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Observation of doubly dressed states in cold atoms
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We report an experimental observation of doubly dressed statt®natoms cooled and confined in a
magneto-optical trap. The doubly dressed states are produced by a strong-coupling laser and a moderate pump
laser in a three-level atomic configuration. The absorption spectrum of a weak probe laser reveals a three-
peaked spectral profile that can be interpreted by a dressed-state picture and agrees well with calculations based
on the density-matrix equations.
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The interaction of atoms with continuous-wave, intense Consider a four-level atomic system coupled by three la-
laser fields is of fundamental interest in laser spectroscopger fields depicted in Fig.(@ in which |1) and|2) are two
and quantum optics. Theoretical and experimental studies @fround (hyperfing states, and3) and |4) are two excited
the spectral and dynamic features of the atoms under a var$tates. A strong coupling laser with Rabi frequen€y n-
ety of strong field conditions have been explofdgl]. A nects states?) and [3) while a moderate pump laser with
double-peak absorption spectrufAutier-Townes doublet ~ Rabi frequency 2’ couples statef2) and|4). A weak probe
was observed when a weak probe field couples a strongligser with Rabi frequency@ couples statefl) and|[3). We
driven two-level system to a third atomic le@]. A triple-  define Ac=w — w33, A'=wa— w43, and A=w,— w3 as
peak fluorescence spectrum of the driven two-level systerfhe frequency detuning for the coupling, the pump, and the
was first predicted4] and then observeld,6]. Such studies, probe field, respectively. Alsd's (I';) is the spontaneous
along with the observation of the absorption and dispersiolecay rate of the excited stat@ (14)). For a dressed-state
spectrum of a weak probe field in the driven two-level sys-analysis(, andQ'>T', I'y, andg), consider statel®), [3),
tem [7], provide fundamental insight into radiation-matter and|4) plus the coupling and pump fields as a coupled atom-
interactions. Recent studies show that multiphoton and interfield system that is probed by a weak probe fielg[12,13.
ference effects play important roles in the atomic response tdhe three semiclassical dressed states from the three-level
bichromatic and/or polychromatic driving field8,9], and  atom coupled by the two laser fields can be written as
complicated spectral features are usually observed in such

driven atomic system§10,11. Physical pictures based on [L4+)=a,[2)+b|3)+c.[4), (13
the dressed states are derived to interprete the two-level atom B

radiation interactions and can be extended to understand in- 12,00 =20|2) +bol3) + col4), (1b)
teractions of multilevel atoms and multiple coherent fields 13-)=a_[2)+b_|3)+c_|4) (10

[12].
Here we report an experimental observation of doublyqerea, | b, , andc; (i=+, 0, or —) are constants. For arbi-

dressed states in a three-level atomic system. The resonanggry detunings of the coupling and the pump fields, it is
fluorescence of a strongly coupled three-level atomic system

has been studied befofé&3]. In particular, in a three-level 4> : 4>
atom containing one strong and one weak transition, quan-
tum fluctuations can be stabilized such that the spontaneou
decay from the strong transition shows a subnatural line-
width [14,15. Our study explores a three-level system in
which one transition is driven by a strong-coupling field
while the other transition with a comparable spontaneous
decay rate is driven by a moderate pump field. The three-
level coupled system is probed by a weak laser field connect-
ing the system to a fourth level and the absorption spectrum
of the probe is recorded. We observe a triple-peak absorptior
spectrum that can be interpreted by a doubly dressed-stat'!
picture. In contrast to destructive interference in a three-level
system demonstrating electromagnetically induced transpar (a)
ency[EIT] [16], we show that constructive interference oc-

curs between the excitation paths of the two closely spaced, rig. 1. (a) Four-level atomic system and laser coupling
doubly dressed states. Our experiment was carried out ifcheme. (b) Intermediate picture of primary dressed states created
#Rb atoms cooled and confined in a magneto-optical trapy the coupling laser. (c) Dressed-state picture showing the pri-
(MOT) and the experimental measurements agree quantitanary dressed state-) and the secondary dressed statesubly
tively with theoretical calculations based on a four-leveldressed statgd+, +) and|+, —), which leads to a three-peaked
atomic system described below. probe absorption spectrum.

13>

(b) (©)
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tedious to write explicitly the analytical results for the three |+,—)=cosf’|4)—sing’'|+). (4b)
dressed states and the corresponding energies. However, it is

straightforward to derive these results when the couplindHere tan2'=—-20'/(A'+Q) (0<6#'<m/2). In particular,
field and the pump field are both exactly on resonance, i.ewith a resonant coupling lase’A(=0) and a pump laser

A.=A’=0, under which the three dressed states are givewith a detuningA’ = —(}, the doubly dressed states acquires
by the simplest form that is given by
1 Q Q' 1 1 1
1,+)=—|[2)+ 3)+ 4y |, |+, +)=—]4)+5[2)+ 53), (53
| >ﬁ('>m'>m'>) I
(2a)
1 1 1
Q QO |+,—>:5|4>—§|2>—§|3>- (5b)
1,00= ———|4)— ———3), 2b

Together with the unperturbed primary dressed statg
, =(1n2)(|3)—12)), the semiclassical coupled atom-field
|1,—)= i( |2)— 2 13)— Q |4>)_ system consists of three discrete states. In order to validate
V2 JOZ+ Q2 JOZ+ Q2 the above simple analysis, we solve the Hamiltonian of the
(200 coupled atomic statel®), |3), and |4) under the conditions
O>0', A.=0, andA’=—. The eigenvalues of the three
The corresponding eigenenergies &e= JOZ+ Q2 Eq dressed states are given to the first ordeflihasE..=()
=0, andE_=— O+ Q' Therefore, the absorption spec- =Q'/v2, and Eq=—{). The corresponding dressed states
trum of the probe field contains three spectral peaks correare |+,+), |+,—), and |—), which agree with the simple
sponding to the dressed-state transitiohy —|1+), |1) analysis. The absorption spectrum of the probe laser will
—1]1,0), and|1)—|1,—), with the peak positions given by have three spectral peaks corresponding to the probe transi-
A=E_, Ey, andE_, respectively. The square of the dipole tion from the statd1) to the doubly dressed states,+),
moment for the probe absorption is identical for the two|+,—) and the singly dressed stdte). Similarly, the square
transitions |[1)—|1,+), |1)—|1,—), which is given by of the dipole moment for the probe absorption can be de-
[(1]d|1,+)[>=d2,0%/2(Q%+Q’?) while for the transition rived: for the transitiof1)—|+,+) (|+,—)), it is given by
|1)—]1,0, it is given by |(1]d|1,+)P=d%0'2(Q? K1|d|+,+)P=d:44; while for the transition1)—|-), it
+0'?). Heredy3=(1|d|3) is the dipole moment between is given by|(1|d|+,+)[?=d742. Therefore, the absorption
the stategl) and|3). Since the absorption is proportional to amplitude for the two doubly dressed states will be half of
the square of the transition dipole moment, the ratio of thehe amplitude for the singly dressed stéte.
amplitudes between the probe transitiong)—|1,+) Coherent coupling of the atomic states creates dressed
(11)]—]1,—)) and|1)|—|1,0) is then given by%/2Q "2, atomic states and leads to interference for the transition be-
WhenQ>()’, one may consider the coupled three-leveltween the dressed states and other noncoupled states. This
system by two steps. First, the dominant interaction of thdeads to interesting phenomenon such as electromagnetically
coupling field and the atom with the stat@sand|3) creates  induced transparency or coherent population trappir@j.
primary dressed stat¢s) and|—) [Fig. 1(b)] given by[12] By coupling a single primary dressed state with a separate
atomic state, the doubly dressed states are created. Interfer-

| +)=sin0|3) + cos6|2), (38  ence will occur for the transition from the doubly dressed
states to a noncoupled atomic state such as the one connected
|—)=cos6|3)—sin6|2). (3b) by the weak probe laser. For the four-level system discussed

here, coherent manipulation of the three atomic states by two
Here tan 2=—20/Ac (0< 6</2). The two dressed states laser fields leads to constructive interference experienced by
are separated in energy by)2 Next, consider secondary the probe laser at the center of the two doubly dressed states
dressed states created from the primary dressed gtajes (the probe detuning\ = w,— w3;=(). From the dressed-
and|—) by the pump field with Rabi frequency(? . When State picture, the probe absorptionfet () (from the state
the pump field is tuned close to one of the primary dressedfl) to the center of the two doubly dressed statespropor-
states|+) (or |—)), approximately the pump field only tional to
couples the dressed stgte) (or |—)) to the statel4) and . L. 2
leaves the other dressed state) (or |+)) unperturbed. In . (1[d-Ep|+,+) N <1|d'Ep|+'_>‘ _ 9
other words, the pump field can selectively couple one of the -Q' Q' | Q'
primary dressed states and creates the doubly or secondary
dressed states. For example, if the pump laser only coupléEhat is, the two excitation pathgl)—|+,+) and |1)
the dressed statet), the resulting doubly dressed state —|+,—), interfere constructively, leading to enhanced ab-

(6)

|+,+) and|+,—) are given by sorption. This is in contrast to a four-level system analyzed
by Lukin et al.[17] in which the doubly dressed system ex-
|+,+)=sin@’|4)+cosd’|+), (4a) hibits sharp dark resonance due to destructive interference
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FIG. 3. Schematic diagram of the experimental setup. The dark
spot diameter in the repump beam profile~igt mm. Att,, the
resonant coupling laser is turned on by an AOM, and the frequency
detuning of the cooling and trapping lageiow acts as the pump
lase) is suddenly shifted toA’'~Q (or —Q). At t, (t,—1t;
=0.15ms), the probe laser frequency is scanned across thE
=1—F'=1 transition(the scan timet;—t,=0.2m3. At t, the
coupling laser is turned off by the AOM, and the frequency detun-
ing of the cooling and trapping laser is shifted back Ad
~ —3I', below theD, F=2—F'=3 transition. The experiment is
running at a repetition rate of 10 Hz. For each period, the probe
(b) absorption measurement runs figr-t;=0.4 ms, and the cooling
and trapping lasts fotr;—t,=99.6 ms.

FIG. 2. (a) Energy levels of®’Rb atoms and laser coupling
scheme used in the experimentb) Energy diagram showing de-
tailed coupling among the magnetic sublevels and the three las
fields with appropriate polarizations.

épe coupled Rb system can be viewed as equivalent to the

generic four-level system depicted in Fig. 1. The validity of
such a simplification has been supported by several previous
between the secondary dressed states. The difference baudies[18,19. The spontaneous decay rates of the st@es
tween the present four-level system and that of RET] is  and|4) arel'; (27X 5.3 MHz) andl', (27X 5.9 MHz), re-
that here the stat@) is an excited state while it is metastable spectively.
in Ref.[17]. Therefore, decoherence of the Raman coherence Our experiment was carried out in a vapor cell MOT pro-
p14 OCcurs in the present four-level system but not in theduced in the center of a 10-port, 4,5-diam, stainless-steel
four-level system of Ref[17]. In the dressed-state picture, vacuum chamber pumped down to a pressured ° Torr.
this transfers into constructive interference or destructive inThe MOT was produced with the standard six-beam configu-
terference for the two systems, respectively. ration[20]. The rubidium vapor pressure 6f10™ 8 Torr was

The level structure and laser coupling scheme &®&b  maintained with three rubidium getters connected in series

atoms used in our experiment are depicted in Fig. 2. A couand placed close to the center of the vacuum chamber. The
pling laser drives th®, F=2—F’=1 transition at 795 nm experimental scheme is depicted in Fig.(tBe trap laser
and creates dressed atomic statesand|—). A pump laser beams in the direction are not drawn An extended-cavity
drives theD, F=2—F’=3 transition at 780 nm and gen- diode laser with output power 6f40 mW was used as the
erates the secondary dressed sthtes ) and|+,—). Aweak  cooling and trapping laser that supplied six ando~ po-
probe laser couples thB,; F=1—F’'=1 transition. The larized beams in three perpendicular spatial directions and its
coupling laser and the probe laser are linearly polarized peifrequency was locked te-3I'y below theD, F=2—F’
pendicular to each other while the pump laser is circularly=3 transition. Another extended cavity diode laser with out-
polarized. Figure @) shows the detailed coupling diagram put power of~10 mW was used as the repump laser and its
among the magnetic sublevels. The induced transitionfrequency was locked to tHe, F=1—F'=2 transition. A
among the magnetic sublevels by the three lasers can kark spot o~4 mm in diameter was made inside the repump
grouped together according to selection rules and form &eam profile. In this dark MOT configuratiof21], more
manifold of four-level systems. To a good approximation,atoms can be accumulated in the=1 hyperfine states and
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FIG. 4. (a) Measured probe absorption versus the probe fre-

quency detuningh when the coupling laser and the pump laser are -100 -50 ° 50 100

both on resonanceé,;~0 andA’~0. (b) and(c) Measured probe Probe Detuning (MHz)

absorption versu& with the off-resonant coupling and pump lasers.

The spectra are taken with’~8 MHz and A .~ —21 MHz (b), FIG. 5. (@) Measured probe absorption versus the probe fre-
—32 MHz (c), and —42 MHz (d). Other parameters are(R  quency detuning\ with the coupling laser on resonancg,~0,
=34 MHz, 20'=10MHz, and 3=1.5 MHz. and the pump laser far detuned’(~200 MHz). (b) Measured

probe absorption versud with A.~0 and theA’'~—-Q. (c)
more importantly, the repump laser will not interfere with Measured probe absorption vershisvith A;~0 andA’~Q. The
the experimental measurement. The diameter of the trappingree-peaked spectra represent the probe transition to the three
laser beams and the repumping laser beamwhsm. The  dressed statdsee Fig. Ic)]. Solid lines are experimental data and
weak probe laser is provided by a third extended-cavity didashed lines are theoretical calculations.
ode laser. It has a beam diamete0.8 mm and power at-
tenuated to~1 uW. A Ti: sapphire lasefCoherent 899-21  contains ~4x 10’ atoms (estimated from the measured
with a beam diameter3 mm is used as the coupling laser. single-pass absorption 0f20% with the weak probe laser
The probe laser and the coupling laser are overlapped wittuned to theD; F=1—F’ =2 transition. During the experi-
the trapped Rb cloud and the probe-laser absorption spement, the trap laser beams, the dark repump laser beam, and
trum is recorded by a biased photodiode as shown in Fig. 3he probe laser beam are always on, while the coupling laser
The linewidth of the extended-cavity diode lasers is less thabeam is extracted from the first-order diffracted beam of the
1 MHz and the linewidth of the Ti:sapphire laser8 MHz.  Ti:sapphire laser by a 110 MHz acousto-optic modulator
The trapped’Rb atom cloud is~1.5 mm in diameter and (AOM) that is turned on and off by a pulse generator. The
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diffraction efficiency of the AOM is~40%. The maximum coupling and pump lasefdc# 0 andA’# 0). The observed
power of the Ti:sapphire laser before the AOMHR00 mW.  spectra show three peaks with varying amplitudes and un-
The experiment is run in a sequential mode with a repetitiorequal peak separations, which agree well with the theoretical
rate of 10 Hz and the time sequence is shown in Fig. 3. Fogalculations. As expected, when the coupling laser and the
each period oft;—t;=100ms, the time for the probe ab- pPump laser are frequency detuned from the resonafice
sorption measurement lastst,—t;=0.4 ms while the rest #0 orA’#0), the three dressed states have different energy
of the time, ts—t,=99.6ms, is used for the cooling and SPlittings and the mixing coefficients of the wave functions
trapping of the Rb atoms. At; (see Fig. 3, the resonant N general are all different for the three dressed states. This
coupling laser is turned on by the AOM in 150 ns, and theleads to an asymmetrl_cal spectral profile with three spec_tral
cooling and trapping laser frequency is suddenly shifted t(peaks .Of unequal amplitudes and unequal energy separations.
the desired valud’, which now acts as the pump laser for In Fig. 5 we plot measured absorption specira of the weak
the secondary dressed-state generation.tfet,;=0.1ms probe laser versus the probe frequency detummgvh]ch

he RDb at ticall dt th‘ 1w_m|'1 h ) corresponds to the spemql case discussed byFgDuring _
the Rb atoms are optically pumped to the gro y the experiment, the coupling laser was locked on the atomic
perfine state. At,, the wegk pr.obe I_aser is scanned acmssresonanceAQCZO). Figure %a) shows the probe absorption
the D, F=1—F'=1 transition in a time ot3—1,~0.2MS  ,pained when the pump laser frequency was far detuned
and the probe absorption was recorded by a digital oscnlomrwzoo MHz to the blue side which represents the EIT
scope. Att,=t;+0.4ms, the coupling laser is turned off by spectrum in aA-type system[16]. The two peaks in the

the AOM, and the cooling and trapping laser frequency isgpectrym represent the transitions from the ground tate
shifted back to~3T", below the resonance to reestablish theto the two singly dressed states) and |—) [Eq. (3) with

MOT. Since the probe laser is very weak and frequency deAc:O]. Figure 8b) shows the probe spectrum with the

tuned far from the resonance in the cooling and trappin ump detuningA’~—Q while Fig. 5c) shows the probe
period, it does not disturb the MOT. Because the couplini ectrum with the pump detunirﬁg@ﬂ. The two spectra
laser pulse and_ the_ frequency scan time are much greatgh monstrate the three-peaked spectral profile that corre-
than the relaxation time of the Rb e>_<C|ted states, the eXPerlsnonds to a primary dressed state unperturbed by the pump
men;cjal measurements are essentially carried out in thge|q and the two secondary dressed states generated by the
steady-state regime. ump field from one of the singly dressed state. The mea-

Iggulre 4 plots mehasuretg a]?sorptlon sdpecglg O; the we urements agree with the dressed-state analysis. We also
probe laser versus the probe frequency detudinghe ex- easured the probe absorption spectrum for other pump la-

perimental data are plotted in solid lines. From the measure er detuninggvaried fromA’ = — 100 MHz to +100 MH2)

spectra, we derive the Rabi frequencies of the coupling Iaseé:nd observed as ; :
X ymmetrical, three-peaked spectral profiles
and the pump laser, which aref2=34 (+2) MHz and i varying amplitudes. As the pump laser is detuned away

2('=10 (+2) MHz, _respectively. We then used these pa-¢om e primary dressed states, the probe spectral profile
rameters and the estimated Rabi frequency of the weak pro%olves into the two-peaked EIT spectrum plotted in Fig.
laser (=~1.5MHz) in the numerical calculations for the ).

four-level system. The calculated results are plotted as the' |, .oncjusion, we have observed the doubly dressed states
dashed lines and agree well with the experimental measureseated by two laser fields fiRb atoms cooled and confined
ments. Figure @) shows the probe spectrum when both thej, 5 MOT. The three-peaked spectrum can be interpreted by

c_ou;,)llng laser and the pump laser are on resonade® ( e gressed-state picture and agrees well with theoretical
=A"=0). We observe a three-peaked, symmetrical line prog|cjations-based on a four-level coupled system. In con-

file that corresponds to the transition from the staido the a6t 16 the destructive interference in theype EIT system,
three dressed states given in E2) with equal energy split- 6 aqded pump field creates constructive interference be-
tings. The measured amplitude ratio between the two sid&yyeen the excitation paths to the doubly dressed states. Our

baznds ,fnd ‘the central peak is approximately equal 1@, eriment demonstrates the versatility of coherent manipu-
Q7/2€)'“ derived from the dressed-state analysis. The centrgion of multiple atomic states with multiple laser fields in
peak atA=0 represents the third-order nonlinear absorptiong |4 atoms.

which is enhanced by constructive quantum interference and
is most pronounced at smdll values[22,23. Figures 4b) This work is supported by the National Science Founda-
and 4c) show the probe spectra observed with off-resonantion and the U.S. Army Research Office.
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