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Based on the spatial modulation of active Raman gain, a two-dimensional gain cross-grating is theoretically proposed.
As the probe field propagates along the z direction and passes through the intersectant region of the two orthogonal standing-
wave fields in the x—y plane, it can be effectively diffracted into the high-order directions, and the zero-order diffraction
intensity is amplified at the same time. In comparison with the two-dimensional electromagnetically induced cross-grating
based on electromagnetically induced transparency, the two-dimensional gain cross-grating has much higher diffraction
intensities in the first-order and the high-order directions. Hence, it is more suitable to be utilized as all-optical switching

and routing in optical networking and communication.
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1. Introduction

Based on electromagnetically induced transparency
(EIT),['3! electromagnetically induced grating (EIG) is

4-101 By replacing

formed and has been investigated widely. !
the coupling field with a standing wave, alternating regions
of high transmission and absorption can be created, acting
as a grating on which the probe beam can be diffracted. As
shown in Ref. [4], when the probe field is resonant with the
related states, EIG is a kind of amplitude grating which tends
to diffract light into the central maximum, and the high-order
diffraction efficiency is very low. If a high efficiency is de-
sired for the high-order diffraction directions, detuning should
be introduced. The detuning can cause a phase modulation
to the probe beam and the formed phase grating then dis-
perses energy into the high-order directions. However, the
detuning gives rise to large absorption and the whole diffrac-
tion efficiency is lowered accordingly. Alternatively, electro-
magnetically induced phase grating (EIPG) based on the gi-
ant Kerr nonlinearity has been proposed to improve the first-
order diffraction efficiency.!!!"'?! In the EIPG, a 7 cross-phase
modulation across the probe beam with low energy loss has
been accomplished. Furthermore, the effects of microwave

(131 spontaneous generated coherence,!'*!>! and

modulation,
static magnetic field!'®! have also been considered to achieve
improved diffraction efficiency in the first-order direction.

On the other hand, in the active Raman gain (ARG)
systems, the probe field can be amplified and some re-

lated studies have been reported, such as superluminal light
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propagation, !~ ultraslow propagation,?”! rapidly respond-

ing nonlinear effects,?!-23]

is based on the spatial modulation of ARG has also been

etc. A kind of gain grating that

proposed.>*261 This kind of gain grating not only ampli-
fies the zero-order diffraction intensity but it also effectively
diffracts light into the high-order directions.

In our previous work, we have proposed a scheme for
a two-dimensional electromagnetically induced cross-grating
(EICG) based on EIT in a four-level tripod-type atomic
system.!?’] As two standing-wave fields along the x and y di-
rections drive their corresponding atomic transitions, a two-
dimensional EICG is created and diffracts light into the high-
order directions. In order to improve the diffraction efficiency
of the two-dimensional grating, in this paper we theoretically
investigate a two-dimensional gain cross-grating (GCG) in a
cold atomic medium, taking advantage of ARG. As the probe
field propagates along the z direction and passes through the
intersectant region of the two orthogonal standing-wave fields
in the x—y plane, it can be significantly diffracted into the first-
order direction and the zero-order diffraction intensity is also
amplified. In contrast with the two-dimensional EICG, the
first-order diffraction intensity of the two-dimensional GCG
is greatly enhanced.

2. Atomic model and diffraction intensity distri-
bution

We consider a four-level N-type cold atomic system as
shown in Fig. 1(a). A Raman field with Rabi frequency
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drives the transition |3) <> |1). A weak probe field with Rabi
frequency Q,(z) couples to the transition |3) <+ |2). The
transition |4) <> |2) is driven by a standing-wave field with
position-dependent Rabi frequency Qg(x,y). As shown in
Fig. 1(b), the standing-wave field Q(x,y) is the combina-
tion of two orthogonal standing-wave fields with the same
frequency, that is Q(x,y) = Q[sin(mx/A;) + sin(my/Ay)],
where 2 is assumed to be real for simplicity, and A, and
A, are the standing-wave field’s spatial periods in the x and y
directions, respectively. The probe field propagates along the
z direction and passes through the intersectant region of the
two orthogonal standing-wave fields in the x—y plane, while
the Raman field may propagate along an arbitrary direction.

(a) (b)

Fig. 1. (color online) (a) Schematic diagram of the four-level N-type atomic
system. The possible levels correspond to the hyperfine levels of 35Rb
atoms: S5, F =3,m=—=3)=|1), S )5, F =2,m=—1) =[2), |’Py 5,
F=2m=-2)=|3), and |°P3)5, F =1, m = 0) = |4). (b) Sketch of a
prototype.

In the interaction picture, with the rotating-wave approxi-
mation and the electric-dipole approximation, the Hamiltonian
is given by

H = —h[(Ar—Ap)[2) (2] + Ac[3) (3] + (Ar — Ap + A |4) (4
+(2p(2)13) (2] + [3) (1] + s (x,y)[4) (2| +h.c. )], (1)

where A, A;, and A are the detunings of the probe field, the
Raman field, and the standing-wave field, respectively. Here
we consider the far-off-resonant Raman transitions, namely,
A; and A, are much larger than the Rabi frequencies and the
decay rates, and all of the atoms populate at the ground state
|1) (p =~ 1) at the very beginning. By using the Liouville equa-
tion, we obtain the related density-matrix equations as follows:

P12 = [i(Ap — A1) — Ya1]P12 — 1Q2pp13 +12p32
—1(x,y)p14,

p13 = —(iA:+y51)p13 — i —igpr2,

p1a = [i(Ap — A — As) — Ya1]p1a +12p34 — 1Q5(x, ) P12,

poa = —(iAs+ (W1 + Va2 + 121)/2) P24 + 1825 P34,

P32 = (1A — (131 + 12+ 721)/2)P32+12:p12— 1 (x, ) P34,

p3a = [i(Ap — As) — (a1 + a2+ 131+ 132) /2] P34 + 182p P24
+ip1a —1Qs(x,y)p32, 2

where 7;; is the atomic decay rate between levels |i) and | ).
Under the weak-field approximation, we can obtain the steady-
state solution p3; and then the linear susceptibility y,?*!

_ 3NoAg psy

= 3
1= o 3)

where N and A, represent the atomic density and the wave-
length of the probe field, respectively.

In order to obtain the diffraction pattern for the probe
field propagating through the medium, we begin with the
Maxwell’s equation. Under the slowly varying envelope ap-
proximation and in the steady-state regime, the propagation of
the probe field driven by the atomic polarization can be de-

scribed as
20,

We assume that the interaction length of the cold atoms expe-
rienced by the probe field in the z direction is L. By solving
Eq. (4), the transmission function for an interaction length L
of the medium can be obtained as

T(x,y) = exp(—Im[x]L+iP), 5)
where the first and the second terms correspond to the gain
(—Im[yx]L) and the phase modulation (¢ = Re[x]L). By per-
forming the Fourier transformation on the transmission func-
tion and using the Fraunhofer diffraction theory, we obtain the
Fraunhofer diffraction intensity distribution
5 sin®(MmA,sin 6y /2,)

M2 sin*(mA,sin 8 /)
y sin?(NTTA, sin 62 /4,)
N2sin?(mA,sin6:/2,)

where M and N are the numbers of the spatial periods along

1,(61,8,) = |F(61,61)]

(6)

the x and y axes of the grating illuminated by the probe beam,
and 0 and 6, are the diffraction angles with respect to the x
and y axes, respectively. Here the Fraunhofer diffraction of a
single space period is

I 1
F(91,62):/0 dx/o T (x,y)exp(—i2mxA,sin 6 /A,
—i2myA,sin 6,/ A;)dy. )

The diffraction efficiency of the grating is taken to be the ratio
of the intensity in the diffracted output to the intensity of the
input. The probe diffraction intensity ,(6;, 6) is normalized
so that if 7'(x,y) = 1, then I (6, 6,) = 1. The n-order diffrac-
tion efficiency is determined by Eq. (6) with sin 6 = nA, /A,
in the x axis and sin 6, = n4, /A, in the y axis.

3. Results and discussion

In this section, we demonstrate the two-dimensional gain
cross-grating and analyze the controllability of the diffraction
efficiency. We assume y31 = o =Y1 = Y2 =7, Y12 = 10’3}/
with y being the natural linewidth of state |3). L is given in
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units of & =4/ 3Nol§. Figure 2(a) displays the amplitude of
the transmission function as a function of x and y. This shows
that the probe field is amplified and the probe gain oscillates
along the x and y directions in the periods of A, and Ay, re-
spectively. As shown in Ref. [24], the amplification of the
probe field is attributed to the effect of ARG induced by the
Raman field, and the probe gain is periodically changed due
to the periodic intensity pattern of the standing wave in the x—
y plane. In Fig. 2(b), we describe the normalized Fraunhofer
diffraction intensity according to the transmission function of
Fig. 2(a). An investigation of Fig. 2(b) shows that the probe
field is not only amplified in the zero-order direction but also
distributes significantly into the high-order directions. The
first-order diffraction efficiency can approach 22%, which is
much higher than that (2%) of the two-dimensional EICG. (271
Meanwhile, the dispersion of the probe field also changes pe-
riodically, and then the phase modulation of the probe field
occurs along the x and y directions, as shown in Fig. 2(c).
When the phase modulation is considered, a fraction of the
zero-order diffraction intensity will deflect into the high-order

|T(z, y)I

-2 9

directions and the first-order diffraction efficiency approaches
to 24%, as shown in Fig. 2(d). In comparison with the two-
dimensional EICG,?"! due to the ARG, the two-dimensional
GCG has a much high diffraction intensity in the first-order
direction.

In order to meet the requirement of ARG that most atoms
populate in the ground state |1), we ensure that A, and A, are
much larger than the Rabi frequencies and the atomic decay
rates. Under this condition, we investigate the controllability
of the first-order diffraction intensity of the two-dimensional
GCQG. Figure 3(a) depicts the effects of the Raman field’s Rabi
frequency on the first-order diffraction intensity. It is found
that the first-order diffraction intensity increases with the in-
crease of £, which is consistent with the one-dimensional
gain-phase grating.!”*! This can be explained by the gain and
phase modulation as shown in Figs. 3(b) and 3(c). When the
Raman field’s Rabi frequency is small, the gain and phase
modulation induced by the standing-wave field are not obvi-
ous due to the small probe gain and dispersion. With the
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Fig. 2. (color online) The amplitude |7 (x,y)| (a) and the phase @ /7 (c) of the transmission function as a function of x (in units of A,) and y
(in units of Ay). (b) The normalized diffraction intensity ,(6;,6,) as a function of sin(8;) and sin(6,) for the corresponding transmission
function shown in panel (a). (d) The two-dimensional gain cross-grating considers the gain and phase modulation. The insets in panels (b)
and (d) show the residual parts of the diffraction patterns along sin(6;). The parameters are Q. = 0.2y, ;0 = 0.2y, A, = A, = 807,

Ag =100y, Ac/Ap = Ay /Ay =4, L =200, and M =N = 5.
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increase of £2;, the probe gain and dispersion increase, which
enlarges the gain and phase modulation depth and makes more
light available for diffraction into the first-order direction.
However, in our scheme, the Raman field’s Rabi frequency
cannot be set too large since the weak-field approximation for
the probe field is applied in our numerical simulation. If the
Raman field’s Rabi frequency is too large, then the probe field
will be amplified greatly and even exceed the other two fields.
So we chose £, = 0.2y in the following simulations.

Figure 4(a) displays the first-order diffraction intensity as
a function of Q4. At small £y, the first-order diffraction in-
tensity increases with £2g9. This is within our expectation. As
shown in Figs. 4(b) and 4(c), with the increase of €2, the gain
and dispersion are gradually enhanced at the individual antin-
odes, which increases the gain and phase modulation depth.
As a result, more light can be diffracted into the first-order di-
rection. However, the first-order diffraction intensity peaks at

Qo increases further and exceeds 0.27, the phase modulation
is always increased (see Fig. 4(c)) but the gain is gradually
decreased at the individual antinodes and the gain modulation
depth is also decreased, as shown in Fig. 4(b). So, light avail-
able for diffraction is reduced, and the first-order diffraction
intensity decreases as €250 > 0.27 (see Fig. 4(a)). At the same
time, we also investigate the effect of the interaction length L
on the first-order diffraction intensity. It is obvious that the
first-order diffraction intensity will increase with the increase
of the interaction length L. In order to meet the actual ex-
periment condition and the weak-field approximation of the
probe field, the appropriate interaction length we chosen is
L = 230&, which leads to an amplification of the probe field
by a factor of four. [24] Therefore, due to the ARG, the two-
dimensional GCG has a much high diffraction intensity in the
first-order direction, and it has a great potential to be used as
all-optical switching and routing[?®! in optical networking and

a certain Qg (24 = 0.2y) beyond which it fades away. As  communication.
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Fig. 3. (a) The first-order diffraction intensity

1,(6],69) or [,(6),6)) as a function of ;.

(b) The amplitude and (c) the phase of the

transmission function in the x direction for different €2, at y = 0. The other parameters are the same as those in Fig. 2.
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Fig. 4. (color online) (a) The first-order diffraction intensity Ip(Gl1 , 9? ) or IP(G})7 621) as a function of €. (b) The amplitude and (c) the phase
of the transmission function in the x direction for different Qg at y = 0. The other parameters are the same as those in Fig. 2.

4. Conclusion

We theoretically demonstrate a two-dimensional GCG
based on the spatial modulation of active Raman gain and dis-
persion in a four-level N-type cold atomic system. It is shown
that not only the zero-order diffraction intensity is amplified

but the first-order diffraction efficiency is also improved. As
can be seen, it is mainly the probe gain that contributes to
the gain modulation, while the phase modulation further im-
proves the first-order and the high-order diffraction intensi-

ties. In comparison with the two-dimensional EICG, the two-
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dimensional GCG has much high diffraction intensities in the

first-order and the high-order directions. Thus it may be uti-

lized as all-optical switching and routing, which are important

optical devices in optical networking and communication.
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