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We analyze both experimentally and theoretically the phase shift of a fixed coupling laser fieldtypa
system induced by a tunable probe laser field. The measurements are performed with a heterodyne interfer-
ometer on a beam of cesium atoms in tgline. This system exhibits electromagnetically induced transpar-
ency with a rapidly varying refractive index. The parametric dispersion of the coupling field over a range of six
decades of coupling laser intensities is investigated and found to be in accord with the predictions from the
semiclassical model.

PACS numbes): 32.70.Jz, 07.57.Pt, 07.57.Ty

Quantum interference in coherently prepared atomic sys-  p..=—(yo+ Yap+ Yac)Paa— 1 (QLavPba— QLbaPab)
tems can lead to surprising effects like, e.g., inversionless

gain or electromagnetic induced transparef€yT). With a —1(Qacpca™Qcapac),

proper choice of fields and atomic states it is possible to . ] ]

design media with certain dispersive and absorptive proper- Pab="T'apPab=1Qap(Pbb— Paa) ~1QacPcn,
ties. In previous experiments we have realized transparent ) ) _

media showing negative dispersih], just as media with pac=~Tachac™ 1 Qac(Pec™ Paa) =1 QabPuc,
very steep positive dispersion and simultaneously vanishing . . .
absorptior[2]. For a detailed discussion of these new media Poc= ~Tbepont 1QacPba=1Dbapac,

the reader is referred to the review artic|84].

The dispersive properties of EIT have been studied inWhere
many publications, e.g[5-7], and these properties have Cab=3 (2%0+ Yapt Yac) +iAap,
been used in a variety of experiments, such as quantum non-
demolition  measurements [8], experiments  with Iac=3 290+ Yapt Vac) il ae,
Volkswagen-speed ligh®—11], and investigations of optical
resonators containing highly dispersive mefi2]. How- Iye=7yo—16.

ever, it is, to our knowledge, the first time that the influence

of a probing field frequency onto the phase of a fixed couBab= wprobe_(wa__wb) andA .= wcoupl_(wa_ w.) are the
pling field in a three-level system is experimentally investi-On€-photon detunings of the probe fieig e and the cou-
gated. The observed phase shift of the coupling field depend¥ing field wcqyp from the respective atomic transition fre-
parametrically on the probe field frequency, and it will be duénciesw,— w, andw,—wc, andsis the two-photon de-
shown that the polarizations of the medium at the probe an#Ning A,p—A,c. The Rabi frequencie$),, i=b,c are
the coupling field frequency show totally different spectradefined asQapc= tapcER ¥ (2#), where E}, is the
under a variation of the probe field frequency. amplitude of the electric fieldE(r,t)=RegE)exp{wjt

We are using a heterodyne detection to measure the phaquj.r)] and |ZJ. the wave vector for the field at frequenay
shift of the coupling laser relative to an off-resonant refer—(j =probe,coupl). The dipole matrix elements are denoted
ence laser. This heterodyne interferometer is less sensitive g, tap aNd ac. Yo iS the transient loss rate that is derived
acoustic and vibrational noise than a homodyne Machfrom the time it takes for an atom to travel through the laser
Zehnder interferometd?] and always achieves in compari- field. This model is well suited for atomic beams, where the
son to frequency modulation spectroscdpyS) a modula-  ground-state coherence lifetime is much longer than the trav-
tion index of unity. We demonstrate a reasonable signal-toeling time. Although there are analytical steady-state solu-
noise ratio for our phase measurements, even for couplinfons for this system that were described first[8], the
laser powers of 1.9 nW in the interaction region correspondsimplest way of illustrating the occurring coherence effects is
ing to a field intensity of 12 nW/ch by numerical simulation.

For the theoretical modeling we are using a semiclassical Figure 2 shows the numerical steady-state solutions for
approach in the density-matrix formalism. Denoting the ei-the coherencep,, andp,.. The real part ofp,, shows the
genstates of the unperturbed Hamiltonian with), n  normal dispersive shape with a narrow inverted dispersive
=a,b,c (Fig. 1) and using the standard rotating-wave ap-structure in the center. We want to focus on the fact that the
proximation, the density-matrix elements in the interactionyeg| part ofp,. has a different shape and includes only the

picture are sharp dispersion profile at the two-photon resonance, while
the imaginary part of the coupling coherence shows the same
Pec™ Yol2= YopecT YacPaa T 1(Qacpca™ Lcapac) EIT behavior as the probe coherengg, [Figs. 2B), (D)].
Clearly this is no violation of the Kramers-Kronig relation
Pob= Yo!2— YoPobT YabPaaT i (Qapppa— LbaPab) s because the parameter that is varied is the frequency of the
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FIG. 1. A-type three-level systenji.), eigenstates of the unper- E
turbed Hamiltonian;y,y,, vac, Spontaneous emission rateg;/2, 3
injection rate;y,, transient loss. g
3

probe laser, while the coupling laser frequency stays reso-
nant with the coupling transition. Hence we call this behav-
ior parametric dispersion.

If we assume a short interaction length and a low optical
density we can relate the matrix elements with our experi-
mentally accessible quantities1(5) and a(d) as follows:

Re(po)

Qac 27 Mac

IM(pae)  hiC
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=10°s™, v,,=272.18 MHz,
N 22 dn(9), 1) —03y, A,~0.
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FIG. 2. Theoretical spectra of the parametric phase digiftA)
and the corresponding absorptianB). In (C) and (D) phase shift
and absorption of the probe field are shown. Here &g
Yac=2m3.05 MHz, Q=04

The derivative of the real part gf,. over the coupling
-~ a(d). 2) Rabi frequency gives a measure for the dispersion at the

Qo 27Nwaeu’, coupling field frequency. This quantity is also proportional to
the reduction of the group velocity for a propagating electro-
Here isdn(6) the deviation of the refractive indem(d) magnetic pulse.

from unity, a(6) the absorption coefficient, aridithe atomic From the steady-state solution of the master equation we
density. The resulting phase shift isde(d) get the dispersion of the coupling field at the two-photon
=dn(8) weoupl/C, With | as interaction length. resonance:

96\ Qg

Re(pac)) 402 vol ¥+ Y0) (¥+270) (v+370) +[4¥ac ¥+ 470) + 61510250+ [4(Yapt Y0) (¥+270) — 2751Q2 )
(290+ Y278+ ¥v0+ 2021 yo( ¥+ ¥0) (¥ 270) + (4¥act 870) Q2+ (4yapt870) Q2]

©)

with Q2= sz+ Qac and y= y,p+ vac. We will consider a  very long lived using special techniqugl0,14. The above
small decay rate of the ground-state polarizatipn<y.  described behavior of the parametric dispersion is plotted in
With this approximation the parametric dispersion in B).  Fig. 3.
reduces to the simple form The experiments were performed on a Cs atomic beam.
We measured the phase shift and the absorption of the cou-

2Q0,p

n'=C| ——=—
'yoy-i-ZQZ

2 pling beam and the probe beam absorption simultaneously.
(4)  The experimental setup is sketched in Fig. 4. In these experi-
ments we are using three self-injection-locked diode lasers

with spectral bandwidths £100 kHz at time scales of mil-
wheren’ is the derivative of the refractive index with respect [iseconds. The coupling laser was stabilized to tlsg.6 F
to sandC=2mNuZ /% collects the constants from E(R).  =3—6p,,, F' =4 transition via polarization spectroscopy.
For low couplmg field intensities the dispersion becomes staThe vacuum wavelength is 852 nm and the lifetime of the
tionary at ni,~C[2Q.,/(yoy+2Q2,)]1%. The maximum excited level is 30.5 nl5], corresponding to a total decay
achievable dispersion is thu(2y,y) ! at a probe Rabi rate y of 27 5.22 MHz and the optical transition rates,,
frequency of Q,,=+7y0y/2, where the lifetime of the =2#2.18 MHz andy,.=273.05MHz.
ground-state coherencg, in our case is given by the inter- The reference laser was phase locked to the coupling laser
action time. In principle the ground-state coherence can bwith an offset frequency oby~1 GHz to lower frequen-
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FIG. 3. Calculated dispersion at the coupling field frequency for 40 20 0 20 40 40 20 0 20 40

various probe field intensities withy=27 5.22 MHz and vy,
=10°s". The low power limit has a maximum of R&(/Q.J

=1.510 ®s % at{,,=0.04y. FIG. 5. Typical observed spectra of the parametric phase shift
de (A) and the corresponding absorptian(B). In (C) and (D)
cies. We have chosen a high offset to ensure that there is nghase shift and absorption of the probe field are shown. Probe and
influence of the reference field on the sample. The referenceoupling laser intensity were 2.5 mW/ém
offset frequency was tunable to compensate for any phase
offsets due to unbalanced arm lengths. The three laser fields were superposed at a beam splitter.
The probe laser was then phase locked to the referenderom one output of the beam splitter the fields propagated to
with a d/2m+v,+9.192631 770 GHz offset that corre- the interaction zone through a single-mode fiber that served
sponds to the reference offset plus the hyperfine splitting iras a mode cleaner and ensured a perfect mode matching of
the ground state of cesium plus the two-photon detuningthe three beams. After the fiber the beams are collimated
The offset frequency was provided by a tunable microwavewvith a lens doublet that produces a beam waist in the inter-
oscillator. The technique of optical phase locking was de-action zone of 220um. The beams passed the sample and
scribed before in, e.g[2]. The beat signals for the phase- were separated by a Wollaston prism. The interference of the
locked loops and the reference arm were detected with faseference laser field with the coupling laser field on the pho-
fiber coupledp-i-n photodetectors, and the signal in the todetectors at the ends of both probe and reference arm gen-
probe arm with a 1-GHp-i-n photoreceiver. erates beat signals oscillating with the difference frequency
Coupling and probe field had different polarizations andbetween these fields. While phases and amplitudes in the
were separated after the interaction zone. The laser intengieference arm remain constant, the phase and amplitude of
ties were adjusted with discrete metal-coated neutral densitihe coupling field depend on the absorption and dispersion in
filters mounted in a filter wheel to provide good reproduc-the sample. The absorption can be measured directly with the
ibility. dc photocurrent of the photoreceiver:

detuning 6/2x [MHz] detuning 6/2x [MHz]

Ige( 8) o ( Egou’)5 2= 2a(o)l 4 ( EBef)z.

The phase shift was obtained by demodulating the ac signal
with the beat signal from the reference arm. The amplified
beat signals from reference and probe arm are the inputs of
the double balanced mixer, and the mixer output signal car-
ries the information about the phase shift of the coupling
laser:

| mix( 8) < (ESLPERN 26« sin dg(8) — o],

Reference Arm

With =27 voi(L prope™ Lrer)/C, WhereL popererare the arm
lengths of the interferometer. This residual phase shifs

FIG. 4. Experimental setup. Prb., Pmp., and Ref. probe, cou@djusted to zero by the appropriate choice of the reference

pling, and reference lasef; parallel polarizationi , vertical polar-  frequency. The mixer output signal is low pass filtefad
ization; BS, power beam splitter; P, polarizef4&°), polarizer un- ~ Hz, 18 dB/octavg _ _

der 45° with respect to the incident polarization; WP, Wollaston The sample was a cesium atomic beanN=2
prism; Cs, cesium atomic beam; SMF, single-mode fiber; PD, phoX 10%atoms/crm) with a residual Doppler linewidth of 4.5

todiodes; DBM, double balanced mixer; PLL, optical phase-lockedVIHz for the optical transition and 120 Hz for the two-photon
loop. resonance. The length of the interaction region was 5 mm.
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FIG. 6. A, observed parametric phase shift of the coupling field

with probe laser intensity 3.1 mW/érThe solid curve shows the
semiclassical solution from E@3). The circles show the approxi-
mated solution fory,=10°s <y from Eq. (4). B, Measured

phase shift of the coupling beam over a span of 10 MHz, with

coupling beam intensity of 8.3 nW/émThe maximum phase shift
is =37 mrad.
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laser was tuned 100 MHz over the%, F=4—6p;.,, F’
=4 transition. A typical spectrum of the parametric disper-
sion(A) and absorptioriB) of the coupling field is shown in
Fig. 5. In graphgC) and (D) the corresponding spectra for
the probe field are plotted.

The intensity of the probe beam was fixed at/9% and
the coupling field power was varied over six orders of mag-
nitude from 4.2 mW down to 1.9 nW. The experimental data
were fitted to the theoretical spectrum of the phase shift. The
derivatives of the phase shift on the two-photon resonance
obtained from these fits are plotted in FigAg. The low
power limit, forde’, we get is 0.16 rad/MHz. Figure(B)
demonstrates the good performance of the heterodyne
method for 1.3-nW and 42@W coupling and probe field
intensity, respectively.

In conclusion, we demonstrated experimentally the para-
metric phase shift of the coupling field in an EIT scheme.
The maximum dispersion in these experiments was limited

Py saturation broadening of the two-photon resonance. At

lower probe laser powers the parametric dispersion is limited
by the ground-state relaxation rate.

We have shown that the heterodyne technique is well
suited to measure small phase shifts even at low intensities.

Six coils in the three spatial directions were mounted aroungne gpserved behavior of the parametric dispersion on the

the interaction region outside the vacuum chamber t0 cOMgark resonance confirms the theoretical model used in this
pensate for magnetic fields. work

The reference offset frequency was adjusted so that the
off-resonant phase difference between probe and reference This work was supported by the Sonderforschungsbereich
arm canceled. During each scan the coupling laser was fixeBFB 407 of the Deutsche Forschungsgemeinschaft DFG. The
to the 6s,,,, F=3—6p3;, F'=4 transition, while the probe authors wish to thank A. Matsko for helpful discussions.
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