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Abstract. We study the all-optical switching of the weak probe field via a four-level atom system with the help of a
microwave field and electromagnetically induced transparency effect. Here, the microwave field is used for coupling
two-folded lower levels to which double dark resonances (DDRs) can arise. The atomic medium is switched from
transparent to complete absorption under the DDRs. It is shown that the absorption spectrum, pulse propagations
and all-optical switching dynamics of the probe field are dependent on the intensity of the microwave field, applied
fields and probe detuning. Furthermore, the switching mode between the probe field and the microwave field
can be antisynchronous or synchronous, depending on the probe detuning being adjusted to be equal to zero or
=+ Q., respectively. Our results possibly are helpful in actual tests to design all-optical switching and optical storage

devices in optical communications and signal processing.
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1. Introduction

In the past several decades, atomic coherence and quan-
tum interference have attracted tremendous interest in
nonlinear and quantum optics fields due to its interesting
effects and potential applications in quantum informa-
tion systems and quantum computing [1-6]. Especially,
electromagnetically induced transparency (EIT) [2,3]
has tremendously attracted the attention the researchers
because it can not only reduce the absorption of the
medium but also modify the dispersion of the medium.
The slow light forming due to the EIT can also enhance
the interaction of light and matter significantly, which
enhances nonlinear optical processes [7-20], such as
nonlinear optics at low-light levels [7-9], slow-light
group velocity [10], enhancement of Kerr nonlinear-
ity [11-14], the creation of optical solitons propagation
[15-20], and so on.

On the other hand, based on EIT, all-optical switching
at low-light has also been extensively studied in recent
years because it has favourable advantages compared
to the conventional electro-optical switching, as high
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response speed and low switching thresholds. Harris
and Yamamoto [21] first proposed a scheme of photon
switching by quantum interference in a normal four-
level N-type atomic system, in which switching of a
single photon by another is achievable. Subsequently,
Schmidt and Ram [22] proposed a way for the imple-
mentation of an all-optical switching, modulator and
converter in a three-level system based on the EIT.
Such switching can also be built up via the creation of
dark states in a three-level system [23] and four-level
system [24] in ion-doped crystals. Also, using a two-
photon absorption scheme in an alkali-metal vapour cell,
Yavuz [25] suggested a technique where a strong laser
beam switches off another laser beam of different wave-
lengths in femtosecond time scales. Recently, based on
the double-dark resonances (DDRs), all-optical switch-
ing was realised in a N-tripod five-level atom system
[26]. Furthermore, DDRs in the EIT medium induced
by the microwave field connecting to the fourth auxil-
iary energy level, which is known as the Autler—Townes
effect also have been studied theoretically and exper-
imentally [27,28]. In addition, a radiofrequency field
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Figure 1. The four-level atomic scheme excited by two laser
fields and a microwave field.

connects upper two-folded levels and DDRs can arise
in a four-level cascade-type atomic medium (Yu and
coworkers [29]). Most recently, some other low-light-
level optical switching and bistability schemes have also
been extensively investigated [30-34].

In this paper, the coherent control of pulse propagation
and all-optical switching is investigated under the assis-
tance of the microwave in a four-level atomic medium
which consists of one excited level and three ground
levels. By simultaneously solving the coupled Bloch—
Maxwell equations for atom and field on numerical grids
in time and space, we can control propagation dynam-
ics and all-optical switching of the probe field through
appropriately modulating the intensity of the two laser
fields and the microwave field, and the probe detuning
under the DDRs. The suggestions may be useful in the
applications of all-optical switching or optical storage
in optical communications.

2. Model and basic equations

We consider a four-level atomic system coupling by two
laser fields and a microwave driving field as shown in
figure 1, that comprises an excited state |2) and three
ground states |1), |3) and |4). The transition 12) <> |3)
is driven by a coupling field with a carrier frequency of
w¢, and a one-half Rabi frequency Q. = usE./2h. A
weak probe field with carrier frequency ), and a one-
half Rabi frequency 2, = u31E,/2h is applied to the
transition |2) <> |1). The two ground levels |3) and |4)
are coupled by a microwave field with carrier frequency
o, and a one-half Rabi frequency 2, = a1 Ey/2h0.
Here u;j = fijjér, (¢r is the polarisation unit vector of
the laser field) denotes the dipole moment for the transi-
tion between levels |i) and | j). The decay rates from the
excited state |2) to the ground states |1), |3) and |4) are
21, ¥23 and a4, respectively. Using the rotating-wave
and the electric dipole approximations, the interaction
Hamiltonian of the system in the interaction picture can
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be written as (by assuming A = 1):

0 -9, 0 0
—-Q* A —QF 0
A p p c
Hlnt - O _Q(; Ap _ Ac —Q;’;l ) (1)
0 0 _Qm Ap - Ac - Am

where A, = w21 —wp, Ar = w3—wcand Ay = w34 —
oy, are respectively detunings of the probe, coupling
and microwave fields from the corresponding two-level
transition frequencies.

Under the slowly-varying envelope, rotating wave
and electric dipole approximations, the dynamics of the
atom—field interaction for the microwave-driven four-
level system is represented by the following coupled
Bloch—-Maxwell equations (in a retarded frame & = z
andt =t —2z/c) [19]:
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Figure 2. The influences of the microwave field and the detuning A, on the probe absorption spectra in the absence and
presence of the microwave field: €2, = 0 (for panels (a) and (b)) and €2,,, = 3y (for panels (¢) and (d)). Other parameters
are chosen as Q2,0 = 0.01y21, Q¢ =321, A = Ay, =0, & = 100/, respectively.

+iQp (pas — p33) + Q7 p24. (2))
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is the propagation constant. In the following, we numer-
ically solve eqs (2a)—(2k) on a space—time grid by
fourth-order Runge—Kutta and finite difference method.
The computer code developed for this problem is an
expansion of our previous work [19,34]. We assumed
that the initial conditions in all the atoms start in the
ground state | 1) and the boundary condition assumed by
the probe field is a Gaussian-type pulsed f(§ =0, 1) =
exp[—(In2)(r — 30)2/r§], with 79 = 6/y»] the tempo-
ral width of the Gaussian pulse at the beginning on the
medium.

3. Results and discussion

To illustrate the applications of the model, we apply the
cold atomic medium of 8’Rb on the 5S—5 P transitions
as a realistic candidate. The designated states can be
chosen as follows: [1) = [5812, F = 2, mp = 2),
2) = 15Ps0. F = 2.mp = 1), 3) = |5810. F = 2,
mp = 0), [4) = |581)2, F = 1, mp = 0), and assume
that the decay rates from the excited level |2) to the three
ground levels are y»1 = y23 = y24 = 27 x 5.9 MHz,
the non-radiative decay rates between the three ground
levels are y13 = y14 = y34 = 0.01y»1, and wavelength
of the probe, coupling lasers A = A, = 780 nm, [35],
respectively. For simplicity, all quantities related to the
frequency are scaled by y»1, which should be of the order
of MHz for rubidium sodium atoms.

First of all, we consider the influences of the microwave
field and detuning A ,, on the absorption properties of the
probe field. Figures 2a and 2c show the pulse at the end
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of the propagation process as a function of time t and
detuning A ,, whereas figures 2b and 2d demonstrate the
maximal value of the function | f (£, 7)|? at the end of
the propagation process as a function of detuning A,
under the resonant condition A, = A,, = 0, in the
absence and presence of the microwave field €2,,. As
shown in figure 2, the absorption spectra of the probe
field depend so sensitively on the turn-on and turn-off of
the microwave field. Specifically, when no microwave
field is applied (€2, = 0, see figures 2a and 2b), the
absorption of the probe field can be suppressed and the
atomic medium becomes transparent to the weak probe
field at the line centre. When the microwave field is
turned on (£2,, = Q. = 3y»1, see figures 2¢ and 2d),
the medium is switched from transparent to complete
absorbing at the line centre, i.e. has an electromag-
netically induced absorption (EIA). Furthermore, the
envelope of the maximal value |f (&, 7)|? at the two
largest absorbed probe field positions are converted into
two non-absorbed probe field positions A, = £Q,
respectively.

In order to get a deeper insight into the dependence
of the envelope of the maximal value | f (£, 7)|* of the
probe field on the microwave field strength €2, at the
central and side-band peaks, we plot the variation of
both the central peak (blue solid line: A, = 0) and
two side-band peaks (red dashed line: A, = £Q),
as shown in figure 3. When A, = 0, we find that
the magnitude of the probe absorption first increases
rapidly from zero with the increase of the microwave
field strength from 0 to a maximal value 3y,; and
then reaches the steady-state value when the strength
of the microwave field continuously increases. In con-
trast, when A, = +Q. = %3y, the magnitude of the
probe absorption decreases from a maximal to zero at
Q,, = 3y21, and then increases to a value larger than
zero and finally tends to a small steady-state value.

In figure 4, we plot the temporal evolution of the
normalised probe pulse envelope |f (&, 7)|* at the
beginning (z = 0), as shown in figure 4a and the exit of
the medium (figures 4b, £ = 20/ a and 4c, £ = 50/ a)
under of the coupling field intensity Q. = 3y»; by
modulating the intensity of the microwave field values,
Q,; = 0,0.5y1, 1ya1, 2921 and 3y, respectively. It
can clearly be seen from figure 4 that the turn-off and
on of the microwave field significantly affect the amount
of probe pulse absorption during the propagation in the
four-level atomic medium. With a gradual increase of
the microwave field strengths, it is apparent that the
absorption of the probe pulse increases considerably.
Specifically, when the microwave field is switched off
(i.e. 2, = 0), the probe pulse is transmitted almost
without losses and the atomic medium is transparent
to the probe pulse after a characteristic propagation
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Figure 3. The variation of probe absorption vs. microwave
field strength when A, = O (blue solidline) and A, = +3y»;
(red dashed line). Other parameters are the same as in figure 2.
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Figure 4. Magnitude squared of probe pulse envelopes at
the entrance to the medium & = 0 (a), the exit of the
medium & = 20/« (b) and &€ = 50/« (c) for five dif-
ferent values of the microwave field strength (from the
top curve to the bottom curve corresponding to the small
value to the large value: 2, = 0, 0.5y21, 1y»1, 2921 and
3y»1, respectively) under the condition of the control field
intensity Q2. = 3y»;. Other parameters are 79 = 6/y»1,
Qpo = 0.01y1, Ap = A = Ay, = 0, respectively.

length. Moreover, the pulse shape remains Gaussian
during propagation. In contrast, when €2,, # O, i.e.,
when the microwave field is switched on, the probe
pulse is absorbed obviously at the exit of the medium.
In addition, it can easily be seen from figures 4b and
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Figure 5. The space—time evolution of the normalised probe field intensity for the switch-off and switch-on of the microwave
field. (a) €2, = 0 and (b) 2, = 3y»;. Other parameters are 2,0 = 0.01y21, Q¢ = 3y21, Ap = Ac = Ay, = 0, respectively.

4c that increasing the value of the microwave field
strength leads to a gradual increase in the probe pulse
absorption, as seen in figure 3. When the strength of
the microwave field increases further to a higher value
(e.g. Qm = Q: = 3y21), evidently the probe pulse is
strongly attenuated and will be completely absorbed by
the atomic medium in a characteristic propagation dis-
tance. As a result, by suitably tuning the microwave
field, we can realise all-optical modulation for such
probe pulsed light.

To illustrate explicitly the above analysis, we present
the spatiotemporal evolution of the magnitude squared
of the normalised probe pulse envelope in the two
cases 2, = 0 (switching microwave field off) and
Q,, = 3y»1 (switching microwave field on), and we
display three-dimensional plots in figure 5 for the con-
trol field intensity €2, = 3y»1. The figures show that the
probe pulse can propagate with almost transparency and
still can preserve their shapes over long distances in the
absence of the microwave field as shown in figure Sa.
When the microwave field is applied (£2,,, = 3y»1), the
probe pulse can be completely absorbed by the medium
in a very short propagation distance (see figure 5b).
These results are consistent with the absorption spec-
tral profile of the probe field given in figures 2 and 3 as
well as the comments in figure 4.

Next, we investigate the effect of probe detuning on
the spatiotemporal evolutions of the normalised probe
pulse envelope. By adjusting the value of the probe fre-
quency detuning A ,, we find that the propagation of the
probe pulse and the shape of the probe pulse are changed.
When the probe detuning increases gradually, it can be
found that the pulse gradually achieves lossless propaga-
tion (see figures 6a—6¢). Thatis, when 0 < A, < 3y»y,
the absorption of the probe pulse becomes smaller and

can be ignored completely, when A, = 3y,;, prop-
agation of the probe pulse without attenuation can be
formed (see figure 6¢). When A, > 3y», the absorp-
tion of the probe pulse becomes large so that propagation
of the probe pulse is strongly attenuated as shown in
figure 6d.

Finally, we consider the dynamics of the possible
switching process of the probe field propagating through
the four-level atomic medium (shown in figure 7).
Here, the time evolution for the weak probe field is
assumed to be a continuous wave and the switching
microwave field a nearly-square pulse with smooth ris-
ing and falling edges. Here, the switching microwave
field Q2,(t) = Qpo{l — 0.5 tanh[0.4(z — 20)] +
0.5 tanh[0.4(t —45)]—0.5 tanh[0.4(r —70)] +0.5 tanh
[0.4(z — 95)]}, which is normalised by its peak value
Q2,0 = 3y21,1s turned on or off at an approximate period
of 50/y»;. In figure 7, we see the time evolution of a
weak probe field is (red dashed lines) and the switch-
ing microwave field (blue solid line) at the propagation
distance & = 100/«. As shown in figure 7, the probe
transmission is switched to a nearly-square pulse train
depending on the ON or OFF mode of the microwave
field and frequency detuning of the probe field. Indeed,
when A, = 0, the probe intensity is switched antisyn-
chronously with the modulation mode of the microwave
field (figure 7a). However, when A, = 3y», the probe
is switched synchronously with the microwave field
(figure 7b). This behaviour can be explained by not-
ing that the absence or presence of the microwave field
can switch respectively the medium to a transparent or
strong absorptive mode due to DDRs. Consequently, this
four-level atomic system can be used for the realisation
of an all-optical switching of the weak probe field by
the modulation of the microwave field.
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Figure 6. The space—time evolution of the normalised probe field intensity for the switch-on and switch-off of the microwave
field. (a) A, = 1y21, (b)) Ay = 2921, (¢) Ap = 321 and (d) A, = 4y,;. Other parameters are Q2,0 = 0.01y21, Q¢ = 3121,

Qum =31, Ac = Ay = 0, respectively.

4. Possible experimental realisation

In this section, we provide a possible realisation of
all-optical switching in the microwave-driven four-
level cold 8’Rb atoms system. The excitation scheme
and experimental arrangement can be similar to that
described in ref. [36]. Here, the states |1), |3), |4) and
|2) are given as 5812 (F =2, mp =2), 5812 (F =2,
mp =0),5S812, F =1, mp=0)and 5P3, (F =2,
mp = 1), respectively. In this choice, both the probe
field and the coupling field can be used by a combina-
tion of a single-mode external cavity diode laser (780
nm) and an acousto-optic modulator (AOM). The cou-
pling and the probe fields are circularly polarised with
the right (0" polarisation) and left (6~ polarisation)
helicities, respectively. A 6.84 GHz microwave drives
the magnetic-dipole transition between two hyperfine

ground states 581, (F=2,mp=0)and 5512 (F =1,
mg = 0) [35].

5. Conclusion

We have studied the propagation dynamics and all-
optical switching of a weak probe pulse in a four-level
atomic system under the influence of the microwave
field. It is shown that the probe absorption depends sen-
sitively on the turn ON or turn OFF of the microwave
field and frequency detuning of the probe field. By
choosing the parameters appropriately, the probe pulse
may propagate without loss over a long distance when
the microwave field is absent. In contrast, when the
microwave field is present, the probe pulse can be com-
pletely absorbed in a short propagation distance. Also,
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Figure 7. Time evolution of a cw probe field (red dashed line) at £ = 100/« when the microwave field (blue solid line)
switched at period 50/y»1, for different values of the probe frequency detuning: ((a), (b)) A, = 0 and ((¢), (d)) A, = 3y»;.
Other parameters are f(§ =0, 1) =1, Q0 = 0.01y21, Q¢ = 321, Qo = 3y21, A = Ay = 0, respectively.

we obtain once again a stable pulse propagation when
the frequency detuning A, = £Q, corresponding to
the two side-band peaks of the DDRs. Furthermore, we
also show that the switching mode relies on the con-
trol of the DDRs which appear in the system, the probe
pulse is switched antisynchronously or synchronously
with the switching of the microwave field at the central
or two side-band peaks of the probe absorption spectra,
respectively. Our results provide a guideline for optimis-
ing and controlling the optical switching operations in a
four-level atomic system which is suitable for realising
all-optical switching or optical storage devices working
at low light levels.
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