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A controllable electromagnetically induced grating (EIG) is experimentally realized in a coherent
rubidium ensemble with 55 /5-5P;/5-5D5/5 cascade configuration. In our work, a whole picture de-
scribing the relation between the first-order diffraction efficiency and the power of the coupling field
is experimentally presented for the first time, which agrees well with the theoretical prediction. More
important, by fine tuning the experimental parameters, the first-order diffraction efficiency of as high
as 25% can be achieved and a clear three-order diffraction pattern is also observed. Such a controllable
periodic structure can provide a powerful tool for studying the control of light dynamics, pave the way

for realizing new optical device.
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1 Introduction

Atomic coherence and quantum interference play an im-
portant role in quantum optics and laser physics. With
the ability of controlling the response of the medium to
the optical field by a strong laser field, many fascinating
phenomena were extensively investigated in the past two
decades owing to enormous promising applications [1]. Un-
der limited conditions, the absorption of the probe laser
vanishes, which is known as electromagnetically induced
transparency (EIT) [2]. In the EIT related systems, impor-
tant applications have been studied in quantum devices
and quantum information [3-6].

When the traveling wave field of EIT is replaced by a
standing-wave field, the atomic coherence of medium is
modulated periodically in the space and the weak probe
field can be diffracted into high order patterns. This phe-
nomenon is named as electromagnetically induced grating
(EIG) [7]. Compared with the traditional grating, the EIG
configuration can be easily constructed and flexibly tuned,
thus the properties of light propagation can be directly
controlled. Furthermore, the observation of EIG spectra is
background free with no associated dark current [8]. EIG
has various applications in realizing all-optical communi-
cation, such as all optical switching, routing and light stor-
age [9-11], probing material optical properties [12], pho-
tonic bandgaps [13], atomic/molecular velocimetry [14],

realizing optical bistability [15], beam splitting and fan-
ning [16], shaping a biphoton spectrum [17].

As a matter of fact, the EIG was experimentally realized
in a three-level A system of cold sodium atoms [18] and
an optical-pumping-transferred ground-state population
grating was conducted in cold cesium atoms [14]. A dis-
crete diffraction of the light propagation and an all-optical
two-port signal router-all-optical switch based on EIG
were also demonstrated in a vapor cell [9, 19, 20]. More-
over, a four-level ladder-type atomic system, an asymmet-
ric semiconductor quantum well structure, a three-level
ladder-type hybrid artificial molecule and other systems
are also theoretically suggested for the realization of EIG
[21-27]. However, the previous experiments are all focus-
ing on the phenomenon realization, the research on the
grating controllability, especially the diffraction efficiency,
receives less attention. A high diffraction efficiency is re-
quired for developing all-photonic devices based on EIG.
A microwave-driven four-level atomic system, a four-level
N-type atomic system, a four-level double V-type quan-
tum system and a graphene ensemble are theoretically
proposed for the realization of a high efficiency EIG [28—
31]. Because the EIG is a hybrid grating with synchronous
modulations on amplitude and phase, the EIT related pa-
rameters, such as two-photon detuning and coupling laser
power, should be taken into account to improve the diffrac-
tion efficiency of the grating.

In this paper, we studied EIG in a coherent 55 /5
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5P3/5-5D5 2 85Rb atomic ensemble. A weak probe laser
propagates perpendicular to the standing-wave coupling
field, which is formed by two coupling lasers symmetri-
cally intersected with a small angle in the vapor. Thus,
the distinct diffraction patterns are observed with high
resolution. The grating controllability are systematically
studied with experimental parameters such as, angle of
the two coupling lasers, two-photon detuning and coupling
laser power. A high first-order diffraction efficiency of 25
% is obtained and the distinguished three-order diffraction
is observed. Owning to the high diffraction efficiency and
multi-parameter controllability, this atomic ensemble pro-
vides potential applications in all-optically manipulating
the propagation of light field and developing all-photonic
devices.

2 Experiment setup

The related 3°Rb energy levels diagram is shown in
Fig. 1(b). A weak probe field with Rabi frequency €, and

(2)

detuning A, = w, — woy drives the 5S;,5-5P5/5 transi-
tion. A strong coupling field with Rabi frequency 2. and
detuning A, = w, — w3z couples the 5P3/5-5D5/5 transi-
tion. The atoms in 5D5 /5 states decay back to 55/, state
via 6P/, intermediate state and a 420 nm fluorescence
simultaneously emits from the spontaneous radiation of
6P-5S transition.

The experiment setup is shown in Fig. 1(a). A diode
laser (DL pro, Toptica) operating at 776 nm, correspond-
ing to coupling field, is split by a polarization beam split-
ter (PBS1) into two beams. Omne beam enters into a
commercial Fabry-Perot interferometer for frequency sta-
bilization, and the output frequency is monitored by a
wavelength meter (WS-7, HighFinesse). The other beam is
further split into two beams by PBS2. The beam with low
power is used to obtain the EIT signal, and the other beam
is shaped into an elliptical profile by an anamorphic prism
pair (AP). The shaped beam is split into two beams by
a beam-splitter (BS1) resulted in same profile and power,
and then the two beams are symmetrically recombined to-
gether with a small angle 2¢ in the center of a rubidium
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Fig. 1 (a) Experiment setup, HWP: Half-wave plate, PBS: Polarization beam splitter, AP: Anamorphic prism, BS: Beam
splitter, M: High reflection mirror, FPI: Fabry—Perot interferometer, EIT: Electromagnetically induced transparency, PMT:
photomultiplier tube, SAS: Saturation absorption spectroscopy, CCD: Charge-coupled device, QWP: Quarter-wave plate, L:
Lens, AOM: Acousto—-optic modulator, BB: Beam block. (b) Schematic diagram of a cascade-type coherent rubidium system.
(c) Nlustration of electromagnetically induced grating by a standing-wave (z direction) coupling field and a traveling wave (z

direction) probe field.
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vapor cell. Then a standing-wave field appears in the x di-
rection perpendicular to the propagation direction of the
probe field, which is illustrated in Fig. 1(c). The grating
constant is d = A./(2sin ¢), where A, is the wavelength of
the coupling laser. The pure ®5Rb vapor cell is 2.5 cm in
diameter and 10 cm in length, and it can be heated by an
oven, the temperature of the oven is precisely controlled
within 0.1 K. The frequency of diode laser (DL pro, Top-
tica) operating at Rb D2 line (780nm), serving as probe
field, is locked by saturation absorption spectroscopy. The
frequency locked beam passes through a double-pass con-
figuration based on an acousto-optical modulator (AOM),
during which its frequency is detuned and its polariza-
tion is rotated by a quarter-wave plate. The frequency de-
tuned beam is then split by PBS4, the transmitted beam is
used to obtain the EIT signal together with the coupling
laser. The reflected beam propagates through the vapor
cell along the z direction. With the standing-wave field
formed in z direction, the probe beam will be diffracted
into high order patterns. The diffraction pattern of the
probe laser is observed by a commercial charge-coupled
device (CCD). A photomultiplier tube is placed near the
vapor cell to collect the 420 nm fluorescence [32], which is
used to monitor the coherence of atomic system.

3 Results and discussion

The susceptibility of this system can be expressed as [7]

|Q0|? cos(ma/d) !

30/2 —i(Ap + Ap) ’
(1)

where N is the atomic ensemble density and I';; is the
decay rate between states |i) and |j), here I's; and I'sy
are 2w x 0.66 MHz and 27 x 6.066 MHz, respectively.
12 = 4.22753(87) eaq is the transition dipole momen-
tum between the levels |1) and |2). Under the slowly
varying approximation and the steady-state regime, the
propagation of the probe field along the z direction using
Maxwell’s equation can be written as

% = (a+1iB)E (2)
where a = (=27/A)x” and 8 = (27/\)x’ are the absorp-
tion and dispersion coefficients of the probe field, respec-
tively. Here we consider y = x’ + ix”. For simplification
and focus on characteristics of EIG, the transverse part of
Eq. (2) has been ignored. By solving Eq. (2), the trans-
mission function of the modulated probe field at z = L
can easily be calculated analytically and is given by

= Ep(2,0)Tamp () Tphase (), (3)

where Tymp(z) = e¥@E = e=27LxX"/Ap and Tphase(T) =
elB@)L — ei27er’/>\

iN|p12]?
= — | — —iA,
X hé‘o 2 +

E,(z,L)

» denote the amplitude and phase mod-
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ulation respectively and E,(z,0) is the input probe pro-
file. The Fourier transformation of E,(x,L) then yields
the Fraunhofer or far-field intensity diffraction equation

sin?(MmRsin 0)
M?sin?(mRsin@)’

I,(0) = |Ep(0)|* x (4)

with E,( fd(/i% L)e 12mzRsinfqz denotes the

Fraunhofer diffraction of a smgle period and R = d/A,.
In addition, 6 denotes the diffraction angle of probe beam
with respect to the z direction while M represents the ra-
tio between the beam width and the grating period. The
nth-order diffracted probe field can be found at an angle
determined by n = Rsinf € (---,—1,0,1,---). Consider-
ing the first-order diffraction (n = 1) case, the intensity
diffraction equation is

‘/ SU L 7127rwd1,
%

Specifically, we can calculate the first-order diffraction
intensity according to Eq. (5). Note that it is associated
with the input probe profile E,(x,0). In the theoretical
simulation, we assume the input probe field is a plane
wave for simplicity and the value of Eq. (5) amounts to
the first-order diffraction efficiency.

The experimental demonstration of the EIG phe-
nomenon is performed by investigating the output pro-
file of the incident probe beam. Figure 2(a) is the exper-
imentally measured intensity distribution of probe beam
in absence of the standing-wave coupling field. The spa-
tial intensity distribution shows in the main picture is ac-
tually the section profile of the output pattern versus x
axis. The inset is the direct output profile from the CCD,
and the dotted line notifies the position of the section.
The related experimental parameters are as follows, the
probe field power is 1.7 mW and its frequency is blue de-
tuned 20 MHz to 55 ,5(F = 2) — 5P3/5(F = 2) hyper-
fine transition, the temperature of vapor cell is 377.6 K.
When the standing-wave coupling field is established by
the interference of two coupling lasers with small angle of

1N0) = |[EL(0) (5)

2¢ =~ 0.4 degree, an EIG is clearly emerged, which can
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Fig. 2 The spatial intensity distribution of probe beam
through the vapor cell without (a)/with (b) the standing-wave
field. The line is the intensity distribution of the section profile
of the output pattern versus x axis. The inset is the direct out-
put profile of the probe beam from the CCD, and the dotted
line notifies the position of the section.
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be clearly observed in the inset of Fig. 2(b). The coupling
laser power is 16 mW and its frequency resonances with
5P5,5(F = 2) — 5D5,5(F = 1) hyperfine transition. Fig-
ure 2(b) gives out the spatial intensity distribution of the
probe laser after being diffracted by the grating. The dis-
tinguished third-order diffraction pattern is observed and
the high diffraction efficiency of the grating is achieved.

We can simultaneously get the intensity and spatial dis-
tributions of each order from Fig. 2(b). The intensity dis-
tribution presents the diffraction efficiency while the spa-
tial distribution gives the grating constant. With the cou-
pling laser wavelength of 776 nm, and the crossed angle of
2¢ =~ 0.4 degree, the grating constant is calculated as 111
pum. The grating constant is characterized by the spacing
between two adjacent diffraction patterns in the exper-
imental result. With the measured spacing and the cal-
culated grating constant, a definite relationship between
them is calibrated for the following experiments. The first-
order diffraction efficiency is defined as the ratio of the
first-order diffraction intensity to the incident laser in-
tensity. The incident laser intensity is obtained from the
fitting of the intensity distribution of Fig. 2(a), and the
first-order diffraction intensity is obtained from Fig. 2(b).
Thus we can get that the first-order diffraction efficiency
of this grating is 25%.

From Eq. (1), we can see that the susceptibility of this
system is sensitive to the atomic density. In thermal atom
related experiments, atomic density is determined by the
vapor temperature. In our experiment, we find a narrow
temperature window for obtaining the clear diffraction
pattern. The diffraction pattern can be obtained in a tem-
perature range, but the clear pattern only appears in a
small temperature window. The atomic density increases
as the temperature increasing, which will give a larger
refractive index contrast. However, an excessive atomic
density causes the medium absorbs laser strongly, which
will suppress this effect. The temperature of vapor cell in
this experiment is controlled at 377.6 K, and the corre-
sponding atomic density is about 1.0 x 10 cm™3.

The grating constant d is determined by the angle be-
tween the two coupling beams. Figure 3(a) shows the
diffraction patterns with the angle ¢ varying from 0.10
to 0.26 degree, and Fig. 3(b) is the corresponding grating
constant and the first-order diffraction efficiency. The er-
ror bars are the standard deviation of three experiment
measurements. The grating constant decreases as the an-
gle increases. The first-order diffraction efficiency is im-
proved when the angle is gradually increasing from 0.10
to 0.20 degree, and it begins to decline when the angle
reaches 0.20. The susceptibility of this system y changes
with the change of the angle, which can be seen from
Eq. (1). The different susceptibility will result in differ-
ent refractive index. With fine adjustment of the small
angle between the two coupling lasers, we can obtain a
clear diffraction pattern with a suitable refractive index.
In order to observe clear discrete diffraction pattern, a
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small angle is needed to suppress the severe Doppler ef-
fect. When the angle is too small, the diffraction phe-
nomenon is hard to be detected by the probe beam, which
can be seen from Fig. 3(al). But, too large angle induces
a smaller grating constant, so that the diffraction patterns
become dense and less distinguishable with low diffraction
efficiency, which can be seen from Fig. 3(b). Thus, 0.20
degree is used in the following experiment.

When A, = A, = 0, Tpnase(z) = 0 implies that no
phase modulation takes place. At the transverse locations
around the nodes of standing-wave, the probe beam is ab-
sorbed according to the usual Beer law where the coupling
field is very weak. In contrast, at the transverse locations
around the antinodes, the probe laser is absorbed much
less due to the EIT effect. EIG is a kind of pure ampli-
tude grating which tends to diffracting light into a central
maximum, and limiting the light to stray into high order.
While if the probe field is detuned off the resonance, a
phase modulation will be introduced to its output profile
rather than the nodes. In this case, the absorption and
phase experience a rapid change in contrast to the am-
plitude modulation only. That is to say, the amplitude
modulation tends to gather light to the center maximum
while the phase modulation tends to disperse light into
the higher order direction [7].

The formed hybrid (amplitude and phase) grating can
enhance the efficiency of high order diffraction. We study
the influence of the frequency detuning of probe field
on the diffraction patterns in detail, which is shown in
Fig. 4(a). The coupling laser frequency resonances on
5P5,5(F = 2)-5D5/5(F = 1) hyperfine transition, while
the probe laser frequency is gradually tuned away from
551/2(F = 2)-5P3,5(F = 2) hyperfine transition, but it
still operates in EIT window. The corresponding first-
order diffraction efficiency with the variable two-photon
frequency detuning is shown in Fig. 4(b). The red line is
the theoretical fitting about the experimental results by
Eq. (5). The errors are the standard deviation from three
measurements. The theory and experiment are in quali-
tative agreement, a narrow frequency window exists for
a good diffraction pattern. In Fig. 4(al), the two-photon
detuning is zero, a periodic amplitude modulation across
the probe beam profile leading to a pure amplitude grat-
ing. The improvement of high order diffraction efficiency
is limited in this case. The diffraction efficiency increases
when the probe frequency is tuned away, and the opti-
mized diffraction patterns appear at detuning of 20 MHz.
As frequency detuning of probe field is removed away from
this optimal point, the intensity of diffraction is decreased
and the order of diffraction is reduced. When the two-
photon detuning is too large, the diffraction efficiency re-
duces, and the medium becomes more transparent and
the dispersion is weakened. The diffraction patterns of the
probe beam disappear completely at two-photon detuning
of 50 MHz.

The nonlinear enhancement of the EIT with the in-
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Fig. 3 (a) The diffraction patterns with different angles ¢ (in degree) of two coupling lasers. (b) The grating constant
(circles) and the first-order diffraction efficiency (squares) as a function of the angle .
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Fig. 4 (a) The output diffraction patterns with different two-photon detunings. (b) The corresponding first-order diffraction
efficiency with different two-photon frequency detunings. The red line is the theoretical fitting and dots are experimental results.

creasing coupling laser intensity greatly contributes to the
diffraction efficiency of high orders. Figure 5 shows the
three-dimensional output diffraction patterns with differ-
ent coupling laser powers. The diffraction efficiencies of
each orders are visualized as a function of coupling laser
powers. The diffraction efficiency of each order increases
with the coupling laser power increases from 4 mW to
16 mW. Further increasing the laser power leads to a de-
crease in diffraction efficiency, which can be seen from the
comparison between Figs. 5(e) and (f).

In order to study this effect in detail, we have measured
more diffraction patterns with variable coupling laser pow-
ers. Figure 6 presents the corresponding first-order diffrac-
tion efficiency when the coupling laser power increasing
from 4 mW to 30 mW. The red line is the theoretical
fitting about the experimental results by Eq. (5), while
the errors are the standard deviation from three measure-
ments. When the standing-wave field acts on atoms, the
diffraction of probe beam begins to appear at small power
of 4 mW owing to EIG. The diffraction efficiencies of dif-
ferent orders gradually enhance with increasing the power
of coupling laser. The coupling laser field reduce the near-
resonance absorption of the probe field because of the EIT
effect. This tendency is consistent with the theoretical pre-

(a) 4 mW (b) 8 mW (c) 12 mW

\ A \ A

(d) 15.5 mW (e) 16 mW (f) 18 mW

\

(g) 20 mW

(h) 23 mW (i) 26 mW

Fig. 5 The three-dimensional output diffraction patterns
with different coupling laser powers.

diction for a three-level system in Ref. [7]. When we in-
crease the power of the coupling field, the EIT window
will gradually open up the individual antinodes, which
will allow more light available for diffraction into the first-
order. However, for a strong coupling field, there will be a
wide transparent regime within a single period of grating,

Jin-Peng Yuan, et al., Front. Phys. 14(5), 52608 (2019)
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Fig. 6 The first-order diffraction efficiency of electromag-
netically induced grating with different coupling laser powers.
The red line is the theoretical simulation and dots are experi-
mental results.

which possess a diffraction envelop highly concentrated
along the forward direction, and reduce the chances of
light to stray into the first-order. When the coupling laser
power attains to 16 mW, the diffraction efficiency reaches
a maximum value and a high contrast of the diffraction
pattern is obtained. Then diffraction efficiency decreases
with a further increasing of the coupling laser power. It
shows that the present of a strong coupling field can sup-
pressed the absorption of the probe field and render the
grating transparent. Under the coupling laser power of 16
mW and other obtained optimized experimental parame-
ters, the first, second and third order diffraction efficiency
can reach to 256%, 9%, and 3%, respectively.

4 Conclusion

In summary, we have experimentally studied the electro-
magnetically induced grating diffraction controllability in
a cascade-type coherent system of rubidium. The depen-
dence of the grating characteristic parameters on angle of
the two coupling lasers, two-photon detuning and coupling
laser power are studied in detail. The optimal angle of
0.20 degree and two-photon detuning of 20 MHz are found
to generate the high diffraction efficiency. The nonlinear
dependence of the first-order diffraction efficiency on the
coupling laser power is experimentally demonstrated for
the first time, which is only theoretically predicted before.
The maximum first-order diffraction efficiency is signifi-
cantly enhanced to 25% when the coupling laser power is
16 mW. Further development of this atomic system will
provide a potential platform for realizing new photonic
devices and studying intriguing physical effects, such as
electromagnetically induced Talbot effect [33, 34], non-
Hermitian physics [35, 36], optical solitons [37].
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