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We report the observation of steady-state amplification of a weak probe laser without population inversion
in the bare states in a Doppler-broadenedL-type 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-broadenedL system is presented, and qualitative agreement with the experi-
ment results is achieved.

PACS number~s!: 42.50.Gy, 42.50.Hz, 32.90.1a, 32.70.Jz

I. INTRODUCTION

Quantum coherence and interference among atomic states
coupled by laser fields provide a variety of phenomena for
fundamental study and offer possibilities for practical appli-
cations. There have been many theoretical proposals for ma-
nipulating atomic coherence to achieve light amplification
without population inversion@1–6#. Laser action related to a
noninverted population in a strongly pumped two-level sys-
tem has been demonstrated before@7–9#. Recent studies
have focused on the laser-induced coherence in multilevel
systems because of their potential usefulness in generating
laser light in the electromagnetic spectral regions where las-
ing with population inversion is difficult to achieve. There
have been several interesting experiments demonstrating
light amplification without inversion in the time-dependent
transient regime@10–13#. Recently, steady-state inversion-
less gain in a strongly pumped four-level Raman system@14#
with collisional energy transfer has been reported@15#. While
a common term, lasing without population inversion~LWI !,
is used to describe the properties of light amplification in
these systems, the origin of gain may be different in distinct
cases.

Generally speaking, LWI may be classified into two cat-
egories: first, LWI in any state basis; second, LWI in the bare
atomic states, but with inversion in a hidden-state basis, such
as dressed states. Usually one can distinguish the two cases
from the spectrum of the gain line profile and the pumping
scheme. For LWI in any state basis, a strong coupling laser
generally is near resonance with the atomic transition, and
the gain feature appears at the line center of another atomic
transition ~without the coupling laser, the line center corre-
sponds to the maximum absorption! @16,21#. 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-
trum is asymmetrical.

Here we present an experimental study of steady-state
light amplification in a three-levelL system, similar to that
theoretically studied by Imamogluet al. @16#. The experi-
ment was carried out in a Doppler-broadened Rb atomic

sample driven by an off-resonance coupling laser. We ob-
tained 10% amplification of a weak probe laser and observed
a sub-Doppler linewidth in the gain spectral profile. The ob-
served sub-Doppler probe amplification can be viewed as
LWI in the bare atomic states, but with inversion in the
dressed states.

II. EXPERIMENTAL RESULTS

The Rb three-levelL system is realized with the laser-
coupledD2 transitions and is depicted in Fig. 1. A coupling
laser connects the Rb 5S1/2 (F52 for 85Rb atoms orF51
for 87Rb atoms!↔5P3/2 transition, and a probe laser couples
the Rb 5P3/2↔5S1/2 (F53 for 85Rb atoms orF52 for
87Rb atoms! transition. A resonant pump laser is applied to
the Rb 5S1/2 (F53 for 85Rb atoms orF52 for 87Rb atoms!
↔5P3/2 transition and excites the atoms to the Rb 5P3/2
excited state. The atomic coherencer12 between the two
ground hyperfine states of85Rb atoms, 5S1/2 F53 andF52
~or 5S1/2 F52 andF51 states for87Rb atoms!, is induced
by the coupling laser and the probe laser. When the pump
laser excites some Rb atoms to the 5P3/2 state, the probe
laser can be amplified by the atomic coherencer12 even
though there is no population inversion between the excited
state 5P3/2 and the ground states 5S1/2.

The experimental apparatus is shown schematically in
Fig. 2. The experiment was done in a 75-mm natural Rb
vapor cell operating at temperatures up to 60 °C. A cw
single-frequency Ti:sapphire laser~Coherent Model No. 899-
21! was used as the coupling laser, and a cw external-cavity
diode laser and a cw temperature-stabilized diode laser were

FIG. 1. Coherently pumped85Rb three-levelL system.D1

(D) is the pump~probe! detuning. For87Rb atoms, the ground
hyperfine states are 5S1/2 F52 and 5S1/2 F51.
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used as the probe and pump lasers, respectively. The cou-
pling laser and the probe laser had linear orthogonal polar-
izations and propagated in the same direction, opposite to
that of the pump laser. The three laser beams were over-
lapped in the Rb cell with a relative angle of about
331023 rad. After passing through the Rb cell, the probe-
laser beam was directed to a photodiode, and its output was
recorded by a digital oscilloscope~Lecroy Model No.
9310A! and the data were stored in a personal computer for
later analysis. A simultaneous saturation absorption experi-
ment was used as a frequency calibration for the Ti:sapphire
laser. The coupling laser and the pump laser both had a beam
diameter of about 1.5 mm, while the beam diameter for the
probe laser was about 1 mm. The probe-laser power was kept
below 1mW, the pump-laser power was about 0.2 mW, and
the coupling laser power was varied between 700 and 1 mW.
During the experiment, the coupling-laser frequency and the
pump-laser frequency were fixed at appropriate detunings
from the corresponding Rb transitions, while the probe laser
was scanned across the Rb 5S1/2↔5P3/2 transition, and the
probe-laser absorption and/or gain spectrum was recorded.

Figure 3 shows the probe absorption and/or gain spectrum
recorded with the coupling laser power at 50 mW for the
D2 transitions of both Rb isotopes,85Rb and87Rb ~the iso-
tope shift is 1.125 GHz and abundance is 72.17% and
27.83%, respectively!. Curve 1 in Fig. 3~a! is the probe ab-
sorption spectrum recorded without both the coupling laser
and the pump laser, and the Rb cell is at room temperature. It
displays the 87Rb 5S1/2 (F52)↔5P3/2 transition at
D521.125 GHz and the85Rb 5S1/2 (F53)↔5P3/2 transi-
tion at D50. Curves 2 and 3 in Fig. 3~a! are the probe
spectra recorded at the Rb cell temperature 60 °C with both
the pump laser and coupling laser on. For curve 2, the cou-
pling laser was blue detuned (D151.4 GHz! from the 85Rb
5S1/2 (F52)↔5P3/2 transition, and the pump laser was
tuned to the Doppler-broadened85Rb 5S1/2 (F53)↔5P3/2
transition. The probe laser experiences about 10% amplifica-
tion at the probe detuningD'1.4 GHz from the 85Rb
5S1/2 (F53)↔5P3/2 transition. The probe amplification
from the 87Rb atoms near the87Rb 5S1/2 (F52)↔5P3/2
transition (D'21.2 GHz! is shown by curve 3, in which the
coupling laser was red detuned (D1521.2 GHz! from the
87Rb 5S1/2 (F51)↔5P3/2 transition while the pump laser
was tuned to the87Rb 5S1/2 (F52)↔5P3/2 transition. Fig-

ure 3~b! shows the probe-laser amplification by the coher-
ently pumped85Rb atoms on an expanded scale and demon-
strates the effect of the pump laser. The dashed curve was
recorded when the pump laser was blocked, while the solid

FIG. 2. Schematic drawing of the experiment.M stands for a
mirror, BS for a beam splitter,P for a polarizer, andD for a pho-
todetector.

FIG. 3. ~a! Curve 1: the probe transmission spectrum with the
Rb cell at room temperature and without the coupling laser and the
pump laser. The horizontal scale is the probe detuning from the
85Rb 5S1/2 (F53)↔5P3/2 transition. The absorption peak at
D521.125 GHz corresponds to the87Rb 5S1/2 (F52)↔5P3/2

transition while the peak atD50 corresponds to the85Rb 5S1/2
(F53)↔53/2 transition. Curves 2 and 3 are the probe transmission
spectra with the Rb cell at 60 °C. For curve 2, the coupling laser is
detuned from the 85Rb 5S1/2 (F52)↔5P3/2 transition by
D151.4 GHz and the pump laser is tuned to the center of the
Doppler-broadened85Rb 5S1/2 (F53)↔5P3/2 transition. The re-
corded probe gain atD'D151.4 GHz is about 10%. Curve 3 is the
probe spectrum recorded with the pump detuningD1521.2 GHz
from the 87Rb 5S1/2 (F51)↔5P3/2 transition, and the pump laser
is tuned to the center of the87Rb 5S1/2 (F52)↔5P3/2 transition.
The probe gain occurs atD'D1521.2 GHz@D'22.2 GHz in the
horizontal scale measured from the85Rb 5S1/2 (F53)↔5P3/2 tran-
sition#. ~b! An expanded view of the measured probe absorption
and/or gain spectra recorded at the Rb cell temperature 50 °C. The
solid ~dashed! curve was recorded with~without! the pump laser.
The pump laser was tuned to the center of the85Rb 5S1/2
(F53)↔5P3/2 transition and the coupling laser was detuned from
the 85Rb 5S1/2 (F52)↔5P3/2 transition byD151.3 GHz. The
probe exhibits gain atD'1.3 GHz with the pump laser on and
absorption with the pump laser off.~c! An expanded view of the
measured probe absorption and/or gain spectra for the87Rb atoms
at temperature 50 °C. The solid~dashed! curve was recorded with
~without! the pump laser. The pump laser was tuned to the center of
the 87Rb 5S1/2 (F52)↔5P3/2 transition and the coupling laser was
detuned from the 87Rb 5S1/2 (F51)↔5P3/2 transition by
D1521.4 GHz. The probe exhibits gain atD'21.4 GHz with the
pump laser on and absorption with the pump laser off. For clarity,
different curves have been vertically displaced.
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curve was recorded with the pump laser on. Without the
pump laser, no probe amplification was observed: the domi-
nant probe absorption occurs at the line centers of the85Rb
5S1/2 (F53)↔5P3/2 and the 87Rb 5S1/2 (F52)↔5P3/2
transitions with a Doppler-broadened line profile, while a
sub-Doppler absorption profile was observed at the probe
detuning approximately equal to the pump detuning
(D'D1). When the pump laser was tuned to the Doppler-
broadened85Rb 5S1/2 (F53)↔5P3/2 transition, the absorp-
tion peak at D'1.3 GHz from the 85Rb 5S1/2
(F53)↔5P3/2 transition in the dashed curve is turned into
the gain peak, while the sub-Doppler absorption feature
~from the 87Rb atoms! at the detuning21.3 GHz from the
87Rb 5S1/2 (F52)↔5P3/2 transition (D'22.4 GHz in the
horizontal scale! is not affected, as shown by the solid curve
in Fig. 3~b!. Figure 3~c! shows the probe laser amplification
by the coherently pumped87Rb atoms on an expanded scale
when the pump laser was tuned to the87Rb 5S1/2
(F52)↔5P3/2 transition. When the pump laser was
blocked, only the absorption features were recorded, as
shown by the dashed line in Fig. 3~c!. When the pump laser
was on, the absorption peak atD'21.4 GHz for the87Rb
transition 5S1/2 (F52)↔5P3/2 is turned into the gain peak.
The probe amplification was observed with the estimated
Rabi frequency of the coupling laser (;120 MHz! much
smaller than the Doppler width (;500 MHz!, and the probe
absorption and/or gain spectral feature atD'D1 exhibits a
sub-Doppler linewidth@the measured linewidth of the probe
absorption and/or gain peaks atD'D1 is about 10 MHz and
is comparable to the natural linewidth of about 6 MHz for
the 85Rb 5S1/2 (F53) or 87Rb 5S1/2 (F52)↔5P3/2 transi-
tion#. We note that the sub-Doppler linewidth in the probe
absorption feature was observed without the pump laser, and
the sub-Doppler probe gain was observed when the pump
laser was tuned within the Doppler-broadened Rb absorption
line. The effect of the pump laser indicates that the probe
amplification requires the real atomic population in the ex-
cited state.

III. THEORETICAL ANALYSIS

To understand our experimental observation, we have
analyzed theoretically the three-levelL system@16# depicted
in Fig. 1. We solve the density-matrix equations of motion
for the L system driven by a coupling laser on the
u3&↔u1& transition and incoherently pumped with a rateG
~the pump laser linewidth is about 30 MHz, greater than the
RbD2 linewidth of 6 MHz; therefore it can be approximately
treated as an incoherent pump source!. Under the electric-
dipole and the rotating-wave approximations, the density-
matrix equations can be written as

ṙ1152g31r331 iV~r312r13!,

ṙ335Gr112~G1g321g31!r331 iV~r132r31!

1 ig~r232r32!,

ṙ1252@G/21 i ~D12D!#r122 igr131 iVr32, ~1!

ṙ1352@G1g32/21g31/21 iD1#r132 igr121 iV~r332r11!,

ṙ2352@G/21g32/21g31/21 iD#r232 iVr211 ig~r332r22!,

together with the equations of their complex conjugates.
Hereg i j ( i , j51–3! are the radiative decay rates from state
u i & to stateu j & andV (g) is the Rabi frequency of the cou-
pling laser~the probe laser!. In a closed three-levelL sys-
tem, we haver111r221r3351. For the convenience of the
calculation,V and g are chosen to be real quantities. The
probe gain and/or absorption coefficient is proportional to
Im(r23). In our notation, when Im(r23).0, the probe will be
amplified while when Im(r23),0, the probe will be attenu-
ated. The general steady-state solution to Eqs.~1! can be
readily derived analytically~for the analysis with a resonant
coupling laser, see Ref.@16#!, but the tedious expressions for
the solution corresponding to the situation of an off-resonant
coupling laser offers no clear physical insight. We therefore
opted to present the numerical calculation here. Shown in
Fig. 4 are the calculated gain coefficient@Im(r23)# of a weak
probe laser in a homogeneousL system plotted versus the
probe detuningD for several coupling-laser detuningsD1 . It
is seen that for a given Rabi frequencyV520g32, the probe
absorption occurs at the transitions of the Autler-Townes
doublet, i.e.,

D'
D1

2
6

AD1
214V2

2
.

With the coupling laser detuningD1550g32, the weak side-
band at

D'
D1

2
1

AD1
214V2

2

is absorptive. AtD1560g32, the probe laser experiences a
dispersive-type gain and/or absorption line profile at

FIG. 4. Calculated probe gain and/or absorption spectra versus
the probe detuningD for a homogeneous three-levelL system. The
chosen parameters areV520g32, g3151.1g32, L50.1g32, and
the probe Rabi frequencyg50.1g32. (g32 is the spontaneous decay
rate from u3&→u2&.) The inset shows the expanded view around
D'D1/21AD1

214V2/2. Note that asD1 increases, the spectral
feature evolves from the absorption to dispersive response, then to
the amplification.
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AD1
214V2
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Further increases ofD1 lead to the probe amplification at

D'
D1

2
1

AD1
214V2

2

as shown by the curve withD570g32. As expected, ap-
proximately at the line center of the probe transition,

D'
D1

2
2

AD1
214V2

2
,

the probe laser experiences dominant absorption. As will be
discussed in Sec. IV, the probe spectrum can be understood
in terms of a physical picture of dressed states. Taking the
atomic velocity distribution as conventional Maxwellian and
considering the Doppler cancellation configuration of the co-
propagating coupling laser and probe laser, we further car-
ried out calculations for a Doppler-broadenedL system, and
the results are plotted in Fig. 5. When the coupling-laser
detuningD1 is greater than the Doppler width, but the Rabi
frequencyV is much smaller than the Doppler width, the
qualitative gain and/or absorption features for a homoge-
neousL system are preserved in a Doppler-broadenedL
system. Again, the dominant probe absorption occurs at
D50, which is the line center of the probe transition
u3&↔u2&. The probe spectral feature atD5V8
5@D1

21V2#1/2'D1(V!D1) can vary from gain to absorp-
tion and change the line shape from dispersive to absorptive,
depending on the coupling-laser detuningD1 . As shown in
Fig. 5, withD15200g32, the probe laser experiences absorp-
tion at D5V8'D15200g32; with D15250g32, the probe
absorption and/or gain spectrum exhibits a dispersive line
shape atD5V8'D15250g32; with D15300g32, the probe
laser experiences amplification atD5V8'D15300g32.
The near cancellation of the Doppler shifts for the probe
transitionu2&↔u3& and the coupling transitionu1&↔u3& re-
sults in a sub-Doppler linewidth in the probe gain and/or
absorption feature atD5V8. As the pump detuningD1 ap-

proaches zero, the probe absorption atD5V8'D1 is in-
creased and the absorption linewidth also increases.

The theoretical analysis is consistent with our experimen-
tal measurement. Shown in Fig. 6 are the measured probe
absorption and/or gain spectra near the87Rb 5S1/2 (F
52)↔5P3/2 transition for a series of pump detuningsD1 .
When the pump detuningD152700 MHz, the probe expe-
riences absorption at the probe detuningD'D152700
MHz ~curve 1!; whenD152900 MHz, the probe spectrum
exhibits a dispersive line profile atD'D152900 MHz
~curve 2!. As the coupling laser was tuned farther away from
the transition 87Rb 5S1/2 (F51)↔5P3/2, the probe laser
experiences normal amplification atD'D1 as shown by
curves 3–6, and the gain linewidth approaches the Rb natu-
ral linewidth. When the pump detuningD1 becomes too
large, the probe spectral feature atD'D1 disappears.

In Fig. 7 we plot the calculated probe gain and/or absorp-
tion coefficient~Imr23) versus the probe detuningD for sev-
eral values of the coupling Rabi frequencyV. When the
Rabi frequency is too small~the solid curve withV5g32),
no probe gain can be observed atD5V8. As the Rabi fre-
quencyV of the coupling laser increases, the probe gain
appears and increases withV. The probe gain is optimized at
a moderate Rabi frequency (V;30g for the chosen param-
eters in Fig. 6!. Further increase of the coupling-laser inten-
sity reduces the probe gain, and the probe gain line shape
changes into a dispersive shape, and eventually evolves into
a Doppler-broadened absorption line. This behavior can also
be intuitively understood by the dressed-state picture pre-
sented in Sec. IV. We have observed such a behavior experi-
mentally. Shown in Fig. 8 are the measured probe gain spec-
tra near the87Rb 5S1/2 (F52)↔5P3/2 transition for several
coupling-laser intensities while the coupling-laser detuning

FIG. 5. Calculated probe absorption and/or gain spectra for the
Doppler-broadenedL system depicted in Fig. 1. The Doppler width
is 100g32, the Rabi frequency of the pump~probe! laser is 30g32

(0.1g32), and the rest of the parameters are the same as that in Fig.
4. When the pump detuningD1 increases from 200g32 to 300g32,
the spectral line shape atD5V8'D1 evolves from absorption to
dispersion, and then to amplification.

FIG. 6. The measured probe absorption and/or gain spectra near
the 87Rb 5S1/2 (F52)↔5P3/2 transition@the pump laser was tuned
to the center of the87Rb 5S1/2 (F52)↔5P3/2 transition# for a
series of coupling-laser detuningsD1 from the 87Rb 5S1/2
(F51)↔5P3/2 transition ~for clarity, different curves have been
vertically displaced!. WhenD1520.7 GHz, the probe laser is at-
tenuated atD52V8'20.7 GHz~curve 1!. WhenD1520.9 GHz,
the probe spectrum displays a dispersive line shape at
D52V8'20.9 GHz ~curve 2!. As uD1u is increased further the
normal probe amplification features were observed at
D52V8'D1 as shown by curve 3 (D1521.35 GHz!, curve 4
(D1521.55 GHz!, curve 5 (D1521.8 GHz!, and curve 6
(D1522.6 GHz!. The spectral linewidth gradually narrows down
to the natural linewidth. When the detuningD1 is too large, the
probe absorption and/or gain feature atD52V8'D1 vanishes.
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was kept atD1521.3 GHz. The probe gain was observed
when the pump power was greater than 2 mW~the estimated
pump Rabi frequency is about 30 MHz!. As the pump power
increases, the probe gain increases accordingly and is maxi-
mized at the pump power of about 75 mW~the estimated
Rabi frequency is about 150 MHz! as shown by curves 1–3.
The probe gain decreases for further increases of the pump
power, and the gain profile changes into a dispersive shape as
shown by curve 4. At even higher pump intensities, the probe
spectral feature atD'D1 exhibits a broadened absorption
line profile ~see curve 5!. Overall, the gain spectral feature at

D52V8'D1521.3 GHz exhibits the sub-Doppler line
widths that approach the Rb natural linewidth. For example,
the measured linewidth for the gain feature in curves 1 and 2
is ;10 MHz ~about equal to the Rb natural linewidth of 6
MHz after convolution of the laser linewidths of a few MHz
for the Ti:sapphire laser and the probe laser!.

IV. DRESSED-STATE PICTURE

The observed probe amplification is induced by the two-
photon coherencer12 between the ground statesu1& and
u2&. Although no direct measurement of the population dis-
tribution was made, the observed dominant absorption at
D'0 indicates that there is no population inversion in the
bare atomic states. This is consistent with the steady-state
solution r225@(G1g32)/G#r33. Under the experimental
conditions~a moderate coupling laser with large pump de-
tuningsD1), the population distribution obeysr22.r33 and
r11.r33. Several factors contribute to the inversionless
population distribution in theL system: First, in general, the
effect of the coupling laser~the pump laser! is reversible: it
drives the transitionu1&→u3& (u2&→u3&) as well as the re-
verse transitionu3&→u1& (u3&→u2&), while the spontaneous
decay fromu3&→u2& and u3&→u1& is irreversible@18#; sec-
ond, the coherent population trapping in theL system tends
to keeping atoms in the ground states@19#. Perhaps the ob-
served probe amplification by coherence can be best under-
stood by a dressed-state analysis@17,20,21#. The coupling
laser drives the Rb 5S1/2 F52 ~stateu1&) and 5P3/2 ~state
u3&) states and creates a pair of dressed statesu1& and u2&
@22#. The energy eigenvalues of the two semiclassical
dressed states are

E65
D1

2
6
1

2
@D1

214V2#1/2. ~2!

The corresponding semiclassical dressed states are

u6&5a6u1&1b6u3&,

where the coefficients are given by

a65
E6

~E6
2 1V2!

, b65
V

~E6
2 1V2!

.

When the Rabi frequencyV of the coupling laser is much
smaller than the detuningD1 , approximatelyE1'D1 and
E2'2V2/D1 . Then, the dressed stateu1& consists largely
of the ground stateu1& and is shifted in energy by approxi-
mately D1 from the bare-state transition; the dressed state
u2& consists largely of the excited stateu3& and is barely
shifted from the bare-state transition. The dressed state pic-
ture is drawn in Fig. 9. Figure 9~a! shows the atomic bare-
state picture with the coupling laser and the pump laser. Fig-
ure 9~b! shows the dressed-state picture without the effect of
the pump laser. Here we see that without the pump laser, the
population distribution satisfiesr22.r11.r22 ~the atomic
population is shown schematically by the number of black
dots!. The probe gain and/or absorption spectra will show the
dominant absorption feature at the dressed-state transition
u2&→u2& ~near the line center of the bare-state transition
D50) and less absorption at the dressed-state transition

FIG. 7. Calculated probe gain and/or absorption spectra near
D;V8 for several values of the coupling-laser Rabi frequencyV.
The full Doppler width is 100g32, the coupling-laser detuning
D15300g32, and the rest of the parameters are the same as that in
Fig. 5. Note that at higherV values, the sub-Doppler probe gain at
D5V8 disappears and is replaced by a broadened absorption fea-
ture.

FIG. 8. The measured probe gain spectra near the87Rb 5S1/2
(F52)↔5P3/2 transition with several different coupling-laser in-
tensities ~for clarity, different curves have been vertically dis-
placed!. The pump laser was tuned to the center of the87Rb 5S1/2
(F52)↔5P3/2 transition and the coupling laser was detuned from
the 87Rb 5S1/2 (F51)↔5P3/2 transition by D1521.3 GHz.
Curves 1–5 correspond to the pump powers 7, 23, 75, 235, and 750
mW, respectively. As the pump intensity increases, the probe spec-
tral line shape changes from amplification to dispersion, then to
absorption. The linewidth increases from near the natural linewidth
~10 MHz! for the gain feature at lower intensities to a Doppler-
broadened width for the absorption feature at higher intensities.
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u2&→u1& at the probe detuningD'D1 ~Autler-Townes dou-
blet!. When the pump laser is on and tuned to the bare-state
transition ~coincided with the dressed-state transition
u2&→u2& becauseE2'2V2/D1;0 for a large detuning
D1), some atoms in stateu2& are excited to the dressed state
u2&. When the pump laser is sufficiently strong, the condi-
tion of population distribution,r11.r22.r22 , can be met
as shown in Fig. 9~c!, and the population inversion between
the dressed stateu1& and the bare stateu2& is created~al-
though there is no population inversion in the bare states
u1&, u2&, andu3&). Then the probe laser will be amplified at
the inverted transitionu2&←u1& (D'D1) while the domi-
nant probe absorption occurs at the transitionu2&→u2& at
D'0 as shown schematically by Fig. 9~d!. This is exactly
what we observed in the experiment. Therefore, this work
represents an observation of light amplification without in-
version in the bare states, but with inversion in the dressed
states.

The dependence of the probe gain on the coupling-laser
detuningD1 and the Rabi frequencyV can be qualitatively

understood as follows. If the incoherent pump field is not too
strong, the atoms are heavily populated in the ground states.
Therefore the population inversion can only be created at
large detuningsD1 for the transition between the heavily
populated dressed stateu1& and the ground stateu2& at the
probe detuning

D'
D1

2
1

AD1
214V2

2
5E1.

For a fixed Rabi frequencyV, smaller detuningsD1 reduces
the population imbalance between the dressed statesu1& and
u2&. That is, the atomic population is transferred from the
dressed stateu1& to the dressed stateu2&; therefore the
population inversion between the dressed stateu1& and the
ground stateu2& ceases to exist at smaller detuningsD1 .
Large detuningsD1 lead to more population imbalance be-
tween the two dressed states, which is favorable for the
probe gain. However, ifD1 is too large, the transition prob-
ability between the dressed stateu1& and the ground state
u2& is diminishingly small@9,22#, and the probe gain even-
tually disappears. The evolution of the probe spectral feature
at

D'E1

from absorptive to dispersive, then to amplification, indicates
that the population differencer112r22 changes from
smaller than zero to equal to zero, then to greater than zero,
as shown in Figs. 5 and 6.

For a given incoherent pump rateL and a fixed detuning
D1 , a sufficiently largeV value is required to generate a pair
of dressed states and induce the coherent probe amplifica-
tion. However, largerV values also reduce the population
imbalance between the dressed statesu1& and u2&, i.e., the
atomic population will be transferred from the more heavily
populated dressed state to the less populated dressed state
(u1&→u2& in Fig. 9!, and reduces the inverted population
r112r22. WhenV is too large, the population inversion for
the dressed-state transition at

D'E1

eventually ceases to exist, and the probe gain turns into ab-
sorption, as shown in Figs. 7 and 8.

V. CONCLUSION

The observed sub-Doppler absorption and/or gain spec-
trum in the Doppler-broadened Rb system can be qualita-
tively understood as follows. When the coupling laser and
the probe laser propagate in the same direction, the Doppler
shifts for the probe transitionu2&↔u3& and the pump transi-
tion u1&↔u3& are approximately equal, so the two-photon
scattering processu1&↔u3&↔u2& is kept on resonance for
the Rb atoms with different velocities. Thus the observed
probe spectral feature atD'D1 ~whether it is the gain or
absorption! is essentially Doppler-free. This is similar to the
Doppler-free two-photon absorption in a vapor cell where a
counterpropagating beam configuration has to be applied,
and to the recently observed electromagnetically induced

FIG. 9. Interpretation of the probe amplification in terms of the
dressed-state picture.~a! The coupled bare atomic states for the
three-levelL system.~b! The coupling laser generates a pair of the
dressed statesu1& and u2& with the energy separation
V5AD1

214V2. Note that with a large detuningD1 , the dressed
state u2& consists largely of the excited bare stateu3& while the
dressed stateu1& consists largely of the ground bare stateu1&. If no
pump laser is present, the atomic population distribution satisfies
r22.r11.r22 , the probe laser will experiences absorption at the
dressed-state transitionsu2&↔u2& andu2&↔u1& ~the dark dots in-
dicate schematically the atomic population among different states!.
~c! With the pump laser on and tuned to the transitionu2&↔u2&
~approximately equal in energy to the bare-state transition
u2&↔3&), the atomic population in the bare stateu2& will be excited
to the dressed stateu2&, and the population inversion in the
dressed-state transitionu1&→u2& is therefore created.~d! When the
probe laser is tuned to the dressed-state transitionu1&→u2&, it will
be amplified due to the inverted population in the dressed-state
basis, although there is no population inversion in the bare-state
basis
.
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transparency in a Doppler-broadened atomic sample@23,24#.
Note that in aL atomic system, the coupling laser and the
probe laser have to propagate in the same direction to cancel
out the Doppler shift. Normally, one would expect that in
order to observe the probe gain in a Doppler-broadened sys-
tem, the Rabi frequency of the coupling laser has to be
greater than or comparable to the Doppler width@15,25#.
However, the near cancellation of the Doppler shift in the Rb
L system significantly enhances the probe gain and makes
the observation of the probe amplification possible with a
low-power coupling laser.

It should be noted that Kumar and Shapiro observed the
Raman lasing in sodiumD lines @26#. Their experiment was
carried out in a collision-broadened vapor cell and the Rabi
frequency of their pump laser~intensity about 40 W/cm2) is
comparable to the Doppler width. Our experiment was car-
ried out in an essentially collision-free environment and the
Rabi frequency of the coupling laser is much smaller than
the Doppler width. When the Rabi frequency is comparable
to the Doppler width, no gain was observed in our experi-
ment. The major difference of their work from the present
work is that for their experimental observation, no popula-
tion in the excited stateu3& is required, and therefore no
additional pump from stateu2& to state u3& is necessary,
while in our experiment, real atomic population in the ex-
cited stateu3& is required~although no population inversion
is needed!. Therefore a pump laser is required to excite the
atoms to the excited stateu3&; otherwise, only probe attenu-
ation can be observed. The critical role of the pump laser
exciting the atoms to the upper stateu3& may be masked by
the closeness in energy between statesu1& andu2& in the Rb
system~the separation is only;3 GHz!. However, the use-
fulness of aL system driven by an off-resonant coupling
laser in obtaining light amplification is not limited to theL
system with close-by statesu1& andu2&. A suitableL system
driven by an off-resonant pump laser in other atomic species
can certainly be used to realize the situation in which the
transition frequency between statesu2& andu3& is far greater

than that between statesu1& and u3&. Then LWI in theL
system driven by an off-resonant pump laser can be used to
obtain higher lasing frequencies with the help of a lower-
frequency coupling laser. Now the role of the pump laser is
more clearly exposed because it has to be there to excite the
atoms to the excited state~for real applications, the control
laser should be replaced by some realistic incoherent pump
method!. We note that in this situation, the sub-Doppler na-
ture of the probe gain will be diminished and the probe gain
will be reduced, but the probe gain will not vanish as shown
by Fig. 4 for the calculation of a generalL system.

In summary, we have observed steady-state, Doppler-free
amplification of a weak probe laser without population inver-
sion in the bare states in a coherently pumped, Doppler-
broadenedL-type Rb atomic system. The linewidth of the
gain spectral feature approaches the Rb natural linewidth.
The probe amplification occurs in a regime where the Rabi
frequency of the coupling laser is much smaller, but the
coupling-laser detuning is greater, than the Doppler width.
The observed light amplification without population inver-
sion in the bare states can be understood in terms of a physi-
cal picture of the dressed-state population inversion. A theo-
retical analysis based on a three-levelL-type system has
been presented and qualitative agreement between the theo-
retical calculation and experimental measurements has been
achieved. It should be noted that the RbD2 transitions pos-
sess hyperfine structures with magnetic sublevels, so it is not
a simple three-level system. However, such simplifying as-
sumptions do provide a reasonably good approximation for
the treatment of the Rb system and have been effectively
employed in the past on similar systems@15,23–25#.

Note added in proof.Recently, realization of LWI oscilla-
tors has been reported@27,28#.
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