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Sub-Doppler light amplification in a coherently pumped atomic system

Yifu Zhu and Jun Lin
Department of Physics, Florida International University, Miami, Florida 33199

(Received 8 May 1995

We report the observation of steady-state amplification of a weak probe laser without population inversion
in the bare states in a Doppler-broadenfedype Rb atomic system. The probe amplification was observed
with the Rabi frequency of a coupling laser much smaller than the Doppler width and can be viewed as due to
the dressed-state inversion. A 10% single-pass amplification of a weak probe laser was obtained, and the
measured linewidth of the gain spectral feature approaches the Rb natural linewidth. A theoretical analysis
based on a three-level Doppler-broaderedystem is presented, and qualitative agreement with the experi-
ment results is achieved.

PACS numbegs): 42.50.Gy, 42.50.Hz, 32.98a, 32.70.Jz

[. INTRODUCTION sample driven by an off-resonance coupling laser. We ob-
tained 10% amplification of a weak probe laser and observed
Quantum coherence and interference among atomic stat@ssub-Doppler linewidth in the gain spectral profile. The ob-
coupled by laser fields provide a variety of phenomena foserved sub-Doppler probe amplification can be viewed as
fundamental study and offer possibilities for practical appli-LW! in the bare atomic states, but with inversion in the
cations. There have been many theoretical proposals for mélressed states.
nipulating atomic coherence to achieve light amplification
without population inversiofil—6]. Laser action related to a Il. EXPERIMENTAL RESULTS
noninverted population in a strongly pumped two-level sys-
tem has been demonstrated bef¢re-9]. Recent studies The Rb three-level\ system is realized with the laser-
have focused on the laser-induced coherence in multilevedoupledD, transitions and is depicted in Fig. 1. A coupling
systems because of their potential usefulness in generatigser connects the RbSg, (F=2 for ®Rb atoms oF =1
laser light in the electromagnetic spectral regions where lagor ®’/Rb atomg— 5Py, transition, and a probe laser couples
ing with population inversion is difficult to achieve. There the Rb P3,—5S,;,, (F=3 for ®Rb atoms orF=2 for
have been several interesting experiments demonstratingRb atoms transition. A resonant pump laser is applied to
light amplification without inversion in the time-dependent the Rb 55, (F=3 for 3Rb atoms oF =2 for #'Rb atoms
transient regimg10-13. Recently, steady-state inversion- «<>5Pg, transition and excites the atoms to the RB;5
less gain in a strongly pumped four-level Raman sydtb#h  excited state. The atomic coherengg, between the two
with collisional energy transfer has been repoftes]. While  ground hyperfine states 8fRb atoms, 5,,, F=3 andF =2
a common term, lasing without population inversigwVI), (or 5S,,, F=2 andF=1 states for®’Rb atoms, is induced
is used to describe the properties of light amplification inby the coupling laser and the probe laser. When the pump
these systems, the origin of gain may be different in distinctaser excites some Rb atoms to thPsp state, the probe
cases. laser can be amplified by the atomic coherepge even
Generally speaking, LWI may be classified into two cat-though there is no population inversion between the excited
egories: first, LWI in any state basis; second, LWI in the barestate 325, and the ground statesS5,.
atomic states, but with inversion in a hidden-state basis, such The experimental apparatus is shown schematically in
as dressed states. Usually one can distinguish the two caseiy. 2. The experiment was done in a 75-mm natural Rb
from the spectrum of the gain line profile and the pumpingvapor cell operating at temperatures up to 60°C. A cw
scheme. For LWI in any state basis, a strong coupling lasesingle-frequency Ti:sapphire las@oherent Model No. 899-
generally is near resonance with the atomic transition, an@1) was used as the coupling laser, and a cw external-cavity
the gain feature appears at the line center of another atomiiode laser and a cw temperature-stabilized diode laser were
transition (without the coupling laser, the line center corre-
sponds to the maximum absorpt)di6,21]. For LWI in the
bare atomic states, but with inversion in the dressed states,
the strong-coupling laser normally is detuned from the
atomic transition while the gain feature on the other atomic
transition occurs at one of the Autler-Townes doublet transi-
tions[17,20,21. The resulting gain and/or absorption spec- 52 B3
trum is asymmetrical. 58,5 F=2 1>
Here we present an experimental study of steady-state
light amplification in a three-leveh system, similar to that FIG. 1. Coherently pumped®Rb three-levelA system.A,
theoretically studied by Imamoglet al. [16]. The experi- (A) is the pump(probe detuning. For®Rb atoms, the ground
ment was carried out in a Doppler-broadened Rb atomityperfine states areg, F=2 and 55,, F=1.
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todetector. Probe Detuning A (GHz)
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used as the probe and pump lasers, respectively. The cou- &
pling laser and the probe laser had linear orthogonal polar- -'% Absorption
izations and propagated in the same direction, opposite to s
that of t_he pump laser. Th_e three Iager beams were over- § 87Rb 58, ,F=3)-5P3/2
lapped in the Rb cell with a relative angle of about £
3x 102 rad. After passing through the Rb cell, the probe- &

0 1

laser beam was directed to a photodiode, and its output was Probe Detuning A (GHz)

recorded by a digital oscilloscopélLecroy Model No. o .
9310A) and the data were stored in a personal computer for FIG. 3. (&) Curve 1: the probe transmission spectrum with the
later analysis. A simultaneous saturation absorption experRb cell at room temperature and without the coupling laser and the
ment was used as a frequency calibration for the Ti:sapphirBUmp laser. The horizontal scale is the probe detuning from the
; iRb 5Sy, (F=3)«5P3, transition. The absorption peak at
laser. The coupling laser and the pump laser both had a bea 1/2 312
diameter of about 1.5 mm, while the beam diameter for the® = —1.125 GHz Co”eSPO”d_S to th¥Rb 5S,, (F=é25)<—>5P3/z
probe laser was about 1 mm. The probe-laser power was kefgnsition while the peak ah=0 corresponds to the®Rb 55,
below 1 W, the pump-laser power was about 0.2 mW, and F=3)«< 55, transition. Curves 2 and 3 are the probe transmission

. . pectra with the Rb cell at 60 °C. For curve 2, the coupling laser is
the coupling laser power was varied between 700 and 1 mV\Zetuned from the ®Rb 5S,, (F—2)<5P., transition by

During the experiment, the COl_Jpllng-Iaser frquency and. th% =1.4 GHz and the pump laser is tuned to the center of the
pump-laser frequenc.:y were flxe'd. at appropriate detunmgBoppIer-broadene(?SRb 5S,, (F=3)«5Pg, transition. The re-
from the corresponding Rb transitions, Whlle_ _the probe IaseEorded probe gain at~A,=1.4 GHz is about 10%. Curve 3 is the
was scanned across the RBjp— 5P3); transition, and the  ,ohe spectrum recorded with the pump detuning= — 1.2 GHz
prope—laser absorption and/or gain spectrum was recordedrom the 8Rb 5S,, (F= 1)< 5Py, transition, and the pump laser
Figure 3 shows the probe absorption and/or gain Spectrum tuned to the center of th¥’Rb 5S,, (F = 2)«> 5P, transition.
recorded with the coupling laser power at 50 mW for theThe probe gain occurs at~A,= — 1.2 GHz[ A~ — 2.2 GHz in the
D, transitions of both Rb isotope§’Rb and®'Rb (the iso-  horizontal scale measured from tF&Rb 5S,, (F = 3)< 5P, tran-
tope shift is 1.125 GHz and abundance is 72.17% andition]. (b) An expanded view of the measured probe absorption
27.83%, respectively Curve 1 in Fig. 8a) is the probe ab- and/or gain spectra recorded at the Rb cell temperature 50 °C. The
sorption spectrum recorded without both the coupling lasesolid (dashed curve was recorded witkwithout) the pump laser.
and the pump laser, and the Rb cell is at room temperature. the pump laser was tuned to the center of tFRb 5S,,
displays the 8Rb 5S;, (F=2)—5Pg, transition at (F=3)<5Py; transition and the coupling laser was detuned from
A=—1.125 GHz and thé®Rb 5S,,, (F=3)«5Py, transi-  the ¥Rb 55y, (F=2)—5Pg, transition by A;=1.3 GHz. The
tion at A=0. Curves 2 and 3 in Fig. (8 are the probe probe e_xhibit_s gain ath~1.3 GHz with the pump Ia_ser on and
spectra recorded at the Rb cell temperature 60 °C with botfPsorption with the pump laser offc) An expanded view of the

the pump laser and coupling laser on. For curve 2, the coyMneasured probe absorption and/or gain spectra fofRb atoms
pling laser was blue detuned (= 1.4 GH2 from the 85Rp at temperature 50 °C. The solidashedl curve was recorded with

5SS, (F=2)<5P4, transition, and the pump laser was (without) the pump laser. The pump laser was tuned to the center of

- the 8Rb 5S,,, (F=2)« 5P, transition and the coupling laser was
tuned to the Doppler-broadenéRb 5Sy, (F=3)«5Pgy, detuned from the ®Rb 5S,, (F=1)«5Py, transition by

" . 0 o d
t_ransmon. The probe Iaser expienences about 10% éasmphflcaAl: 1.4 GHz. The probe exhibits gain At — 1.4 GHz with the
tion at the probe detuning\~1.4 GHz from the *Rb pump laser on and absorption with the pump laser off. For clarity,

58y, (F=3)—5P;, transition. The probe amplification gitterent curves have been vertically displaced.
from the 8'Rb atoms near thé'Rb 5S,,, (F=2)«5Pg,

transition A~ —1.2 GH2 is shown by curve 3, in which the ure 3b) shows the probe-laser amplification by the coher-

coupling laser was red detuned {= —1.2 GH2 from the  ently pumped®Rb atoms on an expanded scale and demon-
8Rb 5S,,, (F=1)« 5Py, transition while the pump laser strates the effect of the pump laser. The dashed curve was
was tuned to thé’Rb 5S,,, (F =2)« 5Py, transition. Fig- recorded when the pump laser was blocked, while the solid
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curve was recorded with the pump laser on. Without they .= —[T/2+ y3,/2+ y31/2+ 1A ]paz— i Qpoi+ig(pas— p2o),
pump laser, no probe amplification was observed: the domi-

nant probe absorption occurs at the line centers of’tht together with the equations of their complex conjugates.

581/2 (F:3)<—>5P3/2 and the 87Rb 581/2 (F:2)<—>5P3/2 H (i -:l_ h s f
transitions with a Doppler-broadened line profile, while a% ere v (i.] 3 are the radiative decay rates from state

X ) i) to state|j) andQ (g) is the Rabi frequency of the cou-
zg?dgi?\gplgpsgsx?rrr?g&?yprgghealw?cs) otaseer\;/:)idmzt tg:tu?wri?]z ling laser(the probe laser In a closed three-leveh sys-
(A=~A,). When the pump laser was tuned to the Doppler-tem’ we havepyyt popt pag=1. For the convenience of the

o Iculation,) andg are chosen to be real quantities. The
broadened®Rb 5S,, (F=3)« 5P, transition, the absorp- ca . : o e .
tion peak at A~1.3 GHz from the ®Rb 5S,, probe gain and/or absorption coefficient is proportional to

ST . . Im . In our notation, when | >0, the probe will be
(F=3)<'—>5P3,2 translltlon in the dashed curve is tyrned into am(gﬁfsi)ed while when Im,(>23)<0r?§$136): probe V\ﬂ" be attenu-
t(he gain g)?eak, Wh'!; the sub-Doppler absorption fe"’V[ureated The general steady-state solution to Efjs.can be
from the ®'/Rb atomg at the detuning-1.3 GHz from the : ; : L
8Rb 5S,,, (F=2)>5P., transition A~ — 2.4 GHz in the readily derived analyticallyfor the analysis with a resonant

: - ! coupling laser, see R€f16]), but the tedious expressions for
_hon_zontal sca_ll)als not affected, as shown by the SOI.'(.j CUVE the solution corresponding to the situation of an off-resonant
in Fig. 3(b). Figure 3c) shows the probe laser amplification

7 coupling laser offers no clear physical insight. We therefore
by the coherently pumpe#Rb atoms on an expanded scale opted to present the numerical calculation here. Shown in
when the pump laser was tuned to tH¥Rb 5S,),

= " Fig. 4 are the calculated gain coefficigéht(p,3)] of a weak
(F=2)<5Pg;, transition. When the pump laser was ,ope jaser in a homogeneous system plotted versus the
blocked, only the absorption features were recorded,

SR robe detuning\ for several coupling-laser detunings . It
shown by the dashed line in Fig(c3. When the pump laser ; : :
was on, the absorption peak At~ —1.4 GHz for the®’Rb is seen that for a given Rabi frequen@y= 20y,,, the probe

. . . ) absorption occurs at the transitions of the Autler-Townes
transition 55,, (F=2)« 5P, is turned into the gain peak. c?oublgt ie

The probe amplification was observed with the estimate
Rabi frequency of the coupling laser-(120 MH2 much

smaller than the Doppler width<500 MH2), and the probe A Ay, VAT +402
absorption and/or gain spectral featureAat A, exhibits a 2 2 '

sub-Doppler linewidtHthe measured linewidth of the probe
absorption and/or gain peaks/f#= A is about 10 MHz and
is comparable to the natural linewidth of about 6 MHz for
the ®Rb 5S,,, (F=3) or 8Rb 5S,,, (F=2)« 5P5, transi-
tion]. We note that the sub-Doppler linewidth in the probe

With the coupling laser detuningy; =50y3,, the weak side-
band at

absorption feature was observed without the pump laser, and _ Ay VA§+4QZ
the sub-Doppler probe gain was observed when the pump A~7+ 2

laser was tuned within the Doppler-broadened Rb absorption

line. The effect of the pump laser indicates that the probe b tive. AtA. =60 th be | .

amplification requires the real atomic population in the ex-'> absorptive. 1=0bUyzp, NE Probe laser experiences a
dispersive-type gain and/or absorption line profile at

cited state.
Ill. THEORETICAL ANALYSIS 0 ‘ ' ' {

To understand our experimental observation, we have § : —
analyzed theoretically the three-levelsystem16] depicted 2 .0.01 i .
in Fig. 1. We solve the density-matrix equations of motion '§ o1
for the A system driven by a coupling laser on the E 0.02 — ]
|3)«|1) transition and incoherently pumped with a rdte s e 8,=507,,

(the pump laser linewidth is about 30 MHz, greater than the @ :i':jgz” ]
Rb D, linewidth of 6 MHz; therefore it can be approximately '§ -0.03 ] e -
treated as an incoherent pump souirdgnder the electric- R L i -0-004 PP ]
dipole and the rotating-wave approximations, the density- .0.04 ' , ‘ ,

matrix equations can be written as .20 0 20 40 60 80

P11= ~ ¥31P33 11 Q(p31—p13), A5z

) ) FIG. 4. Calculated probe gain and/or absorption spectra versus
p3a=Lp11—(I'+ yaot v31)p3ztiQ(p13— p31) the probe detuning for a homogeneous three-levelsystem. The
chosen parameters afe=20ys3,, y3;=1.1y;,, A=0.1y;,, and
the probe Rabi frequenay=0.1y;,. (s, is the spontaneous decay
i ] ] ) rate from|3)—|2).) The inset shows the expanded view around

p12=—[T12+i(A1=A)]p1o—igp1atiQps, D A~A,/2+JAZ+4072/2. Note that asA; increases, the spectral
] feature evolves from the absorption to dispersive response, then to
pP13= — [F + ’}/32/2+ ’}/31/2+ i Al]P13_ |gp12+ i Q(p33_ pll)l the amplification.

+ig(p23—p32),
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FIG. 5. Calculated probe absorption and/or gain spectra for the FIG. 6. The measured probe absorption and/or gain spectra near
Doppler-broadened system depicted in Fig. 1. The Doppler width the 8'Rb 5S,,, (F = 2)« 5P, transition[the pump laser was tuned
is 100y3;, the Rabi frequency of the purrprobg laser is 383,  to the center of thé’’Rb 5S,, (F=2)«5P, transitiorj for a
(0.1y3y), and the rest of the parameters are the same as that in Figeries of coupling-laser detuningd; from the 8Rb 5S,

4. When the pump detuning, increases from 20, to 300y3,, (F=1)<5Py, transition (for clarity, different curves have been
the spectral line shape at=('~A; evolves from absorption to vertically displacel WhenA;=—0.7 GHz, the probe laser is at-
dispersion, and then to amplification. tenuated af = — '~ —0.7 GHz(curve 3. WhenA ;= —0.9 GHz,
the probe spectrum displays a dispersive line shape at
A, JA?2+40? A=-0'~-0.9 GHz(curve 2. As |A4| is increased further the
A=~ > + - normal probe amplification features were observed at

A=-Q'~A,; as shown by curve 3X;=—1.35 GH2, curve 4
(A;=—-1.55 GH2, curve 5 A;,=—-1.8 GH2, and curve 6

i mplification
Further increases af, lead to the probe amplification at (A1=—2.6 GH2. The spectral linewidth gradually narrows down

IA2¥ 402 to the natural linewidth. When the detunirdy, is too large, the
A~ % + 1T probe absorption and/or gain featureAat — '~ A, vanishes.

as shown by the curve with =70y5,. As expected, ap- proaches zero, the probe absorptiondat )'~A, is in-

proximately at the line center of the probe transition, creased and the absorption linewidth also increases.
The theoretical analysis is consistent with our experimen-
A, JAT+4Q2 tal measurement. Shown in Fig. 6 are the measured probe
T T T o absorption and/or gain spectra near $Rb 5S;,, (F

=2)«<5Pg,, transition for a series of pump detunings .
the probe laser experiences dominant absorption. As will b&/hen the pump detuning ;= —700 MHz, the probe expe-
discussed in Sec. IV, the probe spectrum can be understosignces absorption at the probe detunifng=A,=—700
in terms of a physical picture of dressed states. Taking th&#IHz (curve ); whenA;=—900 MHz, the probe spectrum
atomic velocity distribution as conventional Maxwellian and exhibits a dispersive line profile ak~A;=—-900 MHz
considering the Doppler cancellation configuration of the co{curve 2. As the coupling laser was tuned farther away from
propagating coupling laser and probe laser, we further cathe transition®Rb 5S,,, (F=1)«5P5;,, the probe laser
ried out calculations for a Doppler-broadenkdsystem, and  experiences normal amplification &~A, as shown by
the results are plotted in Fig. 5. When the coupling-laseturves 3—6, and the gain linewidth approaches the Rb natu-
detuningA, is greater than the Doppler width, but the Rabiral linewidth. When the pump detuning, becomes too
frequency() is much smaller than the Doppler width, the |arge, the probe spectral featurefat= A, disappears.
qualitative gain and/or absorption features for a homoge- In Fig. 7 we plot the calculated probe gain and/or absorp-
neousA system are preserved in a Doppler-broadefded tion coefficient(Imp,3) versus the probe detuniny for sev-
system. Again, the dominant probe absorption occurs aéral values of the coupling Rabi frequen€y. When the
A=0, which is the line center of the probe transition Rabi frequency is too smaithe solid curve withQ) = y3,),
|3)—|2). The probe spectral feature atA=0' no probe gain can be observedt Q'. As the Rabi fre-
=[A2+0Q2]¥2~A,(Q<A;) can vary from gain to absorp- quencyQ of the coupling laser increases, the probe gain
tion and change the line shape from dispersive to absorptiveappears and increases with The probe gain is optimized at
depending on the coupling-laser detuniig. As shown in  a moderate Rabi frequenc¥2(~ 30y for the chosen param-
Fig. 5, withA ;=200y3,, the probe laser experiences absorp-eters in Fig. . Further increase of the coupling-laser inten-
tion at A=Q'~A;=200y3,; with A;=250y;,, the probe sity reduces the probe gain, and the probe gain line shape
absorption and/or gain spectrum exhibits a dispersive linehanges into a dispersive shape, and eventually evolves into
shape a\ =)'~ A;=250y5,; with A;=300ys,, the probe a Doppler-broadened absorption line. This behavior can also
laser experiences amplification @ =Q'~A;=300y;,. be intuitively understood by the dressed-state picture pre-
The near cancellation of the Doppler shifts for the probesented in Sec. IV. We have observed such a behavior experi-
transition|2)«|3) and the coupling transitiofl)«|3) re-  mentally. Shown in Fig. 8 are the measured probe gain spec-
sults in a sub-Doppler linewidth in the probe gain and/ortra near the!’Rb 5S,,, (F =2)«— 5P5, transition for several
absorption feature ak=('. As the pump detuning; ap-  coupling-laser intensities while the coupling-laser detuning
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. : i i A=-0"~A;=-1.3 GHz exhibits the sub-Doppler line

— 0=y widths that approach the Rb natural linewidth. For example,
2 0.002L A Q=li)zy i the measured linewidth for the gain feature in curves 1 and 2
g ) “ "“'"Q=30732 is ~10 MHz (about equal to the Rb natural linewidth of 6
£ | il -._.-g=457:§ ) MHz after convolution of the laser linewidths of a few MHz
g N - == -Q=60y, for the Ti:sapphire laser and the probe laser
3 0 AW M mememee S
> e \ ya IV. DRESSED-STATE PICTURE
E - \, / . The observed probe amplification is induced by the two-
photon coherence,, between the ground staté) and
-0.002 : ' ' : |2). Although no direct measurement of the population dis-
300 310 320 tribution was made, the observed dominant absorption at
A/732 A=~0 indicates that there is no population inversion in the

bare atomic states. This is consistent with the steady-state

FIG. 7. Calculated probe gain and/or absorption spectra neazolution p2a=L(I'+ y32)/I']pss. Under the experimental

A~(Q' for several values of the coupling-laser Rabi frequeficy COI"!dItIOI’]S(a moderate f:oupl'lng. Ia;er with large pump de-
The full Doppler width is 10§4,, the coupling-laser detuning tunings4,), the population dlStrIl_)utlon 0be¥s22_>p33 "?md
A,=300y3,, and the rest of the parameters are the same as that 11~ P33 S(—_Jve.ral .fact'ors contribute tp th_e inversionless
Fig. 5. Note that at highef? values, the sub-Doppler probe gain at population distribution in thé\ system: First, in general, the

A=Q’ disappears and is replaced by a broadened absorption fegﬁeCt of the COUP"”Q lasefthe pump laseris reversible: it
ture. drives the transitiof1)—|3) (|2)—|3)) as well as the re-

verse transition3)—|1) (|]3)—|2)), while the spontaneous

was kept atA;= —1.3 GHz. The probe gain was observed decay from3)—[2) and|3)—|1) is irreversible[18]; sec-
when the pump power was greater than 2 rté estimated ©nd, the coherent population trapping in thesystem tends
pump Rabi frequency is about 30 MHASs the pump power 0 keeping atoms in the ground staf@9]. Perhaps the ob-
increases, the probe gain increases accordingly and is max§érved probe amplification by coherence can be best under-
mized at the pump power of about 75 mithe estimated stood by a dressed-state analygi§,20,21. The coupling
Rabi frequency is about 150 Miias shown by curves 1-3. laser drives the Rb S, F=2 (state[1)) and 5Py, (state

The probe gain decreases for further increases of the punig)) states and creates a pair of dressed sfatgsand|—)
power, and the gain profile changes into a dispersive shape &2l The energy eigenvalues of the two semiclassical
shown by curve 4. At even higher pump intensities, the probélressed states are

spectral feature ah ~A; exhibits a broadened absorption

line profile (see curve b Overall, the gain spectral feature at E. :%i%miﬂmz]m_ 2
. The corresponding semiclassical dressed states are
= ;———""A : 1 |+)=a.[1)+Db.[3),
= r 2 T
Je J‘ : where the coefficients are given by
& v y
.E J : . Ei b Q
= = = ———
S A HTEIr0y CT(EZr0Y)
2 4 i
n% 5 4 When the Rabi frequenc{ of the coupling laser is much

-1 ' : _1' 5 ‘ : 2 smaller than the detuning,, approximatelyE,~A,; and

’ E_~—Q2%A,. Then, the dressed stdte ) consists largely

of the ground stat¢l) and is shifted in energy by approxi-
mately A; from the bare-state transition; the dressed state
| —) consists largely of the excited sta@) and is barely
shifted from the bare-state transition. The dressed state pic-
ture is drawn in Fig. 9. Figure(8) shows the atomic bare-

Probe Detuning A (GHz)

FIG. 8. The measured probe gain spectra near®fRb 5S,,,
(F=2)—5P4, transition with several different coupling-laser in-

tensities (for clarity, different curves have been vertically dis- tate pict ith th lina | d th | Fi
placed. The pump laser was tuned to the center of #b 53,,,  Satc g'c Ere Wi h de cou%mg aser an _ehpumF;] as;afr. Igf-
(F=2)<5P4, transition and the coupling laser was detuned fromY'e® 9b) shows the dressed-state picture without the effect o

the ®Rb 5S,, (F=1)<5P,, transition by A;=—1.3 GHz. the pump laser. Here we see that without the pump laser, the

Curves 1-5 correspond to the pump powers 7, 23, 75, 235, and 79¢PPulation distribution satisfigs,,>p .. >p__ (the atomic

mW, respectively. As the pump intensity increases, the probe spe@opulation is shown schematically by the number of black
tral line shape changes from amplification to dispersion, then t$l0tS. The probe gain and/or absorption spectra will show the
absorption. The linewidth increases from near the natural linewidtflominant absorption feature at the dressed-state transition
(10 MH2) for the gain feature at lower intensities to a Doppler- |2)—|—) (near the line center of the bare-state transition
broadened width for the absorption feature at higher intensities. A=0) and less absorption at the dressed-state transition
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understood as follows. If the incoherent pump field is not too

3> Q-—0—'|-> strong, the atoms are heavily populated in the ground states.
Pump *oo0e> Therefore the population inversion can only be created at
Coupling large detuningsA; for the transition between the heavily
12> BAddad s . populated dressed stdte ) and the ground stat) at the
1> Looeoee probe detuning
_ _ A, VJAT+402
(a) The bare atomic states (b) The dressed states without the pump A~ 7 + T =E 4
For a fixed Rabi frequenc§2, smaller detuninga ; reduces
' N —5 1> the population imbalance between the dressed statpsnd
£ > k> |—). That is, the atomic population is transferred from the
o Probe dressed staté+) to the dressed statg-); therefore the
s 2> | population inversion between the dressed sfate and the
——e— > . .
_mg—-O—O— :-+>> 9 g0000 !> ground statg|2> ceases to exist at sma_ller _detunm@@.
Large detunings\; lead to more population imbalance be-
o o tween the two dressed states, which is favorable for the
(c) The dressed-state inversion with pump (d) Probe amplification

probe gain. However, i\, is too large, the transition prob-
ability between the dressed stdte) and the ground state
FIG. 9. Interpretation of the probe amplification in terms of the |2) is diminishingly small[9,22], and the probe gain even-

dressed-state picturéa) The coupled bare atomic states for the tually disappears. The evolution of the probe spectral feature
three-levelA system.(b) The coupling laser generates a pair of the 44

dressed states|+) and |—) with the energy separation

0= \/A§+4QZ. Note that with a large detuning,, the dressed A~E,

state|—) consists largely of the excited bare std® while the

dressed statet ) consists largely of the ground bare stgtg. If no ~ from absorptive to dispersive, then to amplification, indicates

pump laser is present, the atomic population distribution satisfieshat the population differencep, . —p,, changes from

p22>p++>p-, the probe laser will experiences absorption at thesmaller than zero to equal to zero, then to greater than zero,

dressed-state transitiof®)—|—) and|2)«|+) (the dark dots in-  as shown in Figs. 5 and 6.

dicate schematically the atomic population among different states  For a given incoherent pump rate and a fixed detuning

(c) With the pump laser on and tuned to the transitiah—|—) A, a sufficiently large value is required to generate a pair

(approximately equal in energy to the bare-state transitionyf gressed states and induce the coherent probe amplifica-

[2)3)), the atomic population in the bare sta will be excited  jon However, large) values also reduce the population

to the dressed sta_lt.b—), and _the population inversion in the imbalance between the dressed statel and|—), i.e., the

dreSSEd'Stat.e transitign ) —|2) is therefore Cre.atedd) Wh.en t.he atomic population will be transferred from the more heavily

probe laser is tuned to the dressed-state trangition—|2), it will

- : N opulated dressed state to the less populated dressed state

be amplified due to the inverted population in the dressed-statEIJF =) in Fig. 9 d red the i ted lati

basis, although there is no population inversion in the bare-stat )=|=) in Fig. _)’ and reduces the inverted population

basis P4+ — P2 WhenQ is to_o_large, the population inversion for
the dressed-state transition at

|2)—|+) at the probe detuning~A, (Autler-Townes dou- A~E,

ble. When the pump laser is on and tuned to the bare-statg,entyally ceases to exist, and the probe gain turns into ab-
transition (coincided with the dressed-state transitiongorption, as shown in Figs. 7 and 8.
|2)—|—) becauseE_~—Q?%A;~0 for a large detuning
A,), some atoms in staf@) are excited to the dressed state
| —). When the pump laser is sufficiently strong, the condi-
tion of population distributionp , , >p,,>p__, can be met
as shown in Fig. @), and the population inversion between  The observed sub-Doppler absorption and/or gain spec-
the dressed stater) and the bare statf) is created(al-  trum in the Doppler-broadened Rb system can be qualita-
though there is no population inversion in the bare statesively understood as follows. When the coupling laser and
|1), |2), and|3)). Then the probe laser will be amplified at the probe laser propagate in the same direction, the Doppler
the inverted transitiof2)«—|+) (A~A;) while the domi- shifts for the probe transitiof2)« |3) and the pump transi-
nant probe absorption occurs at the transitigh—|—) at  tion |1)«|3) are approximately equal, so the two-photon
A~0 as shown schematically by Fig(d. This is exactly scattering procesfl)« |3)«|2) is kept on resonance for
what we observed in the experiment. Therefore, this workhe Rb atoms with different velocities. Thus the observed
represents an observation of light amplification without in-probe spectral feature @&~A, (whether it is the gain or
version in the bare states, but with inversion in the dressedbsorption is essentially Doppler-free. This is similar to the
states. Doppler-free two-photon absorption in a vapor cell where a
The dependence of the probe gain on the coupling-laserounterpropagating beam configuration has to be applied,
detuningA; and the Rabi frequencf can be qualitatively and to the recently observed electromagnetically induced

V. CONCLUSION
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transparency in a Doppler-broadened atomic saff8&24.  than that between statés) and|3). Then LWI in the A

Note that in aA atomic system, the coupling laser and thesystem driven by an off-resonant pump laser can be used to
probe laser have to propagate in the same direction to cancebtain higher lasing frequencies with the help of a lower-
out the Doppler shift. Normally, one would expect that in frequency coupling laser. Now the role of the pump laser is
order to observe the probe gain in a Doppler-broadened sy#§nore clearly exposed because it has to be there to excite the
tem, the Rabi frequency of the coupling laser has to bedtoms to the excited statéor real applications, the control
greater than or comparable to the Doppler widts,25. laser should be replac_ed b_y spme_reallstlc incoherent pump
However, the near cancellation of the Doppler shift in the RgNethod. We note that in this situation, the sub-Doppler na-
A system significantly enhances the probe gain and makére Of the probe gain will be diminished and the probe gain
the observation of the probe amplification possible with aill be reduced, but the probe gain will not vanish as shown
low-power coupling laser. by Fig. 4 for the calculation of a general system.

It should be noted that Kumar and Shapiro observed the !N Summary, we have observed steady-state, Doppler-free
Raman lasing in sodiur® lines[26]. Their experiment was a_mpll_flcanon of a weak prpbe laser without population inver-
carried out in a collision-broadened vapor cell and the Rabfion in the bare states in a coherently pumped, Doppler-
frequency of their pump laséintensity about 40 W/crf) is br(_)adenedA-type Rb atomic system. The IlneW|dth_of the
comparable to the Doppler width. Our experiment was car92in spectral feature approaches the Rb natural linewidth.
ried out in an essentially collision-free environment and the! "€ probe amplification occurs in a regime where the Rabi
Rabi frequency of the coupling laser is much smaller tharfr®duency of the coupling laser is much smaller, but the
the Doppler width. When the Rabi frequency is comparablé?@UPling-laser detuning is greater, than the Doppler width.
to the Doppler width, no gain was observed in our experi-T_he _observed light amplification without populatlon inver-
ment. The major difference of their work from the presentSion in the bare states can be understood in terms of a physi-
work is that for their experimental observation, no popula-call picture of Fhe dressed-state population inversion. A theo-
tion in the excited staté3) is required, and therefore no etical analysis based on a three-leveitype system has

additional pump from staté2) to state|3) is necessary, be_en presente_d and qualitat@ve agreement between the theo-
while in our experiment, real atomic population in the ex- retical calculation and experimental measurements has been

cited statd3) is required(although no population inversion achieved. It should be noted that the Bj transitions pos-

is needell Therefore a pump laser is required to excite theS€SS hyperfine structures with magnetic sublevels, so it is not
atoms to the excited stat8); otherwise, only probe attenu- & Simple three-level system. However, such simplifying as-
ation can be observed. The critical role of the pump lasefUMPptions do provide a reasonably good approximation for
exciting the atoms to the upper std8 may be masked by the treatment of the Rb system and have been effectively
the closeness in energy between statésand|2) in the Rb  €Mployed in the past on similar systefl$,23-23.
system(the separation is only-3 GH2. However, the use- Note added in proofRecently, realization of LWI oscilla-
fulness of aA system driven by an off-resonant coupling ('S has been report¢@7,28.

laser in obtaining light amplification is not limited to the
system with close-by staté$) and|2). A suitableA system
driven by an off-resonant pump laser in other atomic species We thank K. Hardy and J. Sheldon for useful discussions.
can certainly be used to realize the situation in which theThis work was supported in part by Research Corporation
transition frequency between stat@s and|3) is far greater and the U.S. Army Research Office.
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