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We study the dynamic control of stationary light pulses generated in a sample of cold atoms driven into
the double-A configuration with two ground levels coupled by a weak microwave field. This microwave
field can modify the spin coherence of two ground levels through its phase and amplitude, and then
increase or decrease the intensity of a stationary light pulse generated from this spin coherence. Such
phase-modulation technique is essential to maximize the effective interaction time between light and
matter in photonic information processing and therefore facilitate the achievement of enhanced optical
nonlinearities at low-light levels.
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1. Introduction

In the past few decades, there has been widespread concerns
on the reversible light storage or memory in atomic ensembles
due to its important applications and significant advantages in
long-distance quantum networks and photonic quantum in-
formation processing [1,2]. Among numerous effects of light-
matter interactions, electromagnetically induced transparency
(EIT), a phenomenon referring to the resonant absorption sup-
pression of a weak light field via quantum destructive interference,
has been considered as a key technique to achieve coherent ma-
nipulation of light storage and retrieval dynamics [3,4]. In the ty-
pical EIT system of three-level A configuration, a weak probe pulse
can be well stored (retrieved) into (from) a collective excitation of
atomic spin coherence by adiabatically switching off (on) a strong
coupling field [5]. Modifying the A-type EIT system by introducing
an additional microwave field to connect the two ground levels,
for instance, it is viable to control on demand the amplitude of a
retrieved probe pulse depending on both initial phase and cou-
pling strength of this microwave field [6-12]. One main problem of
this EIT-based technique lies in that there are vanishing optical
components during the light storage duration so that one cannot
implement information processing via sufficient optical
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nonlinearities.

In 2003, Bajcsy et al. first showed that stationary light pulses
(SLPs) could be attained in the EIT regime by replacing a traveling-
wave (TW) coupling field with a standing-wave (SW) coupling
field in a hot atomic gaseous [13]. Dynamic generation of SLPs
from a collective excitation of atomic spin coherence maintains
nonvanishing optical components and facilitates photonic in-
formation manipulation when probe light pulses are stored in the
EIT media [14]. Since SLPs significantly increase the interaction
time between light and matter even with extremely weak optical
components, they have an obvious advantage in achieving non-
linear optics and information processing at low-light levels, such
as long-range interactions between photonic qubits and single-
photon information processing [15]. However, we have to deal
with one severe problem of SLPs: in the typical A-type EIT system
driven by a SW coupling field, significant loss and diffusion re-
sponsible for the fast decay of SLPs in cold atoms are increasingly
remarkable in the presence of many high-order Fourier compo-
nents of spin coherence and optical coherence [16,17]. To over-
come this difficulty, one efficient way is to adopt a four-level
double-A EIT system driven by two counter-propagating coupling
fields where the non-degenerate four-wave mixing is explored to
attain relatively robust two-color SLPs with less loss and diffusion
during the light storage duration [18,19]. But the decay of two-
color SLPs in a double-A EIT system is still somewhat fast [20] so
that it is essential to find a good method to maximize the
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Fig. 1. (a) Schematic illustration of a cold atomic sample of length L driven by the
external optical (wc.., @c—, wp ) Or microwave (wm) fields. (b) Schematic diagram of
a four-level double-A system of 8’Rb atoms interacting with two counter-propa-
gating weak probe fields wp., two counter-propagating strong driving fields wc.
and a weak microwave field wpm.

interaction time between light and matter by further reducing loss
and diffusion.

Here we present a practical method to manipulate the intensity
of a two-color SLP by applying a weak microwave field to connect
the two ground levels in a double-A system of cold atoms (see
Fig. 1). This microwave field is turned on after the light storage and
before the SLP generation to control the atomic spin coherence in a
periodic way. We find that the SLP intensity depends critically on
this additional microwave field and can be maximally increased to
reduce its loss and diffusion for an initial microwave phase

m =~ 0.5z. In addition, our numerical results show that the gen-
erated SLP maintains its temporal shape in the presence of a suf-
ficiently weak microwave field. Therefore our microwave manip-
ulation scheme is promising for achieving long light-matter in-
teraction times and may find applications in nonlinear light in-
formation processing.

2. Model and equations

We consider a short sample of length L containing an ensemble
of cold 37Rb atoms [see Fig. 1(a)] driven into the four-level double-
A configuration [see Fig. 1(b)] with levels 14), I3), 12) and I1) refer-
ring to state 5Py, F=2), 5P, F=1), 15512, F=2)
and I5S; 2, F = 1), respectively. A strong coupling field of Rabi fre-
quency Q.. (2._), carrier frequency w., (@._), and initial phase

¢, (¢pc_) acts upon the transition 13) « 12)(14) < 12)) while pro-
pagating forward (backward) along the Z direction. The transition
13) « 11) is probed by a forward weak (pulsed) field of Rabi fre-
quency £2, ,, carrier frequency @, ,, and initial phase ¢, while
propagating forward along the Z direction. As a result of resonant
four-wave mixing, a backward weak (pulsed) field of Rabi-
frequency €2, _, carrier frequency @, _, and initial phase ¢,_ will
be generated on the transition 14) < I1) and propagate backward
along the Z direction. A weak microwave field is further applied to
modify the spin coherence between ground levels I1) and 12) with
Rabi frequency £2,,, carrier frequency @, and initial phase ¢,
along the Z direction. Relevant detunings in this closed system are
defined as A = wpy — ey — W21 = Wp— — We— — W21, 64 = Wpy — W31
and 6_ = wp- — w41 restricted by energy conservation.

Under electric-dipole and rotating-wave approximations, we
can write down the interaction Hamiltonian to obtain following
density matrix equations:

atp11 = iGjp21 = iGmp12 + iGpyp31 — iGp4p13 + iGp_pa1 — iGp-p14 + I31p33 + [41p44
0tp22 = iGmp12 — iGjp21 + iGEp32 — iGe4p23 + iGE_pa2 — iGe-p24 + 132p33 + [42p44
9tp33 = iGp+p13 — iGpyp31 + iGerp23 — iGEyp32 — 31933 — [32p33

atp12 = = (21 — i4)p12 = iGe4p13 — iGe—p14 + iGppp32 + IGp_p42 + iG(p22 — p11)
atp13 = — (r31+ 64)p13 — iGepp12 + iGp23 + iGp_pa3 + iGpy (p33 - pll)

op14 = = (y41+ i6-)p14 + iGnp24 — IGE_p12 + iGpep3a + iGp_(pa4 — p11)

dtp23 = — (y32 — i4 + i64)p23 + iGmp13 — iGjyp21 + iG¢_pa3 + iGé+(p33 - pzz)

0tp24 = — (y42 — IA + i6-)p24 + iGmp14 — iGp_p21 + iGp34 + iGe (p44 - pzz)

0tp34 = — [y43 — 164+ + ia_]p34 +iGpp14 — iGp_p31 + iGe4p24 — iGeyp32 1

constrained by pg, = pg; and Y p,, = 1, where I, describes the
population decay rate from level la) to level Ib) while y,, denotes
the coherence dephasing rate on the transition la) < 1b). In addi-
tion, we have yy3 = (l31+ B2 + Ia1 + I22)[2, a1 = vap = (a1 + I12)]2,
rs1=rs2 = (B31+ I32)[2, and Gpsicem = Lprcem €XP(ighpy crm)- Note
also that our double-A system is sensitive to the relative phase
D = ¢y — dpy + By — ¢ + ¢ because it cannot be eliminated
from Eq. (1) in the presence of a closed-loop interaction formed by
the coupling, probe fields [10,21]. In what follows, we will set
@ = ¢, with the consideration that ¢,, + ¢._ = ¢, + ¢,_ due to the
phase matching requirement in the nonlinear process of SLP
generation.

In the slowly-varying envelope approximation, the propagation
dynamics of both forward (incident) and backward (generated)
probe fields are determined by the following two coupled Max-
wellian wave equations:

0Gpy B lBG;H. L
oz o 2
0Gp- 109Gy [
Tz ca 2/ 2)

where a, = Nidi3Pw31/(2e0¢/y31) and a_ = NidiaRwa/(2e0c7y,,) are
propagation constants with N being the atomic density. Egs.
(1) and (2) will be numerically solved in the next section with real
parameters of 8’Rb atoms to examine various effects of the weak
microwave field on a two-color SLP.

3. Results and discussion

In this section we consider a dynamic process where two
counter-propagating coupling fields are modulated into four suc-
cessive steps as shown in Fig. 2(a) with the propagation dynamics
of both forward and backward probe pulses illustrated in Fig. 2(b).
In step I, the forward coupling field @, is turned on to guide the
forward probe pulse £2,, to enter the atomic sample at a very
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