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Observation of dressed intracavity dark states
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Cavity electromagnetically induced transparency (EIT) in a coherently prepared cavity-atom system is
manifested as a narrow transmission peak of a weak probe laser coupled into the cavity mode. We show
that, with a resonant pump laser coupling the cavity-confined four-level atoms from free space, the narrow
transmission peak of the cavity EIT is split into two peaks. The two peaks represent the dressed intracavity dark
states and have a frequency separation approximately equal to the Rabi frequency of the free-space pump laser.
We experimentally observed the dressed intracavity dark states in cold Rb atoms confined in a cavity, and the
experimental results agree with theoretical calculations based on a semiclassical analysis.
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I. INTRODUCTION

Electromagnetically induced transparency (EIT) can be
created in various atomic systems via coherent interactions of
radiation fields and atoms and has been shown to be important
for various applications in quantum optics and nonlinear optics
[1-5]. Recent studies of EIT and related phenomena have been
extended to coherent coupled atom-cavity systems [6—11].
It has been shown that, in a coherently coupled cavity and
multiatom system, the interplay of the collective coupling
of the atoms and the cavity mode and the atomic coherence
and interference manifested by EIT may lead to interesting
linear and nonlinear optical phenomena [12,13]. Recently,
all-optical switching at low-light intensities has been observed
in a cavity-confined four-level EIT system coherently coupled
by multiple laser fields [14,15]

Here, we report an experimental study of an atom-cavity
system consisting of N four-level atoms confined in an optical
cavity and coherently coupled from free space by two laser
fields: One acts as a coupling laser and forms a A-type standard
EIT configuration with the cavity mode; another acts as a pump
(dressing) laser and forms a N-type coupled atomic system
with the coupling laser and the cavity mode. Without the
cavity, such a coherently prepared four-level EIT system [see
Fig. 1(a)] has been studied before and is shown to be useful for
applications, such as the EIT-enhanced nonlinear absorption
and cross-phase modulation at low-light levels [16—24]. It has
been observed that, in the free-space four-level EIT system, the
resonant pump laser interrupts the EIT destructive interference
and induces large third-order nonlinear absorption [18-20].
The spectral manifestation of the enhanced nonlinearities is
the appearance of the absorption peak in the EIT transmission
window of a weak probe laser [see Fig. 3(b)]. Here, we show
that, with the four-level EIT system confined in a cavity, the
transmission spectrum of a weak probe laser through the cavity
is qualitatively different from that of the free space: Without the
pump laser, we observe the cavity EIT, a narrow transmission
peak at the atomic resonance; when the pump laser is present,
the narrow transmission peak of the cavity EIT is split into
two peaks. The two peaks represent the dressed intracavity
dark states that are produced through the combined coherent
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interactions of the atoms with the coupling laser, the pump
laser, and the collective coupling of the cavity mode.

II. THEORETICAL ANALYSIS

We consider a composite atom-cavity system that consists
of a single-mode cavity containing N identical four-level
atoms driven by a coupling laser and a pump (dressing) laser
from free space as shown in Fig. 1(b). The cavity mode couples
the atomic transition | 1)-|3). The classical coupling laser drives
the atomic transition |2)-|3) with Rabi frequency 2€2, and the
classical pump (dressing) laser drives the atomic transition
|2)-14) with Rabi frequency 2€2;. A = v — 1,3 is the coupling
frequency detuning, A; = vy — vy4 is the pump (dressing)
laser detuning, and A, = v, — vy3 is the cavity-atom detuning.
We calculate the transmission intensity of a weak probe laser
[not shown in Fig. 1(b)] coupled into the cavity mode as the
probe frequency detuning A, = v, — vy3 is scanned across the
atomic transition frequency v;3. For comparison, the four-level
atomic system in free space and coupled by the same coupling
and pump lasers is depicted in Fig. 1(a).

The interaction Hamiltonian for the cavity-atom system is

N N N
H=—h (Z Q630 + Y Qb + ) gc‘zav;’l)) +Hec.,
i=1 i=1 i=1
(1

where 61(,’;1) (l,m = 1-4) is the atomic operator for the ith atom
and a is the annihilation operator of the cavity photons. The
resulting operator equations of motion for the intracavity light
field (two-sided cavity, one input) is given by [25,26]

ki +K

a+iaay, ©)

where &ip“ is the input probe field. The equation of motion for
the expectation value of the intracavity probe field is [14]

. i
b= Lo -
a h[a ]

N
a=—[( +r)/2—iAJa+ ) igoy) + Jkial. (3)
i=l
For a symmetric cavity as in our experiment, k| = kK, =
k. Under the EIT condition (g <« €2), the atomic population
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FIG. 1. (Color online) (a) The energy-level diagram of coherently
coupled four-level atoms in free space. A coupling laser drives the
|2)-]3) transition with Rabi frequency 2€2 and a pump laser couples
the |2)-|4) transition with Rabi frequency 22,. A(A,) is the coupling
(pump) detuning. A weak probe laser couples the |1)-|3) transition
with a detuning A,. (b) The energy-level diagram of coherently
coupled four-level atoms in a cavity. The cavity mode is coupled to
the atomic transition |1)-|3) with the collective coupling coefficient
VNg(g = uwa/2heyV) (A, is the cavity-atom detuning). The
coupling laser and the pump laser are the same as in (a). Not showing
is a weak probe laser coupled into the cavity mode.

is concentrated in |1), and the steady-state solution of the
intracavity probe field is given by

Viay

a=—7-, 4
K—IiA.—ix @)
where x is the atomic susceptibility given by
: 52
ig’N
X = ®)

Q2[Ty+yi2—i(Aa+4,—A)]
[yi2—i(A,—A)|[Tatyia—i(As+A,—A) |+Q3

T3 —iA,+

The transmitted probe field then is given by a;“t = Jka.
Figure 2 plots the transmitted intensity of the probe field

% = % versus the probe frequency detuning Ap/T';.
For simi)licity, the parameters are chosen such that I'; =
[,=T,gv/N =350,k =15 Q=2rI, y5,=0.001T, and
A, = A = Ay = 0. Figure 2(a) shows the probe transmission
spectrum without the pump (dressing) laser (2, = 0). The
central peak at A p = 0 represents the cavity EIT or intracavity

dark state [8]. The two sideband peaks represent the normal
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FIG. 2. (Color online) The normalized transmission intensity
Loy /L, of the probe laser through the cavity versus the probe
detuning A ,/T". (a) The probe transmission spectrum without the
pump (dressing) laser (€2; = 0). The central peak represents the cavity
EIT. (b) The probe transmission spectrum with the pump (dressing)
laser (2, =T).
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FIG. 3. (Color online) The normalized transmission intensity
of the probe laser through the four-level atomic system in free
space versus the probe detuning A ,/T". (a) The probe transmission
spectrum without the pump laser (€2, = 0). (b) The probe transmission
spectrum with the pump laser (2, = I'). The parameters are the
same as that in Fig. 2.

modes of the coupled cavity-atom system [27-29], which are
modified by the free-space coupling laser [8,9,30]. Figure 2(b)
plots the probe spectrum with the dressing laser (2; = I'),
which shows that the central EIT peak is split into two
peaks and the peak separation is approximately equal to 2€2,.
For comparison, in Fig. 3, we plot the corresponding probe
transmission spectra for the four-level system in free space
(without the cavity) and coupled by the coupling laser and
the pump laser with the same parameters. Without the pump
laser [Fig. 3(a)], the probe transmission spectrum exhibits the
standard EIT spectral profile in free space (with a transparency
window at the resonance Ap = 0); when the pump laser is
present, an absorption peak appears in the EIT window and
represents the enhanced nonlinear absorption in the four-level
system [17-20].

III. EXPERIMENTAL RESULTS

We performed the experiment with cold ®Rb atoms
confined in a near-confocal cavity consisting of two mirrors
of 5-cm curvature with a mirror separation ~5 cm. The
empty cavity finesse is measured to be ~150. A detailed
description of our experimental setup can be found in our
early publications [30,31] and is briefly outlined here. Three
extended-cavity diode lasers were used as the coupling laser
that drives the Rb D transition F = 3 to F’ = 3, the pump
(dressing) laser that couples the 3°Rb D, transition F = 3 to
F’ = 4, and the probe lasers that couple the 5 Rb D; transition
F =2 to F' = 3. The circularly polarized coupling laser and
pump laser were directed to overlap the cold atoms from the
open side of the cavity and were propagated in the direction
nearly perpendicular to the cavity axis. The probe laser was lin-
early polarized parallel to the propagating direction of the cou-
pling laser and then, after sufficient attenuation, was coupled
into the cavity. The transmitted probe light was collected by
a photon counter (PerkinElmer SPCM-AQR-16-FC. The peak
count rate of the probe light through the empty cavity is below
the saturation rate of the photon counter of 107 counts/s).
Another part of the probe laser beam propagated nearly parallel
to the coupling laser, overlapped with the cold atoms from free
space, then was collected by a photodiode, which provides the
free-space absorption measurements for comparison with the
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FIG. 4. (Color online) The cavity transmission intensity Io, /i, versus the probe detuning A ,. Black lines are experimental data, and red
lines are calculations. (a) 2, & 5 MHz; (b) ; ~ 3 MHz; (¢) 2, ~ 2 MHz; (d) 2, = 0.

cavity transmission measurements. During the measurements
of the cavity transmission spectrum, the free-space part of the
probe beam was blocked such that it would not interfere with
the cavity transmission measurements.

The experiment was run sequentially with a repetition rate
of 10 Hz. All lasers were turned on or off by acousto-optic
modulators (AOMs) according to the time sequence described
below. For each period of 100 ms, ~98 ms was used for cooling
and trapping of the °Rb atoms, during which, the trapping
laser and the repump laser were turned on by two AOMs while
the coupling laser, the pump laser, and the probe laser were off.
The time for the data collection lasted ~2 ms, during which,
the repump laser was turned off first, and then, after a delay
of ~0.2 ms, the trapping laser was turned off (the current
of the anti-Helmbholtz coils of the magneto-optical trap was
always kept on), and the coupling laser, the pump laser, and
the probe laser were turned on. After the coupling laser, the
pump laser and the probe laser were turned on by the AOMs
for 0.2 ms, the probe laser frequency was scanned across the
8Rb D F =2 — F = 3 transitions, and the probe light
transmitted through the cavity was then recorded versus the
probe frequency detuning.

Figure 4 plots the measured cavity transmission intensity
of the probe laser Ioy/lin (Ii, is the resonant transmission of
the probe light through an empty cavity) versus the probe
frequency detuning A,. The empty cavity is tuned to the
atomic transition frequency A, = v, — vi3 = 0, and both the
coupling laser and the pump (dressing) laser are on resonance
(A =~ 0 and A; =~ 0). The decay linewidths of the Rb

transitions are I's = 5.7 and 'y = 5.9 MHz, respectively.
Other parameters are g+/N =20 MHz, x = 10 MHz, Q =
12MHz, y;; = 0.01T", and A, = A = A; = 0. The measured
spectrum was the average of 50 scans. Figure 4(d) shows
that, without the pump (dressing) laser, the three-peaked
cavity EIT spectrum was observed: Two sideband peaks
located at A, = £,/Q2 + g?N represent the normal modes
of the coupled cavity-atom system, and a central peak at
A, = 0 is manifested by EIT (the intracavity dark state) [8].
When the pump (dressing) laser is present, the cavity EIT
peak is split into two peaks at sufficiently large 2; values
[Figs. 4(a) and 4(b)]. The splitting decreases with decreasing
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FIG. 5. (Color online) The probe transmission intensity through
the four-level cold Rb atoms in free space versus the probe detuning
A,. Black lines are experimental data, and red lines are calculations.
(a) With the pump laser (2, = 4.5 MHz). (b) Without the pump laser.
The other parameters are the same as that in Fig. 4(a).
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Qg values [the decreasing pump (dressing) laser intensity]
and eventually disappears when 2; < 3 MHz [Figs. 4(b)
and 4(c)].

For comparison, Fig. 5 plots the probe transmission
spectrum through the four-level EIT system in free space.
Figure 5(b) shows the usual EIT spectrum without the pump
laser: An EIT transparent window was observed at the probe
resonance (A, = 0). With the pump laser, the transparent dip
is turned into an absorption peak that represents the enhanced
nonlinear absorption [16—19].

In order to understand the observed spectral features in
the coherent coupled four-level-atom-and-cavity system,
we diagonalize the interaction Hamiltonian and derive the
eigenvalues of the coupled cavity-atom system. Consider
the resonantly coupled four-level cavity-atom system in
Fig. 1(b) (A = A = A; =0). The collective basis states
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of the atom and fields are [1) =|[1,1---1)[1,)|n})|ng),
2= Y0 1125 D10, + Dlna) 13) = 2 T

[1+:35 - 1)] 0,)Im)ng), and [4) = = S0 [1---4; - 1)
[0p)|n + 1)[ng — 1). Here, [1),(]0,)) is the one (zero)
photon state of the intracavity probe field, |n) is the
photon number state of the coupling field, and |ng) is
the photon number state of the pump (dressing) field. We
treat the coupling field and the dressing field as classical
fields (n > landng; > 1) and neglect their depletion.
Then, the four basis states can be rewritten as |1) =

11,1 1)[1,),]2) = \/LNZ?’:] 12+ 1)]0,),13) = \/LW

27:1 |1---3;---1)]0,), and [4) = LNZ?’:l 1---4---1)
|0,). Solving the interaction Hamiltonian in the four basis
states (|]1) and |3) are coupled by the collective coupling

coefficient g+/N), we obtain the energy eigenvalues,

A:i\/[92+95+g2Ni\/(Q

and the four eigenstates W, = a,|l) + b,]2) 4+ c.|3) +
d,|4)(A =1 —4). When the probe laser is coupled into the
cavity, its transmission intensity versus the probe detuning
A, reveals the excitation spectrum from the ground state
[1) =[1,1---1)|0,) to the first excited eigenstates W;. The
spectrum presents four spectral peaks corresponding to the
four energy eigenvalues A. In particular, when Q; < g+/N
(or ), the four eigenvalues become A+ ~ £,/ +gN ~
+./22+¢2~ with the corresponding eigenstates approximately
given by Wiz~ L[13) F =L—(gv/NI1) +Q12))] (the
modified normal modes of the coupled cavity-atom

system); and  Ayr A Qu/N/(@2+Q2+¢2N)  with  the
corresponding  eigenstates  approximately given by
which

— 1 S S —
Was = 514) & =en(@I1) = gV 2]

represents the two dressed intracavity dark states. Therefore,
when the pump (dressing) laser is not present (2; = 0),
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FIG. 6. (Color online) The peak separation of two dressed-cavity
dark states versus the Rabi frequency of the dressing laser. The
parameters are g+/N =20, k = 10, @ = 12 MHz, and A, = A =
Ag=0.

24 Q24 ¢2N)? — 42N Q2] /2, 6)

the coupled cavity-atom system only has three first-excited
eigenstates: two normal modes (separated by the modified
vacuum Rabi frequency 2,/Q2% + g2N) and an intracavity
dark state (cavity EIT) [30]. When the pump (dressing) laser
is present and couples the intracavity dark state to the excited
state |4), two dressed intracavity dark states are created with
the frequency separation 22, ,/g?N/(22+22+¢2N).

Figure 6 plots the measured frequency splitting of the two
intracavity dark states versus 2€2,. The solid red line is the cal-
culated frequency separation according to Eq. (6), A’ = 2A =
2\/ [2+Q+¢2N—+/ (2 +22+g2 N2 —42N 23 1/2, which agrees with the
experimental measurements (filled blue squares).

IV. CONCLUSION

In conclusion, we have shown that cavity EIT can be
manipulated with a free-space pump laser that splits the
intracavity dark state and creates the dressed doublet of the
intracavity dark states. The dressed intracavity dark states
consist of coherent superposition of the intracavity dark state
and the excited atomic state |4), and the frequency separation
of the dressed intracavity dark states can be controlled by
the intensity of the dressing laser. We observed the dressed
intracavity dark states in an experiment with cold atoms
confined in a cavity and coherently prepared by free-space
laser fields. The experimental results agree with the theoretical
calculations.
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