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Normal or anomalous dispersion and gain in a resonant coherent medium

Hoonsoo Kang, Lingling Wen, and Yifu Zhu*
Department of Physics, Florida International University, Miami, Florida 33199, USA

~Received 21 January 2003; published 5 December 2003!

We show that in a four-level atomic system with electromagnetically induced transparency, a coherent pump
field can induce light amplification without or with population inversion. As the pump field intensity increases,
the atomic system evolves from normal dispersion and amplification without population inversion into anoma-
lous dispersion and amplification with population inversion. We report an experiment on light amplification in
cold rubidium atoms and present experimental measurements that agree with theoretical calculations based on
the four-level model system.
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Dispersive and absorptive properties of an absorbing
dium may be modified by coherence and interference
duced by resonant laser fields, which lead to a variety
interesting phenomena for fundamental studies and prac
applications. Much attention has been directed recently
coherent population trapping and electromagnetically
duced transparency~EIT! @1,2#, and their manifestation on
the linear and nonlinear susceptibilities of optical me
@3–8#. EIT manifested coherence and interference may l
to lasing without population inversion~LWI ! @9–11# and se-
lective enhancement or suppression of the higher-order n
linear absorption and/or nonlinear light emission@12–21#. In
particular, EIT has been used to enhance the nonlin
atomic dispersion@4,22# and to obtain light propagation with
slow group velocities in an otherwise opaque medium@23–
25#. In contrast to the slow group velocity, or sublumin
light propagation in an EIT medium, superluminal lig
propagation occurs in optical media with anomalous disp
sion @26–29#. Based on the anomalous dispersion induced
a double-peaked Raman gain medium, near distortion-f
gain-assisted superluminal light propagation has been
served recently@30#.

Here, we show that EIT can be used to create either la
without population inversion or lasing with inversion, wit
corresponding normal or anomalous dispersions that ma
suitable for either gain-assisted subluminal or superlum
light propagations. Specifically, we show that in a four-lev
system withL-type EIT induced by a coupling laser and
weak probe laser, a pump laser coupled to a fourth level
induce amplification of the probe laser~see Fig. 1!. With a
weak pump laser, the probe amplification occurs with
population inversion and the gain profile exhibits a sin
peak at the resonant probe transition. When the pump l
intensity increases, population inversion for the probe tra
tion is created and the probe gain profile exhibits two pea
Concurrently, the atomic dispersion experienced by the w
probe laser evolves from the normal shape into the ano
lous shape, pointing to the possibility of the light propag
tion evolving from subluminal into superluminal. We prese
experimental measurements of the probe amplification
four-level system realized with cold rubidium atoms, whi
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demonstrates light amplification without or with populatio
inversions and agrees with the four-level theoretical calcu
tions.

Consider a four-level atomic system coupled by three
ser fields as depicted in Fig. 1.L-type EIT is induced by a
coupling laser driving theu2&→u3& transition and a probe
laser driving theu1&→u3& transition. A pump laser driving
the u1&→u4& transition controls the population inversion b
tween the statesu3& and u1&, which determines the prob
absorption/gain. For later discussionsg, Vc andV8 are de-
fined as half Rabi frequencies for the probe transitionu1&
→u3&, the coupling transitionu2&→u3&, and the pump tran-
sition u1&→u4&, respectively. Dc5vc2v32, D85v8
2v41, and D5vp2v31 denote the frequency detuning o
the coupling laser, the pump laser and the probe laser,
spectively. The density matrix equation for the four-lev
systems under the dipole interaction and the rotating-w
approximation is given by

dr11

dt
5g31r331g41r441 ig~r312r13!1 iV8~r412r14!,

~1a!

dr22

dt
5g32r331g42r441 iVc~r322r23!, ~1b!

dr33

dt
52~g321g31!r331 ig~r132r31!1 iVc~r232r32!,

~1c!
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FIG. 1. Four-levelL-type atomic system and laser couplin
scheme.g3 andg4 are the spontaneous decay rates.
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FIG. 2. ~a! Calculated probe gain@ Im(r13)# and~b! calculated probe dispersion@Re(r13)# versus the probe detuningD for the four-level
EIT system. The parameters areVc50.5g3 , g50.01g3 , g451.2g3 , andg2150.001g3 . Note that asV8 increases, the gain profile evolve
from the single-peaked line profile~without inversion! into the double peaked line profile~with population inversion!. The probe dispersion
evolves correspondingly from the normal line shape into the anomalous line shape.
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dr44

dt
52~g421g41!r441 iV8~r142r41!, ~1d!

dr12

dt
52@g211 i ~D2Dc!#r122 iVcr131 iV8r421 igr32,

~1e!

dr13

dt
52@~g311g321g21!/21 iD#r131 ig~r332r11!

2 iVcr121 iV8r43, ~1f!

dr14

dt
52@~g211g411g42!/21 iD8#r141 iV8~r442r11!

1 igr34, ~1g!

dr23

dt
52@~g311g321g21!/21 iDc#r231 iVc~r332r22!

2 igr21, ~1h!

dr24

dt
52@~g411g421g21!/21 i ~Dc1D82D!#r242 iV8r21

1 iVcr34, ~1i!

dr34

dt
52@~g311g321g411g42!/21 i ~D82D!#r341 igr14

1 iVcr242 iV8r31, ~1j!

where g35g311g32 and g45g411g42 are the decay rate
for the statesu3& and u4&, respectively.g21 is the dephasing
rate between the statesu1& and u2&. We note that the similar
four-levelN-type system has been analyzed recently@31# and
the theoretical model may well be adapted to the four-le
system studied here. The emphasis of Ref.@31# is in the
context of electromagnetically induced absorption, in wh
06380
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spontaneous coherence transfer is responsible for the oc
rence of subnatural resonance. Such spontaneous cohe
transfer may be viewed as due to the decay branching rat
a partially open system and an additional coupling term
introduced between the density matrix elementsr34 andr12
@31#. In contrast, we consider the four-level system in Fig
closed such thatr111r221r331r4451, and do not include
the spontaneous coherence transfer in Eq.~1!. Furthermore,
for the closed EIT system, the adiabatic steady state
reached whent@1/g3 and 1/g4 (g12!g3 andg4) while for
the open system exhibiting electromagnetically induced
sorption, the time to reach the steady state is consider
slower @32#.

We are interested in the case of resonant excitations,
Dc5D850, in which the EIT effect is the most prominen
and the coherent pumping is the most efficient. We ha
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FIG. 3. ~a! Energy levels and laser coupling scheme for87Rb
atoms.~b! Schematic diagram of the experimental set up. AO
acousto-optic modulator; M: mirror; BK: beam blocker; PD: pho
detector. The experiment is running at a repetition rate of 20
For each period, the cooling and trapping lasts for 199 ms, du
which the coupling laser and the pump laser are off; the pr
transmission measurement runs for 1 ms, during which the coup
laser and the pump laser are turned on, and the probe is sca
across the 5S1/2, F51→5P1/2, F51 transition~the trap laser and
the repump laser are turned off!.
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FIG. 4. Measured probe transmission spectra versus the probe frequency detuningD. ~a! The EIT spectrum without the pump laser.~b!
The probe gain spectrum with the pump laser intensity at;4 mW/cm2. ~c! The probe gain spectrum with the pump laser intensity at;9
mW/cm2. ~d! The probe gain spectrum with the pump laser intensity at;16 mW/cm2. The solid lines are the experimental data and
dotted lines are the theoretical calculations based on the four-level Rb system of Fig. 2~a!. The fitting parameters are 2Vc5g3 , g
50.01g3 , andg2150.001g3 (g3/2p55.3 MHz andg4/2p55.9 MHz). 2V85g3 , 1.5g3 , and 2g3 in ~b!, ~c!, and~d!, respectively.
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numerically solved Eq.~1! in the steady state under a varie
of conditions. The calculations show that for fixedVc andg
values, as the pump Rabi frequencyV8 increases from zero
up, the absorptive response of the probe laser in the f
level system evolves from EIT@ Im(r13)50 at D50] into
amplification without inversion@ Im(r13).0 at D50 and
r11.r33]. The probe gain exhibits a spectral line profile wi
the peak gain atD50 manifested by the constructive inte
ference@11,33–35#. The corresponding dispersive respon
of the probe laser shows the normal positive slope neaD
50, which leads to a slow group velocity. Further increase
the pumpV8 results in the population inversionr33.r11 and
the probe gain spectrum exhibit double peaks located aD
'6V8, which corresponds to the energy separation of
two dressed states@(1/&)(u4&1u1&)] and @(1/&)(u4&
2u1&)] created by the coherent pump field. The correspo
ing dispersion becomes anomalous and exhibits a nega
slope nearD50, which is similar to Ref.@30# and leads to
superluminal light propagation. Figure 2~a! plots the
absorptive/gain response of the weak probe laser and
2~b! plots the dispersive response of the probe laser ve
the probe frequency detuningD for several values of the
pump Rabi frequencyV8. The calculations show that with
moderate coupling laser and a weak probe laser (Vc
50.5g3 and g50.01g3), when V8,0.7g3 , there is no
population inversion (r11.r33), the system exhibits ampli
06380
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fication without inversion and normal dispersion; whenV8
.0.7g3 , population inversion is created (r33.r11), the
probe gain exhibits the double peak profile and the ato
dispersion is anomalous.

The laser coupling scheme for87Rb atoms used in ou
experiment is depicted in Fig. 3~a!. EIT in the Rb atomic
system is induced by a coupling laser driving theD1 5S1/2,
F52→5P1/2, F851 transition and a probe laser driving th
D1 5S1/2, F51→5P1/2, F851 transition@33#. Probe am-
plification is induced by a pump laser driving theD2 5S1/2,
F51→5P3/2, F852 transition. The probe laser and th
pump laser are linearly polarized parallel with each oth
which is perpendicular to the linearly polarized coupling
ser. The induced transitions among the magnetic sublevel
the three lasers can be grouped together according to
selection rules and form a manifold ofL-type four-level sys-
tems. To a good approximation, the coupled Rb system
be viewed as equivalent to a genericL-type four-level sys-
tem depicted in Fig. 3~a!. The validity of such a simplifica-
tion has been supported by several previous EIT-type stu
in alkaline atoms@11,19,33,34#. Our experiments are done i
a vapor cell magneto-optical trap~MOT! produced in the
center of a ten-ports, 4-1/2 in. diameter, stainless-s
vacuum chamber pumped down to a pressure;1029 torr.
The rubidium vapor pressure of;1028 torr is maintained
with three rubidium getters connected in a series and pla
6-3
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KANG, WEN, AND ZHU PHYSICAL REVIEW A 68, 063806 ~2003!
close to the center of the vacuum chamber. A diode la
tapered amplifier system~TA-100, Tuioptics! with an output
power of;300 mW is used as the cooling and trapping la
that supplies sixs1 and s2 polarized beams in three pe
pendicular spatial directions and its frequency is locked
;15 MHz below the D2 F52→F853 transition. An
extended-cavity diode laser with an output power of;20
mW is used as the repump laser and its frequency is loc
on theD2 F51→F852 transition. The diameter of the trap
ping laser beams and the repumping laser beam is;2.5 cm.
The trapped87Rb atom cloud is;3 mm in diameter and
contains;109 atoms. A simplified experimental scheme
depicted in Fig. 2~b!. The probe laser is provided by a thir
extended-cavity diode laser with a beam diameter;1 mm
and its power attenuated to;10 mW. The coupling field is
provided by a fourth extended-cavity diode laser with a be
diameter ;5 mm and output power;20 mW. A fifth
extended-cavity diode laser with a beam diameter;5 mm is
used as the pump laser. The laser intensities are varie
neutral density filters. The linewidth of the extended-cav
diode lasers is;1 MHz. The probe laser, the coupling lase
and the pump laser are overlapped with the trapped Rb c
and the transmitted light of the probe laser is recorded b
photodiode detector. The probe laser, the coupling laser,
the signal laser are overlapped with the trapped Rb clo
The probe laser and the signal laser propagating at an a
of ;4° relative to each other have a spatial angle of;45°
relative to the propagating direction of the coupling las
The effects of nonlinear wave mixing are frequently o
served in the vapor cell experiments where colline
propagating lasers are employed. The noncollinear excita
scheme used in our experiment should minimize the effe
of the nonlinear wave mixing~such as four-wave mixing
processes! on the response of the probe laser since it usu
does not meet the phase matching condition.

The experiment is run in a sequential mode with a rep
tion rate of 5 Hz. All lasers except the probe laser are tur
on and off by acousto-optic modulators~AOM! according to
the time sequence described below. For each period of
ms, ;199 ms is used for cooling and trapping of the R
atoms during which the trap laser and the repump laser
turned on by two separate AOMs while the coupling la
and the pump laser are off. The weak, continuous probe l
does not disturb the MOT. The time for the measurement
the probe transmission lasts;1 ms during which the trap
laser and the repump laser are turned off, and the coup
laser and the pump laser~with their frequencies locked on
theD1 F52→F851 transition andD2 F51→F852 tran-
sition, respectively! are turned on by two additional AOMs
After a 10 ms delay, the probe laser frequency is scann
across theD1 F51→F851 transition in;0.3 ms and the
probe transmission is recorded by a digital oscilloscope~Tek-
tronix TDS460!. Since the laser pulse durations are mu
greater than the atomic decay times 1/g3 ~30 ns! and 1/g4
~27 ns! the measurements are carried out essentially in
adiabatic steady-state regime.

Figure 4 shows the measured transmission spectrum
the probe laser versus the probe frequency detuningD. The
solid lines are the experimental measurements while the
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ted lines are the theoretical calculations based on the f
level EIT model. Within the experimental uncertainty, th
experimental data agree with the theoretical calculatio
Figure 4~a! is the usual EIT spectrum~without the pump
laser! with the measured Rabi frequencyVc'5 MHz. Figure
4~b! presents the probe gain spectrum of amplification wi
out inversion for the pump laser intensity;4 mW/cm2. Fig-
ures 4~c! and 4~d! present the probe gain spectra with t
pump laser intensities;9 and 16 mW/cm2, respectively,
showing the double-peak line profile, which is similar to t
probe amplification spectra observed in aV-type system
@34#. Our calculations indicate that when the probe ga
evolves from a single-peak spectrum into a double-p
spectrum, the population distribution evolves correspo
ingly from noninversion,r33,r11, into population inver-
sion,r33.r11.

In order to show explicitly the dependence of the pro
amplification with and without the population inversion o
the pump laser intensity, we plot in Fig. 5~a! the calculated
population inversion and Fig. 5~b! the probe gain@ Im(r13)#
at the probe resonance (D50) versus the pump Rabi fre
quencyV8 for two Vc values. The probe gain atD50 is
mainly manifested by constructive interference@11,34,35#
and as the pump laser intensity increases, the energy spli
of the two dressed states created by the pump laser 2V8
becomes large, which results in a large detuning for the L
gain manifested by the constructive interference and lead
a decreasing LWI gain versusV8 as shown in Fig. 4~b!.
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FIG. 5. ~a! Calculated population difference,r332r11 and ~b!
calculated probe gain@ Im(r13)# at D50 versus the pumpV8. The
parameters areg50.01g3 , g2150.001g3 , and g451.2g3 . The
probe gain@ Im(r13)# at D50, which is contributed by the construc
tive interference, approaches a maximum value at a moderateV8
value, then decreases monotonically while the population invers
approaches the saturation value.
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In conclusion, we have shown theoretically that EIT in
L-type system may be used to create either lasing with
population inversion or lasing with inversion by applying
coherent pump field coupled to a fourth level. The coher
pump can be used to control the population distribution
the four-level system, realizing amplification without inve
sion with a normal dispersion or double peaked gain w
inversion and anomalous dispersion. Therefore the sys
l-

. E
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may be suitable for further studies of either gain-assis
subluminal or superluminal light propagation. We have p
sented experimental measurements of the probe ampli
tion, which agree with the calculated probe amplificati
without inversion or with population inversion based on t
four-level Rb system.
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