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Multi-dark-state resonances in cold
multi-Zeeman-sublevel atoms
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We present our experimental and theoretical studies of multi-dark-state resonances (MDSRs) generated in
a unique cold rubidium atomic system with only one coupling laser beam. Such MDSRs are caused by dif-
ferent transition strengths of the strong coupling beam connecting different Zeeman sublevels. Controlling
the transparency windows in such an electromagnetically induced transparency system can have potential
applications in multiwavelength optical communication and quantum information processing. © 2006 Op-

tical Society of America
OCIS codes: 270.1670, 020.1670, 020.6580.

Since the early demonstrations of the electromag—
netically induced transparency (EIT) }lahenomenon in
various three-level atomic systems,” many new
EIT-related phenomena have been discovered and
studied.* One such interesting effect is dual-EIT or
dual dark-state resonances studied in two coupled
three-level EIT systems®® or by perturbing one of the
lower states in the three-level EIT systems (by using
one additional optical or microwave field connecting
to the fourth auxiliary energy level).'>'3 In those
dual EIT systems, two transparency windows are
created that can be used to allow transmissions of
two probe beams simultaneously at two different
wavelengths. The typical conditions for observing
such dual dark-state resonances are four energy lev-
els and three optical (or two optical and one micro-
wave) fields. Although the two-photon Doppler-free
condition allows the use of continuous-wave, low-
power diode lasers to eliminate the first-order Dop-
pler effect and makes it poss1ble to observe EIT with
relatively low coupling power, % the use of cold atoms
can further reduce the power requirement for the
coupling beam and allow narrow EIT windows.'*
The dual dark-state phenomenon was also observed
in cold atoms by perturbing the lower state for the
coupling transition in 2 three-level A-type system
with a microwave field.!! Also, the effects of degener-
ate Zeeman sublevels and various polarization con-
figurations on EIT were studied in detail in a vapor
cell or in cold atomic samples.'®?

In this Letter, we propose and experimentally dem-
onstrate a new scheme to generate multi-dark-state
resonances in a three-level (with multi-Zeeman sub-
levels) atomic system with only two laser fields. First,
let us consider two atomic systems in ®’Rb atoms, as
shown in Fig. 1. In Fig. 1(a), the linearly polarized
coupling beam E, (frequency w,) drives transition
5S19, F=2 to 5Py, F'=1. Since the transition
strengths between different Zeeman levels are very
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close,” the Rabi frequencies (defined as Qgij
=u;;E./h, where u;; is the transition dipole moment
with i, j denoting Zeeman sublevels) for different cou-
pling transitions are almost equal. The linearly po-
larized probe beam will have a simple single-peak
EIT as was studied extensively before.'> However,
when one chooses the up energy level to be F'=2 in-
stead of F'=1, as shown in Fig. 1(b), the situation
changes dramatlcally Due to the large differences in
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Fig. 1. (Color online) A-type EIT subsystems formed by
linearly polarized probe and coupling fields (the polariza-
tions of these two beams are perpendicular to each other)
in D1 line of 8Rb atoms. (a) Upper energy level is 5Py,
F’=1; (b) Upper energy level is 5P, F'=2.
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previously.lE'_17 The diameter of the trapping beam is
about 1 cm. The trapped 8'Rb atom cloud is ~2 mm
in diameter and contains ~10? atoms at the tempera-
ture ~200 uK. The probe and coupling lasers are
provided by two extended-cavity diode lasers with
linewidth of ~1.5 MHz. The probe laser frequency is
scanned at a speed of 1.3 kHz/s across the 5Sy,, F
=1—5Py,, F'=2 transition and the frequency of cou-
pling laser is locked to the 5S;/5, FF’=2—5Py), F'=2
transition. We choose the probe beam to be linearly
polarized in the p direction (parallel to the optical
table) and the coupling beam to be linearly polarized
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Fig. 2. (Color online) Absorption spectra of the probe field

coupling to the upper Zeeman sublevel [for the system
shown in Fig. 1(b)] of (i) F'=2, m=0, (ii) F'=2, m=+1, and
(iii) F'=2, m=x2, respectively. Calculation parameters are
Q,99=78 MHz, Q,=2 MHz, y,,=40 kHz, v,,=2.8 MHz (the
curves have been vertically shifted for clarity).

the transition strengths for the coupling beam con-
necting different Zeeman sublevels, the Rabi fre-
quencies for different Zeeman transitions are very
different. For example, the effective Rabi frequencies
for transitions 5Si/, F'=2, m=+2 to 5P, F'=2, m
=+2 are twice the values for the transitions F=2,
m=x1 to F'=2, m==x1, respectively. Transition
strength from F=2, m=0to F'=2,m=01is zero.”’ The
effective Rabi splittings (in the dressed-state picture)
for the upper energy levels (F'=2) have five split en-
ergy levels: —Q.99/2, -Q.11/2, 0, +Q.1/2, and
+Q.99/2. In this particular system, Q.9,=20,1;. As
the linearly polarized (perpendicular to the polariza-
tion of the coupling beam) probe field is scanned
through these split energy levels, an absorption peak
appears at the center frequency for the F'=2, m=0
transition (with probe fields () ; connecting states
lag) and |c3) and Q; connecting states |a;) and |c3))
due to lack of EIT [as shown in curve (i) of Fig. 2].
The coupling field Q,;; (connecting states |b,) and
lcg)) and ), (connecting states |ag) and |cg)) form one
EIT system, which is degenerate with another EIT
system (formed by states |ay), |c4) and |b,), with cou-
pling field Q,;; and probe field Q},). Such an EIT sys-
tem shows an EIT window with two absorption peaks
at the positions of the dressed states, as shown in
curve (ii) of Fig. 2. Similarly, coupling field .95 (con-
necting states |b;) and |c;) as well as |b5) and |c5)), to-
gether with probe fields (); (connecting states laq)
and [c;)) and Q7 (connecting states |as) and |c5)), pro-
vides a larger EIT window, as shown in curve (iii) of
Fig. 2. When these three curves in Fig. 2 are added
together, the central absorption peak and the two ab-
sorption peaks in the first EIT curve cut the broad
EIT window into four narrow EIT windows forming
four separate dark-state resonances. Such multi-dark
resonances are created by only one coupling laser
beam. As the coupling field amplitude changes, the
spaces and widths of these dark-state peaks will
change accordingly.

We performed the experiment using 8’Rb atoms in
a vapor-cell magneto-optical trap. The magneto-
optical trap is similar to the ones used by others

in the s direction (perpendicular to the optical table).
The propagation directions between the probe beam
and the coupling beam have an angle of ~20°, and
the diameters of the coupling beam and probe beam
are ~2.0 and ~0.5 mm, respectively. Two beams
overlap at the center of the cold atom cloud. During
the experiment, the on—off sequence of the trapping,
repumping, coupling, and probe beams is controlled
by four acousto-optical modulators. The experiment
is cycled at 10 Hz. In each cycle, the first 99 ms is
used for cooling and trapping of the 8’Rb atoms. We
switch on the coupling beam at the same time as we
turn off the magneto-optical trap (trapping and re-
pumping beams, as well as the magnetic field).
0.1 ms later, the probe beam is turned on and the
transmitted probe beam from the cold atoms is de-
tected by an avalance photodiode. Throughout the ex-
periment a small magnetic field (~0.04 G) in the s di-
rection defines the quantization axis of the atoms. So
the coupling beam couples the Zeeman levels of Am
=0, while the probe beam couples the Zeeman levels
of Am==x1, with the left- and right-circularly-
polarized components, as shown in Fig. 1(b).

Figure 3(a) plots the experimental results of probe
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Fig. 3. (a) Multi-dark-state resonance spectra observed in
the experiment. The probe beam Rabi frequency is (),
=2 MHz, the coupling field Rabi frequencies in (al)—(a4)
are () 99=14, 31, 56, and 78 MHz, respectively. (b) Theoret-
ical multi-dark-state resonance spectra calculated with the
same parameters as in (a). Other parameters used in the
calculation are  vy,,=40 kHz, 7y,.=2.8 MHz, laser
linewidths=1.5 MHz, N=1x 101! cm™3.
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Fig. 4. Calculated probe dispersion with same parameters
as in Fig. 3(b4).
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transmission as a function of probe frequency detun-
ing, which probes the dark-state structure of this sys-
tem. When the coupling beam is relatively weak
(Q.99=14 MHz, with the probe beam Rabi frequency
,=2 MHz), the Zeeman sublevels are near degener-
ate, which gives a single EIT peak as shown in Fig.
3(al). The absorption at the transition from 5S;/, F'
=1, m=0—5P ), F'=2, m=0 reduces the EIT effect
and makes the total EIT dip smaller. As the coupling
field amplitude increases to a larger value, several
EIT windows start to appear at different probe fre-
quencies with an absorption peak at the middle, as
shown in Fig. 3(a2). A further increase of coupling
power makes the split EIT windows clearer as given
in Figs. 3(a3) and 3(a4).

The total probe field susceptibility is x=x;+ x2+ X3,
where y; (i=1,2,3) are the sums of the left- and
right-circularly-polarized probe field susceptibilities
coming from contributions of the transitions |a;)
—|c;) and |a;)— |c;,9), respectively. These susceptibili-
ties can be expressed in the following compact form?!:

N [ l#eal i
Pa,c. t +

fie QO Gt
0 P Py

|,u Co-iPa-i

Xi= pa4—i06—i 5 (1)

Pa,c, and p,, .. . can be calculated by solving the
density-matrix equations involving all Zeeman sub-
levels in the system.”! N is the atomic density. Figure
3(b) plots the theoretical multi-dark-state resonance
spectra calculated with the same parameters as in
Fig. 3(a). One can see that the agreements between
these experimentally measured curves and theoreti-
cally calculated ones are excellent.

The frequencies of these multi-EIT windows (or
dark states) can be controlled by the coupling beam
power, which allows transmissions of the probe beam
at different frequencies. Such tunable EIT windows
can be used for multichannel optical communication
or quantum information processing. With such sharp
EIT windows, probe photons at different frequencies
can be slowed down simultaneously. Figure 4 depicts
the dispersion property for the case of large coupling
beam strengths. As one can see, sharp normal disper-
sions appear at different frequencies and can be used
to modify group velocities of the probe beams at dif-
ferent frequencies.
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In conclusion, we have demonstrated multi-dark
resonances in a unique multi-Zeeman-sublevel
atomic system in cold atoms with only one coupling
beam. The differences in coupling Rabi frequencies
due to different transition strengths among different
Zeeman sublevels, together with the absorption peak
at m=0 transition, split the broad EIT window into
four narrow EIT windows, which are controllable by
coupling beam power. Such an interesting effect only
occurs in unique atomic systems with certain Zeeman
sublevels and can be observed only in cold atoms.
Such controllable multiple EIT windows can be used
for multichannel optical communication and multi-
channel quantum information processing.
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