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Normal or anomalous dispersion and gain in a resonant coherent medium
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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 medemonstrates light amplification without or with population
dium may be modified by coherence and interference ininversions and agrees with the four-level theoretical calcula-
duced by resonant laser fields, which lead to a variety ofions.
interesting phenomena for fundamental studies and practical Consider a four-level atomic system coupled by three la-
applications. Much attention has been directed recently t§er fields as depicted in Fig. A-type EIT is induced by a
coherent population trapping and electromagnetically in-coupling laser driving thg2)—|3) transition and a probe
duced transparencfEIT) [1,2], and their manifestation on laser driving the|1)—|3) transition. A pump laser driving
the linear and nonlinear susceptibilities of optical mediathe |1)—|4) transition controls the population inversion be-
[3—8]. EIT manifested coherence and interference may leaéveen the state$3) and [1), which determines the probe
to lasing without population inversioftWI) [9—-11] and se-  absorption/gain. For later discussiogs(). and()’ are de-
lective enhancement or suppression of the higher-order norined as half Rabi frequencies for the probe transitibjp
linear absorption and/or nonlinear light emissjd2—21. In  —|3), the coupling transition2)—|3), and the pump tran-
particular, EIT has been used to enhance the nonlineaition |1)—|4), respectively. Ac=w.— w3, A'=o’
atomic dispersion4,22] and to obtain light propagation with — w41, and A=w,— w3, denote the frequency detuning of
slow group velocities in an otherwise opaque med{@3— the coupling laser, the pump laser and the probe laser, re-
25]. In contrast to the slow group velocity, or subluminal spectively. The density matrix equation for the four-level
light propagation in an EIT medium, superluminal light systems under the dipole interaction and the rotating-wave
propagation occurs in optical media with anomalous disperapproximation is given by
sion[26-29. Based on the anomalous dispersion induced in
a double-peaked Raman gain medium, near distortion-free, dLll: ; _ f0 _

X . . . ; Y3133 Y4124 19(p31— p13) F1 Q' (pa1—p14),
gain-assisted superluminal light propagation has been ob- dt
served recently30]. (1a

Here, we show that EIT can be used to create either lasing
without population inversion or lasing with inversion, with
corresponding normal or anomalous dispersions that may be
suitable for either gain-assisted subluminal or superluminal
light propagations. Specifically, we show that in a four-level “P33_ —(Yao+ Y31 P33T i19(p13— P31) +1Qc(paz— p32)
system withA-type EIT induced by a coupling laser and a  dt Yazt YaUPss P13=Ps c\P23= P32
weak probe laser, a pump laser coupled to a fourth level will (10
induce amplification of the probe las&ee Fig. 1 With a
weak pump laser, the probe amplification occurs without
population inversion and the gain profile exhibits a single
peak at the resonant probe transition. When the pump laser
intensity increases, population inversion for the probe transi-
tion is created and the probe gain profile exhibits two peaks.
Concurrently, the atomic dispersion experienced by the weak
probe laser evolves from the normal shape into the anoma-
lous shape, pointing to the possibility of the light propaga-
tion evolving from subluminal into superluminal. We present
experimental measurements of the probe amplification in a
four-level system realized with cold rubidium atoms, which

dpao _ .
at Y32P33T Yaopaat 1 Qc(p3r— p23), (1b)

FIG. 1. Four-levelA-type atomic system and laser coupling
*Email address: yifuzhu@fiu.edu scheme.y; and y, are the spontaneous decay rates.
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FIG. 2. (a) Calculated probe gaifim(p;3)] and(b) calculated probe dispersi¢iRe(p,3) ] versus the probe detuningfor the four-level
EIT system. The parameters dde=0.5y;, g=0.01y3, v,=1.2y5, andy,;=0.001y;. Note that a€)’ increases, the gain profile evolves
from the single-peaked line profilgvithout inversion into the double peaked line profi@ith population inversion The probe dispersion
evolves correspondingly from the normal line shape into the anomalous line shape.

dpas

F TR (Yot YaD) PaatiQ' (p1a=pa), (1d)
dp1z . : S0 ;
ar [y21ti1(A=A)]p1o—1QcpiatiQ pgrtigpss,
(1¢
dpi3 ; ;
gt =~ LOvart vazt y20/2+1A1p1stig(paz—p1y)
—iQCp12+iQ'p43, (1f)
dpaa

ot [(Y21t+ Va1t ¥4 2+T1A 1p14+i1Q (pas— p11)
+igpas, (19

dp23 ; ;
a9t =—[ (31T V3ot Yo 2+ 1A ]pagtiQe(p3z— p2o)

—igpa1, (1h)

dp2y . , S
W:_[('YM'{_ Yaot Vo) 21 (Ac+ A" —A)]pos—iQ py

+iQepaq,

(1i)

dpss POA! i
T: —[(’yal-f— ’y32+ 741"’ 742)/2+|(A _A)]P34+|gp14

TiQcpoa—iQ p3r, (1j

where y3= y31+ v3, and y,= ya1t+ yao are the decay rates

for the stated3) and|4), respectively.y,, is the dephasing
rate between the stat¢® and|2). We note that the similar
four-levelN-type system has been analyzed recefgly and

spontaneous coherence transfer is responsible for the occur-
rence of subnatural resonance. Such spontaneous coherence
transfer may be viewed as due to the decay branching ratio in
a partially open system and an additional coupling term is
introduced between the density matrix elememgsandp,
[31]. In contrast, we consider the four-level system in Fig. 1
closed such thapq1+ port+ p3zt pas=1, and do not include
the spontaneous coherence transfer in @y. Furthermore,
for the closed EIT system, the adiabatic steady state is
reached whemn>1/y; and 1k, (v1,<y3 andy,) while for
the open system exhibiting electromagnetically induced ab-
sorption, the time to reach the steady state is considerably
slower[32].

We are interested in the case of resonant excitations, i.e.,
A.=A"=0, in which the EIT effect is the most prominent
and the coherent pumping is the most efficient. We have

QuingLess AOM M

@ (b)

FIG. 3. (a) Energy levels and laser coupling scheme $tRb
atoms.(b) Schematic diagram of the experimental set up. AOM:
acousto-optic modulator; M: mirror; BK: beam blocker; PD: photo
detector. The experiment is running at a repetition rate of 20 Hz.
For each period, the cooling and trapping lasts for 199 ms, during
which the coupling laser and the pump laser are off; the probe
transmission measurement runs for 1 ms, during which the coupling

the theoretical model may well be adapted to the four-levelaser and the pump laser are turned on, and the probe is scanned

system studied here. The emphasis of R8f] is in the

across the 5,,,, F=1—5P,;,, F=1 transition(the trap laser and

context of electromagnetically induced absorption, in whichthe repump laser are turned Jff
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FIG. 4. Measured probe transmission spectra versus the probe frequency d&tu@nghe EIT spectrum without the pump lasér)
The probe gain spectrum with the pump laser intensity-atmWi/cn?. (c) The probe gain spectrum with the pump laser intensity-at
mWi/cnt. (d) The probe gain spectrum with the pump laser intensity-46 mW/cnf. The solid lines are the experimental data and the
dotted lines are the theoretical calculations based on the four-level Rb system of(&#igTie fitting parameters are(€.=vy;, g
=0.01y;, andy,;=0.001y; (ys/2m=5.3 MHz andy,/2m=5.9 MHz). 20’ = y;, 1.5y,, and 2y; in (b), (c), and(d), respectively.

numerically solved Eq(1) in the steady state under a variety fication without inversion and normal dispersion; wh@n

of conditions. The calculations show that for fix8d andg >0.7y3, population inversion is createdo4z>pq1), the
values, as the pump Rabi frequer@y increases from zero probe gain exhibits the double peak profile and the atomic
up, the absorptive response of the probe laser in the foudispersion is anomalous.

level system evolves from EITIm(p;9) =0 at A=0] into The laser coupling scheme f8fRb atoms used in our
amplification without inversiofIm(p;3)>0 at A=0 and experiment is depicted in Fig.(8. EIT in the Rb atomic
p11> pa3l. The probe gain exhibits a spectral line profile with system is induced by a coupling laser driving g 5S,5,

the peak gain ah =0 manifested by the constructive inter- F=2—-5P,,,, F' =1 transition and a probe laser driving the
ference[11,33-38. The corresponding dispersive responseD, 5S,,, F=1—5P,,, F'=1 transition[33]. Probe am-

of the probe laser shows the normal positive slope ear plification is induced by a pump laser driving tBg 5S,,,

=0, which leads to a slow group velocity. Further increase off=1—5P3,, F'=2 transition. The probe laser and the
the pump()’ results in the population inversigns;>p;and  pump laser are linearly polarized parallel with each other,
the probe gain spectrum exhibit double peaks located at which is perpendicular to the linearly polarized coupling la-
~=*()’, which corresponds to the energy separation of theser. The induced transitions among the magnetic sublevels by
two dressed state§(1n72)(|4)+|1))] and [(1W2)(]4) the three lasers can be grouped together according to the
—|1))] created by the coherent pump field. The correspondselection rules and form a manifold aftype four-level sys-

ing dispersion becomes anomalous and exhibits a negatitems. To a good approximation, the coupled Rb system can
slope neaA =0, which is similar to Ref[30] and leads to be viewed as equivalent to a genefetype four-level sys-
superluminal light propagation. Figure (a2 plots the tem depicted in Fig. &. The validity of such a simplifica-
absorptive/gain response of the weak probe laser and Figion has been supported by several previous EIT-type studies
2(b) plots the dispersive response of the probe laser versus alkaline atom$11,19,33,34 Our experiments are done in
the probe frequency detuningy for several values of the a vapor cell magneto-optical traMOT) produced in the
pump Rabi frequenc§)’. The calculations show that with a center of a ten-ports, 4-1/2 in. diameter, stainless-steel
moderate coupling laser and a weak probe las@r, ( vacuum chamber pumped down to a pressur0° torr.
=0.5y; and g=0.01y;), when Q'<0.7y;, there is no The rubidium vapor pressure ef10 8 torr is maintained
population inversion 411> ps3), the system exhibits ampli- with three rubidium getters connected in a series and placed
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close to the center of the vacuum chamber. A diode laser-
tapered amplifier systerfTA-100, Tuioptics with an output 0.0
power of ~300 mW is used as the cooling and trapping laser
that supplies sixs* and o~ polarized beams in three per-
pendicular spatial directions and its frequency is locked to
~15 MHz below the D, F=2—F’'=3 transition. An
extended-cavity diode laser with an output power~&20
mW is used as the repump laser and its frequency is locked
on theD, F=1—F'=2 transition. The diameter of the trap-
ping laser beams and the repumping laser beam2$ cm.
The trapped®Rb atom cloud is~3 mm in diameter and
contains~10° atoms. A simplified experimental scheme is
depicted in Fig. t). The probe laser is provided by a third
extended-cavity diode laser with a beam diametdr mm
and its power attenuated to10 uW. The coupling field is
provided by a fourth extended-cavity diode laser with a beam
diameter ~5 mm and output power-20 mW. A fifth
extended-cavity diode laser with a beam diamet&rmm is
used as the pump laser. The laser intensities are varied by
neutral density filters. The linewidth of the extended-cavity
diode lasers is-1 MHz. The probe laser, the coupling laser,
and the pump laser are overlapped with the trapped Rb cloud
and the transmitted light of the probe laser is recorded by a . .
photodiode detector. The probe laser, the coupling laser, and FIG- 5. (@ Calculated population differenc@gs—ps; and (b)
the signal laser are overlapped with the trapped Rb cloucf@lculated probe gaifim(p;3) | at A=0 versus the pumf)’. The
The probe laser and the signal laser propagating at an angf@rameters ar@=0.01y;, ¥,,=0.00ly;, and y,=1.2y;. The
of ~4° relative to each other have a spatial angle~@f5° probg gaifIm(p13)] atA=0, which is f:ontrlbuted by the construc-
relative to the propagating direction of the coupling laser Ve Interference, approaches a maximum value at a modérate
The effects of nonlinear wave mixing are frequently Ob_value, then decreases monotomcally while the population inversion
. . ’ approaches the saturation value.
served in the vapor cell experiments where collinear-
propagating lasers are employed. The noncollinear excitation
scheme used in our experiment should minimize the effectted lines are the theoretical calculations based on the four-
of the nonlinear wave mixindsuch as four-wave mixing level EIT model. Within the experimental uncertainty, the
processeson the response of the probe laser since it usuallexperimental data agree with the theoretical calculations.
does not meet the phase matching condition. Figure 4a) is the usual EIT spectrunfwithout the pump
The experiment is run in a sequential mode with a repetifase) with the measured Rabi frequenfy.~5 MHz. Figure
tion rate of 5 Hz. All lasers except the probe laser are turned(b) presents the probe gain spectrum of amplification with-
on and off by acousto-optic modulatqsOM) according to  out inversion for the pump laser intensity4 mW/cnt. Fig-
the time sequence described below. For each period of 20@res 4c) and 4d) present the probe gain spectra with the
ms, ~199 ms is used for cooling and trapping of the Rbpump laser intensities-9 and 16 mW/crf respectively,
atoms during which the trap laser and the repump laser arghowing the double-peak line profile, which is similar to the
turned on by two separate AOMs while the coupling lasemprobe amplification spectra observed inVatype system
and the pump laser are off. The weak, continuous probe las¢84]. Our calculations indicate that when the probe gain
does not disturb the MOT. The time for the measurements oévolves from a single-peak spectrum into a double-peak
the probe transmission lastsl ms during which the trap spectrum, the population distribution evolves correspond-
laser and the repump laser are turned off, and the couplingngly from noninversion,pz3<p;;, into population inver-
laser and the pump laséwith their frequencies locked on sion, p3z>p11.
theD, F=2—F’'=1 transition and, F=1—F'=2 tran- In order to show explicitly the dependence of the probe
sition, respectivelyare turned on by two additional AOMs. amplification with and without the population inversion on
After a 10 us delay, the probe laser frequency is scannedhe pump laser intensity, we plot in Fig(gb the calculated
across theD; F=1—F'=1 transition in~0.3 ms and the population inversion and Fig.(5) the probe gaifIm(p;3)]
probe transmission is recorded by a digital oscillosc@jek-  at the probe resonancé &€0) versus the pump Rabi fre-
tronix TDS460. Since the laser pulse durations are muchquency()’ for two (). values. The probe gain @=0 is
greater than the atomic decay times41430 n9 and 1/, mainly manifested by constructive interferenckl,34,35
(27 n9 the measurements are carried out essentially in thand as the pump laser intensity increases, the energy splitting
adiabatic steady-state regime. of the two dressed states created by the pump laskr 2
Figure 4 shows the measured transmission spectrum dfecomes large, which results in a large detuning for the LWI
the probe laser versus the probe frequency detudinfhe  gain manifested by the constructive interference and leads to
solid lines are the experimental measurements while the do& decreasing LWI gain vers¥3’ as shown in Fig. &).
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In conclusion, we have shown theoretically that EIT in amay be suitable for further studies of either gain-assisted
A-type system may be used to create either lasing withougsubluminal or superluminal light propagation. We have pre-
population inversion or lasing with inversion by applying a Sented experimental measurements of the probe amplifica-

coherent pump field coupled to a fourth level. The coherention. which agree with the calculated probe amplification

pump can be used to control the population distribution inwithout inversion or with population inversion based on the

the four-level system, realizing amplification without inver- four-level Rb system.
sion with a normal dispersion or double peaked gain with  This work is supported by the National Science Founda-
inversion and anomalous dispersion. Therefore the systemion and the Office of Naval Research.
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