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Measurement of the Zeeman-like ac Stark shift
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We demonstrate that when laser light is circularly polarized and properly detuned, the ac Stark shift of an
alkali-metal atom in its ground state takes the form of a pure Zeeman shift. The condition is satisfied when the
laser frequency is between tlEl andD?2 transition frequencies, with the size of the detuning fromDe
resonance twice that from tH21 resonance. The direction of the effective magnetic field is along the laser
propagation axis, and its magnitude is proportional to the vector polarizability of the atom and to the laser
intensity. We use stimulated Raman spectroscopy on an optically pumped slow atomic beam from a magneto-
optical trap to measure the vector polarizability and saturated absorption spectroscopy to show that the scalar
polarizability vanishes at the particular detuning.
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[. INTRODUCTION leads to a more convenient or interesting experimental situ-
ation. The laser-induced Stern-Gerlach force provides a new
The ac Stark effect is the result of an interaction betweeriool in optically manipulating atomic motion in a spin-
an oscillating electric field and an atom. The electric fielddependent way. Recently it was used in an experiment where
induces an electric dipole moment in the atom, and the inan optical dipole trap, which behaved like a magnetic trap,
duced moment interacts with the field again to produce amvas constructed to trap spin-polarized rubidium atp&jsin
energy shift, the ac Stark shift. The shift can be a problem irthe spin precession experimefii] a similar situation was
a precision measuremeftt], but a field gradient leads to an exploited for lithium atoms. It is also possible to perform the
optical dipole force, which is useful in the study of cooling classic Stern-Gerlach experiment using a laser intensity gra-
and trapping of atomg2] and in atom optic$3]. dient in place of a magnetic-field gradient, or to produce a
The ac Stark shift of an atom in its ground state consist$tanding wave along which the effective magnetic-field
of two components due to the scalar and vector polarizabilstrength changes from zero to maximum in half a wavelength
ities. The scalar part is from the induced electric dipole mo-of the light. Such a “magnetic grating” cannot be built with
ment parallel to the electric field, and the vector part is fromconventional coils.
the moment perpendicular to the field. It has been known In this paper we briefly outline the theory and report the
since 19774] that when the light is circularly polarized, the spectroscopic measurement of the Zeeman-like ac Stark
vector part results in an energy shift analogous to a Zeemashift. In the first part of the experiment we study the vector
shift. This “fictitious magnetic field” was used to demon- part under various detunings and polarizations of the laser
strate optically induced spin echogg and spin precessions light using a slow atomic beam from a magneto-optical trap.
[6]. In most studies of this phenomenon, the atom is modeletVe apply the standard atomic beam resonance methods in-
as a two-level system with Zeeman substructure and a ne&fuding optical pumping, stimulated Raman excitation, and
resonant light beam is used to make the effect large. Whegletection by shelving technique to the slow atomic beam.
the ac Stark shift is used to produce a dipole force, howeverThe experimental procedures are described in detail. In the
it is often advantageous to have a far detuned light beam téecond part we show that the scalar polarizability vanishes at
reduce unwanted photon scattering. In this case the multthe expected detuning using saturated absorption spectros-
level nature of an atom becomes important. For alkali atomsgopy in a vapor cell.
which play a central role in both precision measurements and
atom optics, the fine structure, whose spin-orbit coupling is Il. THEORY
responsible for the vector polarizability, is important. We ; Lo
pOiI’F])ted ouf{ 7] that when theplaser Iight)i/s proptfrly detuned . When an alkali-metal atom |n_|ts grf’i‘j,[‘d Sthﬁl’?’mj )
between theD1 andD?2 transitions of an alkali-metal atom, = |rrad|§ted by a laser f|eIE(t)'—€0e +&e' its ac
o : G ' Stark shift, to the lowest order, is
the scalar polarizability vanishes and the contributions from ' '
the D1 a_nd D2 couplin_gs to tljt_a vector _pqlarizability add U(NSy,,m)=a(w)&- &
constructively. When this condition is satisfied and the laser
light is circularly polarized, the ac Stark shift takes the same +iB(w) (&5 Eo) - ( Si2.Mj| 61Sy0,m; ).
form as a Zeeman shift, and the laser intensity gradient pro-
D
duces a pure Stern-Gerlach type force.
Using the Zeeman-like ac Stark effect one may replace &lere « and 8 are the scalar and vector polarizabilities, re-
magnetic field with a laser beam when such a replacemenipectively, ande is the Pauli spin operato9]. Explicit
forms of the polarizabilities are given in R¢¥]. The vector
part vanishes either in the dc Stark effect or when the applied
*Email address: cho@korea.ac.kr light is linearly polarized. However, when the light is circu-
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larly polarized,€0=go(§<+i§)/\/§, the vector part produces nPs3 2
a shift analogous to a Zeeman shift: As /2
U(nSy,,m;) = a(w)|eo|*~ B(w)|eo|*gjm; , 2 A nPi 2
1/ 2

whereg; is the Landeg factor.
When the laser is tuned near the alkali-médatransi-
tions, the scalar and vector polarizabilities take the approxi-

mate forms E (t)
[{nSygernPy,)?[ 1 2
e h

Blo)~ I "‘Sl/2|e£;|n|31/2>|2

1 1

A1/2 A3/2

nSi/ 2

: 4 (@)

where Ayp=fiw—(Enp,,~Ens,) and Agp=fio—(Eqp,, nPsz ;2

_EnSl/z)' For the above expressions we consider omfy As 2

—nP coupling and neglect the farther off-resonance terms. 1 T A1 /2

We also assume the same dipole matrix element foDthe nPi 2
andD?2 couplings. It is obvious from Ed4) that the vector
polarizability would have vanished if theP, and nP5,
states were degenerate. In most of the experimental situa-
tions, where the dipole force is used, the laser light is either E (t)
blue or red detuned with respect to bd andD2 transi-

tions. For example, in a typical far-off-resonance optical trap
[10] the laser is far red detuned with respect to Enk tran-
sition. The situation is shown in Fig(d). Becausex is the
sum of theD1 andD2 couplings ang3 is the differenceg v
is generally a small fraction at. When the laser is detuned (b)
between thé1 andD?2 transitions, however, the situation is

reversed. In fact, whez,=—2A4,, as in Fig. 1b), the FIG. 1. (8 The laser is red detuned with respect to bbth and
scalar polarizability identically vanishes and only the vectorD2 transitions.A’s are the detunings defined in the teftt) The
polarizability term remains. Under this condition, the aclaser is detuned between thel andD2 transitions so thah ,=
Stark shift takes the form of a pure Zeeman shift,~2A1.

U(nSy,,m;) = —B(w)|egl?gjm;. The effective magnetic _ .
field is along the direction of the laser propagation and itsof @ Zeeman shift. For the scalar part we use the cycling
magnitude isB|eq|?/ ug Where ug is the Bohr magneton. transition of theD2 lines to show that the scalar polarizabil-
The effective field can be either parallel or antiparallel to theity vanishes ah=790 nm.

laser propagation depending on the light helicity. When 1 W

of laser power is focused to a spot sizee?lfadius of an A. Vector polarizability

intensity profilg of 10 um, the effective magnetic field at the
focus is 250 G for rubidium. For lighter atoms like sodium,
whose fine structure splitting is only one tenth of that for
rubidium, the effective field can be as large as 2500 G, bu
the photon scattering rate is 100 times higher.

nSi/ 2

The frequency shift of the transition frohmS,F,mg) to
InS,F+1mg) due to circularly polarized laser light i&f
£ 2B(w)|80|*|ge|mg . We use®’Rb, whosege for F=1 and
F=2 are—1/2 and 1/2, respectively. The measurement is
basically the same as a standard magnetic-resonance expetri-
ment using a spin-polarized atomic beghi]. However, un-
like the static magnetic field, which can be applied over a

We use rubidium atoms in our study of the Zeeman-likelarge area, the interaction region is limited to a tightly fo-
ac Stark shift. In the theory of Sec. Il we neglected the hy-cused laser beagStark beam This localization leads to two
perfine structure. Because the relevant detuning is three oflifficulties in the measurement. The first one is the transit-
ders of magnitude larger than the ground-state hyperfinéme limited linewidth. If the Stark beam has a spot sizg
structure for a heavy alkali atom like rubidium, E@) re-  then the frequency shift scales withe®/ and the linewidth
mains a good approximation with the simple replacement ofvith 1/wy. In principle we can make the frequency shift
g;m; with gemg. HereF is the total angular momentum. larger than the linewidth by reducing,. The number of
Because the scalar part is the same for all states in the grourmdoms interacting with the Stark beam, however, is propor-
level, we use the hyperfine transition to study the vector partional to wg, and the resulting signal size for thermal beams
independently in order to show that the shift takes the formis impractically small. For example, when the Stark beam

IIl. MEASUREMENT OF THE ac STARK SHIFT
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power 5 1 W and the atomic velocity is 300 m/s, the shift optical interaction region  probe region
d the width become comparable when the spot size is ol 'S pumping  Raman transition  cyoling transition

an pare pot < ek TP R el
the order of 10Qum. In order to increase the transit time we , F=3
use the slow atomic beam produced from magneto-optically>**2 [z F=f
trapped atoms. This type of beam source was developed b 1 =

o o F=0
Lu et al.[12], and it is called a low-velocity intense source —
(LVIS). It can produce up to §10° atoms/s at a beam ve- raoo repumping pumping _____ Probe [I:H>_
locity less than 15 m/s. The second difficulty is that we must " ~>"¢ .
localize the microwave power so that only those atoms inside 2{";‘?;',:‘:
the focused Stark beam may undergo the 6.8 GHz transitior
from the F=1 to theF=2 hyperfine level of®’"Rb. This 5S1/2

m
(|

- N

rules out a direct application of the microwave radiation, so
we use stimulated Raman spectroscopy. We modulate th.
injection current to a laser diode at 3.4 GHz and the resulting . . .
pair of first-order sidebands have the correct frequency dif- /G- 2 The beam resonance method with the shelving technique
. . .- used in the measurement of the vector polarizability.
ference to coherently drive the hyperfine transition. We can
localize the transition region by simply focusing the Raman
laser beam. put power as a microwave source without further amplifica-

The apparatus consists of four parts. The first part is théion.

LVIS constructed from a magneto-optica] trap. Our LVIS Finally, the Raman transition is detected in the probe re-
setup uses standard ultrahigh vacuum components with r@ion, where we shine a laser tuned to the cycling transition
bidium getters and external-cavity diode las@sscribed in ~ Of [5S;,,F=2) to |5P3,,F'=3). Those atoms that have
Ref. [13]). We operate the LVIS in a pulsed mode and itmade a Raman transition {6S,,,F=2,mg) scatter many
takes more than 15 ms for the pulse of atoms to reach thehotons which are detected by a large area photodiode. The
interaction region. We can turn off the laser and magnetidackground from the atoms that survive the hyperfine pump-
field required for the LVIS in only a few msec so that they ing and remain in the==2 state is negligible. However,

do not interfere with the measurement at the interaction rescattering of the strong Ti:Sapphire laser off windows results
gion. The pulse of atoms are optically pumped intoin a large background. We put two layers of interference
|5S1,,F=1mg=1) by a linearly polarized laser beam filters with a maximum transmission at=780 nm in front
tuned to0|5S,,,F=2)—|5P4,,F'=2) for the “hyperfine  of the photodiode to block the scattered light. The photodi-
pumping” and by a circularly polarized laser beam tuned toode output is integrated for 30 ms while the pulse is passing
|5S,/,,F=1)—|5P5,,F'=1) for the “Zeeman pumping.” the probe beam, and again immediately afterward. The dif-
The laser beams are supplied by two frequency-stabilizeéerence is taken as the Raman signal. The pulse of atoms
external cavity diode lasers. The quantization axis, the z axigTive at the probe region with a time distribution widthll

is transverse to the atomic beam direction and defined by width at half maximumof 12 ms, and we use an integration
2.55-G magnetic field produced by a Helmholtz coil. Thetime long enough to include most of them. The sequence of
magnetic field is uniform across both the optical pumpingthe optical pumping, Raman excitation, and then the detec-
region and the interaction region. tion is shown schematically in Fig. 2.

In the third part, the spin-polarized atoms interact with the Before we measure the frequency shift due to the ac Stark
Stark beam from a Ti:Sapphire laser focused to a spot size @ffect, we use the Raman transition to probe spin polariza-
0.98 mm. Overlapped with the Stark beam is the circularlytion of the LVIS pulse produced by the optical pumping. In
polarized Raman beam with a somewhat smaller spot siz&ig. 3 the result of a Raman scan with the optical pumping is
The Stark beam and Raman beam are counterpropagating
along thez axis. The Ti:Sapphire laser frequency is free run- 4
ning but its power is kept constant by a servo system with a
fast photodiode and an acousto-optical modulator. The car-
rier of the Raman laser is locked to the saturated absorption
signal from the|5S,,,,F=3)—|5P3,,F’=3) transition of
8Rb, which is blue detuned by 1.5 GHz from tf&S,,,F m
=2)—|5P,,F’=1) transition of 8’Rb due to the isotope
shift. Then the lower and upper sidebands are red detuned by NPT T l ,
1.9 GHz from the |5S,,,F=2)—|5P4,,F'=1) and B '
|5S;1/,,F=1)—|5Pg,,F'=0) transitions, respectively. The 0 t -
Raman laser is also the external-cavity type with a grating. —4000  -2000 0 2000 4000
Its cavity length is adjusted so that its free spectral range is frea. offset (kHz)

3.4 GHz. This adjustment and the relaxation oscillation of F|G. 3. Spectrum of the stimulated Raman transitions from
the laser diode near 3 GHz allows us to put more than 20%gs,,,,F=1mg) to |5S,,,,F =2mg) after the optical pumping into
of the output power into the first-order sidebands. We use e |5S,,,F=1mg=1) state. The frequency offset is from the
yttrium iron garnet(Y1G) tuned oscillator with 25 mW out- unperturbed hyperfine transition frequency.

m==1

Raman signal
N
T

L 4
(hit o el kil
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FIG. 5. Measured frequency shift vs the Stark beam wavelength.
The solid line is a fit with the theoretical expressioff

= 2 i -
FIG. 4. A typical Raman scan of the transition from the . £B(M)|2ol", where the overlap factaf is used as the only ad

|5S,,,F=1mg=1) state to thg5S,,,F=2m=1) state. Black justable fitting parameter.

circles are the data points and the solid line is a Lorentzian fit. The

full width at half maximum is 33 kHz. In another set of measurements, we tune the Stark beam
laser toh =794 nm, where the frequency shift is sizable, and

shown. For the scan we use the Raman beam with a 5-mhange its polarization by rotating the quarter-wave plate.
spot size to cover most of the atoms in the LVIS puIse.The expected frequency shift for the hyperfine transition of
Without the Zeeman pumping the.=0 peak is 2.5 times Interest takes the form

larger than themz==*=1 peaks, which are of comparable
sizes. For the frequency shift measurement, we reduce the
Raman beam spot size to 0.73 mm so that it overlaps the
tightly focused Stark beam. In Eig a typical Raman scan .
for the frequency shift measurement is shown. The scan igheree is the unit vector representing the Stark beam polar-

made for the transition from|5S;,,F=1m=1) to jzation ande* is its complex conjugate. We can write E§)
|5S12,F=2me=1) on the optically pumped LVIS beam in terms of the angl® between the linear polarization of the
pulse. The Raman laser power in the first-order sidebands jscoming Stark beam and the fast axis of the wave plate as
0.4 mW. The data point at each frequency is obtained by(sf:ﬁ(w)|eo|23in 20. The result of the second set of mea-
integrating five pulses from the LVIS. The data fits reason-,;ements is shown in Fig. 6. We change the polarization of

ably well to a Lorentzian function with the full width at half the Zeeman pumping light to put the atoms in the opposite
maximum of 33 kHz. Roughly 20 kHz is accounted for from extrememy state|5S,,,F=1me-=—1), and find that the

the transit-time-limited linewidth, and the remaining part is : . ! .
from the Raman-beam-induced power broadening. When Wgequency shift changes signs accordingly. Finally, when we

reduce the Raman beam power the linewidth approaches ﬁange.the Starl.< beam. inten;ity we find the frequer}cy shift
kHz, but at the expense of the signal size. At the intensitiese’c_ales Ilne_arly with the 'F‘tens'_ty- This measurement is made
and detunings of the Stark beam used in the measuremertdth the circularly polarized light ah =790 nm, and the
(Stark beam wavelength is between 781 and 794, mmu-  'esultis shownin Fig. 7.

bidium atom scatters the Stark beam photon at the rate of 10

5= B(w)|eo|? ex €|, (5)

Hz or less, and its decoherence effect on the linewidth is 70 frequency shift

negligible. (kHz) I I
In order to measure the frequency shift from the vector 35 L

polarizability we make two consecutive scans like that of

Fig. 4 with and without the Stark beam, and compare the

center frequencies. We make this measurement at a series of ’ ‘ ’ — 8 ‘ ’ ‘ 1 8

the Stark beam wavelengths from 781 nm to 794 nm. The -60 30 { 30 60

Stark beam is circularly polarized, and its power is 1.0 W. I 35 F

Qualitatively, the result agrees well with the calculated de- I

pendence of3 on wavelength(see Fig. 5. In terms of the L

absolute frequency shift, the measured values show 15% dis-

crepancy with the calculated ones. We ascribe it to the un- FiG. 6. Measured frequency shift vs the Stark beam polariza-
certainty in the overlap of the Stark beam and Raman beantion. The curve represents the theoretical dependencesfof

In Fig. 5 we put the overlap factor as a free parameter tocsin 2, whered is the angle between the linear polarization of the
obtain the best fit. incoming Stark beam and the fast axis of the quarter-wave plate.
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As shown in Eqg. (2), the ac Stark shift of the Stark beam

|5S:1/,,F,mg) state due to the scalar polarizability is the
same for allF andmg. Consequently, in order to study the FIG. 8. Saturated absorption setup for the scalar polarizability
scalar part we use thB2 transition to the B, state. We Mmeasurement.
use ®Rb for this part of the measurement due to its larger
natural abundance. As was pointed out before, for the deturio increase their overlap in the cell. The saturating beam has
ings of interest in this paper the scalar and vector polarizabila four times larger cross-sectional area than the probe beam
ities, & and 3, of rubidium do not depend on the hyperfine (roughly 1.3 and 3.0 times long along the long and short
structure or the nuclear spin, and both isotopes of rubidiun@xes, respectivelyso that it serves as an optical pumping
should produce the same result. We note that the measurgeam, too. The interaction volume defined by the overlap-
ment is complicated because tf&P;,,F,mg) state has its Pping probe and Stark beams is well embedded in the saturat-
own ac Stark shift, and thus the ac Stark shift in the resoing beam. The resulting spectrum is shown in Fig. 9. The
nance frequency of thB2 transition has contributions from large absorption peak is the resonance signal of the transi-
both states. When we use a linearly polarized Stark beantion, |5S;,,F=3meg=3) to |5Pg,,F'=4me=4). The
however, the selection ruleAmg=0 implies that the resonance is shifted by 104 MHz, consistent with the Zee-
|5P4,,F'=4m=+4) state does not couple with any of man shift at 74 G. The linewidth of 30 MHz is dominated by
the ground state$5S,,,,F=2) and|5S,,,,F=3). As are- Ppower broadening from the saturating beam. The probe po-
sult, neglecting its coupling with thB 4, andDs, states, the  larization and theB field direction are arranged so that the
|5Pg;,,F'=4me=+4) state does not have an ac Starkfrequency of the resonance shifts higher, where there is no
shift. Explicit expression for the ac Stark shift of the interference from other hyperfine or crossover absorption
|5P3,,F,mg) state due to a linearly polarized light can be peaks. .
found from that of the dc Stark effedtl4] with proper In order to use the slope A or B of Fig. 9 for the ac Stark
changes in the energy denominators. shift measurement, we have another saturated absorption
The D2 transition has a 6-MHz natural linewidth, and SPectrometer for the probe laser that allows us to lock its
slow atomic beam does not provide any advantage. So wiequency with a large offset from the unperturbed
use saturated absorption spectroscopy in a vapor cell for ti&Sy2,F=3) 10 |5P3,F’=4) transition. The saturating
measurement of the scalar polarizability. The experimental
setup is shown in Fig. 8. The quantization axisaxis, is 51
defined by theB field of 74 Gauss produced by a Helmholtz
coil. The probe and saturating beams from a single external-
cavity diode lasefprobe laserare of the same circular po-
larization and counterpropagating along #exis. The Stark
beam to induce the ac Stark shift propagates perpendicular to
the z axis, and is linearly polarized along tteaxis. The
probe beam is split 50/50 before it enters the vapor cell, and
only one of the probe beams overlaps the saturating beam. 0 : , : , , ,
:/r\]/e E)ake dthlgz d|ff|erencc-,}_|bet\4vr?en tthI t\N(?c ![Jhrobes tt)o ekz)hmma_te -80 20 120 220
e broad Doppler profile. The profile of the probe beam is
cylindrical with characteristic spot sizes of 1Q0m and 3 freq. offset (MH2)
mm along the short and long axes, respectively. The profile FIG. 9. Saturated absorption spectrum for the scalar polarizabil-
of the Stark beam is also cylindrical with spatial dimensionsity measurement. Frequency offset is from the unperturbed reso-
in the probe region of 44om and 5.9 mm(the long axis is  nance frequency of the cycling transition. Frequency modulation is
along thez axis). Elongated probe and Stark beams are usedheasured at A and B.

sat. abs. signal
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beam for the spectrometer is provided by another externa 600
cavity diode laser(auxiliary lase), whose frequency is
locked to the low-frequency side slope of the crossover (
=3 to F'=2 and 3 peak of its own saturated absorption L 200 |
spectrometer. The crossover is 93 MHz red detuned from theg
F=3 to F' =4 transition. As a consequence, the saturated= 2o
absorption spectrum of the probe laser is blueshifted by more? 200 |
than 93 MHz. We lock the probe frequency to the blueshifted %
peak of theF=3 to F’'=4 transition using the frequency- & 40 |
modulation locking technique. By changing the lock point of 600 L
the auxiliary laser, we can set the probe frequency near eithe
A or B. -800 -
We use the standard phase sen3|t|ye detection method for £ 10 Frequency shift, or the scalar polarizability of tt&/5

the frequency shift measurement. While the probe-laser fresate vs the Stark beam wavelength. The solid line is a theoretical fit
quency is fixed near A using the above locking scheme, thenat includes all of the couplings, but uses the overlap factor as a
Stark beam powerfdl W for the experimental setup of Fig. free parameter.

8 is turned on and off by an acousto-optical modulator at the

rate of 100 Hz. Change in the2 resonance frequency in- nm. The difference is from the residual shift of the
duced by the Stark beam is also turned on and off, and if5p,, F’=4m-=4) state due to its coupling with thelb
leads to a synchronous modulation on the probe absorptioRiates.
The probe absorption signal is stored and demodulated by a
computer to produce a measurement result that is propor-
tional to 8s(A),

400

0

795

wavelength (nm)

IV. CONCLUSION

By independently studying the scalar and vector polariz-
5S(A):§d_S‘(A)5f abilities of rubidium atoms we demonstrate that when the
df ’ laser is circularly polarized and detuned properly between
theD1 andD2 transitions, the ac Stark shift takes the form
whereds/df(A) is the slope of the absorption signal at&,  of a pure Zeeman shift. This applies to all the alkali atoms,
is a factor describing the Stark beam and probe beam ovethough the magnitude of the effective magnetic field and the
lap, andsf is the ac Stark shift. We repeat the measuremenghoton scatter rate depend on atomic species. The result sug-
at the opposite slope B, and take the differen#%A)  gests the possibilities of using a laser beam in place of a
— 0s(B) as a signature of the ac Stark shift. It allows us tostatic magnetic field and using the laser intensity gradient to
reject the common mode signals from an amplitude modulaproduce a Stern-Gerlach force. Since a laser beam can be
tion or the scattered Stark beam. For the calibration, we Mmeasasily transformed with lenses, made into a standing wave,
sure the slope by modulating the magnetic field by a knowrand used for optical pumping, the Zeeman-like ac Stark shift
amount, and we calculatfrom the beam geometry. might find many applications in optical manipulation of
We carry out this measurement for various wavelength&itomic motion. For example, in the circularly polarized di-
of the Stark beam between tiEl andD?2 transitions. The pole trap of Ref[8], the laser light not only provided the
experimental results together with the theoretical predictiorpotential well but also optically pumped the atoms into the
are shown in Fig. 10. As in the case of the vector polarizdeepest-trappable state.
ability measurement, while the shape, especially the zero
crossing, is consistent with theory, there is a discrepancy at
the level of 20% for the absolute size of the frequency shifts.
We ascribe this to the uncertainty in our estimatetofrhe The authors thank Sang Gu Lee for developing the Raman
experimental curve crosses zeroaat 790+ 0.3 nm. Calcu- laser. This work was supported by the Korea Science and
lations show that(6S,,,) is zero at 789.8 nm, and that the Engineering FoundatiofGrant No. 971-0204-015)2&nd the
frequency shift of the cycling transition vanishes at 790.1Ministry of Education(Grant No. 1998-015-D00114
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