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Bichromatic electromagnetically induced transparency in hot atomic vapors
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In a three-level A atomic system coupled by a symmetrical bichromatic laser field, a weak probe laser field
shows multiple absorption peaks in the case of cold atoms. As for hot atomic vapors, we experimentally observe
double symmetrical electromagnetically induced transparency windows instead of multiple absorption peaks.
This abnormal spectrum is due to the Doppler averaging. The electromagnetically induced transparency windows
observed here are useful for obtaining slow photons at different frequencies.
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Electromagnetically induced transparency (EIT) has many
applications in various fields of physics [1,2]. One of the
most promising applications is that EIT can be used in
entangling photons through cross-phase modulation [3—13]. In
order to achieve a significant cross-phase modulation between
photons, long atom-photon interaction time is one of the main
requirements. Therefore, utilizing double symmetrical EIT
windows to match the slow group velocity of two photons is
the benchmark for large cross-phase modulation. One possible
way to achieve double symmetrical EIT windows is utilizing
bichromatic EIT [14-20]. The first experiment of bichromatic
EIT was done with cold atoms by Wang et al. [18]. In their ex-
periment, multiple absorption peaks were observed. However,
for bichromatic EIT with cold atoms, the slope of the normal
dispersion is related to the frequency of the coupling laser and
large slowing can be obtained just at a fixed frequency, which
will limit its application. On the other hand, many theoretical
proposals for cross-phase modulations and related applications
are based on hot atomic vapors [21-30]. Narrow EIT window,
the jumping-off point for slowing light, has already been
demonstrated with hot atomic vapors because of the Doppler
averaging [31,32]. However, the bichromatic or multiple EIT
with hot atomic vapors is a relatively unexplored topic.

In this Brief Report, we report an experimental study of
bichromatic EIT in a hot atomic vapor. Each atom in the vapor
has a three-level A configuration coupled by a bichromatic
laser field. Rather than the absorption spectrum with multiple
peaks observed in cold atoms, double symmetrical narrow
EIT windows are observed in our experiments. This bichro-
matic EIT spectrum can be understood by considering the
Doppler averaging. We numerically calculate the probe laser
spectrums of the hot atomic vapors through averaging over
one-dimensional Maxwell-Boltzmann velocity distribution
and find that the theoretical results fit pretty well with the
experimental results. The system with double symmetrical
narrow EIT windows observed here provides a good medium
for obtaining slow photons at different frequencies and can be
used to achieve a large cross-phase modulation.
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We consider an atomic gas with each atom having a A-
type level configuration as shown in Figs. 1(a) and 1(d). The
excited state |3) is coupled with the ground state |1) through
a symmetrical bichromatic laser field with the corresponding
Rabi frequencies 2.; and ,, and it is coupled to another
ground state |2) through a probe laser with Rabi frequency
2,. We denote fiw; as the energy of the state |j) and w;; =
w; —w; (i > j) is the transition frequency between energy
levels |i) and | j). Without loss of generality, we assume w, =
0. Under the rotating-wave and dipole approximations, the
entire Hamiltonian can be described in a weak probe field
condition as

H = —hA,I3)(3| —h(A, — Ag)l1)(1]
— g[(Qle_ialt + Qze_iszt)|3><2| + Qp|3)(1| + H'C']’
(M

where Ay = w13 — (81 + 82)/2 with §;, 85, and A, being the
detunings of the coupling and probe fields, respectively. The
density-matrix elements p;; can be calculated from the master
equation

i
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where p; stand for all of the damping terms. Substituting
Eq. (1) into Eq. (2), we have
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FIG. 1. (Color online) Schematic representation of the light-atom
interaction for bichromatic EIT and the probe absorption spectrum of
the cold atoms obtained through the numerical simulations. (a)—(c)
Symmetrical probe absorptions for §; = —6, = 5SI' =30 MHz;
(d)—(f) unsymmetrical probe absorptions for §; = —5T", §, = —10T";
(b), (&) Q21 = Q2 = 5T (¢), () Q1 = Q2 = 10T

. . i
021 = —i(Ag — Ap)p21 — EQppzs
i * —idt * 18t
+ E(Qle + Q5e"”) p31, (7N

together with the relationships pi3 = p3;, p23 = p3,, and
P12 = p3;. Here, § = (8 — 82)/2 and y; (j = 1,2) describe
the decay from |3) to | j).

To obtain the numerical solutions of the above time-
dependent master equations, we expand p j in terms of Fourier
components as

=00
pir) =Y pRne™ (j.k=123). ®)
I=—00
Here, ,o;lk)(t) represent the slowly varying amplitudes, which

may be used to determine the absorption part x’ and dispersion
part x” of the optical medium, i.e.,

ld 2 (0

' = ng|da3] Re P32 ’ )
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80h Qp

The n, in Egs. (9) and (10) is the density of the atoms, and d53 is
the dipole moment between |2) and |3). Equations (8)—(10) can
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FIG. 2. (Color online) The calculated probe absorptions of the
hot atomic vapors for monochromatic EIT and bichromatic EIT. (a)
Monochromatic EIT, Q. = 10T"; (b) bichromatic EIT, Q. = Q. =
10T, 8; = —6, = 5T = 30 MHz.

be solved by a matrix inversion method [33]. The probe absorp-
tions for typical parameters are plotted in Figs. 1(b), 1(c), 1(e),
and 1(f). As shown in Figs. 1(a)-1(c), when the bichromatic
coupling laser fields are symmetrical (2,; = Q. = 5T, §; =
—8, = 5T" with I" ~ 6 MHz; rubidium is under considera-
tion), the probe absorption spectrum displays some peaks at
0, £46, £24, .... By increasing the Rabi frequencies of the
coupling fields, more peaks will appear. If the bichromatic
fields are unsymmetrical, e.g., §; = —5I, 8, = —10I", the
positions of the peaks in the probe absorption spectrum shift,
as shown in Figs. 1(d)-1(f). Thus the maximum absorptions
are no longer located at the two-photon resonant points.

Until now, all of our analyses are valid for stationary atoms
(or valid for cold atoms). For the hot atomic vapors, all atoms
move very fast in the cell. If an atom has a velocity v along
the laser propagation direction, the detuning will change by kv
k= 27”, with A being the wavelength of the laser). Therefore,
in order to obtain the entire probe absorption spectrum for
hot atoms, the detuning in the density-matrix elements should
also include the Doppler frequency shift, which varies with
the velocity of the atoms. Thus, p;; should be averaged over
the one-dimensional Maxwell-Boltzmann velocity distribution
given by [34]

l 2 2
= (A + kv)——e V" du, 11
Pjk /,Ojk( U)uﬁe v (11)

where A stands for all the detuning terms, and u/ /2 is the root-
mean-square atomic velocity (depending on the temperature
of the cell).

Based on Eq. (11), the probe absorption spectrum can be
calculated out for hot atomic vapors. For comparison, both
monochromatic and bichromatic EIT spectrums with Doppler
broaden and are plotted in Fig. 2. When 2, = 10I', T = 70°C
(with T being the temperature of the atomic cell), the linewidth
of the EIT window is about 6 MHz, as shown in Fig. 2(a). In the
same condition, considering a bichromatic coupling field with
Q1 = Qe = 10T, §; = —§, = 5T = 30 MHz, two symmet-
ric EIT windows appear at §; and §;, as shown in Fig. 2(b). This
abnormal bichromatic EIT spectrum is surprising; however, it
can be understood by considering the different bichromatic
EIT line shape for the atoms with different velocities. If the
atoms move with the velocity v, the coupling bichromatic
fields will be unsymmetrical due to the Doppler frequency
shift, and the position of the probe absorption peaks will shift
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FIG. 3. (Color online) The experimental configuration. AOM:
acousto-optic modulator; M: mirror; BS: beam splitter; PBS: po-
larization beam splitter; Rb Cell: rubidium cell with magnetic shield
and temperature controller.

from the two-photon resonant points. For example, assuming
that v = 6 m/s, the detuning of the bichromatic fields will
change to §; = —5TI', §; = —10I", and the absorption peaks
will shift from £5T, as shown in Figs. 1(e) and 1(f). Since all
atoms are moving, after the Doppler averaging, only two EIT
windows appear and the other frequencies have big absorption.

We now turn to the experimental demonstration of these
results. The experimental setup is shown in Fig. 3. The
coupling and probe laser beams are derived from two inde-
pendent diode lasers (DL100, 795 nm). The coupling laser is
frequency stabilized through a saturated-absorption spectrum
technique. The diameters of the two beams are about 2 mm.
An acousto-optic modulator (AOM) is adapted to generate the
bichromatic field with a tunable frequency separation (between
40 and 80 MHz). These beams are combined by a beam splitter
(BS) and a polarization beam splitter (PBS). They copropagate
through a 10-cm-length cell with natural rubidium. The cell
has a magnetic shield around it so that the residual magnetic
field B < 1 mG. A temperature controller is also equipped
with the cell so that the cell can be heated to 70 °C. After the
cell, another PBS (extinction ratio 1073) is used to split the
probe beam from the coupling beams.

The three energy levels of the A system are se-
lected as ¥Rb, 5812, F =3 — |1), 5512,F =2 — [2), and
5Pip2,F =3 — |3). We first use the bichromatic laser fields
to couple |1) <> |3) with Q. = Q. = 9.3I" (limited by the
maximum power of the laser), and §; = —&, = 30 MHz, while
the probe laser scans about 600 MHz around |2) — |3) with
2, ~ I'. The experimental results of the probe absorptions are
shown in Fig. 4. As expected from the theoretical calculations,
we observe two symmetrical EIT windows. The linewidths of
both windows are narrower than the natural linewidth I". For
comparison, the probe absorptions for only one of the coupling
lasers are also collected, and the results are also plotted in
Fig. 4. Both the monochromatic and abnormal bichromatic
EIT spectrums agree pretty well with the theoretical results
based on Eq. (11), as shown in Fig. 2. The decreasing of
the absorption at the EIT window bottom is another evidence
for the Doppler averaging. In addition, the absorption around
—360 MHz, which is precisely the hyperfine interval between
the 5Py, F "=2and F =3, is due to additional velocity-
dependent optical pumping by the control laser.

As shown in Fig. 5(a), these narrow symmetric double EIT
windows are ideal for slowing photons with a fixed frequency
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FIG. 4. (Color online) Probe absorption as a function of the
detuning of the probe laser for the 5S,,,,F =2 — 5P, transition
of ¥Rb D line. Solid red line: bichromatic EIT, Q.4 = Q. = 9.3T,
8§ = —8, = 30 MHz. Dotted black line: monochromatic EIT, Q. =
9.3T°, Q. = 0, and §; = 30 MHz. Dashed pink line: monochromatic
EIT, Q. =0 2, =9.3T", §, = —30 MHz.

difference. In order to show the robust manipulations of these
EIT windows, the parameters of the bichromatic laser fields are
altered in the experiments. First, as shown in Fig. 5(b), both the
heights and linewidths of the two EIT windows decrease with
the Rabi frequencies of the coupling lasers simultaneously,
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FIG. 5. (Color online) Probe absorption as a function of the detun-
ing of the probe laser. (a) Q2. = Q. = 9.3I", §; = —6, = 30 MHz;
(b) Qo =RQp=4.6I, § =—-8 =30 MHz; (¢) Q1 =Rn=
9.3T°, §; =60 MHz, §, =0 MHz; (d) Q. = Q, =9.3I", § =
—38, =20 MHz; (e) Q. =8I',Q, = 11T", §; = —6, =20 MHz;
f) Q. = 10,2, = 8T, §; = —§, = 20 MHz.
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FIG. 6. (Color online) Probe absorption as a function of the
detuning of the probe laser. (a), (b) Q2. = Qn =6I", §; = =86, =
3 MHz; (¢), (d) 2.4 = Q, =6I', §; = —6, = 1.5 MHz; (a), (¢)
theoretical results; (b), (d) experimental results.

which means that the slope of the normal dispersion is related
to the Rabi frequencies of the coupling lasers; this phenomena
is similar to that of the monochromatic EIT. Second, we alter
the center frequency and the detuning of the bichromatic laser
field. As shown in Fig. 5(c), with §; = 60 MHz and &, =
0 MHz, the line shape of the double EIT windows is still
unchanging. As shown in Fig. 5(d), with §; = —§, = 20 MHz,
almost the same slope of the dispersion can be obtained. In
addition, by coupling the levels with unbalanced laser fields,
i.e., Q¢ # Q, the double unbalanced EIT windows appear in
the spectrum, as shown in Figs. 5(e) and 5(f). All of these show
that the double EIT windows can be controlled separately or
simultaneously on demand. Thus, by applying these double
EIT windows to slow the photons, the velocity of each photon
can be controlled separately [35-37].
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Furthermore, in order to decrease the detuning of bichro-
matic laser fields, another AOM is added in one of the coupling
beams. As shown in Fig. 6, by decreasing the detuning below
the natural linewidth (with detunings 3 and 1.5 MHz), the
double EIT windows move toward each other and finally
may combine together. The theoretical results are shown in
Figs. 6(a) and 6(c), and the windows of EIT fit pretty well with
the experimental results [Figs. 6(b) and 6(d)] with the same
parameters. The differences of the big absorption backgrounds
are due to the optical pumping of the control laser for zero
velocity atoms [32]. Those results show that the double EIT
windows can be controllable independently until they combine
together at a very small detuning.

In conclusion, through coupling a three-level A atomic
system by the symmetrical bichromatic laser fields, we
have observed that a weak probe laser field shows double
symmetrical narrow EIT windows in hot atomic vapors.
The theoretical results by averaging over one-dimensional
Maxwell-Boltzmann velocity distribution are found to fit
pretty well with the experimental results. Compared with the
double EIT windows from tripod or M-type energy levels [10],
the independent manipulation of either one of the EIT windows
will make the match of the slow group velocity more easily.
Thus, this abnormal bichromatic EIT is an ideal medium for
slowing photons at different frequencies and can be used to
obtain larger cross-phase modulations. In particular, it is very
suitable for the storage of the entangled photons generated
through bichromatic four-wave mixing [38—40]. Therefore,
the bichromatic EIT observed in the present experiment may
find applications in quantum information processing.
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