, an Electromagnetically Induced Grating
(EIG) formed by replacing the travelling wave in
Electromagnetically Induced Transparency ( EIT )
with a standing field was theoretically proposed''’,
and later the proposed scheme was realized in the

21 EIG is a kind of amplitude grating

experiment
based on the spatial modulation of probe absorption,
thus its first-order diffraction efficiency can not be
very high. In order to increase the first-order diffrac-

tion efficiency, an Electromagnetically Induced

Phase Grating( EIPG) induced by the spatial modu-
lation of the giant Kerr nonlinearity was demonstra-
ted’.

nates the probe absorption, and then its first-order

EIPG is a phase grating which nearly elimi-

diffraction efficiency can be equal to the efficiency of

an ideal sinusoidal phase grating. Meanwhile, the

effects of microwave modulation"*’

[5]

or spontaneous
generated coherence ™' were also considered in EIG,
and improved diffraction efficiency in the first-order
direction was achieved. Comparing with the EIT-
based schemes where the probe field operates in the
absorption mode, the probe field in the schemes
based on Active Raman Gain ( ARG ) operates in a
stimulated Raman emission mode, and the related
studies have become a research focus of interest **'.
It was demonstrated that the ARG-based schemes
can be used to realize the superluminal® or sublu-

]

minal light propagation'’'. Most recently, a large

cross phase modulation based on the manipulation of
ARG has also been achieved .
probe gain of ARG, the proposes based on ARG

Owing to the

have several advantages in comparison with the pro-
poses based on EIT.

Recently, we have demonstrated a kind of gain-
phase grating induced by the pumping and standing
fields''".

In this paper, we theoretically demon-

strate a Raman gain grating( RGG) in the ultracold

atoms. This grating can be induced by only one
standing field, and the configuration of RGG is easi-
er than that of the gain-phase grating. Under the ac-
tion of a microwave field, the first-order diffraction
efficiency of the RGG can be improved to be higher
than that of EIPG. This kind of gain grating which
eliminates the loss of the probe field has the poten-
tial to be an all-optical switching in the optical net-

working.

2 Atomic model and equations

The atomic model under consideration is illustrated
in Fig. 1(a), which can be described by a four-lev-
el configuration of ' Rb atoms. A weak probe field
with a Rabi frequency g interacts with the transition
I13) —12), and the standing and microwave fields
connect the transitions 13) = 11) and 12) = 14),
respectively. Here vy is the spontaneous emission of
the corresponding transition, and the transitions
1) = 12) and I1) — 14) are electric dipole forbid-
den. The Rabi frequencies of the standing and mi-

crowave fields are (2, and (2, respectively; for sim-

m 9

plicity, we take all the Rabi frequencies as real.

(b)

Fig. 1  (a) Level diagram of the four-level atomic
system, and the possible levels correspond to
the D, line of ¥Rb: 1) = IF =2, m, = -2,
12) =1F=2,m;=0), 13) =1F =1, m; =
-1), 14) =1F =1, my =0). (b) Beam
configurations of the standing field and the
probe field with respect to an ultracold atomic

gas.
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According to the process of ARG, the probe field field is large and the probe field is weak, thus the

and the standing field have the same detuning A, majority of atoms populates at the level 11) (p,, =
and the detuning of the microwave field is A . As 1), and other levels have no atoms. Including the
shown in Fig. 1(b), the standing field in the x di- relaxation terms, the equations of motion for the
rection is formed by the overlap of two travelling density matrix of the atomic system are;

waves, and the weak probe field propagates along P = -1l ,p, — 102, —igp,

the z direction. Therefore, the Rabi frequency of the Py = Iopsy — i py, +ip,,

standing field can be written as 2 (x) = Osin( wx/ . . 0 0
) P = = YnPn — 18P — WPy + ULps, )
A), where A is the spatial frequency of the standing ,(2)

field ps == Lyupy —i2.ps, +iQp, +igpy
In the framework of the semiclassical theory, u- P == 1A,pyy + igpyy
sing the dipole approximation and the rotating wave Piu == Tupu —i2,p, +i0p,,

where I'; =A iy Iy, =id -y, Iy, = —i(A-4,)

approximation, we obtain the Hamiltonian H,; of the
+y, I'y, =iA, +y,,, and vy, and 7y,, are the

atomic system in the interaction picture ;

H o =-Hh(A13)B1+A, 1441+ dephasing rates of the corresponding transitions due
g1 3)(21+0.13)(11+ to the atomic collisions. We solve this density-matrix
0 14Y21+He). (1) and derive the first-order steady state solution of the

In the model of ARG, the detuning of the standing element p,, as

lﬁ: ‘Qi(M+F34Fl4>/F13 (3)
g <M+F34F14>(')’12F32_M>+an(rs4+712>(r3z_rl4) ’

where M =( —(2,. From Eq. (3), the linear sus- Considering the probe field as a plane wave, we
ceptibility x of the probe field induced by the stand- obtain the Fraunhofer diffraction pattern of the probe
ing field and the microwave field is: field by the Fourier transform of the transmission
Py function T(«x). Following the results in ref. [ 1],
X = 3711-'/]/ V) (4> . . . . . N
g the distribution of the diffraction intensity is:

» sin’ (NmwAsinf/A)
Nsin® (wAsind/1)

where N is the number of spatial periods of the grat-

e 3 . 1
here ./’= N, (A/2)" is the scaled average atomic 1(0) =1 E(6) |

(7)

density, where N, and A present the atomic density

and the probe wavelength.

We suppose the length of the ultracold atomic ing illuminated by the probe field, and 6 is the angle

gas experienced by the probe field in the z direction between the direction of the diffracted beam and the

is L, which is given in the unit of £ = /674, In z direction. In Eq. (7), the Fraunhofer diffraction

the slowly envelope approximation, the propagation of a single space period is:

. . . . . 1
of probe field induced by the atomic polarization can E(0) = .L T(x)exp( - 2mAxsind/A) dx .
be described by the Maxwells equation as:
d : (8)
L= (-atripg, (5)

The n-order diffraction intensity of the grating is
determined by Eq. (7), and sinf = nA/A, thus the
first-order diffraction intensity can be expressed as:

1(0,) =1 E(6,)1° =

where a = (2m/A)Im[x] and B = (27/A) Re[x]
are the absorption and dispersion coefficients of the
probe field. From Eq. (5), the transmission func-

tion of the probe field at z =L can be written as:

T(x) = o B 6) | [ TG exp( - 2ima) de 1. (9)
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3 Results and discussion

Using 2y/2m =5.75 MHz and y,,/27 =y,,/27 =

1 kHz, we display the amplitude of the transmission
function as a function of x in Fig. 2(a). It is seen
that the probe field is amplified, and the probe gain
changes periodically in space. The reason is that the

stimulated Raman gain induced by the standing field
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Fig. 2 (a) Amplitude of the transmission function
T(x) as a function of x within two space peri-

ods when £2 =0, A =0(black solid line)
and 2, =0.1y, A, =55y (red dash line).

Here other parameters for the both cases are A
=50y, £2=0.1y, and L =100. (b) Diffrac-
tion patterns as a function of siné for the corre-
sponding transmission functions in (a). The
upper inset shows the residual parts of the cor-
responding diffraction patterns, and the lower
inset displays the corresponding diffraction
patterns when the amplitude modulations are

ignored(a(x)L=0).

leads to an amplification of the probe field, and the
periodic intensity pattern of the standing field make
the probe gain alter in a period. Because the spatial
modulation of the probe gain, a RGG is formed, and
one can obtain the corresponding diffraction patterns
as a function of sinf for A/A =4 and N =5 in Fig.2
(b). An investigation of Fig.2(b) shows that the
diffracted beam in the zero-order direction is ampli-
fied, and the first-order diffraction efficiency is a-
bout 15% . The lower inset in Fig. 2 (b) demon-
strates the corresponding diffraction patterns when
the amplitude modulation is ignored (a(x)L =0),
and it is seen that only the zero-order diffraction is
visible, which proves that the first-order diffracted
beam attributes to the gain grating. Therefore, the
RGG is a kind of amplitude grating. Under the ac-
tion of a microwave field ({2 #0), the probe gain
and the first-order diffraction intensity are increased
as shown in Fig.2(a) and Fig.2(b) , respectively.
It is found that the first-order diffraction efficiency of
the RGG can be higher than the efficiency of EIG,
and first-order diffraction efficiency of the RGG mod-
ulated by a microwave field is comparable with the
efficiency of EIPG.

Since ARG requires that most atoms populate at
the level 11), we ensure that the detuning of stand-
ing field is much larger than its Rabi frequency. In
this case, the first-order diffraction intensities of the
RGG and the RGG modulated by a microwave are
given as a function of the detuning or Rabi frequency
of the standing field in Fig. 3. Fig. 3 shows that no
matter in the RGG or in the RGG modulated by a
microwave field, the first-order diffraction intensity
increases as the intensity of the standing field increa-
ses, while the diffraction intensity decreases as the
detuning of the standing field increases. These rela-
tions can be understood that a standing field with a
larger intensity or a smaller detuning can induce a
larger probe gain in the grating, and then more ener-
gy can be diffracted in the first-order direction.

Fig.4(a) displays the first-order diffraction in-
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Fig.3  First-order diffraction intensities of the RGG and
the RGG modulated by a microwave field as a
function of the detuning of the standing field
when (2 =0. 1y and the Rabi frequency of the
standing field when A =50y, respectively. Here

sinf, =0. 25 and other parameters are the same

as in Fig.2(a).

tensity as a function of the intensity of the microwave
field for different interaction lengths and A =55y.
It is found that the first-order diffraction intensity in-
creases as the interaction length increases, and at
L =120, for a Rabi frequency of the standing field
as 0. 1y, the diffraction efficiency can reach about
43% . In order to confirm the weak field approxima-
tion of the probe field in our calculations, the lon-
gest interaction length we chosen is L =120, which
leads to an amplification of the probe amplitude by a
factor of four. In Fig.4(b), for different microwave
intensities, we demonstrate the dependence of the
first-order diffraction intensity on the detuning of the
microwave field. From Fig. 4 (a) and Fig. 4(b),
one can find that there are optimum parameters of
the microwave field, proving that there is a largest
gain modulation of the probe field in the system. Be-
cause the standing field creates an ac Stark shift of
the state|3), the probe field has a frequency shift,
and the largest frequency shift for a certain detuning
is A, = —(F/A"" . Meanwhile, the microwave field
induces an ac Stark shift of the state 12), and the
corresponding frequency shift of the probe field is
A, = {2 /A,. As a result, the largest gain modu-
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Fig.4 (a)Diffraction intensity in the first-order direc-
tion as a function of the intensity of the micro-
wave field for different interaction lengths. (b)
First-order diffraction intensity as a function of
the detuning of the microwave field for different
intensities of the microwave. In both cases, 0,

=0.25 and other parameters are the same as in

Fig.2(a).

lation happens when the frequency shift of the probe
field induced by the microwave field offsets the lar-
gest frequency shift of the probe field created by the
standing field(A, + A =~0). After investigating the
optimum parameters of the microwave field in Fig. 4,
we find that there is a good agreement in this rela-
tion. Although the RGG modulated by the microwave
is a kind of amplitude grating, its first-order diffrac-
tion efficiency can be higher than the efficiency of an
ideal sinusoidal phase grating. Therefore, the RGG
or RGG modulated by a microwave has a great po-
tential to be utilized as an all-optical switching in the

optical networking.
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the zero-order direction is amplified, and the first-

4 Conclusion order diffraction efficiency is higher than that of

EIG. Under the action of a microwave field, the dif-

In summary, it is theoretically proposed that a RGG fraction efficiency in the first-order direction is high-

based on spatial modulation of ARG can be formed er than that of EIPG. Therefore, this kind of grating

in ultracold atoms. Owing to the spatially periodic has a great potential to be an all-optical switching in
modulation of the probe gain, the diffracted beam in the optical networking.
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