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Laser-induced birefringence in a wavelength-mismatched cascade system of inhomogeneously
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We report the observation of laser-induced birefringgidB ) in a wavelength-mismatched cascade system
(J=0+J=1+J=0 transition$ of inhomogeneously broadened ytterbium atoms with strong pump and probe
fields. We investigate the transmission spectrum of two circular polariz(attﬁmndzr;) components of strong
probe field at fixed frequency, depending on the detuning of a circularly polafizgdcoupling field from
two-photon resonance. We find that tbﬁ (op,) polarized component exhibits a narrow electromagnetically
induced absorptioftransparencyspectrum. Numerical solutions of density matrix equations show qualitative
agreement with experimental results. A Doppler-free dispersive LIB signal is obtained by detecting the Stokes
parameter of the probe field, enabling us to stabilize the frequency of the coupling laser without frequency
modulation.
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Quantum coherence effects in atomic three-level systemfield is then subsequently obtained by detecting the Stokes
interacting with two monochromatic laser fields provide aparametef6] of the transmitted probe field. This is a mea-
rich source of interesting phenomena in laser spectroscopgurement of the electromagnetically induced birefringence
such as, the phenomena of electromagnetically inducedriginating from the EIA-type resonance of the strong probe
transparencyEIT) and absorptioffEIA) [1], etc. Complete field in the wavelength-mismatched three-level cascade sys-
coherent control of the polarization state of an optical fieldiem. We are able to stabilize the frequency of coupling laser
2], measurement of the op_tical_ rotatio_n to investigate theyt 1077 nm by use of the laser-induced birefringe(lde)
atomic parity nonconservation in thallium vapf8], and  gignal with long-term stability below 1 MHz, which is stable

measurement of birefringence at 1083 nnf'te atoms[4] enough to study the two-photon laser cooling of Yb atoms in
have been achieved relying on the EIT effects in the correz v magneto-optical trafMOT) [7].

sponding cascade three-level atomic systems. Recentl
Magno and co-workef5] proposed a simple scheme for la-
ser cooling of alkaline-earth and ytterbium atoms using

two-photon’s,« P, < 1S, cascade transition, which might
be used as a second stage cooling after precooling with t

-~P, transition, and this two-photon laser cooling scheme<’ ) .
Py P g mismatched configuration and levé® and|3) are coupled

has not been realized yet experimentally. N .
In this paper, we present a Doppler-free two-photonto the ground statél) by an arbitrarily intense probe field.

- S 1
atomic coherence spectroscopy of Yb atoms associated Witlﬁerel_vye |%nor_e }hg sFa';e Wr']th_O of thle Pll sltafce for
the wavelength-mismatched cascade scheme considered SiPPliCity, but include it for the numerical calculatiqsee
the two-photon cooling of Yb atom&]. We investigate the !atep [8]. In parenthese_s on Fig(d, laser ffeq.“‘?”cy'. polar-
Doppler-free transmission spectrum of two circular polariza-'z""tIon state, and Rabi frequency of the driving fields are

4> (a) ®

tion (o, and o) components of a strong probe field at fixed 6575)'S,

Y Figures 1a) and 1b), respectively, show the three-level
cascade scheme of Yb atoms havinglegenerate sublevels
6T2> and |3) relevant to the present study and the schematic
jagram of the experimental setup. In Figay levels|1),

), and |4) form a three-level cascade wavelength-

detuning from a one-photon resonance in a Yb hollow cath | e % :
ode lamp(HCL) depending on the detuning of circularly @, 05 Q) v eor| S
polarized (o) counterpropagating coupling field from two- |3 . 2> @ Yb HCL DBS | 1
photon resonance. We find that when the Rabi frequencies (m,=- GS6pPy [ =1 S I | il g
the probe and coupling fields are similar to the decay rate a o, — : 7‘»‘ PBS i
theJ=1 state, ther; component exhibits a narrow EIA spec- (»,.0,.2,) (@, 6", Q) Ocf tommmee o d

trum, while theo, component exhibits an EIT spectrum due

the multiphoton process induced via the strong probe field 6s?'s,
The measured spectra show qualitative agreement with the _
calculated spectra from numerical solutions of semiclassical F!G- 1. (@ The three-level cascade scheme of Yb atoms having
density matrix equations. A sensitive Doppler-free dispersivd-degenerate sublevel®) and|3). In parentheses, laser frequency,
signal that is proportional to the birefringence experienced)da”zat'on state, and Rabi frequency of the driving fields are ex-

by the two circular polarization components of the probepIicitIy shown. (b) Experimental setup for Doppler-free two-photon
atomic coherence spectroscopy. PL, probe laser; CL, coupling laser;

SPD, Stokes parameter detector; PD, photodiode; PBS, polarization
beam splitter; DBS, dichroic beam splitter; HCL, hollow cathode
*Electronic address: thyoon@kriss.re.kr lamp; \;, N/i waveplate(i=2,4).
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() Experiment

[ () Theory that if the probe field istrongin this level configuration, two
circular polarization components of the probe field exhibit an
ElIA in the a; component that is coupled to the control field
and EIT in theo, component that is decoupled from the
control field, allowing us to measure the laser-induced bire-
fringence originating from the EIA-type resonance. This is
an observation of an electromagnetically induced birefrin-
gence associated with the EIA and EIT effects of the strong
probe field in the cascade three-level system.

In the experiment, two laser diodes with external grating
feedback are used for the probe lagel) and coupling laser
(CL), respectively, as indicated in Fig(k). The atomic tem-

-2f | perature in a Yb HCL is estimated to be600 K, which
20 10 0 10 20-20 -0 0 10 20 gives a Doppler width of~1 GHz [12]. The frequency of
8, /v, 8/, probe laser at 399 nm can be stabilized within the range of
probe detunings,| <2y,~60 MHz by use of a Doppler-free

FIG. 2. Measured contrast against the Doppler background oéaturation absorption signal with a lock-in detection using a
the strong probe field transmittance for @ o;, and(b) o, com-  separate Yb HCL. The two-photon Doppler cancellation, al-
ponents vsdc/y, at probe and coupling powers of 88NV and  though it is not perfec(since w,# ), is achieved with
1.7 mW, respectively. The graphs in) and (d) are, respectively, counterpropagating geometry of the coupling and probe
the calculated contrasts against Doppler background of probe tranfields as in Fig. @b). We set the powers of the probe and
mittance for thes,, and 0'; components with the parameters of coupling fields aP,= 85 uW (spot size 67um, Qp~273 for
Qp=0c=2y,. In all graphs, we sef,=0. o, ando;, componentsand P.=1.7 mW(spot size 175um,

Q.~4y,), and the probe field detuning at exact one-photon
shown explicitly. The'P, state(levels [2) and |3)) decays resonancés,=0).
rapidly with a decay rate of,=2mx 28 MHz to level|1) We first measured the transmittance spectrum correspond-
and there is a weak decay channel to (tﬁ\&;!Sp)sPl state via  ing to the two circularly polarized components of the probe
levels (6s5d)°D, and°®D, (not shown. The °P, state decays field as a function of coupling field detuningy/ y,. For this
to the ground state by emitting 556 nm spontaneous photorigeasurement, we used two detect@®1 and PD2in Fig.
with a decay rate of #x 182 kHz. Level|4) decays pre- 1(b) and ak/4 wave plate oriented at 45° to the polarization
dominantly to thelp1 state with a decay rate of,=2m beam splitte(PBS. The first column in Fig. 2 shows the
X 3.0 MHz and weakly to théP1 state with a decay rate of typical transmission spectrum expressed as a contrast against
27X 0.2 MHz [9]. Doppler background70% absorptiopcorresponding to the

Note that in the Yb cascade three-level configuration intff; component in@) and to thes?, component in(b) for the
Fig. 1(a), where w,~2.7X w,, the effects of mismatching 17yb isotope in a Yb HCL with Ne buffer gagischarge
wavelength in the EIT spectrum in Doppler-broadened mediaoltage 160 V and current 1.8 mA7]. As one can see, the
is expected to be very strorjd0], i.e., the depth of the EIT spectrum in(@) corresponds to the,, component and shows
dip is greatly reduced from the complete transparency agn EIT spectrum with a line width of 3v,, while the spec-
opposed to the case when=w, [11] andw,~1.5X w, [4].  trum in (b) corresponding to ther;; component, shows a
In this case, the Autler-Townes components for nonzero venarrower(~vy,) EIA spectrum at the two-photon resonance.
locity atoms are completely overlapped with the line centerNote that the EIT and EIA spectrum has only a few percent
as opposed to the case whep< w.; thus one would rea- contrast against Doppler background, which is expected
sonably expect transparency created on resonance to be dbeoretically for the wavelength-mismatched cascade system
scured[10]. This is exactly what happens in the cascadewith w,> o [10]. We also find that, as decreasing the inten-
system of Fig. (&) and observed in Fig. 2 below, where we sity of coupling field, the EIA spectrum i(b) develops into
could detect only a few percent contrast of EIT or EIA sig-the EIT spectrum as iga) with a reduced signal-to-noise
nals against the Doppler profile, only when the Rabi frequenfatio. However, ther, component, which is decoupled from
cies of probe and coupling fields are an order of the decayhe strong control ﬁeld, always exhibits an EIT spectrum
rate of theJ=1 state. under the parameter range we have tested. The EIT spectrum

Theoretical analysis of the LIB in the same level configu-has a line width about 87 MHz 3vy,, which is 1.5 times
ration as in Fig. 1 was discussed previously by Patnaik anthrger than the width measured at the Doppler-free saturation
Agarwal [8] at the weak probe-field limit and wavelength- absorption spectroscopy with a same Yb HCL due to the
matchecconfiguration, i.e.w,=w.. We find, however, thatin saturation broadening7], while the EIA spectrum has a
the wavelengtimismatchedand inhomogeneously broad- much more narrow linewidth of aboyt,. We calibrated the
ened cascade configuration, whesg> w. as in Ca, Sr, and width of the measured spectrum from the known frequency
Yb atoms(considered in the two-photon cooling thegBb}), interval (isotope shiff of the lSo-lPl transition of Yb iso-
the LIB signal becomes negligibly small after Doppler aver-topes[13]. The narrow feature of the EIA spectrum may be
aging[10] when the probe field is weak. Thus, we cannot useunderstood that in the EIA process, a higher-order multipath
the analytical results discussed in R@] for the explanation interference is involved compared to the EIT process, since
of our experimental findings. In this paper, we demonstratehe probe field is stron{l1].
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In order to understand theoretically the measured spectnaificant differences in line shape. We attribute this difference
in Figs. 2a) and 2b), we solved a semiclassical density ma- partly to the unknown discharge effects in the Yb HCL and
trix equation associated with the level configuration of Fig.partly to the uncontrollable imperfections of the polarization
1(a) at the steady state. The equation of motion for theelements in the experimental setup. However, we can reason-
slowly varying componentg of the density matrip may be  ably say that the density matrix equations in Ed3.and(2)
written by making a transformatign— p such thaip,=py.  correctly describe the general behavior of the atomic coher-
p=piexp—iwgt), py=psyexp-iot), 1=2,0,3, ps,  ence associated with the three-level cascade system with
=pa1 exd —i(wp+wo)t], where subscripb indicates the state m-degenerate sublevels as in Figa)l We want to empha-
with m=0 of the'P, level. The matrix equation fgs is then ~ size that at the parameter range whéxe< y, and Q¢ ~ v,

found to be[8] the calculated transmittances for bet))ando, components
i exhibit white (flat) spectrum after the Doppler averaging;
S __ L _ Wi thus there is no detectable EIT or EIA signals as contrary to
P ﬁ[H’p] izzzpyg(wt‘){'@m"p} + 201} the case whel),~ .~ y, as in Fig. 2, strongly supporting
o our observations. Therefore, it is a very important experi-
= YoPad 1 | = vapil (1)), (1) mental and theoretical observation that only when the inten-
with the effective Hamiltonian in the rotating frame sity of the probe field and coupling fields are strong, i.e.,
Qp~Qc~ v, the transmittances of the] and o, compo-
H=4(8,+ 8)|4)4| + 4.6, > Xl nents in the wavelength-mismatched cascade system exhibit
i=2,3 an enhanced absorption or transmittance induced by the nar-
A row two-photon coherence, resulting in the enhancement of
- 52 (QpliX2] + Q4)2| + H.c). (2)  laser-induced birefringence, as clearly demonstrated in Fig.
i=2,3 3(a) below.
The second term under the summation sign of @yrepre-  Strong coupling and probe fields, when applied to an ini-
sents the natural decays of the system and the curly brackB@lly isotropic medium containing Yb atoms having
represents the anticommutator. m-degenerate sublevels, can create birefringence in the me-

The second column in Figs(® and 2d) shows the cal- djum. Because, as clearly seen in Fig. 2, th(_e _s.trong driving
culated transmission spectrum of the probe field after Dopfi€lds create gsymm()etry between the susceptibiliiesf the
pler averaging expressed as a contrast against Doppler badkoPe f'elfj’ sSince :(ZI“/EOED)PZ%SD’ Whef?ﬂ IS the di-
ground as a function o8/, with the parameter§), =,  Pole matrix element between tfig,-'P, transition, ¢, is the
=2y, The calculated contrast of the probe field transmit-Permittivity, andE; is the amplitude of the probe field. That
tance against Dopp|e|’ background was obtained from théﬁSU'tS in the LIB, i.e., the plane of polarization is rotated
imaginary part of the atomic coherence, i.e.[pg] for the when it passes throqgh _the medium. For a small absorption,
o; component and Ifip,y] for the o, component. The spec- the rotation angle\ ¢ is given by([6,8]
trum in (c) shows an EIT spectrurrl as {g), while the spec- A= koL (x" ~ x) = AnkL/2, (3)
trum in (d), corresponding to the, component, shows an
EIA spectrum as inb) at the same parameters. The EIA where k, corresponds to propagation vector of the probe
spectrum of theo? component of the probe field can be field, L is length of the cell alongd, An=n*-n", n*+ia*
understood as a result of higher-order multiphoton interfer=11+4mx*, andn* («*) being the refractive indetabsorp-
ence enabled by the strong probe figld]. In addition, our  tion coefficienj. Using the numerical solutions for; from
experimental and numerical observations suggest thatjhe Egs.(1) and(2), the rotation of polarizatios ¢ of the probe
component, which is blind to the coupling field, is also ac-can easily be determined from E@®). In order to detect the
tually strongly coupled to ther, coupling field due to the background-free dispersive LIB signal experimentally, we
multiphoton process induced via the strong probe field sased the Stokes parameter dete¢8®D) in Fig. 1(b). In this
that the EIT spectrum is observed. case, the SPD consists ofad2 wave plate and a balanced

Although, as one can find, the experimental and theoretipolarimeter{6]. The conventional way to measure the polar-
cal spectra in Fig. 2 agree well qualitatively, there are sig-ization state after passing through the medium is to put a
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linear polarizer in front of a detector and measure the proising candidate for a future optical lattice clog¢k,14], we
jected intensity. But, in that case, it is inevitable to includewere able to stabilize the frequency of coupling laser to each
the effect of circular dichroism in addition to the rotation of stable Yb isotope. The two-photon cooling theory predicts
the polarization axis. In the SPD scheme, howeverHhe  that the minimum temperature of 124 for Yb atoms can
wave plate rotates the polarization axis of the probe beam bige reached at the probe and coupling laser detuning$, of
45°, and the balanced detectpolarimetey which subtracts =-1v,/2 andd.,=—7,/2 [5], respectively, and that those con-
the reflected and transmitted intensities from the PBS meaditions can easily be achieved with the current frequency-
sures only the rotation of the polarization axis, i.e., the LIBstabilized laser diodes described in this paper.
signal, which is linear il 6, without background as long as In summary, we introduced a Doppler-free two-photon
A#<1 for an optically thin sample, wherel <1 [6]. atomic coherence spectroscopy of Yb atoms in a Yb HCL
Figure 3a) shows the detected LIB signal at the sameassociated with the wavelength-mismatched cascade level
parameter condition as in Fig. 2. The LIB signal has twoconfiguration. We invest_igated the transmission spectrum of
distinct features originated from the absorptiahispersion ~ Strong probe field at a fixed one-photon frequency, depend-
spectrum of ther;; and o components. The narrow disper- ing on the detuning of circularly polarized couplm_g field
sion feature at the line center with linewidth abews, cor-  "om & two-photon resonance. We found thatdfieolarized
responds to the LIB associated with the EIA signal observe§®mPonent, which is coupled to the upper state, exhibits a
for the o7 component in Fig. @), while the somewhat broad [aTrOW EIA spectrum, while they, polarized component ex-
(~3y,) and weak dispersion signal superimposed on th ibits an EIT spectrum. Numerical solutions of density ma-

. . . ) rix equations show qualitative agreement with the experi-
main LIB signal corresponds to the LIB associated with themental results. Doppler-free dispersive LIB signal results

EIT signal observed for ther, component in Fig. @.  om the EIA-type resonance were obtained by detecting the
Therefore, we demonstrated for the measurement of an ele&gyes parameter of the probe field, enabling us to stabilize
tromagnetically induced birefringence originating frqm thehe frequency of coupling laser without frequency modula-
ElA-type resonance of the strong probe field in thetion, The Doppler-free two-photon atomic coherence spec-
wavelength-mismatched three-level cascade system. troscopy introduced in this paper might equally be applied to
Finally, we used successfully the measured dispersive LIBhe alkaline-earth atoms and should be useful for experimen-
signal in Fig. 3a) for the frequency stabilization of the cou- tal realization of the two-photon cooling theojj.
pling laser without frequency modulation with long-term,  This research is supported by the Creative Research Ini-
stability below 1 MHz as shown in Fig.(8). Furthermore, tiatives Program of the Ministry of Science and Technology
by stabilizing the frequency of probe laser to the differentof Korea. The authors thank H. S. Moon for useful discus-
isotopes of Yb atoms, for examplé'yb, which is a prom-  sions.
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