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Dark region observed in fluorescence under the condition of a quadrupole magnetic field
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We report an experimental observation of a dark region, around the zero-field point of a spheric quadrupole
magnetostatic field, in spatial fluorescence emitted by dilute vapor atoms, which were excited by a circularly
polarized traveling-wave laser tuned t&a-F + 1 transition of®’Rb. By ruling out some possible sources, we
show that the fluorescence decrease is associated with the three-dimensional nature of the magnetic field; it is
a consequence of a precession of magnetic dipole moments induced by the radial magnetic field, which
significantly cancels the orientation caused by optical pumping near the point of level crossing in the presence
of the axial magnetic field. In an alternative way, the phenomenon can be understood as resulting from a
destructive quantum interference, which is related to a coherent double-quantum coupling of atomic levels with
two fields; one is the laser field, the other is the magnetic field. Analytic expressions for the half-width and
contrast of the dark region have been obtained with a simplified model in the limit of low laser power. A
qualitative agreement between the theory and experiment is found. The relevance of our study to laser cooling
and trapping in a widely used magneto-optical trap based on such a quadrupole magnetic field is discussed.
Finally, some applications of the phenomenon are also presented.

PACS numbsgfs): 32.80.Bx, 32.50td, 32.60+i, 32.80.Qk

I. INTRODUCTION second field can be a laser ligf&,10-13,15,17-23 a mi-
crowave or Raman process via an auxiliary le\et, 16, or
In the past few decades, the process of modifying theimply the vacuum field6,7,9. Compared with methods
standard radiation properties of an atom has attracted mud#sing a cavity or a squeezed light, the method of quantum

attention(where by “standard” we mean the resonance fluo-nterference which requires only free space appears to be
rescence emitted in free space by a two-level system drivef@Sier 1O realize, and has received great interest recently, es-
by a single near-resonant eleciromagnetic fieBbme re- peC|§1IIy related to its appl_lcatlons to aspects such as the laser
y 9 gnetic cooling and quantum optid24,25.

searchers revealed tha_t spontane(_)us emission can be reducegyagiryctive quantum interference, including scattering-
or enhanced by changing the environment into which an expath interferencéSP) [6—11] and the coherent-population
cited atom decays, such as putting the atom into a resonat@iap (CPT) [12—-24, may lead to a suppression or partial
whose radiation mode density is made different from that ofeduction of fluorescence. SPI refers to the interference be-
free spac¢l], or immersing the atom in a squeezed vacuumtween different spontaneous Raman-scattering paths, or the
where some of the radiation modes are squef2kdn some  scattering probability amplitudes for routes from a single
studies, the influence of statistical properties of the drivingdround state coherently excited by a monochromatic field to
field on the resonance fluorescence was considered. RelatB¥0 (or more intermediate states, from where they sponta-
models include those illuminating the atom with a light of N€0usly decay to a final ground state. The interference de-
different fluctuation characteristics or a nonclassical state "pends on the coupling between two upper states and the sca-

addition to the coherent one usually u§&dl Some invest- lar product of the electric dipole moments for transitions

ations paid attention to the interatomic cooperation, whic sharing the common final state. If the dipole moments are
9 P P ' ?arallel, a destructive SPI may cause a quenching in “total”

is attributed to the reabsorption of the' emitted resonanc uorescence under certain conditiciehere by “total” we
fluorescence photons by another atom in a many-atom Sy$qean ejther a spontaneous emission spectrum or fluores-
tem. Such an effect, known as radiation trapping, can effeCeence in all emitted and all polarized directiani the di-
tively change the average lifetime of the ensemble of exciteghole moments are not parallel, however, there may be only
atoms[4] and plays an important role in fluorescence whensome reduction of fluorescence in certain radiation directions
the atomic density is high enough, e.g., when atoms argr polarizations, such as the case of the classical Hanle ef-
trapped in a small volumg5]. Other theoretical proposals fect, where the dipole moments for™ and o~ transitions
and experimental works were devoted to achieving a modiare orthogonall26]. In the latter case, the decrease in certain
fication of the spontaneous emission rate by taking advardirections may be compensated for by an increase in other
tage of the atom’s internal multilevel structure and the effectirections, and results in no modification in total fluores-
of quantum interference between multiple atomic transitioncence. The simplest CPT may occur in the presence of two
pathwayg6-23]. In these treatments, in addition to the usualfields coupling two lower(uppe) states with one upper
driving field, another field is applied to couple some of the(lower) state and constituting a three-levet(V-) type sys-
atomic levels and establish a coherence between them. Them, where atoms can be trapped in a coherent superposition
of two lower states for the\-type system or two laser-
dressed states both contaminated by the common lower state
*Email address: longg4@sina.com for the V-type system. These level structures are typical ones
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used in double-resonance experimdiaig. At the resonance teraction of the atom with both the laser and the magnetic

condition for the double quantum transition, sometimedfield leads to a destructive quantum interference effect, i.e.,

called the maximum two-photon coherence, the total fluoresatoms may be trapped in some dressed states mainly com-
cence reaches a minimum. More complicated CPT structurposed of metastable states, and exhibits a dark in fluores-
involves multiple-quantum-well transitiorf22,24. cence.

Recently, Renzorgt al.[22] carried out a careful study of The quadrupole magnetic field is well known for its ap-
the CPT phenomenon on a sodium atomic beam by means pfication in atom cooling and trapping. With the aid of three
a Hanle effect configuration. In their experiment, atoms weregairs ofc* — o~ lasers, it constructs a magneto-optical trap
excited by a monochromatic linearly polarized laser light(MOT). Some researchers also noted some dark regions
resonant with a hyperfine optical transiti¢fy—F.<F; along the laser beams when working on MO[28)]. In con-
the degeneracy of the Zeeman sublevels was removed hyast to what we report, these regions would not remain still
applying a dipole magnetic field coaxial with the laser light, at a fixed place, i.e., the central part of the trap, but would
and the fluorescence emitted by the atoms at the right anglésstead move along the beam when tuning the laser fre-
with respect to the direction of the laser propagation wasjuency. We show, in Sec. IV C, that the phenomenon they
detected through a photomultiplier. The magnetic field waobserved actually has a very different origin from that pre-
created by a pair of Helmholtz coils. By scanning the mag-sented in this paper. It can be interpreted as a result of satu-
netic field, a sharp decrease of the fluorescence intefigity ration hole burning by considering a 1D magnetic field par-
black line or dark resonangcean be observed at the zero allel to the laser beam. In fact, two types of dark regions can
value of the magnetic field, where the resonance conditioexist simultaneously in a 1r*-o~ scheme, but if 3D
for a stimulated Raman transition formed by and o~ ot-0~ lights are introduced as in a MOT, the one fixed
lights can be achieved. The dependence of the black lineground the zero-field point will simply disappear, and leave
characterized by its half-width and contrast, on the atomonly the other one, which can be shifted out of the light
laser interaction parameters, such as the laser intensity, hagtersecting region, visible.
been examined. Our observation points out the importance of the role

In this paper, we report an experimental observation of glayed by the radial magnetic field when considering the
dark region, around the zero-field point of a spheric quadruinteraction of an atom with both light and a 3D magnetic
pole magnetostatic field, in spatial distribution of the fluores-field. This fact may require us to reassess the current theory
cence emitted by dilute atom vapor when excited by a circuabout the cooling and trapping process in MOT'’s, where the
larly polarized unidirectional propagating laser beam, whichfunction of the radial magnetic field is always neglected. In
was tuned to near the resonance of@-»J.=Jy+1, Fy Sec. V, we argue that the involvement of the radial magnetic
—F.=F4+1 transition[28]. Modifications of fluorescence field may affect the polarization gradient cooling in MOT's.
were also recorded for other laser configurations, e.g., circuAnother consequence of the phenomenon is related to the
larly polarized standing-wave and linearly polarized cases. Irchoice of repump laser in MOT's. If a repump laser is chosen
our experiment, the magnetic field was produced by a pair ofo be circularly polarized and tuned to a resonAft=F,
anti-Helmholtz coilgwith opposing currenys Several differ- —F =1 transition, our research shows that some atoms,
ences between our experiment and that in R&]. First, the  near the trap center, may be confined in the lower hyperfine
optical transition we used is irrelevant to the CPT discussedevel of the ground state due to the presence of the radial
by Renzoniet al, because it does not contain a similar co- magnetic field, and cannot be pumped to the higher hyperfine
herent superposition noncoupled to the laser, and therefollevel. Therefore, the power, polarization status, and propaga-
the mechanisms for fluorescence decrease should be diffeion of the repump laser may not be arbitrary if one wants to
ent. Second, the magnetic field presented in our experimengfain a favorable repumping efficiency.
is a quadrupole one of three dimensionality, although the The effect of the sharp decrease in fluorescence in the
dipole magnetic field in Refl22], when its amplitude and central region may be helpful in the alignment of three or-
direction were varied, can be treated as a one-dimension#iogonal laser beams in MOT'’s to make the center of their
(1D) quadrupole field. intersecting region overlap the magnetic field zero; this is

An investigation shows that the 3D nature of the magnetiamportant in the process of transferring a MOT to an optical
field is the key to understanding what we have observedmnolasses. The phenomenon can also be utilized, in combina-
especially for the case of a circularly polarized laser, whichtion with the saturation burning hole, to measure the real
is the subject that we will focus our attention on in this magnetic field in MOT'q30].
paper. It is found that, different from the magnetic field in  This paper is arranged as follows. Our experimental setup
Ref. [22], which was not an origin of the fluorescence de-is given in Sec. II. In Sec. lll, the experimental results and a
crease and which was utilized merely to tune the Ramatheoretical analysis are presented. Based on an optical Bloch
transition formed by lights, the magnetic field in our experi-equation, with a simplified model in the limit of low laser
ment directly takes part in constructing a configuration leadpower, analytical expressions for the fluorescence intensities
ing to a fluorescence decrease; the laser light alone cannwiith variables of clear physical meanings are obtained for
account for the modification of the fluorescence. In this conthe case of a circularly polarized traveling wave. We argue in
figuration, the magnetic field, or more precisely, the radialSec. IV that the phenomenon observed can be interpreted in
magnetic field perpendicular to the laser beam, would playerms of a quantum interference effect. In this section, we
the role of a second field like that in Ref§—23]. The in-  also discuss some possible causes of fluorescence decrease,
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FIG. 1. The experimental setup.

as well as fluorescence modification in other cases with dif-
ferent laser configurations. In Sec. V, we draw our conclu-
sions. The significance and applications of the phenomenon
are also described in detail in this last section.

Fluorescent Int. (arb. units)

Il. EXPERIMENTAL SETUP

Here we describe some principal apparatus used in our
experiment. Some others, whenever necessary, will be men-
tioned in the following sections. The experiment setup is
shown in Fig. 1. A six-window uncoated vacuum chamber
(actually a vertical cylinder, which has been simplified in the
plot), 10 cm in diameter, was filled with a nature rubidium
atom vapor with a pressure of 10-10 ° Pa at room tem-
perature 300 K. A pair of anti-Helmholtz coils with opposing
currents, which generated the spheric quadrupole magnetic
field, was mounted on two chamber windows. We used a
single-mode Coherent model 899 Ti:sapphire laser actively
locked to a crossover resonance of’®b D, line in a satu-
rated absorption cell, associated with a computer-controlled ) o ) ) )
servo system; this enabled us to determine the laser fre- FIG. 2._§pat|a_1l fluorescence distribution with a Iaser_lntensny
quency with an accuracy of 1 MHz. The laser was a cir- 18 mwcm <, a diameter of_tht_a laser b(_aam of2cm, a _c0|I current

. . A 2.5 A (~ 18 G/cm magnetic-field gradigntand a detuning-10
cularly polarized traveling wave tuned near g line’s L5 MHz. (a) Unpolarized,(b) y-polarized, andc) zpolarized fluores-
peak of 8Rb, 5°S,,,F=2—5%P,,,F=3, and was colli- cences P A YD ’ P
mated to pass through the vacuum chamber along the sym- '

metry axis of the coils(defined as thez axis). The laser due to residual external magnetic fiel@scluding that of the

power measured in the experiment had an uncertainty oéarth and some asymmetry between the intensities of two
~5% due to the intrinsical fluctuations in light and the sys-coil currents, it may deviate from the center. The position of
tematic error in the power meter. The fluorescence emittethe dip could be ensured by another way: Applying three
by atoms in a directionx axis) at a right angle to the inci- pairs of orthogonab" -0~ standing waves with a repump

dent laser beam was collected and imaged by a chargéaser, we could trap a ball-shaped cold atom cloud, and it
coupled device(CCD) camera (Photometrics CH350/L

was not hard to find that the center of the tfépe brightest
This camera has a CCD chip, cooled to abeut0°C by a

portion of the cloudl lay in the place of the dark region.
thermoelectric cooler, with 10241024 pixels of 24 Furthermore, if shutting off either pair of beamsxity plane

X 24-um? size. The resolution of the image, under the con-to form a 2D MOT, we could also observe that the slim
ditions of experiment, was-0.02 cm. In addition, we have cigar-shaped MOT overlapped the dark region. As we know
used a polarizer, placed in front of the lens of the CCD, tothat, for well-aligned MOT beams with excellent balance
detect the polarization of the fluorescence. between partners of each pair of beams, the center of the
cloud is always at the field zer[81,32, the above facts
IIl. EXPERIMENTAL RESULTS AND ANALYSIS Icaiﬁirgtonstrate that the dip is indeed around the zero-field
From the camera pictures of the unpolarized fluorescence When we applied a polarizer in front of the CCD, it was
(with all polarizations taken into accoyntwe observed, interesting to note that the central region became darker or
around the zero-field point, that there existed a barlike darkurned to be bright foy- or z-polarized fluorescence, shown
region across the beam, illustrating a decrease of fluoresn Figs. 2b) and Zc), respectively. The polarizer used here
cence. This is shown, in Fig(&®, as a dip in the profile of may help us to distinguish the central dark region from an-
the fluorescence intensity versus the space. The zero-fielther dark region which may be moved when the laser fre-
point is theoretically the geometric center of the cell. In fact,quency scanningsee Sec. IVE A comparison between

Fiuorescent Int. (arb. units)
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eters as in Fig. 2. The dashed linex), (by), and ,) are the *E' 27 % 1
corresponding curves when the field is switched off. 8 E E
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cases with and without quadrupole magnetic field is given in . T . . T . .
Fig. 3. The dip can be characterized by two parameters, half- ‘ SLaseT') Inteﬁsit (Z?nW/czr;z) *
width [the full width between half minimums, i.e.| {ax y

Hlmin)/2, With 1 iy and 1 na, corresponding to the minimum g1 4. The variation ofa) the half-width andb) the contrast of
and maximum values of the dimnd contras{defined as tne dip in unpolarized fluorescence vs the laser powey#e® cm.

(! max_'min)/(|max+|min)], which are about Q-1fl cm 3fnd The experimental parameters are coil current 2.5 A, beam diameter
1%-5 %, respectively, for various magnetic-field gradientsi.5 ¢cm, and near resonance.

and laser powers. We have investigated in detail the influ-
e e e g e o P of G polazaton: For , (i an lectrc
ized fluorescence. A summary of the results is presented ifiScillating parallel to the axis) laser, it was a dip; for ary
Figs. 4—6:(i) Enhancing the laser power will lead to a wider 12S€r, it was a peal34]. _ _
dip with a larger contras{33] which begins to vary slowly In this section, we will focus on analyzing the co_nflgura—
for a large laser intensityFig. 4). (i) With an increasing tion of 1D ¢ traveling wave, because some disturbing facts
magnetic-field gradient, the dip tends to be narrower an@an be excluded in this cassee Secs. IV C—IV E At first
deeper. For a large enough gradient, the contrast exhibits $ight, one may wonder whether the phenomenon is simply a
saturation(Fig. 5). (i) The location of the dip is insensitive result of the splitting of degenerate Zeeman sublevels in the
to the detuning, which may otherwise introduce an asymmepresence of the-directional magnetic field. We can easily
try in the profile(Fig. 6). The diameter of the laser beam is show that the longitudinal magnetic fiell, alone cannot
not very importaniwe have also used sheetlike laser beamsaccount for the dip in the fluorescencezat O for a circu-
in the experiment, and obtained similar resyltsut if it is  larly polarized laser; however, for a linearly polarized laser,
too thin (approximately<<0.5 cm under our experimental taking account of this one-dimensional magnetic field is
condition when the beam was collinear with thexis), it ~ enough. When the laser is circularly polarized with respect to
will be hard to observe the dark region. Moreover, in order tothe quantization axis along tlzalirection, a ground state can
gain a high signal-to-noise ratio, neither the vapor pressurenly be optically excited to a pure state, and the atom tran-
nor the laser power should be too low. sition can be treated as a two-level one. Therefore, the level
If the laser frequency is tuned to anotheF=1, i.e., the splitting will not cause a special at the point of level cross-
Fy=1—F,=2 transition, the result is nearly the same. Ining, i.e.,z=0. However, for a linearly polarized case, the
addition, similar central dark regions have also been found isituation will be different, as the laser is mixed polarized
the configurations of 1r"-¢* and 1Do" -0~ standing with ¢* and o~ . Instead of a more rigorous quantum-
waves, except that the contrasts of the dip were somewhanechanical treatment, the effect Bf can be estimated by
smaller than that of the 1B traveling wave. We have also applying a classical model where an excited atom is repre-
studied a situation in which the laser was linearly polarizedsented by a single damped oscillating electron. The fluores-
It was found that, for unpolarized fluorescence, the modifi-cence observed in the direction takes a form, in the far
cation of its intensity at the central region depends on theone,
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near resonance. .
for the 7, laser, wherd" is the spontaneous decay rate of

atom. The results illustrate that there is a dip fofralaser
and a peak for ar, laser atz=0, just as we observed in
experiment. However, we may run into some problem in the
P, case of a circularly polarized laser. Since fara laser, in a
=[D-g|*+[D-&", (D) rotating frame(a frame rotating about theaxis at the laser
frequencyw, ), an atom may “feel” a fictitious magnetic

where D is the electric dipole moment,=(x,y,z) is the field B,= — w /7y in addition to the real field,, we may, in
location of the atome; (j =X,y,z) is the unit vector of axis,  a reverse way, say that in the laboratory frame the atom is

and l,(e)) andl,(e,) arey- and z-polarized fluorescences excited by ac™* laser with an effective frequency, = w,

along thex direc_tior_1. An atom is subject to two external_ — w, [36]. We can then easily obtain the steady-state y com-
forces; the electric field force and Lorentz force. The electrigyonent of the dipole moment after a long enough time

field of the laser iEE=Eqe~'*t'" "L "+c.c., and the quad- (~1):
rupole magnetic field near origin [85]

2

S
Ix(r,t)=lx(ey)+lx(ez)~(D(r,t—E)Aex>Aex

e|Eq|/me

b b cogw t+6). (4)

D. ey:
BX:EX’ Byzzya B,=—bz ) \/F2;E+(wi—aﬁ)2

. . . . L As w,<w, and wa~w_, we may takew, ~w, and w3
whereb is the field gradient. The linear approximation of the w2 - OATOL y “LTeL @A

2~ _ _ _ . .
magnet feld n Eq2)can holdaip|2=3 om i our - 8200 1) el sl e deng o
experiment, withp= \x“+y“ being the radial coordinate. : e W uency
If considering onlyB,, the result for the linearly polar- that of L transitionw, . Therefore, from Eq(4), the fluo-

ized laser can be easily understood as a classical Hanle dfScence can be derived:
fect. As the oscillating plane of the electron precesses about
the B, direction with a Larmor frequency,= yB,—where
v=0(ug/h) is the gyromagnetic ratiog the Landefactor

1

T4+ (0, 0)2 ©®

X
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If we take account of the atomic velocity, the detunifigs
replaced bys,=é—K, v,. The total contribution from all
velocity groups gives

|x=f L W(v,)dv,~ g[Z(F/Z—i—i(wz— 9))
L

+Z(I'12—i(w,— )], (6)

where W(v,) = (1\/mu)e” “=/9* is the Maxwell-Boltzman
distribution, u is the most probable speed, aAfv) is the
plasma dispersion functiof87]. In the Doppler limit K u

>T), we haveZ(v)~ime (M/KW? and becaus&(v*)

=—Z7Z*(v), the fluorescencfgEq. ( 6)] then gives

PHYSICAL REVIEW A62 023406

>

m,m’,n,n’

Vg= Qe ot 8

m,(rm,m-i-ﬁﬂgg,(rg,gn-i— H.c.,
whereH, represents the free energy of atoms, ahdand

Vg are the interactions of atoms with the laser and the mag-
netic field, respectivelyo 2= |F ;,m)(F,,n| is the atomic
operator, Qr8=3q__10100EqC2qndqn-m and Q5
=YaZq=-101B-Cpp—qdqp-p’ are coupling coefficients,
with Qo= —d|Ey|/% the Rabi frequencyd=(F||D||Fg) the
reduced matrix elementE,=E").€}/|Ey| the polarized
component of the classical laser electric fielé,

=T (14/2) (ec*ig), ey=¢e,, Cq the Clebsch-Gordan coef-
ficient, y,=g,y the gyromagnetic ratio for hyperfine level

F, and g, the effective Landeactor of F, in the weak-

(7) magnetic-field regimedq.=2/3 for F,=0, 1, 2, and 3 and

=1/2forF,=2).B.,=(1//2)(B,£iB,) andBy=B, are
From Eq.(7), we can see that the decrease in the wings Oggmponentsg of) tﬁ(la (mi;%(etié fiye)ld a('),]d:aza

the fluorescence distribution may be understood as due to th—e(ll\/§)|q| FFAD)—plp—q)+(1- |q|5p repr(gggr?ts

larger detunmgt mducekd b%/hlar%r(]ar Zeegjant(s)pl:\t;mg But the strength of the magnetic dipole moment transition. Fur-
we may e>.<pec a peax rather than a 'FZZ? - MIOTEOVET, ey taking account of the coupling with the vacuum field
the z-polarized fluorescenck(e,) ~[D-&,|* is always null.  and after elimination of the bath operat¢87], we can ob-
These two points are inconsistent with the experimental regyin the optical Bloch equation€OBE’s), which give the

sults _for a circularly polarized laser. . evolution of the atomic density operatpgﬁ,zw"ﬂ,),
It is known that some sources, such as saturation hole P PP

burning and optical pumping into a dark state decoupled to
the laser, under the condition of a 1D inhomogeneous axial
magnetic field, can result in a position-dependent fluores-

cence reduction. However, a careful study in Sec. IV showghered(1)/dt denotes the relaxation of excited states, optical
that they are not relevant to the phenomenon. We foundyoperence, and the repopulation of ground states with
through a qualitative argument, that in order to explain the

experimental observation, we have to take into account the
transverse or radial magnetic field. A physical picture can be
constructed as follows: The radial magnetic fiélginduces

| ~e 0z aKu?

1
d aB_£ af
dt Per

a I a
appp/_ +(pp§’)f+%<[H7O-pg’]>' (9)

d®

ee _ ee
mem’__rpmm' ’

a precession of the classical magnetic moment, associated d® r

with a magnetic dipole transition between Zeeman sublevels. ——pd=——-p9, (10
As a direct result of this precession, a nonzki@,) may be dt 2

expected, and a peak in it may be assumer=dd, because g

B,, a dc field, will be on resonance when the Zeeman split- ——p% =T 2 ce9 o9 pce _

ting is zero. In this simple picture, we can see that an in- dt "' T gHH g MTENTNIHGNntantig

crease of fluorescence in thepolarized direction(corre-
sponding to am or Am=0 emission, wherem is the In Eq.(10), we have taken the spontaneous emission rates of

magnetic quantum numbeoccurs at the expense of a de- excited states to be equal € 2 x6 MHz for #Rb), and
crease in the direction (corresponding tar™ or Am=+1 neglected the relaxation related to the interatomic collisions,
emissions More detailed features about the role played bysince the mean length of free path is by far beyond the mag-
B, may require some more careful calculations to clarify. ~nitude of the vacuum cell under the experimental vapor pres-
Now we will treat the problem in detail by an approach of sure. (ogf,)f represents the coherence between states due to
qguantum mechanics. In the atomic rest frame, in conjunctiothe vacuum field coupling, for example,
with the electric-dipole and rotating-wave approximations,
the systematic Hamiltonian can be written in the Heisenberg

eey _ e’ e'e
picture as (Pmm)¢=— 2 Kmm PmmtH-C.,
m,e
H=Ha+Ve+Vg, (1)
e T e iwee’t
Kmm,=f2 Sa oy O (6)0(w1— werg) €t
9
HA=%1 hopomthioledd,
’ ee . . .
wherew, . is the energy’ separation between excited states
Ve=S 51089 598 g ilo Kot ¢, |[Fe,m) and|Fo ,m’). G:- (&) is the emission matrix ele-
mnoonm ' ment, with
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Gry(€0)=(Fe,mler- DIFg,m)((Fer m'[er- DIFg,m))*, Uz(ue 0
(12)

wheree; is the unit vector for electric field of vacuum field andU, andU are corresponding transformations for excited

propagating in a directionds , 6y) (polar coordinatgswith a  and ground state§i=UHU* =H+ Ve + Vg,
polarizationa; and frequencyw;, and

~ Yed:B O ) ~ 0 o
= and Veg=| _
eD= 3 (~1%|CquloRtmna, ° (0 79328 ) 0
13 with,
1 .
N —iqg si —iqé ~
£ g \/Eq(cosafcosm ig sinas)e 99 Q:Ueﬂua’,
_ (17)
+(|g|—1)sin 6; cosa; . 0 00 2,921/2)
Q=Tr eq .
0 0 01312 O

The term @;ﬁ,)f will cause a SPI in fluorescence, while

. ee . .
SINCEw, ,y IN OUF CASE 1S always much.larger than the naturaly is 5 transformed Rabi frequency in tBerepresentation.
level widthI" , the coherence can be ignored. H, is an extra potential depending on the atom velocity in-

The scattered field intensity emitted in a solid angleqyced by the unitary transformation in the new Hamiltonian,
(¢s,65), with a polarizationa; [for I,, ¢;=0 or m, 6;

=m/2 and forl,(g), a;=m/2, forl,(e), a;=0], is given

Xvy—Yv ) Zv,— pu
by HV:%(JX&MB—JZCOSGBHM’;—MZZ v
18
=N > G pss (14) o
f 8|2 e M corresponding to the nonadiabatic evolution of atomic opera-

tors. Because the magnetic field is space dependent, a mov-
whereG;em,=Eg nG;em/(ef), andN is the atomic density at ing atom may feel in its rest frame that the external magnetic
r. The population and Zeeman coherence of excited statéeld keeps changing. Thus the density operators should be

pey . can be obtained from the OB®). In order to provide Ve|OCI'[yaB dependent and d(dt)p*“(r,v,t)=(a/at)p*"
a physical picture, instead of a more compley=2—F, +V'dv’é U -frh's meelms that a tllmg—dep;err]w_del?t ds_olut|0n”|s
=3 transition, we turn to a simplified model, with which an needed. Unfortunately, a strict solution of this kind is usually
analytical expression for; may be obtained. We adopt the unqvallable. If the magnetlc field changes Very slqwly during
an interval from a timé — At when an atom is excited by a

multilevel modelJy=1/2-J.=3/2, which may be the sim- magnetic field to a timeé when a steady state can be ob-
plest one to approximate the real systesince we should ined, we may take the magnetic field to be constant during

consider the magnetic moment precession, a two-level mOd%?I:e interval and obtain a stationary solution by neglecting the

is invalid, and a modell;=0-J.=1 will exclude the lermv-Vp*# andH, . This slowly varying condition can be
_ . . . . . V-
ground-state precession which may be especially importa Hpressed adB<B in At. As At is of the order of the

for low laser power, . S .
P B optical pumping time 1/,,, the condition can be reexpressed

We may diagonalize the coupling with magnetic field in : .
Eq. (8) by transforming the system fromzaepresentation to as|v|/Fp_<p, |2, or in other words, the condition cannot hold
a regionp, or |z]<|v|/T';. It can be seen that the larger

a B representation where the axis of quantization is choseﬁf al ] E ional 1o | .
along the local direction of the magnetic field. The transfor-IN€ optical pumping raté, (pr_op_ortlona to laser powbls,
the smaller the region is. This is because the circularly po-

mation operator is given by larized laser will act like a bias magnetic field along the
U =ellyls/igid o/t (15) axis, preventing a nonadiabati®ajorana spin-flip. Taking
’ |v| to be the most probable spead-10° m/s at 300 K and

wherefs= cos {(B,/B), ¢p=tan '(y/x), B= B2+ B2, and I',~10'/s, we havev|/T",~0.01 cm, which is much smaller
p4 ’ ’ v y

57 o7 . . . than the half-width of dark region. In fact, in the experiment
B,= .Bx+ By is the strength of radial magnetic field. The we have used a sheetlike laser beam with a thickness of 1-2
OBE in the new representation takes a form

mm instead of one with a round section, and changed the
d_ dm_ R incident position along the axis. The observation is similar
g g 0 e the honadiabatic evolution 1 not essential for ar
o _understanding of the phenomenon. In the following we will
whered®/dt has the same form as EG.0), as it is Isotropic  first give a stationary solution of the OBE under an adiabatic
and independent of the axis of quantizatiop®®  approximation, and then consider the effect of nonadiabatic
=Up*PU™ is the new density matrix, evolution.
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A. Adiabatic approximation (a)
In the regionp,|z|>|v|/T,, we can omit the velocity- ‘g m)
dependent operatoid, andv-Vp*?. When the laser power 3 o~ 8
is low so that the Rabi frequendyq is much smaller than 3 | Il
the decay rat&, the optical coherence®d will be small, and g
can be expressed, to first order@f9, for example, as 2
E M
r0eg g9 —i(w =K vyt 3 o 2 T b : 2
meg 1 Qapupipuf " 8 z
P31~ . eg J (19 g
I'2=i(8,~ w3,11) T
Wherew b =(d.p—gpp")ws, and wg=yB is the Larmor 2 o 12
precessmn frequency around the local magnetic field. In 7'

terms of the expressions pfY we can adiabatically elimi- , o
h lati d th h f ited <0 FIG. 7. The theoretical curves fardirectional fluorescence s
nate the populations and the coherence of excited safes coordinates with dimensionless parameters=ybz/T', R’

which can be written as =ybRIT=0.5, y'=ybylT=0, §=6/T'=0, and Q=0T
=0.3. (a), (b), and (c) have the same meaning as in Fig.(2;

z nn’ ~gg =5 for the curves in the inset.
P
! mm’pnn’

Tee = nn _ (20)  Plot a result for certain parameters with Lanfietors g,
M T 4i(m—m')gews =4/3 for Jo=3/2 andgy=2 for J;=1/2. We can see that the
theoretical curve can recover the experimental observation
Here p’%“%, is the excitation matrix, with qualitatively. Moreover, we have found that for a sufficiently
large radial coordinate, the peak inz-polarized fluores-
o cence will split into two peaks with a minimum a0 (see
Pom = mm/(Tm n T, Fig. 8. This result is actually the so-called saturation of

magnetic resonance already known in double-resonance ex-

on’ periments, because the large magnetic precession can sub-
Q= 2n/z(Q ’/2n’/2) (21) stantially reduce the population difference between excited
states in their lifetime. In the experiment, we have observed
a bright X-shaped region across the beamni,ife,), which
) was more apparent for lower laser intensitiedere the ra-
T12+1(8,— onone) dial magnetic field will seem to be relatively large®©n the
_ ) other hand, when the laser power is very high® become
On the basis of Eq#20) and(21), we can obtain a closed set gjgpificant, and we have to solve the model strictly without
of equations for ground-state density operajgt® The cal-  the low-power assumption. A similar result can be obtained,
culation is straightforwardthe result is rather lengthy and but the dip in unpolarized, grpolarized flourescences or the
will be given elsewhene From the stationary solution for peak in z-polarized fluorescence will become much shal-
099, we can givep®® in the z representation: lower or flatter with increasing laser intensitfor a high
enough laser power, the dip will even be inverted to a peak
and the peak to a dip; see the inset of Fig. 7

In order to provide some insight into the phenomenon, an

1

Tmn=

ee _ 2 (U )mm’anr?'mwpnnr(Ue)m”’m’ (22)

m”,m"” n,n’ I+i(m"—m")gewg

Py

Inserting Eq(22) into Eq.(14), we can obtair; . We further
integrate Eq.(14) over the distribution ofv, and x, i.e.,

R2—y? ) .
fﬁ\/ryzdx, with R the radius of the laser beafthe nona-

diabatic evolution region may be treated as a singular point
and removed from the integdal A numerical calculation
shows that the value df; at z=0 is mainly determined by
the velocity components around= 6/K . This is not sur-
prising, because those groups wétle-T" near the origin will
cause a large effective detuning — w%gﬂ' and the corre- FIG. 8. The theoretical variations of tlzepolarized fluorescence
spondingp®® will be small and lead to a weak fluorescence. distribution(normalized for different distances from theaxis with

This fact may also explain why the location of the dip centerx=0, §' =0, andQ{=0.3, where the parameters are dimensionless
is not sensitive to the laser frequency scanning. In Fig. 7, wenes defined in Fig. 7.
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analytic expression fot; with variables of clear physical wheres, is the saturation parameter:
meanings may be helpful. In the above method, we initially
transform the system toBrepresentation and then study the

interaction of the magnetic-field dressed atom with the laser |Qo|12

field. The final expressiofEq. (22)] is complicated and hard e (24
to picture simply, partly because inBarepresentation a* <4+ 55

laser will excitec®, o, and = transitions. In the follow-

ing, we further simplify the solution of OBE16), in the The reduced Hamiltonian is then given by

regime of weak laser power, by studying the problem in a

reverse way; that is, first dressing the atom with the laser

field and then considering the interaction of a laser-dressed 1 1

ground state with a magnetic field in tlzerepresentation, A1~ 5ggwg —ggwpe“/’

with an assumption that the coherence between sublevels of 0— 2 2 o5
the excited state is negligible. In this picture, the free energy 11 _ 1 ’ (25
of the ground state can be replaced by the light shiifts, Eggwpe_“ZS Ayt 59@s

andAyj,, with

wherew,= yB,, is the precession frequency due to the radial

2 _ _ magnetic field. The depopulation and repopulation of ground
A-1o=34, Aw=24, A=6,5, @3 states can be easily obtained as

I 2T )
P .
d® 3 PHhr- 12 - T( 1-i Tv) P21
99—
p o )
dt 2T 3,
__3p 1+iw Pt -1 — oot ar
(26)
P p
o 99 gp%gllz—l/z ?pggm,m
—— p99= ,
dt & p%s 2l 99
3 Pii2-12 9 PAp-1/2

Wherepgg=(pgg,)2><2 is the ground-state density matrix, aig=1's, is the optical pumping rate. The evolution @ takes
a form

d d®  g@
— 99— R
dt” (

i _
J— 994 1,599
dt + dt p +h[P :H] (27)

We can reexpress ER7) in a more classical form in terms of the magnetic moment,

r .
—gp —2A—ggw, Ggw,Sine
§ M, r My
ot My, | =| 2A+g4o, —?” — gy, COS¢ My | + or | (29
M, M, =2
. 2r, 9
—Qyw,SiNg gyw,COSeh —5

023406-9



QUAN LONG, SHUYU ZHOU, SHANYU ZHOU, AND YUZHU WANG PHYSICAL REVIEW A62 023406

whereM,, M, and M, are components of the magnetic and(32) can very well explain the experimentally observed
moment of the atomic ensemble, definedMg=p3% _,,,  widening of the half-width with increasing laser intensity,
+0%% 010 My=i(p_10-p%%219, and M,=pi%,, and the decrease of the half-width and the saturation of the
—p%%5_ 155 In deriving Eq.( 28) we have used the normal- contrast for larger magnetic-field gradients. They may also
ization re|ati0np%/%’1/2+ ngl/z,— 1»="1. On the other hand, the explain why it is hard to observe a dip when the diameter of
fluorescence intensity will also obtain simple forms: the laser beam is too small. As we know, the finite time it
takes an atom to pass through a laser field will induce a

| _ NI, §+M time-of-flight broadening27] that is equivalent to a relax-
(&)= 47 \ 4 zp ation ratel’’ = 1/T (T is the crossing timeinto the OBE(28)
[23]: '=I'+I"" and @/dt)Mj=—TI"M;. Therefore, the
NI, thinner a laser beam is, the smallkris and the larger the
(&)= ﬁ(l_ M), 29 offective I', is. Consequently, the half-width will be larger
and the contrast smaller.
N[, (7 However, although the above physical picture can quali-
he=1x(&y) +1x(&) = reava M.]. tatively recover most of the experimental facts, we still have
two points which may not be very well explained by the
We can obtain a stationary solution of E@8): above two methods. The first is the variation of the contrast
versus the laser intensity. While the experimental data indi-
3w§ cate a contrary tendency, our simplified model shows that the
My=1- r, 2 ) 5 (30 contrast for the dip or peak should decrease with increasing
2(3 +2(A+ w,)"+ 3w, laser intensity for either low laser powgsee Eq.(32)] or

high laser power. The theoretical tendency can be interpreted
Equation(30) shows that for nonzere,, M, has a reverse in the following manner: For high laser power, the preces-
Lorentzian shape with respect # and is centered at;  Sion effect will become relatively weak because of the strong
=—A/yb~0 for a low saturation parameteg<1, where optical pumping; in other words, as the light shift becomes
the largest|zy| is |Q2o|%/2ybT", occurring at a velocitw, large, the effective energy separation between Zeeman sub-
=(6=T'/2)IK_ . Consequently, the fluorescendgs I,(e,), levels is greatly expanded and consequently, the coherence
andl,(e,) obtain the profiles that we have observed in ex-between these sublevels, which are coupled by the radial
periment. If w,=0, then there will be no dip. This is the magnetic fieldB,, reduces. This is equivalent to lettitRy,
same conclusion as that drawn from the classical model. Ad--0. Therefore, we could expect the dip and peak ,in
ditionally, one may note that, from E(B0), a bimodal struc-  whose modification is determined I8,, to eventually dis-
ture cannot be deduced In(e,) like that shown in Fig. 8. appear. The second tendency, which is less important, is the
This is because that in the derivation we have neglected thgsymmetry accompanied with the detuning. Although it
magnetic precession in the excited state; this is equivalent tghows that detuning does not affect the location of the dip,
assumingg=0, while the bimodal structure is a direct con- {he theory tells us that a significant asymmetry should occur
sequence of Nonzem,. only at a very large detuningd(larger than about 40),

the ;I?n égfzréérgmfggfﬁéﬁgﬁéﬁ% Z'?ct) t;?a((jjl'glmlrégess' smaller(see Fig. 6. Both these problems will be discussed in
uafly cau y ! : u al p 'Bec. IV, where we propose that the nonvanishing contrast

which reaches its maximum near the point of level crossinqﬂa be due 1o of the presence of other hvperfine transitions
z=0. From Egs.(29) and (30), we can estimate the half- y P yp '

width (W) and contrastC) of the dip and some of the asymmetry is attributed to the hole burning
' and population loss to the lower hyperfine level.

W(half-width) = %\/p§+ 54p2, (31)
B. Effect of nonadiabatic evolution
27,2 In the above calculations, we have used an assumption of
C(contras)=2—2, (32 small I',. As analyzed above, this may result in a large
pet27p nonadiabatic evolution region. One may therefore need to
consider its effect at the place of smallandz
) 20, By using variable transformations
C I
7b M, cos¢+Mysing M, sing—M, cos¢
where p. is a characteristic distance at which the optical "r™ 2 - My= 2 k
pumping rate is equal to the Larmor precession frequency. It (33

can be seen that however, wher<p., the dip is incon-
spicuous, however; whepr~p., the dip will be significant.
As I, is proportional to the laser intensity, expressi¢d) OBE (28) can be made free ap, and re-expressed as
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d = 486y*b* 2,2 14 2
giM=(Ao+tbA)M~+C, Msz(Fpp—%p) Z2+b*a z+ba,t 1.
p
(40)
Iy . 0
3 20-¢ Since the coefficient af? in Eq. (40) is always positive for
r v,#I'ppl9, the curve oM, versusz will be of a parabolic
Ap=| ¢-20 -2 0 , (34)  shape with its minimum near=0. Therefore, including the
3 velocity dependency will not change the qualitative result we
2r, obtained in Sec. Il A. Equatiof0) also indicates that even
0 0 —5 for p=0, M, has a dip due to the existence of. The

velocity in Eq.(40) actually represents the deorientation of
the atom ensemble induced by nonadiabatic evolution.

1
A= — ez 0 ZyQp ’ IV. DISCUSSION
A. Coherent population trap
0 - 0 . . .

YoP In terms of a classical concept—i.e., the precession of the

oT magnetic moment—in Sec. lll, we qualitatively explained

C=tr( 00 PlM =tr(M, M, M), th_e origin of the central dark region. Here we will argue _that
9 this phenomenon can be understood, from another point of

view, as a result of a destructive quantum interference effect
where¢=ddg/dt is the angular frequency of the atomic mo- in the presence of two fields: one is a laser field, the other is
tion. As the magnetic-field gradient is a small parameter ira radial magnetic field which couples Zeeman sublevels. The
our experiment ¢bp/T", yb|z|/T'<1 the near origii we can  interaction of an atom, whose level is shifted by the axial
use a perturbation method to solve the velocity-dependennagnetic field, with these two fields can be treated in much

OBE (34). Expanding the density matrix in the same way as the coherent double-quantum transition con-
sidered in Refs[6—24).
M=Mg+bM;+b>M,+- -, (35) Before going any further, we first want to answer a pos-

sible question, that is, whether the decrease in fluorescence
substituting Eq.(35) into Eq. (34) and equating the coeffi- along the observation direction is only a destructive quantum
cients of ordeb", we obtain interference in certain directions as in the classical Hanle
effect, or is caused by a population trap. We find the phe-
nomenon is actually the latter. If we sum over all radiation
GiMn=AoM,+Cy, directions and polarizations, we obtain the total fluorescence
(36 in terms ofM, in Sec. llI:

Co=C, C,=AM,_;. . NFp
low=2 | 11sing;dorde=—75"(2+M,). (4D
A time-dependent formal solution of the recursive differen- “f

tial equation(36) can be written as This indicates that there is also a dip around the zero-field

¢ point in total fluorescence. This means that the phenomenon
Mn(t):eAO(t_to)Mn(tO)+f eAO(t‘t')Al(t’)Mn_l(t’)dt’. is not just a result of a partial selection of final states. Equa-
to tion (41) can be understood as a result of a CPT fof-igpe
37 construction which is composed of two ground states
. o |Jg,m=*1/2) and an excited sta{d, ,m=3/2), coupled by
Supposing the atoms are initially in the stdfg,.m=1/2)  hoth a radial magnetic field and a light field. Treatifig,
before the quadrupole magnetic field is switched on, that ISy B,, [3Je,m=Jg), |35,m=3,—1), and|Jy,m=1J,) asp;,

B2, |3), 12), and|1) in Ref.[15], respectively, the problem

Mo(to)=tr(0 0 1), Mpo(to)=0, (38 can be readily transformed to what has been discussed
o therein. Referenckl5] showed that atoms may be trapped in
substituting some dressed states; when these dressed states are mainly

composed of two ground leve|2) and|1), e.g., in the limit
z(t)=z(t) +vt'—1), p(t")=p(t)+v,(t'=t), (B9  of very strongB, and weakg,, a great decrease in fluores-
cence will occur. Referencfl5] also illustrated that when
for z(t") andp(t’) in A.(t"), and takingto— —, we can increasingB; with 3, fixed, more and more atoms will be
calculate the integral in Eq.37). What we are interested in  trapped in statef3) and|1). This means that the modifica-
is the expression foM,, which can be simplified if taking tion in fluorescence caused by the population in sfaje
¢—2A~0 (see the Appendjx and we have which accounts for the increaselig(e,) and the decrease in
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peak inl,(e,), not shown in the figurkgis still apparent for
high laser powers. However, the above analysis has shown
that theF =2« F.—F4=2 system cannot account for this
result. The reason for these contradictions is not yet very
clear. One possible explanation is that when the laser inten-
sity is high (the saturation intensity for th&’Rb D, line is

3 3 - :
’—Vh( ) about 2.6 mW cm?), the large power broadening of lines
- will allow not only a single transitiorF,—Fy=1 even for
.

1
CENEE

Lo\l

small detunings; thus the closed transition model used in

Sec. Il will become invalid because atoms can be pumped to

the lower hyperfine leveF,=1 for a Fg—F.<F4 transi-

} ' 9 ' : tion. The spontaneous emission réfe for the o- and
Z(cm) mr-polarized fluorescences in the theoretical treatment should

be replaced by'/(1+ «) for the open transitiof22], where
FIG. 9. The experimental curves of thigpolarized fluorescence @ =1"¢ _r -1/T'r ¢ -2 i the ratio between different spon-
in the x direction for different laser intensities with beam diameter taneous decays, since atomsHg=1 do not contribute to
1.5 cm, coil current 2.5 Ay~0 cm and at near resonancg) 0.6  the fluorescence. The reduced effective spontaneous emis-
mW em 2. (2) 2 mWem 2 (3) 9 mWem % (4) 18 mWenmi % (5 sjon rate may cancel the increase in the laser intensity, and
29 mWem2 (6) 43 mWem2 (7) 50 mWem2 (8) 59 result in the effective optical pumping rate not increasing,
mwWem 2, and consequently the contrast not decreasing, synchronously

. with the variation of the laser pow¢88].
I«(ey), will reduce, and the contrast should be consequently

smaller. This is just what Eq§32) and(41) have told us. For _ ) ) )

a high laser power, where the population of excited states B- Scattering-path-interference by vacuum-field coupling
cannot be neglected and atoms stay mainly in one sublevel of Besides the CPT, there may be another kind of quantum
the ground state because of the strong optical pumflieg  interference phenomenon, i.e., SPI, as indicated in Sec. I. We
I'v>wg), we can have aA-type system composed of can see that, in the presence of a traveliriglaser, a ground
[Jg.m=1/2) and|Je,m=1/2,3/2, with two coupling fields.  sublevel |F;=2m—1) can be coherently excited t(F.
These schemes, although not perfectly closed, will be=1 2 3m), and establish a destructive SPI scheme, since the
enough for an estimation of the quantum interference progipole momemg{pe'm|D|Fg'm_1> for the transitions are
duced both in certain directional fluorescence and in tOtabara”e]_ However, since the bare excited states are Coup|ed
fluorescence. If we dress the two excited states with a radianly by a vacuum fieldsee Eq.(11)], a considerable SPI
magnetic field, the abova&-type system can be transformed requires that the energy separation of two states be smaller
to the SPI-like scheme which has received wide investigatiorhan the natural width of the excited state. However, we note
[6,10,17. This scheme shows that, since the effective dipolehe separation of these excited stateg; A,z, A,>T;

moments for the respective transitions from two dressed Uptherefore, the SPI caused by vacuum field coupling in our
per states to the lower state are not pardel there is only  case can be ignored.

one metastable state in the-type systeny the destructive
guantum interference will not cause a total suppression, and
more importantly, will actually disappear for high laser ) )
power[6]. This is consistent with the analysis given at the We have already discussed above the quantum interfer-
end of Sec. Il A. In addition, there is another kind\6ftype ~ €nce effects in the system. However, it is worth noting that a
CPT found when considering a weak reflection of a laser bylécrease in fluorescence can also originate from some other

a chamber window, which can form a standing wave. As sources. To study the roles of these possible causes will en-
moving atom will experience a bichromatic field in its rest @blé us to obtain a clearer understanding of the observation.

frame, for those atoms with suitable velocitig20] at the In this subsection and the next, we will, respectively, discuss
same place of the crossover hdfgiven in Sec. IVQ, the two of these sources, i.e., saturation-induced hole burning
maximum two-photon coherence conditi¢i5,19 can be and optical pumping into a natural dark state decoupled from
achieved in aV-type scheme, which comprises transitionsthe exciting fieldhere“natural” is used to distinguish from
|Fg,m—1)—|F=F4,Fy*1m). Unfortunately, unlike Ref. the dark state formed by superposition

[20], which used a third laser, here we cannot separate this Due to the small reflection<(3%) of the Ia+ser by the
V-type CPT from the crossover hole in space. chamber window, a weak standing wawe -o* may be

In Sec. II, it was shown that, according to the theory, theformed. This standing wave may lead to saturation holes,
contrast of the dip in unpolarized fluorescence should die ouit® & Lamb hole and a crossover hole in fluorescence. For
with increasing laser intensity. But this tendency is in con-the Lamb hole, this is because the total absorption of both
tradiction to the experimental data. In addition, in the experi-counterpropagating waves has a minimum @t=wa,
ment we have recorded the variationsyefand z-polarized ~ where the effective laser frequency isf = w| —tanayz,
fluorescences with increasing laser intensity. From Fig. 9, iwvith tana,= yb[gem—gg(m—1)], for a |Fg ,m—1)
can be seen that the dipip(e,) [and also the corresponding —|Fe,m) transition at a place. Since the rate of energy

1
iy

Y Polarized Fluorescence (arb. units)

C. Saturation hole burning
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absorption from the laser field is equal to the atomic fluoresHowever, the velocity will in fact cause a Doppler shift
cence, we may expect a dip to occur in the fluorescencevhich may excite the other hyperfine transitions, i,
profile. A similar reason can account for a crossover hole=2—F.=2,1. For these transitions, the natural dark states,
The centers of these holes are situated, for the Lamb cases athich are not optically connected to the excited state, can be
(i) Fg=1, since there is no repump las@he separation
z ~cotayd, 2z ~Cotam(6+A4z3), between two ground hyperfine levels is aboutr 2
X6 GHz); and(ii) |Fq=2m=2) for theL, transition and
|Fg=2,m=1,2) for the L, transition. For casé), one may
corresponding to thé ; transition, thel , transition F,=2  expect the largest decrease of fluorescence on resonance of
—F¢=2), and theL, transition F,=2—F.=1), respec- theL,(L4) transition(due to the selection rule, an atom can-
tively; and for crossover cases at not decay toF4=1 for thel 5 transitior), which may occur
at the same locations as the Lamb holes for these transitions.
S+ 1A13)1 This means that the location should move along with the
2 scanning of laser frequency. On the other hand, the popula-
(43 tion loss due to a drop to the trapped lefgl=1 will con-
tribute to another part of the asymmetry of the fluorescence
profile. This can be seen if we replakkein I; by N(1—n,),
where n,=W(v,)dv,, with velocity components ,~ (6
— Az tananz)/K , is the population loss. For cage),
we can see that they are actually not dark states in a strict
sense, because they are destroyed by the magnetic dipole
transition. The competition between the optical pumping and
the magnetic moment precession determines the population

7 ~cotan,(5+A19), (42)

Z.,~Cota,

1
o+ §A23), ZC%COtam

corresponding to coherent trans:itiovi'Eg:2,m—1>—>|Fe
=2,3m) and|Fy=2m—1)—|F.=1,3m), respectively. In
Egs.(42) and(43), Aj; is the energy difference between two
hyperfine excited level&,=] and F.=3, with Ayz=2m
X267 MHz andA3=2m7Xx424 MHz. Equationg42) and
(43) indicate thaf(i) for different detuning, the burned holes
should be located at different place along the beam;(aind

the holes cover the zero-field point only whesr0, trapped in these states. Takiffg,,m=F,) for example, the

r:o?ezsal %ogaAcllaéli’rl anv(\]/le_uAséii arercsa[t)gcrg}llilcyt.iozomisr?gr gﬁi%é tationary  trapped population can be estimated to be
Y, ; *T',/(F,+T'g), where 1Ty is the lifetime of the sublevel,
the chamber to form a strong standing wave. It was thus_ _ P * P

observed clearly that when the laser frequency was scanne'f,duced by the coupllng’l_B with the a_ldjacent OnéFg ;M
. o . . . ='F,—1), which has a widthl", resulting from an optical
in addition to the dark region remaining nearly still at the 9 p

zero-field point, an additional dark region moved along theCoupllng to an excited state with a natural width

fluorescence beam. The coincidence of the locations of these r 2

! ) . o . |Qg|4r2
second dark regions with the prediction was verified by si- sz—,
multaneously monitoring the saturation absorption spectrum l“f)/4+ 52
on an oscilloscope. Furthermore, the second dark region was
different from the central one in another aspect: When ap- [‘|QO|2/2
plying a polarizer in front of the CCD and rotating its trans- p=m,
mission optical axis, the former would always be dark while p
the latter was alternately bright and dark. This fact may serve
as further evidence to prove that our identification of the 0p= 0y~ tanamz, (44)
second dark region with the saturation hole, which is less Q
affected by the radial magnetic field, is correct. Therefore, | B|~7QBP'

the saturation hole is not the reason for the dip~a0, while
it may lead to some asymmetry in the profile because of its

detuning-dependent location. . . D S
i . wheref g is the radial magnetic field frequency which is zero,
For the scheme of a 1b"-¢~ standing wave, a more and A,,_;=3,/T, is the light shift of the sublevem

interesting phenomenon can be observed. There may be tWQFg—l. Since mainly atoms with, satisfying the resonant

additional dark regions that appear symmetrically relative tq_ transition are possibly trapped |fF,,m=F), we ma
the central one; when the laser frequency is scanned, theé/2 B ré possibly trappe 9 9 y
ets,=0 for simplicity, and obtain

will move in counter directions. This can be easily under-
stood because the Zeeman splitting is reversed on two sides
of z=0, and thus the places for resonance transitions excited Ty
by o* ando~ lights are symmetrical. This phenomenon can T +T
still be observed in MOT'’s, as these dark regions can move proB
out of the intersecting region, while the central dark region
becomes invisible.

5B:fB_(wgq71_w?n): 'Yng_Am—l,

|Q|*+2yib?2?

1 (45)
| Qo+ Fz'ySbZZZ-F §r2y§b2p2

Equation(45) shows that the population trapped iy, m
=Fg) will behave like the orientatioM, obtained for the
Fy—Fe=F4+1 transition in Sec. lll. A difference between
In Sec. llI, it was shown that the velocity may not changethe two transitions is that the- and w-polarized fluores-
the qualitative result from the nonadiabatic approximationcences for thdé=,—F.=F transition are both proportional

D. Optical pumping to natural dark states
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to the population of the sublevéF,,m=F,—1), because structive quantum interference between different atomic tran-
|Fq.m=Fg) is a dark state in terms of the optical excitation. sition pathways, which is induced by a coherent interaction
Since the atom number ¢Fy,m=Fy,—1)~T'g/(T',+T'g),  with two fields: one is a laser field, and the other is radial
this fact infers that not only,(e,), but alsol(g,) will have  magnetic field. Our analytical expressions for the fluores-
a peak az=0, and leads to a peak rather than a dip in thecence intensity can explain the experimental result qualita-
unpolarized fluorescence. We can conclude that the contribdively. A quantitative comparison between theory and experi-
tion of the atoms who satisfy the resonént—F.=F, tran- ~ ment may need a more precise calculation, including the real
sition will in effect smear the contrast of the dip. transitionF,=2—F,=3. Moreover, since our above calcu-
lation is general, we expect that a similar phenomenon may
occur for other kinds of atoms.

E. Further remarks Our observation demonstrates that the radial magnetic
field is important in the interaction of an atom with both light
and a 3D magnetic field. However, its role has been ne-
glected in current theories about cooling and trapping pro-
&Less in MOT's. Although the MOT has become a widely
used simple source of cold atoms, the interpretation of the
trapping mechanism in it is not simple, and a full understand-
ing of the MOT has not yet been reached. Initially, the atom
Rehavior in MOT's was estimated based on Doppler radia-

order to obtain a fluorescence decrease there needs to bet'%n force with a 1D model, which takes account of only a

least one sublevel, with a smaller Clebsch-Gordan coefficien]f quadrupole magne’qc field, i.e., a pure[y longitudinal field
coupling to botho* ando— lights, for atoms from the most parallel to the laser axis. It was later realized that the polar-

light-shifted subleveli.e., m=+J,) to precess to. Second, ization gradient cooling of the laser, exploiting the atom’s

one may have to include the cooling effect in these configu—Zeeman manifold structure, is also importddd,42,43.

rations[31,39-43, especially for those atoms whose inter- gt(')mulgtec(lokl’.yn thﬁ ;ntﬁfzgggxgnsgnhgf:;ns%?@n ?r?e SaL:Jl')s-ence
action time with the light €2R/v,) is comparable to the - PP ng | Imens ’

cooling and trapping characteristic time scales; i.e., the vec-)]c a magnetic field, Steanet al. [31] further extended the

. . : o : . 1D model of a MOT to a model containing a 3D laser, in
locity relaxation timeB/M and the position damping time . T ) o
kI3, whereM is the mass of the atom, andl and k are which the magnetic fields are still 1@elated to each dimen-

friction and spring parameters. To take account of the cool® lonal laser beajn So far, the effect of a 3D magnetic field

ing effect may result in two consequencéthe velocityw, on polarization gradient cooling in MOT’s has not received

is no longer a conservative variable, aiid the atomic den- much attention, although numerical calculations by Raab

sity N cannot remain homoaeneous. evervwhere in s aceet al. [45] showed that the presence of a 3D magnetic field
Y 9 yw bace; ay result in a different Doppler radiation force compared to

However, so far as the one dimensional case is concerne : A .
X . . -That with only a 1D magnetic field. As we know that a radial
these effects will be very weak because the cooling time is e : . '
magnetic field, combined with a proper light arrangement
short for most atoms.

+_ + ; _
For the case of a linearly polarized laser, as we analyzealifh Igrscécl:))li(; [gg_jhar\];\jéngxV\g\;ethéiﬂe%c\)/%lf\fgmzn?%?
in Sec. lll, the phenomenon can be understood as aresult% rg%ial ma ngetic field ma pive some adaptation of the
a combination of a classical Hanle effect and optical double 9 ) Yy 9 p
resent theory of MOT’s and remove some discrepancy be-
resonance when near resonance. When off resonance, ho- i :
o . ween the theory and the experime8]. The influence of
ever, the situation will be complex, as we should further . e e : o
. . B . a radial magnetic field on the polarization gradient cooling in
include theA- or M-CPT for F;=2—F.=2,1 transitions , . . N ) .
established by ando- laser gom onent22.23 MOT’s may be illustrated in an intuitive way: Taking a 1D
¥ 7 P = ot-o~ configuration, for example, in an atomic moving ro-
tating frame with the quantization axis chosen along the laser

polarizationE [46], supposingB,, is parallel toE at some

In conclusion, we reported an experimental observation oPint, then after a quarter-wave spaggwill be perpendicu-
a dark region, about the zero-field point of a quadrupoldar to E, and after a half-wave space be antiparalletf@nd
magnetostatic field, in spatial fluorescence emitted by dilutéhe reverse thereafter. This induces that, due to the Zeeman
vapor atoms, which were excited by a circularly polarizedshift by B,, the energy difference between the ground sub-
traveling wave laser tuned to a resonaf=1 transition of  levels withAm=2, e.g.,g,, andg_; in Ref. [46], should
the ®/Rb D, line. A theoretical analysis showed that this vary periodically along with the position and no longer be
phenomenon is mainly a result of a competition betweerflat. Therefore, the cooling mechanism may be somewhat
0ptica| pump|ng and precession of magnetic d|po|e momentgifferent. On the other hand, the work of Dalibard and
due to a radial magnetic field. The latter will mostly cancelCohen-Tannoudjj46] tells us that the sub-Doppler cooling
the orientation caused by the former at the level crossingoriginates from an enhancement of a radiation pressure im-
where the radial dc magnetic field which couples the ZeemaRalance that is due to a motion-inducgdore exactly, in
sublevels is on resonance. The phenomenon can be und&tOT's, a v,=v,+(%yB,/K,) effective-motion-induced
stood, from an alternative point of view, as a result of de-population difference between, ; andg_,. The introduc-

The similar central dark regions observed in #D-o ™"
andot-o~ configurations can be interpreted in terms of the
same physical picture as that for a B traveling wave,
except for some small adaptations in actual analysis. The
adaptations can be as follows.

First, for the case of a 1B *-o~ configuration, the above
model, with J;=1/2, should be replaced by a model with
Jy=1. This is because, according to the previous analysis, i

V. CONCLUSIONS
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tion of B, may lead to a cancellation of this atomic orienta-the location of the new trap center. In experiment, we can
tion. Therefore, the sub-Doppler cooling becomes less effifirst locate the zero-field point by a 1B"-0~ beam, then
cient for nonzerdB,. This result may not be meaningless, align the other two orthogonal pairs of beams to make each
because a laser beam cannot be widthless, or at least can®ttheir central axes lie on the dark region. In this way, we
be very much thinner than the characteristic length A have achieved satisfying molasses cooling.
more strict study of this topic is needed, but that is beyond The phenomenon can also be applied to measure the mag-
the scope of this paper. netic field in the vacuum chambg80]. With a 1D o " -0

Another consequence of the research presented here $ganding-wave diode laser, by scanning the laser frequency
relevant to the choice of the repump laser used in a MOTnear the 1= 2 transition, and at the same time recording the
For 8Rb, for instance, where the MOT beam is tuned to thecorresponding distance between the center of the central dark
red of theFy=2—F,=3 transition, one usually chooses a region and that of the Lamb holgvith a width of the same
laser tuned to the resonance ofa-F+1 transition(i.e.,  order of magnitude as the central regiowe can determine
Fg=1—F.=2) instead of &F—F transition as a repump the magnetic-field gradient near the field origin in terms of a
laser. This is partly because, for circularly polarized light, therelation between the laser detuning and the dark region sepa-
latter may optically pump atoms into an unaccessible statgation, b~[1/(2g.—9gg)1(6/z.), deduced from Eq.(42),
and hence decrease the repumping efficiency. However, thghere we have lei=2 due to the optical pumping effect.
study of this paper shows that if using a circularly polarizedWe have found a good agreement between the experimen-
laser, even for & —F+1 transition, there are still some tally measured values and the theoretically calculated values
atoms which, near the trap center, will be confined in thefrom a formula given in Ref[35], by including a nonunit
lower hyperfine level of ground state, due to the presence dhagnetic susceptibility, because our coils were mounted on
a radial magnetic field, and cannot be pumped to a higheghamber windows, not within the vacuum, which was the
hyperfine level. Therefore, in order to increase repumpingase considered in Rdf35]. This result, combined with the
efficiency (for a bright MOT), we should exploit a repump dark region around the field zero, opens up the possibility for
beam of not-too-weak power to reduce the confinement efeasuring an unknown magnetic field by using a calibrated
fect (of course, the very low intensity itself will also provide quadrupole field, especially in places where traditional
a poor repumping raje On the other hand, our study also means, such as the Gauss meter, are not convenient to apply.
shows that using a standing wave or a 3D repump laserlhis may offer another type of quantum-interference-based
which can partially reduce the darkness in the central regionnagnetometer in addition to the recently introduced one
may be more favorable for a MOT than a 1D circularly po-which exploits the CPT effed22].
larized traveling wave.

A direct application of the effect we observed is in the ACKNOWLEDGMENTS
alignment of three pairs af "-o~ laser beams in a MOT to
make the center of their intersecting region overlap the The authors would like to thank H. Metcalf, E. Arimondo,
magnetic-field zero. We have found that if the two points doF. Renzoni, F. L. Li, and T. Pfau for helpful discussions.
not coincide very well, when one transfers a MOT to anThis work was supported by the Ministry of Science and
optical molasses by quickly shutting down the magneticTechnology of China under Grant No. 95-Yu-34, and the
field, atoms may feel a push directed from the MOT center tdNational Natural Science Foundation of China No.
the molasses center. The push is associated with a dipof®834046. Q.L. was supported by the Chinese Postdoctoral
force pointing to the place of maximum light intensity, i.e., Science Foundation.
the molasses center, as the molasses beams are red-detuned
Gaussian one§47]. Since statistically low-velocity atoms APPENDIX
are closer to the MOT center than those of large velocity,
they will be more sensitive to the displacement of the two From Eq.(37), we obtain the zeroth, first, second, etc.
centers. Therefore, the push is actually a heating. Therders ofM,, with
amount of the heating may be roughly estimatedAds
=(M wgp/kB)rz, assuming the optical potential can be ap- M,yo=1,
proximated as a harmonic form, whekg is the Boltzmann
constant,w,, is the oscillation frequency of the optical po-

tential, and is the separation between two centers. The heat- M;; =0,
ing introduced in the transfer process may greatly affect the
temperature and atom number of the molasses. The displace- M o= as0 (A1)

ment of the two points may be reduced by aligning the

beams while measuring and minimizing the molasses tem-

perature. Now, by exploiting the phenomenon observed, we Mz3=azz+ ago,
can make this task easier to fulfill, because we can directly
see, on a CCD video screen, where the zero-field point is. An
advantage of this method is that if any stray magnetic field is
added to the quadrupole field from the trapping cdits
merely shifts the zero of the figldwe can quickly find out cee

a2
M 4= @452+ @412+ A4,
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where

27 p?  6(9f2+2T%)v,p  27(9F2+ 20 )2
+ —
9f2+T5  Tp(9f2+T5)2  Th(9f2+T})?

a20:7 Y-

486y*f[I'3(pI',—9v,)2+9f2(272—6pv I’y + p?T'3) ]

a31= — 2,021 1212
r2(9f2+T2)

andf= <}5—2A. Here we are only concerned about the coefficientg"pfwhile for largern the expressions d, ,, will be
rather lengthy. We may simplify them by assumifrg 0. Sinceéb:(vycos¢—vxsin ¢)/p, combined with the condition for

nonadiabatic evolutiop~uv/T,, we have¢~T,. Therefore,f~0 is equivalent to assumind’/2— 3,|<1/s,. Under this
assumption, we have

a.31: O,

486y*(pl'p—9v,)?

a42: 6 ’ (AZ)
r p
1458y*v, 5
ag = — ?[81( 10+ vz)vp

p
—18(7+v,)[ppv,+2(2+v,)I5p?].

It can be seen that if taking, , v,, ¢ to be zero, the solutioM ,= M ,o+bM,; +b?M 5+ b3M 5+ b*M 4+ - - - will return to
the corresponding expansion of E0) in b.

[1] See, for example, S. Haroche and D. Kleppner, Phys. Tdday [11] P. R. Berman, Phys. Rev. B8, 4886(1998.
(1), 24(1989; B. L. LU, Y. Z. Wang, Y. Q. Li, and Y. S. Liu, [12] H. R. Gray, R. M. Whitley, and C. R. Stroud, Jr., Opt. L&t.
Opt. Commun.108 13 (1994; Y. Z. Wang, B. L. Ly Y. Q. 218 (1978.
Li, and Y. S. Liu, Opt. Lett20, 1 (1995; C. Hood, M. Chap-  [13] P. L. Knight, Opt. Commun32, 261 (1980.
man, T. Lynn, and H. Kimble, Phys. Rev. Le®0, 4157  [14] E. E. Fill, M. O. Scully, and S. Y. Zhu, Opt. Commufi7, 36

(1998. (1990.
[2] See, for example, C. W. Gardiner, Phys. Rev. L&6. 1917 [15] L. M. Narducci, M. O. Scully, G. L. Oppo, P. Ru, and J. R.
(1986, H. J. Carmichael, A. S. Lane, and D. F. Walmd 58, Tredicce PhyS Rev. A2 1630(1990

2539(1987; H. M. Wiseman,ibid. 81, 3840(19998; P. Rice
and C. Baird, Phys. Rev. A3, 3633(1996.

[3] H. J. Eberly, Phys. Rev. Let87, 1387(1976; G. S. Agarwal,
Phys. Rev. A18, 1490 (1978; P. Zoller, G. Alber, and R.
Salvador,ibid. 24, 398 (1981); K. Wodkiewicz, B. W. Shore,
and J. H. Eberlyibid. 30, 2390(1984); R. Vyas and S. Singh,
ibid. 45, 8095(1992; P. Zhou and S. Swairibid. 58, 4705

[16] L. M. Narducci, H. M. Doss, P. Ru, M. O. Scully, S. Y. Zhu,
and C. Keitel, Opt. Commur81, 379 (1991J.

[17] A. Imamodu, J. E. Field, and S. E. Harris, Phys. Rev. Lé8,
1154 (1991).

[18] K. J. Boller, A. Imamoty, and S. E. Harris, Phys. Rev. Lett.
66, 2593(199)).

(1998. [19] S. Boublil, A. D. Wilson-Gordon, and H. Friedmann, J. Mod.
[4] W. Tan and M. Gu, Phys. Rev. 84, 4070(1986; V. Buzek, Opt. 38, 1739(1991).
ibid. 39, 2232(1989. [20] Y. Z. Wang, G. Xu, C. Ye, J. M. Zhao, S. Y. Zhou, and Y. S.
[5] T. Walker, D. Sesko, and C. Wieman, Phys. Rev. L&#}.408 Liu, Phys. Rev. A53, 1160(1996.
(1990; D. Sesko, T. Walker, and C. Wieman, J. Opt. Soc. Am.[21] H. Y. Ling, Y. Q. Li, and M. Xiao, Phys. Rev. /43, 1014
B 8, 946 (1991). (1996.
[6] D. A. Cardimona, M. G. Raymer, and C. R. Stroud, Jr., J.[22] F. Renzoni, W. Maichen, L. Windholz, and E. Arimondo,
Phys. B15, 55(1982. Phys. Rev. A55, 3710(1997.
[7] S. E. Harris, Phys. Rev. Let62, 1033(1989. [23] F. Renzoni and E. Arimondo, Phys. Rev.58, 4717(1998.
[8] A. Imamodu and S. E. Harris, Opt. Lettl4, 1344(1989. [24] A. Aspect, E. Arimondo, R. Kaiser, N. Vansteenkiste, and C.
[9] A. Imamodu, Phys. Rev. A40, 2835(1989. Cohen-Tannoudji, J. Opt. Soc. Am. @ 2112(1989.
[10] P. Zhou and S. Swain, Phys. Rev. L&, 3995(1996); Phys. [25] E. Arimondo, in Progress in Optics edited by E. Wolf
Rev. A56, 3011(1997. (Elsevier, Amsterdam, 1996Vol. 35, p. 257; L. V. Hau, S. E.

023406-16



DARK REGION OBSERVED IN FLUORESCENCE UNDE. . .

Harris, Z. Dutton, and C. H. Behrooz, Natufleondon 397,
594 (1999.

[26] W. Hanle, Z. Phys30, 93 (1924; For a review, see, for ex-
ample, A. CorneyAtomic and Laser Spectroscop®xford
University Press, Oxford, 1977

[27] See, for example, W. Demtier, Laser Spectroscopy
(Springer-Verlag, New York, 1981

[28] Q. Long, S. Y. Zhou, S. Y. Zhou, and Y. Z. Wanbaser
Spectroscopy XIVFrontiers of Laser Physics and Quantum
Optics, Proceedings of the International Confereredited by
Z. Z. Xu, S.\W. Xie, S. Y. Zhu, and M. O. Scull§Springer-
Verlag, Berlin, 2000, p. 533; CLEO/Pacific Rim'99(IEEE
99THB8464, paper FF4.

[29] L. Deng and E. W. Hagleyprivate communication

[30] S. Y. Zhou, Q. Long, S. Y. Zhou, and Y. Z. Warignpub-
lished.

[31] A. M. Steane, M. Chowdhury, and C. J. Foot, J. Opt. Soc. Am.

B 9, 2142(1992.

[32] The intensity imbalance was less than about 0.05 in our ex-
periment, which corresponded to a maximum displacement of
[39] D. S. Weiss, E. Riis, Y. Shevy, P. J. Ungar, and S. Chu, J. Opt.

the trap center from the field zero 6f0.03 cm, for a mag-

netic gradient 18 G/cm. A discussion of the imbalance depen-
[40] B. Sheehy, S. Q. Shang, P. Van Straten, S. Hatamian, and H.

dence of the trap center location can be found to Rf].
[33] The error bar of contrast is obtained hyC=2A1/(l nax

PHYSICAL REVIEW A 62 023406

[35] T. Bergman, G. Erez, and H. J. Metcalf, Phys. Re\85A1535

(1987).

[36] Another way to obtain the effective laser frequer?my is the

following. As the electric dipole is excited by the" laser, the
electron moves along a circle with a circular frequeagyand
a radius|D|/e. It will experience an additional centrifugal
force (Lorentz force f,=—|D|w B, in the presence oB,.
We then have the modified forcef,=(m/e)|D|w?
=(m/e)|D|wi+f,; therefore vf=w (w —2yB,). For w,
>w,, we havew?~(w, — ,)?.

[37] M. Sargent Ill, M. O. Scully, and W. E. Lamb, Jilaser

Physics(Addison-Wesley, Reading, MA, 1974

[38] A recent experiment shows that this is very likely the right

reason. In this experiment, we added a repump laser tuned to
resonance of -2 transition which, combined with the 2
—3 transition, could form a nearly closed system. It was
found that the contrast of the dip was affected little when the
power of the pump laser was weak, while, when its intensity
was high, the darkness degraded evidently compared to that
without a repump laser.

Soc. Am. B6, 2072(1989.

Metcalf, Phys. Rev. Lettt4, 858 (1990.

+Imin), Where Al is the fluctuation of fluorescence intensity [41] S. Q. Shang, B. Sheehy, P. Van Straten, and H. Metcalf, Phys.

mainly due to the noises in laser and CQ1). can be approxi-

Rev. Lett.65, 317(1990.

mately determined by measuring the standard deviation of thg42] A. M. Steane and C. J. Foot, Europhys. Lé#, 231(199J).
fluorescence when the quadrupole magnetic field is not turne3] M. Drewsen, P. Laurent, A. Nadir, G. Santarelli, A. Clairon,

on.

[34] These facts tell us that if a laser is elliptically polarized, the

Y. Castin, D. Grison, and C. Salomon, Appl. Phys. B: Lasers
Opt. 59, 283(1994.

direction of the major axis of the ellipse will affect the obser- [44] K. Molmer, Phys. Rev. A4, 5820(1991J).
vation result. As a pure circular polarization state is hard to[45] E. L. Raab, M. Prentiss, A. Cable, S. Chu, and D. Pritchard,

realize, when doing the above experiment for circularly polar-

Phys. Rev. Lett59, 2631(1987.

ized laser we always arranged the major axis of the ellipsd46] J. Dalibard and C. Cohen-Tannoudji, J. Opt. Soc. Am6,B

along they direction in order to exclude the influence of this

asymmetry on the dip.

023406-17

2023(1989.

[47] J. P. Gordon and A. Ashkin, Phys. Rev.24, 1606(1980.



