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Heterodyne measurement of parametric dispersion in electromagnetically induced transparency
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Using three phase-locked lasers, we have observed in a three-level system the phase shift of the frequency
fixed coupling laser in dependence of the probe laser frequency relative to an off-resonant reference laser. In
the vicinity of the two-photon resonance, the system exhibits electomagnetically induced transparency and we
show that the dispersion of coupling and probe field shows different spectra if the probe field frequency is
tuned. The parametric dispersion of the coupling field is measured on a cesium atomic beam with a heterodyne
interferometer over several decades of coupling and probe laser power. Even with coupling powers in the nW
range, the interferometer gives a good signal-to-noise ratio. The results are in good agreement with a numerical
simulation of a semiclassical model. Analytical expressions for the dispersion are given.
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[. INTRODUCTION are allowed between the two lower states. This system was
first studied experimentally in 1976 by Alzet& al. [14].

Coherently driven atomic systems have been studied exWithin a relatively broad absorptioiseveral MHz for alkali-
tensively during the past few decades. The application ofmetal vapors there is an extremely narrow transparency
coherent laser fields onto atomic systems consisting of window (down to 100 Hz and legdfor both coupling and
number of states leads to astonishing new effects and throbe field due to destructive quantum interference of the
realization of new types of media. One of the most impresiwo transition probability amplitudes.
sive effects that can occur is electromagnetically induced The dispersive properties of this dark resonance have
transparencyEIT): An opaque medium becomes transparent€en studied experimentally focusing on the probe field dis-
for a probe laser field in the presence of a coupling fieldPersion[15] or on the relative phase shift between coupling
Even if it is most unlikely to make laser beams propagateand probe field16]. But even in this well-known system,
through Wa”s[l], EIT has been shown to occur in solid Surprising effects can still be found. While the prObe field
materials[2]. shows a broad dispersion line with a narrow inverted disper-

Likewise, the dispersive properties can be designedsion curve in the center, the coupling field only shows a
Strong positive and negative dispersion can be created sdngle narrow dispersive feature at the two-photon resonance.
well as a high refractive indei@] or large Kerr nonlinearities We call this behaviomparametric dispersior{17]. In this
[4] Negative dispersive transparent media can be used work, we will giVe a detailed overview of the interferome.tric
realize an optical cavity with large buildup but broadbandmethod we used to measure the parametric phase shift and
responsgwhite light cavity [5,6] or to demonstrate super- the semiclassical model used to describe the phenomenon.
luminal light propagatiofi7]. Strong positive dispersion with ~ The parametric dispersion can be seen as a cross correla-
simultaneously vanishing absorption has been used to slof{on between the frequency of the probe field and the phase
electromagnetic pulses down to extremely low velocities ofof the coupling field. On the EIT resonance, it is therefore
several meters per secopd]. This large reduction is typi- possible to realize a lossless opto—optical phase modulator or
cally accompanied by an enhancement of the Kerr nonlinea@n opto-optical deflector for the coupling beam.
ity. The Kerr nonlinearity is given by the ratio of the coher-
ence time of the forbidden ground-state transition to the
spontaneous-emission time of the alkali-metal atoms used in
this demonstratiof9]. Scully and co-workers have shown
that slow light can enhance the acousto-optical effect and To realize electromagnetic induced transparency, we are
promised applications in quantum optics such as squeezingsing aA -type three-level system in th2, line (852 nm) of
and quantum nondemolition measuremefit§]. Positive  33Cs (see Fig. 1 The two hyperfine levels of the ground
dispersive media have also found applications as ultrasensstate are coupled to a common hyperfine level of the excited
tive magnetometergl1,12 and as a setup of a low finesse state via a coupling and a probe field. The phase shift of the
but narrow linewidth optical cavity13]. coupling field is measured with a three-beam heterodyne in-

A system often used to create EIT is thetype three- terferometer relative to a reference field. The coupling and
level system. Two laser fields are coupling two states to ahe probe field prepare the atoms in a coherent superposition
common excited level. No electromagnetic dipole transitionsf the two ground states and the reference field is far off-

Il. EXPERIMENT
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6p,, F=4 optical setup. Each change in the arm lengths due to acoustic
Ia> or seismic noise produces an output signal that is indistin-
guishable from the atomic response. In the heterodyne inter-
ferometer, this noise only contributes on the scale of the
frequency offset of the reference fiefdhich is in the mi-
crowave rangerather than on the scale of an optical fre-
quency. For a detailed critical survey of the competitive
methods, i.e., with interferometry and frequency modulation

W2 e Y spectroscopy, the reader is referred to the work of Wicht
6s,, F=3 F=4 et al.[18].

FIG. 1. A-type three-level systenji.): eigenstates of the unper-
turbed Hamiltonian;y,,,vac: Spontaneous emission rateg;/2:
injection rate;y,: transient loss. Ill. SETUP
resonance from the optical transitions. A simple example for A schematic of the setup is given in Fig. 2. The hetero-
a heterodyne interferometer without an additional referencelyne interferometer consists of the coupling laser, the probe
field is described ih16]. The advantage of our setup is that laser, and the off-resonant reference laser. The lasers are alll
the dispersion of both probe and coupling field can be measingle-mode diode lasers, passively stabilized by a Hollberg-
sured independentlfand simultaneous)y type setup. The linewidth of the lasers is 100 kHz at time

Compared to other quasiheterodyne techniques such &sales of milliseconds. The coupling laser drives the hyper-
frequency modulation spectroscopy, we can use much highdine transition &,,,F=3—6p3,,F'=4. The frequency is
frequency offsets for the reference field than is possible t@ctively locked with an error signal generated by a Doppler-
achieve(efficiently) with electro-optic phase modulators. A free polarization spectroscopy. The probe laser frequency is
high-frequency offset avoids unwanted interaction of the refscanned around thes§,,F=4—6p3;,,F’' =4 transition.
erence field with the sample. In our experiment, we have In order to achieve maximum coherence effects, the three
chosen the frequency offset high enough in comparison tfields are phase-stabilized in a chain of two phase-locked
the hyperfine splitting of the excited level and small enoughloops. The difference frequentyw,.i/(27)~1 GHz be-
in comparison to the hyperfine splitting of the ground leveltween coupling and reference field is provided by an ultra-
(9.2 GH2 so that no interaction with the atoms was ex-stable tuneable microwave synthesiz&hode&Schwartz,
pected. In addition, the use of a separate laser field offerSMTO06). All fluctuations of the laser difference frequency
more flexibility to choose frequency, polarization, and inten-are eliminated by the phase-locked lo@pLL). Care was
sity. taken that the reference laser field did not interact with the

Standard homodyne techniques such as the Mach-Zehndatomic sample. The second PLL locks the probe field to the
interferometer require very good mechanical stability of thereference field with a difference frequency @fwype

Lo DEM -J _
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FIG. 2. Experimental setufrb., Cpl. and Ref.: probe, coupling, and reference lasgrparallel polarization;L : vertical polarization;
B1,B2: power beam splittersP: polarizer; P(45°): polarizer under 45° with respect to the incident polarizat®nj/2 retarder;WP:
Wollaston prism;Cs: cesium atomic bean8MF: single-mode fiberPD: photodiodesLO: local oscillator;SA: spectrum analyze)BM:
double balanced mixet;MA: limiting amplifier; ADC/DAQ: analog-digital converter/data acquisitid®l_L: optical phase-locked loop.
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20 [—— and probe field. The beat signal between the reference and
ol A coupling field is detected with a similgr-i-n photodiode at
T the end of the reference arm (B)DThe signal is split, and
E 0 one part is mixed with a local oscillator frequencydab,s
g (DBM,, Miteq DMO052LA2. The mixer output is the error
-10 ¢ signal for the PLL. The frequency of the beat signal is ob-
20 served with another microwave spectrum analyzer
0.20 (HP8562B.
The reference and coupling field are horizontally polar-
05} B 1015 ized and the probe field is polarized vertically. After the
E o0 b 0.10 interaction zone, the probe beam is separated from the other
s - ' fields with a Wollaston prisnfextinction better than 1C).
® o005t {005 The beat between reference and coupling field is detected
with a 1-GHz bandwidth photoreceiver (PDNew Focus
0.00

4020 0 20 40 4020 0 20 a0 % 1602). The signal is amplified to a constant level by a limit-
detuning &/2% (MHz) detuning &/2% (MHz) ing microwave ampl|f|er(LMA,_M|teq AMF-5FOO9011-30-
10P-LM) and demodulated with the signal from the refer-
FIG. 3. Typical observed spectra of the parametric phase shifence arm with a microwave mixer (DBM Miteq
decoupl (A) and the corresponding absorptien(B). In C and D, DMO052LA2).
phase_ shift anq absqrption of the probe field are shown. Probe and Tg gchieve good mode matching in the probe arm, the
coupling laser intensity were 2.5 mw/ém three fields are guided through a single-mode fitiéew
Focus 1234 After the fiber, the fields are collimated with an
=dwpert 6+2m9.19263177 GHz, where is the two-  achromatic lens doublet that produces a waist in the interac-
photon detuning. The difference frequency is generated by fon zone ofv=2200m. The intensity distribution after the
second tuneable microwave synthesig@hode&Schwartz,  collimator correlates to 97% with a Gaussian profile, mea-
SMP02. When all lasers are phase-locked, the beat signal§req with a Melles-Griot beam analyzer. The intensity of
between any two lasers cannot be resolved within a resolype fie|gs is controlled by metallic neutral density filters. The

tion bandwidth of 3 Hz on the spectrum analyzer. The "ilters are mounted on stable wheels to get good reproduc-
sidual phase noise of the PLL is 1brad/\/Hz. For a de- ibility. get g P

tailed description of the technique of optical phase locking,

the reader is referred {d.9]. A continuous flow reflux ove20] produces a beam of

) ' cesium atoms with a collimation ratio of 1:50. The rest Dop-
Coupling and reference field are superposed at the bean]er width of the optical transition and of the two-photon
splitter B1. The beam splitter divides the fields into the ref-P P P

erence and probe arm of the heterodyne interferometer. Afsonance Is 4'5, MHZ and 120_L_|Z' respectively. At 180°C,
B2, the probe field is superposed. One output continues inth'€ atomic density is 810° cm™?, and from the Maxwell

the probe arm while the other output is used to detect thdistribution law we derive the most prqbable_ velocity of the
beat signal between the probe and reference field. This begfoms,v =240 m/s. The average transient time through the
signal is detected with a fiber-coupled 25-GHz bandwidth2-2-mm waist of the laser beam is themw/v~10"°s. The
p-i-n photodiode(PD,, New Focus 143land observed on a Width of the atomic beam and therefore the length of the
Tektronix 2782 spectrum analyzer. The signal is demoduinteraction region is 5 mm. An additional nitrogen-cooled
lated atdwppe With @ double-balanced microwave mixer aperture ensures a low background of cesium gas in the
(DBM,, Miteq M0812. The intermediate frequency output ultrahigh-vacuum chamber<{(10~8 mbay. Six coils in the
provides the error signal for the PLL between the referencéhree spatial directions, in the Helmholtz configuration, sup-

S S —— L —

0 FIG. 4. Left: Absolute value of
= g = Paps s . the observed parametric phase
T10 Fpg N 3 shift of the coupling field with
% L\ i 12 /3"_? probe laser intensity 3.1 mW/dm
g . & ) = The solid curve shows the
s 107 a 3 ,: = semiclassical solution from Eq.
2 \ = (A10). Right: Linewidth of the
o i o 11 T dispersion curve. The circles show
10" F ] E oge ..." the approximated solution foy,

[ 35.35! e28%¢ =10° s <y from Eq. (5.3.
HWHM: half-width at half maxi-
] /7™ EETTTTT BT EETTTTY EETTTT EEWTTTT EERTTrT BRI BT [] ™ EEETTTT™ BRI EETTTT ERTTTT BT BT BT B 0
107102107 10° 10" 10° 10° 10* 10° 10°10%10" 10° 10" 10° 10° 10" 10° mum.
Coupling Power (uW) Coupling Power (uW)
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press unwanted magnetic fields in the interaction region be- 50 ' ]
low 5 mG. .
25 b .
]
IV. SIGNALS E of ]
o
While phases and amplitudes in the reference arm remair® . Tade
constant, the phase of the coupling field in the probe armis 25| : .,-'/ §
shifted bydecoup( 6). This phase shift depends on the probe ."w"'
detuningé. The beat signals of the probe and reference arm -50 . ]
are electronically multiplied by the mixer DBMThe mixer -2 0 2
output signal then provides the desired phase information: | d/2m (MHz) |
i 8) o= (EG*PEG) ?e™ “'sin dpeoupf 8) — ¢1, T
50 F T
I [
with ¢ =dw e L probe— Lref)/C, Where Lyoperer are the arm 25| ﬂ
lengths of the interferometer. This off-resonant phase ghift § M// fﬂ/ﬂ«ww
is adjusted t;m 27 (n=0,1,2 . . .) by anappropriate choice % 0 ;JN\WWA’\\/“W | WWM
of the reference frequenayw,¢;. In this case, the interfer- skt v w |
ometer is most sensitive to phase shifts and the response V
linear for small phase shifts. The mixer output signal is low g0 f | . ' . ' . ' . . '
pass filtered20 Hz, 18 dB/Oct -50 -40 =30 -20 -10 0 10 20 30 40 50
The absorption of the coupling and probe field is simply Detuning /2 (MHz)

obtained from the dc signals of the detectors, RIbd PO,

respectively: FIG. 5. Measured phase shift of the coupling beam over a span

of 100 MHz as a function of the two-photon detuning. The coupling

Counh 2~ 2 S refi2 power is 1.2 nW, the probe power is 3V, and the maximum
11(8) = (E§P)2e ™ 2counl !+ (EF)2, (4.1)  phase shift is 88 mrad.

|2(5)oc(ng0b6)2e*2apmbe(5)l_ 4.2 dance with the model. The experiment was performed at two

different atomic densities. As expected, there is no influence
f the density on the linewidth. Nevertheless, the dispersion
hows a linear increase with the density because the sample
is still optically thin.

The dc outputs of the detectors are limited to a bandwidth og
20 Hz (18 dB/Oc}. The amplitude and phase signals are
digitized for further digital processing and stored on a PC.

To measure a spectrum of the parametric phase shift and
the coupling field absorption, the probe field is scantesD

MHz .aro_und the two-photon resonance while the ppupling V. SEMICLASSICAL MODEL
field is fixed to the 6,,,F=3—6p3,,F' =4 transition. _ S _
Typical spectra are shown in Fig. 3. The system under investigation is well described by a

We recorded spectra for coupling field powers from 1.9simple semiclassical model, treating the atoms quantum me-
nW to 4.2 mW with a fixed probe power of 140N. Each  chanically and the fields classically. The eigenstaues n
spectrum was fitted to the theoretical spectrum. From the fit=a,b,c of the unperturbed HamiltoniaH , are coupled by
we derived the dispersion in the center and the linewidththe electric fieldsEJ-(r,t)=Re[E{)eprwjt—kjF)], wherek; is
The linewidth was also compared to the width of the correthe wave vector for the field at frequencw; (]
sponding dark resonance and found to be in good agreement.probe, coupl). The coupling strength is given by the Rabi
The results of the fits are collected in Fig. 4. The maximumfrequencies Q,;,i=b,c, which are defined asQ, .
dispersion ofd¢,,,=0.16 rad/MHz is achieved in the low- = u, , EF*®°"%(27) with the dipole matrix elements
coupling power regime. Hablc-

Figure 5 demonstrates the good performance of the het- From the lifetime of the excited level of 30.5 [1], we
erodyne method for 1.2-nW and 30A coupling and probe derive the transition ratey,,=27x2.18 MHz and y,
field intensity, respectively. The scan duration was 50 s ané=27x 3.05 MHz. The ground-state coherence lifetime is
the long period noise was mainly determined by fluctuationgnuch longer than the time the atoms spend in the interaction
of the atomic beam intensity. region because no dipole transitions are allowed and the col-

In a second experiment, we varied the probe field powetfision rate is very low. So the effective ground-state coher-
from 2.3 uW to 1.1 mW(see Fig. . We obtained a maxi- ence decay is equal to the transient loss rgjewhich is
mum dispersion ofl¢,,,,= 330 mrad/MHz at a probe power given by the inverse of the time it takes for an atom to
of 380 uW. The dispersion decreases at both higher andravel through the laser field. On the other hand, the atoms
lower powers, in contrast to the former case, but in accorare entering the interaction region with a ratg Therefore,

013803-4



HETERODYNE MEASUREMENT OF PARAMETRIC . ..

PHYSICAL REVIEW /&4 013803

10° 2
FIG. 6. Left: Absolute value of
—_ the observed parametric phase
p 175 shift of the coupling field with
% £ coupling laser intensity 0.58
840 = mW/cn?. Right: Linewidth of the
s 11 2 dispersion curve. The dots and the
g = squares correspond to a density of
=3 T 0.88x10° cm ® and 0.4%10°
a 105 cm 3, respectively. The solid and
B the dashed curves show the semi-
10 A e . . . classical solutions from Eq.
10 10° 10° 10° 10° 10° 10° T (A10).

Probe Power (uW) Probe Power (uW)

the two ground states are populated with the injection rateall this behavior parametric dispersion.

Vol2. The absorption coefficient () and the deviation of
The semiclassical master equatioh9) is given in the  the refractive index from unitgng,,( 5) are experimentally

Appendix. The steady-state solutions of this set of couple@ccessible and are related to the density-matrix elements as

differential equations can be derived analytically. The sim-follows:

plest way to illustrate the different behavior of the parametric

dispersion is by numerical simulation. In Fig. 7, typical re-

sults of a numerical simulation are shown. Graplshows Re(pac) _ h
: . = dNcoupf 6), (5.0
the steady-state solution for the real partpgf, which cor- Qe 2N ,U«ic
responds to the phase shift of the coupling field. The spec-
trum shows a single narrow dispersive profile. In contrast to
this, the real part op,;, (corresponding to the phase shift of IM(pac) hc
the probe fieldl shows the well-known double structure = 2 @coupf O) (5.2

o=
(graph C) with the broad usual dispersion profile and the ac 2mN©acttye

narrow inverted feature in the center, resulting from coher-

ence effects. The imaginary part of both coupling and probéf we assume an optically thin sample with,( 8)<I"1L N
coherence shows similar EIT behavior, as one can see froiis the atomic density andl is the interaction length. The
Fig. 7,B andD. Clearly, this is no violation of the Kramers- resulting phase shift il cqp( 6) = dNgoypl ) @eoupt /€.

Kronig relation because the parameter that is varied is the The dispersion of the two fields is the derivative of the
frequency of the probe laser, while the coupling laser freteal part of the matrix elemengs,. and p,,, with respect to
guency stays resonant with the coupling transition. Hence wehe two-photon detuning over the corresponding Rabi fre-
quency. The exact steady-state solutions we get from the
master equation are given in the Appendix. The parametric

100 ™ 100 ! )
A dispersion(A10) reduces to
) 50
©
E o 10’
=
© 50 & ]
1 -1
-100 10 |
3 ]
£10° |
o2} B D {o2 s — Q=T
_ S s F | ——- o, =03y
b = S A R Q, =01y
5 2 L s 0y =003y
~ 01} 4 L 4 0.1 w f | — Q, =001y
3 a8
10 1
0.0 0.0 0.01

-40 -20 0 20 40
detuning &/2r (MHz)

-40 -20 0 20 40
detuning 6/2n (MHz)
FIG. 7. Theoretical spectra of the parametric phase diiftA) FIG. 8. Calculated absolute value of the dispersiqogg)upI
and the corresponding absorptian(B). In C and D, phase shift  =ng,,,wcoupl/C Of the coupling field for various probe field inten-

and absorption of the probe field are shown. Hepe=10° s %, sities with y=27X5.22 MHz, y,=10 s !, and N=10° cm 2.

YVap=2mX2.18 MH2z, y,,=27X3.05 MHz, Q,,=Q,.,=0.3y, The low power limit has a maximum of 5.5 rad/MHz &,
A,e=0, andN=10° cm™3. =0.04y.
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101 MR MMM | ML BN E T T T 3 101

_l
<

FIG. 9. Absolute value of the
parametric  dispersion @g,p
=Ngoup@coupl/C @s @ function of
the Rabi frequencies.y= vy,
=v,.=27X5.22 MHz, y,=10°
sl and N=10° cm 3. Left:
0,,=0.2y; Right: Q,.=0.2y.

S
b

Dispersion (rad/MHz)

-
(@)
&

0.1 1 10 0.01
Qac/Y Qab/y

0.01

0.1 1 10

2 change of sign in the dispersion. At these intensities, the dark

20
: ( 2b (5.3 resonance vanishes and the one-photon dispersion is left.

Neoun™=Co|l ———=5
coupl ~ ~c ‘)/0’)/"'292

if we assume a very small decay rate of the ground-state
coherence yo<7v,Qapec, wWhere y=7y.p+ vac, Q=02
+Q§C, and CC=(27TNM§C)/h. The maximum achievable In conclusion, we have shown that the spectrum of the
parametric dispersion is thu8.(2y,y) ! at a probe Rabi parametric dispersion can be reproduced with a standard
frequency of Q,,=/y0y/2, where the decay rate of the semiclassical approach. We have measured the parametric
ground-state coherenag in our case is given by the inverse phase shift and the linewidth of the EIT resonance for a wide
of the interaction time. In principle, the ground-state coherfange of probe and coupling field intensities with a new het-
ence can be very long-lived using cells with antirelaxationerodyne interferometer with an off-resonant reference field.
coated walls or filled with buffer gag22,23. For a given With this we achieved a significantly high signal-to-noise
probe Rabi frequency, the parametric dispersion is constari@tio for coupling powers down to 1.2 nW. All experimental
for small coupling intensities. On the other side, if the cou-results were found to be in good agreement with the semi-
pling intensity is fixed, the parametric dispersion decreases &lassical model.

lower and higher probe intensities. This behavior is plotted The parametric dispersion offers the possibility to control

VI. SUMMARY

in Fig. 8 and Fig. 9. the refractive index of a medium at a certain wavelength with
The probe field dispersio@A11) becomes a field of another wavelength. Losses are nearly completely
suppressed in the vicinity of a dark resonance. By these
20) 2 means, the coupling beam can be deflected by an angle con-

nr’,mbemcp(—aiz (5.4)  trolled by the probe frequency. It is therefore possible to

Yoy+2Q realize an opto-optical scanner. An opto-optical phase modu-

lator can be realized in the same way. The phase of the
for yo<7,Qauc. This quantity is a measure for the group coupling field is controlled nearly without loss by tuning the
velocity reduction of a pulse propagating through an EITprobe field frequency.
medium. The exact solution of the probe field dispersion is The phase of the coupling field can also be used as an
plotted in Fig. 10. The notches in this graph indicate aerror signal for a feedback control of the difference between

101 2RI A A AN E T T T 3 101

— r ; ] 10™ FIG. 10. Absolute value of the
N o F 3 s . ; ’
% 10 probe field dispersion ¢ppe
= =n")r0béxfpmbg/c as a function of
g y 10 the Rabi frequencies. The notches
5 107 ] are roots where the dispersion
.g 10° changes its SigN.y= yap= Yac
3 1 10 =27x5.22 MHz, y,=1C° s 1,
fal : N=10° cm 3. Left: Q,,=0.2y;

107° 3 107 Right: Q,.=0.2y. The scaling is

3 the same as in Fig. 9.
0.01 0.1 1 10
QY
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probe and coupling frequency. The losses in the probe power , 277N,u§b i( Re(pap) A7)

can be kept negligible in the vicinity of the dark resonance. Nprobe™ 7 75\
The error signal is extremely steep because the dark reso- ab

nance is much sharper than usual atomic resonances. Extend- i ) _
ing this difference frequency from the microwave into the W& aré now using a standard density-matrix approaee,

optical regime, it is possible to close large gaps in frequency:9-[24]). The dynamical behavior of the density matpixs
chains. given by the equation of motiofmaster equation

) i -
=— —[H,— uE,p]+relaxation term A
ACKNOWLEDGMENTS p=—7[Ha—uE p]+relaxationterms,  (A8)

This work was supported by the Sonderforschungsberelc\r,lvhereﬁ is the electrical dipole operator aiis the sum of

ilftﬁ(frg?w?;:]hﬁ)?ﬁ;;icze l\jgrtiigufg?shge?r?ﬁllndsiggsgs%if. Tr}ﬁe two electrical fields. The relaxation terms are added in a
' P " phenomenological waysee[25], and references thergin
With a transformation into the interaction picture and ne-

glecting the fast oscillating tern{sotating-wave approxima-
APPENDIX: ALGEBRAIC SOLUTIONS tion), the master equation becomes

The dispersion can be calculated with a semiclassical _
model where the ensemble is treated quantum mechanically — Pcc= Yo/2— YoPcct YacPaaT 1 (QacPca™ Lealac),
and the fields are treated classically. The detunings of the
two fields from the one-photon transitions are Pob= Y0/2= YoPbb+ YabPaat 1 (QabPba— LbaPab) s

A p— W b_((!) —wb), (Al) : .
2 probe 2 Paa=— (Yot Yabt Yac)Paa— 1 (QapPba— QbaPan)

Aqc= Wcoup— (Wa— ©¢), (A2) —1(Qacpca™Leapac), (A9)

whereA . is the probe field detuning ankl,; is the coupling

field detuning from the respective atomic transition frequen-
cies w,— w, and w,— w.. The two-photon detuning is )
then Pac= ~lacPac=1Qad pcc— Paa) =1 QabPbes

pab: —TapPab— 1 Qap(Pob— Paa) ~1QacPch s

8=Aqp—Age. A3 - i i
ab ac (A3) Poc= ~LI'bcpebT1Qacpba= 1 Qpapac-

The refractive index of the ensembl@ qpiprone 1
+dNgoupipronefor the coupling and the probe laser field can The decay rates are
be calculated from the matrix elements of the density opera-

tor p: Fab:%(270+')’ab+ Yac) Tilap,

27Nu2. R .

dncoup( o)= 7Tﬁ,u,ac ?{)ac) , (A4) Iac= %(27’0+ Yabt Yac) ti1Aac,
ac

FbC: Yo— | 5

27N pg, Re(pap)
dNpond 8)= ——— —¢ = (A5)

Setting the time derivatives to zerp=0, we obtain the
i o ] o _ steady-state equations. This set of coupled linear equations
The dispersion is defined as the derivative of the refractivg g pe solved analytically. We assume the coupling field to

index with respect to the two-photon detunifig be on resonance(.=0,A .= 8). Without any further as-
27Nu2. d [Re(pac) sumpt_ions, the steac_iy-state soIL_Jtion of the_mastgr equation
A ac _( Pac ) ’ (A6) (A9) yields the following expression for the dispersion of the
coup fi 96\ Qye coupling field at the two-photon resonance:

i( Re(pac)) _ 402 7o(7+ 70) (7+270) (7+370) +[4¥ad v+ 470) + 6751050+ [4(vant 7o) (¥+270) — 275105}

96\ Qac (27o+7)[27§+770+2§2]2[70(7+70)(v+270)+(47ac+870)Q§b+(47ab+870)9§c]( )
A10

The dispersion of the probe field becomes

013803-7
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i( quab))

95\ Qup

PHYSICAL REVIEW A 64 013803

290( v+ Yo Yol ¥+ 270) + 20212

270+ V2%5+ ¥ Yo+ 20217 o( v+ ¥0) (¥+270) + (4¥act 870) Qop+ (4yap+870) Q4]

 Hyo(r+290) (¥ + Yo+ 470Yad) + 2L Y6~ 270( Yan— 3Yad) T 27 Yacl 22pt 25— 8(7+270) (yo+ 27ap) e

270+ V2%5+ ¥ Yo+ 20217 vo( v+ ¥0) (¥+270) + (4¥ac+ 870) Qap+ (4¥ap+ 870) Q4]

with 02=02 + Q3. and y= yap+ Vac-

(A11)
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