PHYSICAL REVIEW A VOLUME 59, NUMBER 5 MAY 1999
Multilevel dark states in an inhomogeneously broadened open atomic system
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We report an experimental observation of coherent population trapping in multilevel dark states prepared in
the ground hyperfine states 8fRb atoms confined in a room-temperature vapor cell. The dark states are
created by a linearly polarized coupling laser that is tuned t¢tRb D, F=2—F’=1 or 2 transition and
establishes\-type transition chains. The Doppler shift for tAetype transition chains is compensated by the
left and right circularly polarized components of the coupling laser. The multilevel dark states that consist of
three or two magnetic sublevels among the five degenerate magnetic sublevelsia 2Zhground hyperfine
state are probed by a weak probe laser scanned across th®samesition and their existence is manifested
by a strong dependence of the probe excitation on the probe polarization. Our experiment demonstrates the
importance of coherent population trapping in a laser coupled degenerate multilevel open atomic system, which
may play an important role in diverse physical phenomena such as atom cooling and trapping, optical pumping,
and multiple laser excitation and ionization of atoms and molec{8%050-29479)05505-5

PACS numbds): 42.50.Gy, 42.50.Hz, 32.80.Bx

[. INTRODUCTION states produced by the coupling laser are decoupled from the
same coupling laser and CPT is therefore realized in a de-
Coherent population trappin@PT) relies on the forma- generate multilevel systenf19,20. In open multilevel
tion of a coherent superposition of ground or metastablatomic systemgsuch asD; and D, transitions in alkali-
states that are decoupled from the incident electromagnetimetal atomy optical pumping transfers atomic population
field and, hence, referred to as dark stttk CPT was from one ground hyperfine state to the other noninteracting
originally observed in closed three-lev&lsystems in which  hyperfine state, which is detrimental to the multilevel CPT.
a dark state composed of a coherent superposition of the twbheoretical studies in homogeneous atomic systems show
ground states is generated by two radiation fi¢Ri8]. The  that the multilevel CPT competes effectively with the optical
two quantum interaction paths between the dark state and t mpmg and can be preserved in an open atomic System
excited state interfere destructively and the atoms in the darfo(). Specifically, Linget al. showed theoretically that CPT
state cannot be excited by the fields that generate the dagisis in the open multilevel RD, F=2<F=1 transitions
state. CPT plays an important role in a variety of physical>1] Recently, Milner and Prior demonstrated experimen-
phelr_lomefna invog/iTg rahdiatir(])n matter_:T;eLagtions, S_“Ch Afally the multilevel CPT on th®, F=2«F'=2 transitions
cooling of atoms below the photon recoil linit,5], trappin - - :
of ator?’ns in optical latticefb % electromagr?gticglly ir?gucged of sodium atoms in an atomic b(_aam appardas. T
1 ; o In a Doppler-broadened atomic system, atoms with differ-
transparencyEIT) [8—10], lasing without population inver- . ) "
ent thermal velocities experience different frequency detun-

sion[11-13, and control of nonlinear atomic polarizabilities . . )
[ 3 b gs from the coupling laser. But the two circular compo-

[14-14. Studies of these phenomena have all been based di

closed three-level atomic systems in which total atomic€nts of a linearly polarized coupling laser that couple the

population is conserved. Am=1 and Am=—1 sublevel transitions separately have

In practical atomic systems, atomic transitions often in-€xactly the same Doppler shift, the net effect being a com-
volve magnetic sublevel structures that can lead to interesilete cancellation of the Doppler shifts fartype transitions
ing consequences. Coherent radiation-atom interaction iffiduced by the two circular components of the same cou-
multilevel degenerate systems has received increasing attepling laser(see Fig. 1 The A-type coupling of the degener-
tion in recent year§17—19. It has been found that CPT is a ate hyperfine ground sublevels produces dark states. Al-
more general phenomenon that exists in a two-state atomifiough atoms with different thermal velocities experience
system with degenerate multiple ground and excited sublewdifferent frequency detunings from the coupling laser, the
els. Interaction of a degenerate multilevel system with am\-type coupling is Doppler-free and resonant for all atoms.
elliptically polarized coupling field produces atom-field Therefore, coherent population trapping in a Doppler-
dressed states. When the number of degenerate ground-stét@adened, open multilevel system should be robust and
sublevels is greater than or equal to the number of degenerateadily observable just like CPT in a homogeneous, open
excited-state sublevels, the dressed states can be divided inwltilevel atomic system. Below, we analyze the multilevel
bright dressed states that consist of a coherent mixture afark states created by a resonant coupling laser irDthe
both the ground and excited sublevels, and dark states thtransitions of®’Rb atoms and report an experimental obser-
consist of the ground sublevels only. The bright dressedation of CPT in Doppler-broadened, open multilevel atomic
states are shifted in energy by the field-atom interactiorsystems consisting of’/Rb atoms confined in a room-
while the energy of the dark states is not shifted. The darkemperature vapor cell.
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population can also be trapped in a coherent superposition of
three hyperfine ground sublevelm=2, 0, and—2) con-
nected by the\-type transition chain to the sublevels of the
excited statdm=1 and—1) [Fig. 1(b)]. For a resonant cou-
pling field, the dark state can be written @snitting an ar-
bitrary phase factor

|¢)=2{\3]-2)+]0) + V2[2)}. 0

Hereli) (i=0,£1,+2) denotes the ground magnetit=i
sublevel. For th&e=2—F'=1 transition, there exists two
A-type chains: one connecting three subleygis- 2, 0, and
—2) of the hyperfine ground state to the subleVets=1 and
—1) of the excited state, and the other connecting the two
hyperfine ground sublevelsn=1 and —1) to the sublevel
(m=0) of the excited stat¢Fig. 1(a)]. The corresponding
dark states arg21]

| b2y =& - 2)— \B|0) +[2)} @

and

oy = V(- 1)~ 1)}, &)

FIG. 1. Energy levels and relative dipole moments forifigp ~ resSpectively. General expressions of dark states generated by
D, F=2«F'=1 transition ancF=2«F'=2 transition. The left an arbitrary, ellipticaly polarized light field can be derived
and right circular polarization components of a linearly polarizedfrom the formalism presented in Refd9, 20. Note that the
coupling laser induc&m=+1 andAm=—1 transitions, respec- dark states are a coherent mixture of the hyperfine ground
tively. This establishes\-type coupling chaingshown by solid  sublevels. For a circularly polarized coupling field, no dark
lines) and generates dark states, which causes coherent populatistate can be generated and CPT does not exist. For example,

(b) F=2&F'=2 Transition

trapping in a degenerate multilevel system. for the F=2—F'=2 transition, optical pumping by a left
(right) circularly polarized light will trap the atoms in the
Il. DARK STATES IN THE 8Rb D; TRANSITIONS m=2 (m=—2) sublevel while for th&&c=2—F'=1 tran-

sition, the atoms will be trapped in the=2 and 1 orm
=—2 and -1 sublevels, respectivelfalso to the noninter-
%cting groundF=1 sublevels This may be referred to as
incoherent population trapping because the optical pumping
aq(ges not leave the trapped atoms in a coherent mixture of the
round sublevels. Since CPT depends on the polarization of
he coupling field, it can be explored by a weak probe laser
tuned to thesameatomic transition as the coupling laser. The
transition probability induced by a probe field, between
the dark state® generated by a linearly polarized coupling
field and the excited hyperfine stafe€ (including all mag-
netic sublevelsis given by[23]

Consider thé®’Rb D; F=2—F'=1 andF=2—F'=2
transitions with relevant energy levels, links of the transi-
tions among magnetic sublevels, and the coupling constan
(dipole momentsdepicted in Fig. 1. Atoms in the excited
state can spontaneously decay to the hyperfine ground st
F=1, which makes the two degenerate multilevel system
open. A coupling laser linearly polarized in thedirection
(assuming the wave vectdris in the z direction) can be
written as a superposition of the le& () and the right §_)
circularly polarized components:

E=35,E exp( —iwt)+c.C.

Zi(§++§,)Eexp(—iwt)+c.c. P((ﬁ'F,):;n K4ID-EglF )P @

When the probe laser is polarized parallel to the coupling

CPT occurs in the transitiors—F' only whenF’'<F and field, the probe field can be written as

is manifested by\-type transition chains connecting the de-
generate hyperfine ground sublevedown as solid lines in

Fig. 1) [18,19. Morris and Shore showed 6] that a unitary Ep=&Epexp—iwt)+c.c.

transformation can change the wave function basis into a 1

new set of eigenstates of the interaction Hamiltonian, one of =—(8,+&_)Epexp—iwt)+c.C. (5
which is decoupled from the excitation field and corresponds v2

to the dark states. For tHe=2—F'=2 transition, besides
the well-known optical pumping that transfers the atoms towhen the probe laser is polarized perpendicular to the cou-
the noninteracting, hyperfine groutd=1 state, the atomic pling laser, the probe field can be written as
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Ep: éyEp exp —iwt)+c.c. CW Ti:Saphhire Laser
(Coupling Laser) ..
Digital Scope
—i |:| Diode Laser
=—(&,—8_){Epexp—iwt)+c.c}. (6) (Probe Laser) PC
V2
P (IR
We defineP, (¢,F’) andP;(¢,F') as the transition prob- M2 o M2 8Rb Vapor Cell
abilities of the probe excitation for thgpolarized and the AW M
x-polarized probe field, respectively. It is easy to show that M \ LA
P/(#,F')=0 and P, (¢,F')#0 for both the F=2-F' M

=1 andF =2«F'=2 transitions. The dark states generated Magneic tied /*

by the coupling laser are decoupled from theolarized FIG. 2. Experimental arrangement for observation of CPT in

probe laser due to the destructive interference between thg,,,jer broadened, multilevel degenerate, of&b systemsP's,

excitation paths and no excitation by the probe laser occurg,gjarizers\/2's, half-wave platesi’s, mirrors; D, photodiode de-
In contrast, the dark states are coupled to yheolarized  tector; PC, personal computer.

probe laser through the constructive interference and the at-

oms in the dark states will be excited. The interference con- P (6 F)—P(F")
trast for the two polarization directions of the probe field on c=——"~* L7 '__ 580, 9)
both the transiionF=2—~F’=1 and the transitionF P (¢.F)+Py(e,F")

=2~F’'=2 is given by
Note that for an open multilevel system in the steady state,
P (¢, F')—Py(o,F") the atomic population in the bright dressed states is com-
C= / ry = 100%. (7)) pletely depleted by the optical pumping. The polarization
P (4.F)+P,(bF) pletely depleted by the optical pumping e polarizatio
dependence of the probe excitation is observable only when
Because the two circularly polarized component$ jnand  there are atoms trapped in the dark states. As discussed be-
£_ have am phase difference between tkgolarized probe fore, a circularly polarized coupling field produces no dark
field and they-polarized probe field, the interference of the state and the optical pumping only leads to incoherent popu-
excitation paths between the dark states and the excited hiation trapping in the “edge” magnetic sublevels. Since
perfine state changes from destructive to constructive for ththese states are not coherent superposition of the magnetic
two polarization directions. Therefore, the polarization de-sublevels of the ground hyperfine state, there will be no po-
pendence of the probe excitation is a signature of CPT. larization dependence of the probe excitation. Therefore, the
A weak probe laser tuned todifferentset of the hyper- polarization dependence of the atomic excitation by a weak
fine transitions from the coupling laser will excite the atomsprobe laser coupled to the same or different transition as that
from the dark states to the excited state. Since the dark stat@$ the coupling laser is caused by the interference of the
are a coherent superposition of the ground magnetic sublegxcitation paths between the dark states and the excited state,
els, the interference between the multiple interaction pathwhich is an indicative feature of CPT in open multilevel
will also cause a variation of the transition probability as theatomic systems.
probe field polarization changes. Because the dipole mo-
ments differ among d.iffer.ent hyperfine transitions, the con- lIl. EXPERIMENTAL RESULTS
structive and destructive interferences generally do not have
100% contrast when the coupling field and the probe field The experimental arrangement is shown schematically in
are tuned to different transitions. For thf&®b D, transitions, Fig. 2. The experiment was performed in a room-
when a linearly polarized, resonant coupling field producedemperature®’Rb isotope(the isotope abundance was 95%
the dark statép) on theF =2 F' =2 transition and a probe Vvapor cell without any buffer gas. The estimated Rb density
field drives theF =2« F’ =1 transition, we found that con- was ~2x10"%cm™3 [24]. The vapor cell was 7.5 cm long
structive interference occurs in the probe excitation for theand was magnetically shielded by a 15-cm-lopgmetal
probe field polarized parallel to the coupling field and de-tube. The measured residual magnetic field we®03 G.
structive interference occurs for the probe field polarized perThe hyperfine splitting of the excitedPy,, F'=2, andF’

pendicular to the coupling field. The interference contrast is=1 states is 816 MHz, which is greater than the Doppler
given by width of ~540 MHz. Therefore, the Doppler-broadened ab-

sorption lines for the two transitions are well resolved. The
P F)=Py(sF') coupling field was provided by a Ti:sapphire lag€pherent
PL(¢!F,)+ PH(¢!FI)

899-21) with a beam diameter2 mm and power-80 mW.

An extended-cavity diode laser was used as the weak probe
Similarly, when a linearly polarized, resonant coupling fieldlaser. The beam diameter of the diode laser wdsmm and
produces the dark states,) and |¢,) on the F=2-F’ the power was-0.2 uW. The beams of the Ti:sapphire laser
=1 transition and a linearly polarized probe field drives theand the diode laser were overlapped in the Rb vapor cell with
transitionF =2« F' =2, the probe field polarized parallel to an angle~0.5°. The linewidth of the Ti:sapphire laser was
the coupling field leads to the constructive interference and<5 MHz while the diode laser linewidth wasl MHz. After
the probe field polarized perpendicular to the coupling fieldpassing through the Rb cell, the probe beam was detected by
leads to the destructive interference. The interference cora photodiode. The photodiode signal was sent to a digital
trast is oscilloscope and the digitized data were stored in a PC. Dur-

C

—61%. (8
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ing the experiment, the Ti:sapphire laser was tuned to the . . . . :
center of theD; F=2+F'=1 or 2 transition at~795 nm
while the diode laser frequency was scanned acros®the
F=2<~F'=1 and 2 transitions.

Figure 3a) shows the absorption spectrum of the weak
probe laser scanned across tfBb D; F=2—F’'=1 and
F’=2 transitions when the coupling laser is absent. When
the linearly polarized coupling laser was turned on and tuned <
to the center of thé&==2<—F'=1 transition, the probe ab- ?1000 7500 0 500 1000 1500
sorption spectrum is showfrigs. 3b) and 3c)]. When the , , , , :
probe laser polarization was parallel to that of the coupling 60 - (b) Il Polarization _
laser[Fig. 3(b)], the absorption at thE=2+F'=1 transi-
tion is suppressed by the destructive interference, indicating
CPT in the dark states. The broad minimum at the
=2<F’=1 transition reflects the thermal distribution of the
trapped Rb atoms and shows that CPT is effective for most
of the Rb atoms in the thermal velocity distribution. This is
expected from the Doppler-freg-type coupling of the two ~1000 _5'00 0 560 1 0'00 1500
circular components of the linearly polarized laser. The weak
probe laser simply maps out the trapped Rb atoms in the darkA 60 o
states and plays no role in the creation of the dark states. 5 ~  (c) 1 Polarization b
This is different from the CPTor EIT) observed in the non- '

bsorption (%)

Absorption (%)

T T T T T

degenerate three-leval-type system coupled by two lasers .é 40 - .
with different frequencie$2,3,8—1Q. As the coupling laser 2 - .
intensity decreases, the absorption near the line center in-§ 20 |- -
creases and the broad minimum becomes narrower. At : L _
higher coupling laser intensities, the off-resonant excitation 0 ) . ! .

of the Rb atoms to thé’'=2 state becomes appreciable. -1000  -500 0 500 1000 1500
This leads to the transfer of some Rb atoms to the ground g 100 . 1 r .
F=1 hyperfine state and results in fewer Rb atoms trapped — (d)

in the groundF=2 dark states. As discussed before, the : 50 - B
same probe laser induces the constructive interference on theg:

F=2F'=2 transition(at the detuning 816 MHzat which H 0 -
the absorption is therefore enhanced. When the probe lasef®

was polarized perpendicular to the coupling Id$ég. 3(c)], o -50 - 7
the constructive interference occurs for the transitién 8

=2F'=1 and the absorption is enhanced. At the same = %000 500 0 500 1000 1200

time, the destructive interference occurs for the transifion Probe Detuning (MHz)
=2<F’'=2 at which the absorption is suppressed. It is im-
portant to note that the maximum absorption under the con-
Eg?cg;/eaigﬁgegfgcter;isg dAJi'nIn?f:gazr;?kth;;?elsargeesgﬁren thIas,er de_tuning from th@ 1 F=2«F’=1 transition.(a) Tk_le probe

. . . sorption spectrum without the presence of the coupling laser. The
competmg .opt|cal pumping that t.ransfers the_at.oms to. th%eak at the zero detuning corresponds to &b D; F=2F'
nonlnt_eractlng, grou_nE= 1 hyperfine state. This is consis- =1 transition while the peak at the detuning 816 MHz corresponds
tent with the theoretical study of R€f21] based on the ho- (5 theF=2F’'=2 transition. (b) and (c) show the probe absorp-
mogeneous Rb system. Quantitative comparison with th@on spectra when a linearly polarized coupling laser is tuned to the
theory requires a detailed analysis including the Doppler efcenter of thee =2« F' =1 transition.(b) The probe laser was lin-
fect and the off-resonant coupling with tlle=2—F’'=2  early polarized parallel to the coupling lasé) The probe laser
transition, which is quite complicated and will be left for was linearly polarized perpendicular to the coupling lagdyr.The
future consideration. The interference contrast of the prob@terference contragiL probe absorption-| probe absorptiof(L
excitation for the two-probe polarization directiofis,probe  probe absorptiont|| probe absorptionfor the two orthogonal po-
absorption —|| probe absorptiof(L probe absorption+|| larization directions of the probe laser. Note the phase reversal of
probe absorption is plotted in Fig. &d). It shows that near the interference when the probe laser was tuned from Rhe
the line center, the interference contrast for the two orthogo=2«<F’=1 transition to theF=2~F’=2 transition.
nal polarization directions is close to 100% when the probe
laser is coupled to the same transitier-2<—F’'=1 as that For comparison, we also recorded the probe absorption
of the coupling laser. The interference contrast-is45%  spectrum when the coupling laser was circularly polarized
when the probe laser is coupled to the different transitiorand tuned to the samé=2—F’'=1 transition. For a left
F=2+F'=2 from that of the coupling laser. These mea- (right) circularly polarized coupling laser, the atoms will be
surements agree well with the previous analysis. optically pumped into the grounch=1 and 2(m=—1 and

FIG. 3. Measured probe absorption spectra versus the probe
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g 20 _ 2 20
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0 1 J 1 da ! L
-1000  -500 0 500 1000 1500 -1500  -1000  -500 0 500 1000
— T T T T T - 60 T T |‘ ' T T
§ 60 - (b) 1 Polarization = 8 ~ (b) |l Polarization T
§ wr { § wr .
~Nd ~od
e 0 1 F
S 20 - 2 20
= =
< ~ 7] < 0
0 1 L 1 ! L 1 !
-1000  -500 ] 500 1000 1500 -1500  -1000  -500 0 500 1000
Detuning (MHZ) ) T T T T T
® O~ () 1 Polarization 2
FIG. 4. Measured probe absorption spectra versus the probe™ - 4
laser detuning from th& =2—F’'=1 transition with a circularly g 40 | 4
polarized coupling laser tuned to the center of Fre2—F'=1 ‘-E..' L
transition.(a) The probe laser was linearly polarized in thdirec- = 20 L
tion. (b) The probe laser was linearly polarized in thélirection. 2
< "
—2) sublevels(also to the noninteracting grouriei=1 hy- 0 B . . L
perfine statg and no CPT exists. Since the trapped atoms are -1500  -1000  -500 0 500 1000
not in a coherent superposition of the ground magnetic sub- § 80 ' ' ‘ ‘ '
levels, the probe absorption spectrum should be independer . (d) 7]
of the probe polarization. This is indeed the case as showr § 40 | N
by the probe absorption spectra presented in Hig. [4(b)] -
for the probe field polarized parallé¢berpendicular to the 6 0 - -
coupling field. o
In Fig. 5, we present the CPT measurement for &fieb = 40 - 7
D; F=2~F’'=2 transition. The dark state was generated & _ 0 , l L ; .
by the coupling laser tuned to the center of the2—F' = -1500 -1000  -500 0 500 1000
=2 transition. Figure &) shows the probe absorption spec- Probe Detuning (MHz)
trum for the probe laser polarized parallel to the coupling
laser. The absorption at the=2—F'=2 transition was FIG. 5. Measured probe absorption spectra versus the probe

suppressed by the destructive interference, while atRthe aser detuning from thé=2—F’=2 transition.(a) The probe
—2F'=1 transition(at the detuning-816 MH2) the ab- absorption spectrum without the presence of the coupling laser. The

sorption is enhanced by the constructive interference, WheR€aK at the zero detuning corresponds to fith D, F=2—F’
P y =2 transition while the peak at the detuning816 MHz corre-

the probe laser is polarized perpendicular to the couplin% onds to thé =2+ F' — 1 transition.(b) and (c) show the probe

laser, E[ht(; p;lisze IsFr,e_V(:aLrsted; t.?.e desrt]rlucttlt\:e mterfterert'l_ce oe‘f[tg)sorption spectra when a linearly polarized coupling laser is tuned
curs at ther=csF =1 fransiion whiieé the Construcliveé . o center of thee=2F'=2 transition.(b) The probe laser

mterfergnce occurs at th§=2<—>F’=2 transition [Fig. was linearly polarized parallel to the coupling las@). The probe
5(c)]. Figure §d) shows the interference contrast of the |ser was linearly polarized perpendicular to the coupling ager.
probe excitation for the two polarlza_mon dlrect|c_>ns. Again, The interference contrasthe | probe absorption- the Il probe
when the probe laser and the coupling laser drive the samgysorption/(the L probe absorptiont+ the Il probe absorptionfor
transition F=2«F'=2), the contrast is close to 100%; the two orthogonal polarization directions of the probe laser.
when the two lasers drive the different transitions, the con-

trast is ~45% with a phase reversal. These observations E . t th q be ab
again agree well with the previous analysis. Note that the or comparison, we present the measured probe absorp-

number of atoms trapped in the dark state of the tion spectra in Fig. 6 for the circularly pol_grized coupling
—2..F'=2 transition is smaller than that of th& laser tuned to the samé=2+F’'=2 transition. The left
=2 F'=1 transition, indicating that more atoms are trans-(right) circularly polarizgd couplin_g laser does not create_ any
ferred by the optical pumping to the noninteractifig- 1 dark state and the optical pumping traps some atoms in the
ground state. This may be due to the fact that there is oniground hyperfinem=2 (m=—2) sublevel. The probe ab-
one dark state for th& =2« F’=2 transition while there Sorption does not depend on its polarization as verified by
are two dark states for the=2—F'=1 transition. the measured probe spectrum shown in Figs) &nd Gb)
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FIG. 6. Measured probe absorption spectra versus the probe~ L @ 1 4
laser detuning from th&=2<F’'=2 transition with a circularly g 40 L i
polarized coupling laser tuned to the center of Fre2«—F’'=2 = B
transition.(a) The probe laser was linearly polarized in thdirec- = B
tion. (b) The probe laser was linearly polarized in theirection. 2 20 |- B
< B a i oy, !f
for the two orthogonal polarization directions of the probe 0

-1500 -1000 -500 0 500

laser. D :
L etuning (MHz
We also recorded the polarization dependence of the g ( )
probe absorption spectrum across #@b F=1<F’ tran- FIG. 7. Measured probe absorption spectra versus the probe

sitions when the linearly polarized coupling laser was tunedaser detuning from thé&=1<F'=2 transition.(a) The probe

to the center of th& =1—F’'=2 transition. No CPT can be absorption spectrum when the coupling laser was block®dand
achieved for the transition d&'>F, and the optical pump- (c) show the probe spectrum with a linearly polarized coupling laser
ing will deplete atomic population from the groure=1 tuned to the center of thE=1—F’'=2 transition.(b) The probe
hyperfine state to the grounB=2 hyperfine state. This laser was linearly polarized parallel to the coupling lager.The
agrees with the experimental measurements shown in Figrobe laser was linearly polarized perpendicular to the coupling
7(b) (the probe field is polarized parallel to the coupling 'aser.

field) and Fig. 7c) (the probe field is polarized perpendicular

to the coupling fieldl For reference, the probe absorption states and the excited state. For ##b D, transitions, the
spectrum without the coupling laser is shown in Fige)7As  interference contrast of 100% near the line center was ob-
expected, there is no dependence of the probe absorption served for the two orthogonal polarization directions of the

the probe polarization. probe laser tuned to the same transition as that of the cou-
pling laser. When the probe laser was tuned to a different
IV. CONCLUSION transition from that of the coupling laser, the interference

changes the sign and the observed interference contrast was

In conclusion, we have reported a direct observation oteduced to~45%. Our experiment shows that effects of CPT
CPT in an inhomogeneously broadened, open multilevetan be important in diverse physical phenomena in which a
atomic system. With a linearly polarized coupling laser, themultilevel atomic systen{either open or clogeinteracting
Doppler shift is completely compensated for the two circularwith a moderate coupling laser, such as cooling and trapping
components of the coupling field that connect thaype of atoms, a laser without population inversion, and optical
coupling chains and establish the dark states. Although optbumping of atoms and molecules. CPT in multilevel atomic
cal pumping depletes the atomic population by transferringystems may be useful in a number of applications such as
atoms to the noninteracting ground hyperfine state, a largpolarization control of multiple laser excitation and ioniza-
number of the atoms survive the optical pumping and areion of atoms and molecules, enhancement of nonlinear op-
trapped in the dark sta® which decouplés) from the ra-  tical susceptibilities, and manipulation of neutral atoms in
diation field that generates it. CPT was demonstrated by thgaps and optical lattices.
observation of polarization dependence of the absorption for
a weak probe laser that is tuned to the same or different
transition as that of the coupling laser. The polarization de-
pendence of the probe absorption is manifested by the quan- This work was supported by the NSF and the U.S. Army
tum interference of the excitation paths between the darlResearch OfficéGrant No. DAAH04-95-1-053%

ACKNOWLEDGMENTS



PRA 59 MULTILEVEL DARK STATES IN AN . .. 4011

[1] E. Arimondo, in Progress in Optics edited by E. Wolf [14] K. Hakuta, L. Marmet, and B. P. Soicheff, Phys. Rev. L&§.

(Elsevier Science, Amsterdam, 199&0l. XXXV, p. 257. 596 (199)); G. Z. Zhang, K. Hakuta, and B. P. Stoichaffid.
[2] E. Arimondo and G. Orriols, Nuovo Cimento Lett7, 333 71, 3099(1993.
(1976. [15] M. O. Scully, Phys. Rev. Let67, 1154(1991); A. S. Zibrov,
[3] H. R. Gray, R. M. Whitley, and C. R. Stroud, Opt. Le3t.218 H. G. Robinson, V. L. Velichansky, L. W. Hollberg, and M. O.
(1989. Scully, ibid. 79, 2959(1997).
[4] A. Aspectet al, Phys. Rev. Lett61, 826 (1988. [16] M. Jain, M. Xia, G. Y. Yin, A. J. Merriam, and S. E. Harris,
[5] F. Papoff, F. Mauri, and E. Arimondo, J. Opt. Soc. Am9B Phys. Rev. Lett77, 4326(1996.
321(1992. [17] J. R. Morris and B. W. Shore, Phys. Rev.2&, 906 (1983.
[6] A. Hemmerichet al,, Phys. Rev. Lett75, 37 (1995. [18] F. T. Hioe and C. E. Carroll, Phys. Rev. 3¥, 3000(1988.
[7] T. Esslingeret al, Phys. Rev. Lett76, 2432(1996. [19] V. S. Smirnov, A. M. Tumaikin, and V. I. Yudin, Zh. Eksp.
[8] J. E. Field, K. H. Hahn, and S. E. Harris, Phys. Rev. L&f. Teor. Fiz.96, 1613(1989 [Sov. Phys. JETB9, 913(1989].
3062(199)); S. E. Harris, Phys. Today0 (7), 36 (1997). [20] V. Milner, B. M. Chernobrod, and Y. Prior, Europhys. Lett.
[9] M. Xiao, Y. Li, S. Jin, and J. Gea-Banacloche, Phys. Rev. Lett. 34, 557 (1996.
74, 666 (1995. [21] H. Y. Ling, Y. Li, and M. Xiao, Phys. Rev. A3, 1014(1996.
[10] R. R. Moseley, S. Shepherd, D. J. Fulton, B. D. Sinclair, and[22] V. Milner and Y. Prior, Phys. Rev. Let80, 940(1998.
M. H. Dun, Phys. Rev. Lett74, 670(1995. [23] A. R. EdmondsAngular Momentum in Quantum Mechanics
[11] S. E. Harris, Phys. Rev. Let2, 1033(1989. (Princeton University Press, Princeton, NJ, 1974 76.
[12] O. Kocharovskaya, Phys. Repl19, 175(1992. [24] A. M. van der Spek, J. J. L. Mulders, and L. W. G. Steenhuy-

[13] M. O. Scully, Phys. Rep219, 191 (1992. sen, J. Opt. Soc. Am. B, 1478(1988.



