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Dark region observed in fluorescence under the condition of a quadrupole magnetic field

Quan Long,* Shuyu Zhou, Shanyu Zhou, and Yuzhu Wang
Laboratory for Quantum Optics, Shanghai Institute of Optics and Fine Mechanics of Chinese Academy of Sciences, P.O. Box 8

Shanghai 201800, China
~Received 10 January 2000; revised manuscript received 11 April 2000; published 18 July 2000!

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 to aF→F11 transition of87Rb. 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 number~s!: 32.80.Bx, 32.50.1d, 32.60.1i, 32.80.Qk
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I. INTRODUCTION

In the past few decades, the process of modifying
standard radiation properties of an atom has attracted m
attention~where by ‘‘standard’’ we mean the resonance flu
rescence emitted in free space by a two-level system dr
by a single near-resonant electromagnetic field.! Some re-
searchers revealed that spontaneous emission can be re
or enhanced by changing the environment into which an
cited atom decays, such as putting the atom into a reson
whose radiation mode density is made different from tha
free space@1#, or immersing the atom in a squeezed vacu
where some of the radiation modes are squeezed@2#. In some
studies, the influence of statistical properties of the driv
field on the resonance fluorescence was considered. Re
models include those illuminating the atom with a light
different fluctuation characteristics or a nonclassical stat
addition to the coherent one usually used@3#. Some investi-
gations paid attention to the interatomic cooperation, wh
is attributed to the reabsorption of the emitted resona
fluorescence photons by another atom in a many-atom
tem. Such an effect, known as radiation trapping, can ef
tively change the average lifetime of the ensemble of exc
atoms@4# and plays an important role in fluorescence wh
the atomic density is high enough, e.g., when atoms
trapped in a small volume@5#. Other theoretical proposal
and experimental works were devoted to achieving a mo
fication of the spontaneous emission rate by taking adv
tage of the atom’s internal multilevel structure and the eff
of quantum interference between multiple atomic transit
pathways@6–23#. In these treatments, in addition to the usu
driving field, another field is applied to couple some of t
atomic levels and establish a coherence between them.

*Email address: longq4@sina.com
1050-2947/2000/62~2!/023406~17!/$15.00 62 0234
e
ch
-
n

ced
x-
tor
f

g
ted

in

h
e
s-

c-
d

n
re

i-
n-
t

n
l

he

second field can be a laser light@8,10–13,15,17–23#, a mi-
crowave or Raman process via an auxiliary level@14,16#, or
simply the vacuum field@6,7,9#. Compared with methods
using a cavity or a squeezed light, the method of quant
interference which requires only free space appears to
easier to realize, and has received great interest recently
pecially related to its applications to aspects such as the l
cooling and quantum optics@24,25#.

Destructive quantum interference, including scatterin
path interference~SPI! @6–11# and the coherent-populatio
trap ~CPT! @12–24#, may lead to a suppression or parti
reduction of fluorescence. SPI refers to the interference
tween different spontaneous Raman-scattering paths, or
scattering probability amplitudes for routes from a sing
ground state coherently excited by a monochromatic field
two ~or more! intermediate states, from where they spon
neously decay to a final ground state. The interference
pends on the coupling between two upper states and the
lar product of the electric dipole moments for transitio
sharing the common final state. If the dipole moments
parallel, a destructive SPI may cause a quenching in ‘‘tot
fluorescence under certain conditions~where by ‘‘total’’ we
mean either a spontaneous emission spectrum or fluo
cence in all emitted and all polarized directions!. If the di-
pole moments are not parallel, however, there may be o
some reduction of fluorescence in certain radiation directi
or polarizations, such as the case of the classical Hanle
fect, where the dipole moments fors1 and s2 transitions
are orthogonal@26#. In the latter case, the decrease in cert
directions may be compensated for by an increase in o
directions, and results in no modification in total fluore
cence. The simplest CPT may occur in the presence of
fields coupling two lower~upper! states with one uppe
~lower! state and constituting a three-levelL-(V-) type sys-
tem, where atoms can be trapped in a coherent superpos
of two lower states for theL-type system or two laser
dressed states both contaminated by the common lower
for theV-type system. These level structures are typical o
©2000 The American Physical Society06-1
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used in double-resonance experiments@27#. At the resonance
condition for the double quantum transition, sometim
called the maximum two-photon coherence, the total fluor
cence reaches a minimum. More complicated CPT struc
involves multiple-quantum-well transitions@22,24#.

Recently, Renzoniet al. @22# carried out a careful study o
the CPT phenomenon on a sodium atomic beam by mean
a Hanle effect configuration. In their experiment, atoms w
excited by a monochromatic linearly polarized laser lig
resonant with a hyperfine optical transitionFg→Fe<Fg ;
the degeneracy of the Zeeman sublevels was removed
applying a dipole magnetic field coaxial with the laser lig
and the fluorescence emitted by the atoms at the right an
with respect to the direction of the laser propagation w
detected through a photomultiplier. The magnetic field w
created by a pair of Helmholtz coils. By scanning the ma
netic field, a sharp decrease of the fluorescence intensity~i.e.,
black line or dark resonance! can be observed at the ze
value of the magnetic field, where the resonance condi
for a stimulated Raman transition formed bys1 and s2

lights can be achieved. The dependence of the black
characterized by its half-width and contrast, on the ato
laser interaction parameters, such as the laser intensity
been examined.

In this paper, we report an experimental observation o
dark region, around the zero-field point of a spheric quad
pole magnetostatic field, in spatial distribution of the fluore
cence emitted by dilute atom vapor when excited by a cir
larly polarized unidirectional propagating laser beam, wh
was tuned to near the resonance of aJg→Je5Jg11, Fg
→Fe5Fg11 transition@28#. Modifications of fluorescence
were also recorded for other laser configurations, e.g., ci
larly polarized standing-wave and linearly polarized cases
our experiment, the magnetic field was produced by a pai
anti-Helmholtz coils~with opposing currents!. Several differ-
ences between our experiment and that in Ref.@22#. First, the
optical transition we used is irrelevant to the CPT discus
by Renzoniet al., because it does not contain a similar c
herent superposition noncoupled to the laser, and there
the mechanisms for fluorescence decrease should be d
ent. Second, the magnetic field presented in our experim
is a quadrupole one of three dimensionality, although
dipole magnetic field in Ref.@22#, when its amplitude and
direction were varied, can be treated as a one-dimensi
~1D! quadrupole field.

An investigation shows that the 3D nature of the magne
field is the key to understanding what we have observ
especially for the case of a circularly polarized laser, wh
is the subject that we will focus our attention on in th
paper. It is found that, different from the magnetic field
Ref. @22#, which was not an origin of the fluorescence d
crease and which was utilized merely to tune the Ram
transition formed by lights, the magnetic field in our expe
ment directly takes part in constructing a configuration le
ing to a fluorescence decrease; the laser light alone ca
account for the modification of the fluorescence. In this c
figuration, the magnetic field, or more precisely, the rad
magnetic field perpendicular to the laser beam, would p
the role of a second field like that in Refs.@6–23#. The in-
02340
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teraction of the atom with both the laser and the magn
field leads to a destructive quantum interference effect,
atoms may be trapped in some dressed states mainly c
posed of metastable states, and exhibits a dark in fluo
cence.

The quadrupole magnetic field is well known for its a
plication in atom cooling and trapping. With the aid of thre
pairs ofs12s2 lasers, it constructs a magneto-optical tr
~MOT!. Some researchers also noted some dark reg
along the laser beams when working on MOT’s@29#. In con-
trast to what we report, these regions would not remain s
at a fixed place, i.e., the central part of the trap, but wo
instead move along the beam when tuning the laser
quency. We show, in Sec. IV C, that the phenomenon t
observed actually has a very different origin from that p
sented in this paper. It can be interpreted as a result of s
ration hole burning by considering a 1D magnetic field p
allel to the laser beam. In fact, two types of dark regions c
exist simultaneously in a 1Ds1-s2 scheme, but if 3D
s1-s2 lights are introduced as in a MOT, the one fixe
around the zero-field point will simply disappear, and lea
only the other one, which can be shifted out of the lig
intersecting region, visible.

Our observation points out the importance of the ro
played by the radial magnetic field when considering
interaction of an atom with both light and a 3D magne
field. This fact may require us to reassess the current the
about the cooling and trapping process in MOT’s, where
function of the radial magnetic field is always neglected.
Sec. V, we argue that the involvement of the radial magn
field may affect the polarization gradient cooling in MOT’
Another consequence of the phenomenon is related to
choice of repump laser in MOT’s. If a repump laser is chos
to be circularly polarized and tuned to a resonantDF5Fe
2Fg51 transition, our research shows that some ato
near the trap center, may be confined in the lower hyper
level of the ground state due to the presence of the ra
magnetic field, and cannot be pumped to the higher hyper
level. Therefore, the power, polarization status, and propa
tion of the repump laser may not be arbitrary if one wants
gain a favorable repumping efficiency.

The effect of the sharp decrease in fluorescence in
central region may be helpful in the alignment of three
thogonal laser beams in MOT’s to make the center of th
intersecting region overlap the magnetic field zero; this
important in the process of transferring a MOT to an opti
molasses. The phenomenon can also be utilized, in comb
tion with the saturation burning hole, to measure the r
magnetic field in MOT’s@30#.

This paper is arranged as follows. Our experimental se
is given in Sec. II. In Sec. III, the experimental results and
theoretical analysis are presented. Based on an optical B
equation, with a simplified model in the limit of low lase
power, analytical expressions for the fluorescence intens
with variables of clear physical meanings are obtained
the case of a circularly polarized traveling wave. We argue
Sec. IV that the phenomenon observed can be interprete
terms of a quantum interference effect. In this section,
also discuss some possible causes of fluorescence decr
6-2
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as well as fluorescence modification in other cases with
ferent laser configurations. In Sec. V, we draw our conc
sions. The significance and applications of the phenome
are also described in detail in this last section.

II. EXPERIMENTAL SETUP

Here we describe some principal apparatus used in
experiment. Some others, whenever necessary, will be m
tioned in the following sections. The experiment setup
shown in Fig. 1. A six-window uncoated vacuum chamb
~actually a vertical cylinder, which has been simplified in t
plot!, 10 cm in diameter, was filled with a nature rubidiu
atom vapor with a pressure of 1027–1026 Pa at room tem-
perature 300 K. A pair of anti-Helmholtz coils with opposin
currents, which generated the spheric quadrupole magn
field, was mounted on two chamber windows. We use
single-mode Coherent model 899 Ti:sapphire laser activ
locked to a crossover resonance of a87Rb D2 line in a satu-
rated absorption cell, associated with a computer-contro
servo system; this enabled us to determine the laser
quency with an accuracy of;1 MHz. The laser was a cir
cularly polarized traveling wave tuned near theD2 line’s L3
peak of 87Rb, 52S1/2,F52→52P3/2,F53, and was colli-
mated to pass through the vacuum chamber along the s
metry axis of the coils~defined as thez axis!. The laser
power measured in the experiment had an uncertainty
;5% due to the intrinsical fluctuations in light and the sy
tematic error in the power meter. The fluorescence emi
by atoms in a direction (x axis! at a right angle to the inci-
dent laser beam was collected and imaged by a cha
coupled device~CCD! camera ~Photometrics CH350/L!.
This camera has a CCD chip, cooled to about240oC by a
thermoelectric cooler, with 102431024 pixels of 24
324-mm2 size. The resolution of the image, under the co
ditions of experiment, was;0.02 cm. In addition, we have
used a polarizer, placed in front of the lens of the CCD,
detect the polarization of the fluorescence.

III. EXPERIMENTAL RESULTS AND ANALYSIS

From the camera pictures of the unpolarized fluoresce
~with all polarizations taken into account!, we observed,
around the zero-field point, that there existed a barlike d
region across the beam, illustrating a decrease of fluo
cence. This is shown, in Fig. 2~a!, as a dip in the profile of
the fluorescence intensity versus the space. The zero-
point is theoretically the geometric center of the cell. In fa

FIG. 1. The experimental setup.
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due to residual external magnetic fields~including that of the
earth! and some asymmetry between the intensities of t
coil currents, it may deviate from the center. The position
the dip could be ensured by another way: Applying thr
pairs of orthogonals1-s2 standing waves with a repum
laser, we could trap a ball-shaped cold atom cloud, an
was not hard to find that the center of the trap~the brightest
portion of the cloud! lay in the place of the dark region
Furthermore, if shutting off either pair of beams inx-y plane
to form a 2D MOT, we could also observe that the sl
cigar-shaped MOT overlapped the dark region. As we kn
that, for well-aligned MOT beams with excellent balan
between partners of each pair of beams, the center of
cloud is always at the field zero@31,32#, the above facts
demonstrate that the dip is indeed around the zero-fi
point.

When we applied a polarizer in front of the CCD, it wa
interesting to note that the central region became darke
turned to be bright fory- or z-polarized fluorescence, show
in Figs. 2~b! and 2~c!, respectively. The polarizer used he
may help us to distinguish the central dark region from a
other dark region which may be moved when the laser
quency scanning~see Sec. IV C!. A comparison between

FIG. 2. Spatial fluorescence distribution with a laser intens
18 mw cm22, a diameter of the laser beam of 2 cm, a coil curre
2.5 A (; 18 G/cm magnetic-field gradient!, and a detuning210
MHz. ~a! Unpolarized,~b! y-polarized, and~c! z-polarized fluores-
cences.
6-3
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QUAN LONG, SHUYU ZHOU, SHANYU ZHOU, AND YUZHU WANG PHYSICAL REVIEW A62 023406
cases with and without quadrupole magnetic field is given
Fig. 3. The dip can be characterized by two parameters, h
width @the full width between half minimums, i.e., (I max
1Imin)/2, with I min and I max corresponding to the minimum
and maximum values of the dip! and contrast@defined as
(I max2Imin)/(Imax1Imin)], which are about 0.1–1 cm an
1% –5 %, respectively, for various magnetic-field gradie
and laser powers. We have investigated in detail the in
ence of laser power, magnetic-field gradient~proportional to
the current in the coil!, and detuning on the dip in unpola
ized fluorescence. A summary of the results is presente
Figs. 4–6:~i! Enhancing the laser power will lead to a wid
dip with a larger contrast,@33# which begins to vary slowly
for a large laser intensity~Fig. 4!. ~ii ! With an increasing
magnetic-field gradient, the dip tends to be narrower a
deeper. For a large enough gradient, the contrast exhib
saturation~Fig. 5!. ~iii ! The location of the dip is insensitiv
to the detuning, which may otherwise introduce an asymm
try in the profile~Fig. 6!. The diameter of the laser beam
not very important~we have also used sheetlike laser bea
in the experiment, and obtained similar results!, but if it is
too thin ~approximately,0.5 cm under our experimenta
condition when the beam was collinear with thez axis!, it
will be hard to observe the dark region. Moreover, in order
gain a high signal-to-noise ratio, neither the vapor press
nor the laser power should be too low.

If the laser frequency is tuned to anotherDF51, i.e., the
Fg51→Fe52 transition, the result is nearly the same.
addition, similar central dark regions have also been foun
the configurations of 1Ds1-s1 and 1D s1-s2 standing
waves, except that the contrasts of the dip were somew
smaller than that of the 1Ds1 traveling wave. We have als
studied a situation in which the laser was linearly polariz
It was found that, for unpolarized fluorescence, the mod
cation of its intensity at the central region depends on

FIG. 3. Comparison of the fluorescence intensity distributio
along thez axis for y'0 cm between cases with and without
quadrupole magnetic field. The solid lines are for the same par
eters as in Fig. 2. The dashed lines (a0), (b0), and (c0) are the
corresponding curves when the field is switched off.
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plane of light polarization: For apx ~with an electric field
oscillating parallel to thex axis! laser, it was a dip; for apy

laser, it was a peak@34#.
In this section, we will focus on analyzing the configur

tion of 1D s1 traveling wave, because some disturbing fa
can be excluded in this case~see Secs. IV C–IV E!. At first
sight, one may wonder whether the phenomenon is simp
result of the splitting of degenerate Zeeman sublevels in
presence of thez-directional magnetic field. We can easi
show that the longitudinal magnetic fieldBz alone cannot
account for the dip in the fluorescence atz50 for a circu-
larly polarized laser; however, for a linearly polarized las
taking account of this one-dimensional magnetic field
enough. When the laser is circularly polarized with respec
the quantization axis along thez direction, a ground state ca
only be optically excited to a pure state, and the atom tr
sition can be treated as a two-level one. Therefore, the le
splitting will not cause a special at the point of level cros
ing, i.e., z50. However, for a linearly polarized case, th
situation will be different, as the laser is mixed polariz
with s1 and s2. Instead of a more rigorous quantum
mechanical treatment, the effect ofBz can be estimated by
applying a classical model where an excited atom is rep
sented by a single damped oscillating electron. The fluo
cence observed in thex direction takes a form, in the fa
zone,

s

-

FIG. 4. The variation of~a! the half-width and~b! the contrast of
the dip in unpolarized fluorescence vs the laser power fory'0 cm.
The experimental parameters are coil current 2.5 A, beam diam
1.5 cm, and near resonance.
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I x~r ,t !5I x~ey!1I x~ez!;US D̈S r ,t2
s

cD`exD`exU2

5uD̈•eyu21uD̈•ezu2, ~1!

where D is the electric dipole moment,r5(x,y,z) is the
location of the atom,ej ( j 5x,y,z) is the unit vector ofj axis,
and I x(ey) and I x(ez) are y- and z-polarized fluorescence
along thex direction. An atom is subject to two extern
forces; the electric field force and Lorentz force. The elec
field of the laser isE5E0e2 ivLt1 iKL•r1c.c., and the quad
rupole magnetic field near origin is@35#

Bx5
b

2
x, By5

b

2
y, Bz52bz, ~2!

whereb is the field gradient. The linear approximation of th
magnetic field in Eq.~2! can hold atr,uzu&3 cm in our
experiment, withr5Ax21y2 being the radial coordinate.

If considering onlyBz , the result for the linearly polar
ized laser can be easily understood as a classical Hanl
fect. As the oscillating plane of the electron precesses ab
the Bz direction with a Larmor frequencyvz5gBz —where
g5g(mB /\) is the gyromagnetic ratio,g the Lande´ factor

FIG. 5. The variation of~a! the half-width and~b! the contrast of
the dip in unpolarized fluorescence vs the magnetic gradient~rep-
resented by the coil current! for y'0 cm. The experimental param
eters are laser intensity 3 mW cm22, beam diameter 1.5 cm, an
near resonance.
02340
c
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~here taken to beg51) and mB5e\/2me the Bohr
magneton—the corresponding fluorescence intensity is g
by

I x;12
G2/4

G2/41vz
2

for the px laser, and

I x;11
G2/4

G2/41vz
2

~3!

for the py laser, whereG is the spontaneous decay rate
atom. The results illustrate that there is a dip for apx laser
and a peak for apy laser atz50, just as we observed in
experiment. However, we may run into some problem in
case of a circularly polarized laser. Since for as1 laser, in a
rotating frame~a frame rotating about thez axis at the laser
frequencyvL), an atom may ‘‘feel’’ a fictitious magnetic
field B̃z52vL /g in addition to the real fieldBz , we may, in
a reverse way, say that in the laboratory frame the atom
excited by as1 laser with an effective frequencyṽL5vL
2vz @36#. We can then easily obtain the steady-state y co
ponent of the dipole moment after a long enough tim
(;1/G):

D•ey5
euE0u/me

AG2ṽL
21~vA

22ṽL
2!2

cos~ṽLt1u!. ~4!

As vz!vL and vA'vL , we may takeṽL'vL and vA
2

2ṽL
2'2vL(vz2d), whered5vL2vA is the detuning de-

fined as the difference between the frequency of laservL and
that of L3 transitionvA . Therefore, from Eq.~4!, the fluo-
rescence can be derived:

I x;
1

G2/41~vz2d!2
. ~5!

FIG. 6. The curves for unpolarized fluorescence under con
tions of different detunings fory'0 cm. ~1! d50 MHz. ~2! d
5210 MHz. ~3! d5240 MHz. ~4! d5270 MHz. ~5! d52100
MHz ~dashed line!.
6-5
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If we take account of the atomic velocity, the detuningd is
replaced bydv5d2KLvz . The total contribution from all
velocity groups gives

I x5E I xW~vz!dvz;
Ap

iK L
@Z„G/21 i ~vz2d!…

1Z„G/22 i ~vz2d!…#, ~6!

where W(vz)5(1/Apu)e2(vz /u)2
is the Maxwell-Boltzman

distribution, u is the most probable speed, andZ(v) is the
plasma dispersion function@37#. In the Doppler limit (KLu

@G), we haveZ(v)' iApe2(Im v/KLu)2
and becauseZ(v* )

52Z* (v), the fluorescence@Eq. ~ 6!# then gives

I x;e2[(vz2d)/KLu] 2
. ~7!

From Eq.~7!, we can see that the decrease in the wings
the fluorescence distribution may be understood as due to
larger detuning induced by larger Zeeman splittingvz . But
we may expect a peak rather than a dip atz'0. Moreover,
the z-polarized fluorescenceI x(ez);uD̈•ezu2 is always null.
These two points are inconsistent with the experimental
sults for a circularly polarized laser.

It is known that some sources, such as saturation h
burning and optical pumping into a dark state decoupled
the laser, under the condition of a 1D inhomogeneous a
magnetic field, can result in a position-dependent fluor
cence reduction. However, a careful study in Sec. IV sho
that they are not relevant to the phenomenon. We fou
through a qualitative argument, that in order to explain
experimental observation, we have to take into account
transverse or radial magnetic field. A physical picture can
constructed as follows: The radial magnetic fieldBr induces
a precession of the classical magnetic moment, assoc
with a magnetic dipole transition between Zeeman sublev
As a direct result of this precession, a nonzeroI x(ez) may be
expected, and a peak in it may be assumed atz50, because
Br , a dc field, will be on resonance when the Zeeman sp
ting is zero. In this simple picture, we can see that an
crease of fluorescence in thez-polarized direction~corre-
sponding to ap or Dm50 emission, wherem is the
magnetic quantum number! occurs at the expense of a d
crease in they direction ~corresponding tos6 or Dm561
emissions!. More detailed features about the role played
Br may require some more careful calculations to clarify

Now we will treat the problem in detail by an approach
quantum mechanics. In the atomic rest frame, in conjunc
with the electric-dipole and rotating-wave approximation
the systematic Hamiltonian can be written in the Heisenb
picture as

H5HA1VE1VB ,

HA5(
m,n

\vm
e smm

ee 1\vn
gsnn

gg ,

VE5(
m,n

\Vmn
eg snm

ge e2 i (vL2KLvz)t1H.c.,
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VB5 (
m,m8,n,n8

\Vmm8
ee sm8m

ee
1\Vnn8

gg sn8n
gg

1H.c., ~8!

whereHA represents the free energy of atoms, andVE and
VB are the interactions of atoms with the laser and the m
netic field, respectively.snm

ab5uFb ,m&^Fa ,nu is the atomic
operator, Vmn

eg 5(q521,0,1V0EqCn2q,n
eg dq,n2m and Vpp8

aa

5ga(q521,0,1B2qCp,p2q
aa dq,p2p8 are coupling coefficients

with V052duE0u/\ the Rabi frequency,d5^FeuuDuuFg& the
reduced matrix element,Eq5E(1)

•eq* /uE0u the polarized
component of the classical laser electric field,e61

57(1/A2)(ex6 iey), e05ez , Cmn
eg the Clebsch-Gordan coef

ficient, ga5gag the gyromagnetic ratio for hyperfine leve
Fa and ga the effective Lande´ factor of Fa in the weak-
magnetic-field regime (ge52/3 for Fe50, 1, 2, and 3 and
gg51/2 forFg52). B615(1/A2)(Bx6 iBy) andB05Bz are
components of the magnetic field, andCp,p2q

aa

5(1/A2)uquAFa(Fa11)2p(p2q)1(12uqu)p represents
the strength of the magnetic dipole moment transition. F
ther taking account of the coupling with the vacuum fie
and after elimination of the bath operators@37#, we can ob-
tain the optical Bloch equations~OBE’s!, which give the
evolution of the atomic density operatorrpp8

ab
5^spp8

ab &,

d

dt
rpp8

ab
5

d(1)

dt
rpp8

ab
1~rpp8

ab
! f1

i

\
^@H,spp8

ab
#&, ~9!

whered(1)/dt denotes the relaxation of excited states, opti
coherence, and the repopulation of ground states with

d(1)

dt
rmm8

ee
52Grmm8

ee ,

d(1)

dt
rmn

eg 52
G

2
rmn

eg , ~10!

d(1)

dt
rnn8

gg
5G (

q521,0,1
Cn1q,n

eg Cn81q,n8
eg rn1q,n81q

ee .

In Eq. ~10!, we have taken the spontaneous emission rate
excited states to be equal (G52p36 MHz for 87Rb), and
neglected the relaxation related to the interatomic collisio
since the mean length of free path is by far beyond the m
nitude of the vacuum cell under the experimental vapor pr
sure. (rpp8

ab ) f represents the coherence between states du
the vacuum field coupling, for example,

~rmm
ee ! f52 (

m8,e8
Kmm8

ee8 rm8m
e8e

1H.c.,

~11!

Kmm8
ee8 5(

f ,g

pv f

2«0\V
Gmm8

ee8 ~ef !d~v f2ve8g!eiv
mm8
ee8 t,

wherevmm8
ee8 is the energy separation between excited sta

uFe ,m& and uFe8 ,m8&. Gmm8
ee8 (ef) is the emission matrix ele

ment, with
6-6
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Gmm8
ee8 ~ef !5^Fe ,muef•DuFg ,n&~^Fe8 ,m8uef•DuFg ,n&!* ,

~12!

whereef is the unit vector for electric field of vacuum fiel
propagating in a direction (f f ,u f) ~polar coordinates! with a
polarizationa f and frequencyv f , and

ef•DÄ (
q521,0,1

~21!qj2quCn1q,n
eg usnm

ge dm,n1q ,

~13!

j2q5
1

A2
q~cosu f cosa f2 iq sina f !e

2 iqf f

1~ uqu21!sinu f cosa f .

The term (rpp8
ab ) f will cause a SPI in fluorescence, whi

sincevmm8
ee8 in our case is always much larger than the natu

level width G , the coherence can be ignored.
The scattered field intensity emitted in a solid ang

(f f ,u f), with a polarizationa f @for I x , f f50 or p, u f
5p/2 and forI x(ey), a f5p/2, for I x(ez), a f50], is given
by

I f5
3NG

8pudu2 (
m,m8

Gmm8
ee rm8m

ee , ~14!

whereGmm8
ee

5(g,nGmm8
ee (ef), andN is the atomic density a

r . The population and Zeeman coherence of excited s
rm8m

ee can be obtained from the OBE~9!. In order to provide
a physical picture, instead of a more complexFg52→Fe
53 transition, we turn to a simplified model, with which a
analytical expression forI f may be obtained. We adopt th
multilevel modelJg51/2→Je53/2, which may be the sim
plest one to approximate the real system~since we should
consider the magnetic moment precession, a two-level m
is invalid, and a modelJg50→Je51 will exclude the
ground-state precession which may be especially impor
for low laser powers!.

We may diagonalize the coupling with magnetic field
Eq. ~8! by transforming the system from az representation to
a B representation where the axis of quantization is cho
along the local direction of the magnetic field. The transf
mation operator is given by

U5eiJyuB /\eiJzf/\, ~15!

whereuB5 cos21(Bz/B), f5tan21(y/x), B5ABz
21Br

2, and
Br5ABx

21By
2 is the strength of radial magnetic field. Th

OBE in the new representation takes a form

d

dt
r̃ab5

d(1)

dt
r̃ab1

i

\
@r̃ab,H̃1Hv#, ~16!

whered(1)/dt has the same form as Eq.~10!, as it is isotropic
and independent of the axis of quantization.r̃ab

5UrabU1 is the new density matrix,
02340
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U5S Ue 0

0 Ug
D ,

andUe andUg are corresponding transformations for excit
and ground states.H̃5UHU15HA1ṼE1ṼB ,

ṼB5S geJzB 0

0 ggJzB
D and ṼE5S 0 Ṽ

Ṽ* 0
D

with ,

Ṽ5UeVUg
1 ,

~17!

V5TrS 0 0 0 V3/2,1/2
eg

0 0 V1/2,21/2
eg 0

D .

Ṽ is a transformed Rabi frequency in theB representation.
Hv is an extra potential depending on the atom velocity
duced by the unitary transformation in the new Hamiltonia

Hv5
xvy2yvx

r2
~Jx sinuB2Jz cosuB!1

zvr2rvz

4z21r2
Jy ,

~18!

corresponding to the nonadiabatic evolution of atomic ope
tors. Because the magnetic field is space dependent, a m
ing atom may feel in its rest frame that the external magn
field keeps changing. Thus the density operators should
velocity dependent and (d/dt)rab(r ,v,t…5(]/]t)rab

1v•“rab. This means that a time-dependent solution
needed. Unfortunately, a strict solution of this kind is usua
unavailable. If the magnetic field changes very slowly duri
an interval from a timet2Dt when an atom is excited by
magnetic field to a timet when a steady state can be o
tained, we may take the magnetic field to be constant du
the interval and obtain a stationary solution by neglecting
termv•“rab andHv . This slowly varying condition can be
expressed asDB!B in Dt. As Dt is of the order of the
optical pumping time 1/Gp , the condition can be reexpresse
asuvu/Gp!r,uzu, or in other words, the condition cannot ho
at a regionr, or uzu&uvu/Gp . It can be seen that the large
the optical pumping rateGp ~proportional to laser power! is,
the smaller the region is. This is because the circularly
larized laser will act like a bias magnetic field along thez
axis, preventing a nonadiabatic~Majorana! spin-flip. Taking
uvu to be the most probable speedu;103 m/s at 300 K and
Gp;107/s, we haveuvu/Gp;0.01 cm, which is much smalle
than the half-width of dark region. In fact, in the experime
we have used a sheetlike laser beam with a thickness of
mm instead of one with a round section, and changed
incident position along thex axis. The observation is simila
to those in Fig. 2 and the dip is even darker for largerx.
Therefore the nonadiabatic evolution is not essential for
understanding of the phenomenon. In the following we w
first give a stationary solution of the OBE under an adiaba
approximation, and then consider the effect of nonadiab
evolution.
6-7
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A. Adiabatic approximation

In the regionr,uzu@uvu/Gp , we can omit the velocity-
dependent operatorsHv andv"“rab. When the laser powe
is low so that the Rabi frequencyV0 is much smaller than
the decay rateG, the optical coherencer̃eg will be small, and
can be expressed, to first order inṼeg, for example, as

r̃3/2,1/2
eg 5

2 i Ṽ3/2,1/2
eg r̃1/2,1/2

gg e2 i (vL2KLvz)t

G/22 i ~dv2v3/2,1/2
eg !

, ~19!

wherevpp8
ab

5(gap2gbp8)vB , andvB5gB is the Larmor
precession frequency around the local magnetic field.
terms of the expressions ofr̃eg, we can adiabatically elimi-
nate the populations and the coherence of excited statesr̃ee,
which can be written as

r̃mm8
ee

5

(
nn8

Pmm8
nn8 r̃nn8

gg

G1 i ~m2m8!gevB

. ~20!

HerePmm8
nn8 is the excitation matrix, with

Pmm8
nn8 5Vmm8

nn8 ~Tm8n1Tmn8
* !,

Vmm8
nn8 5Ṽm/2,n/2

eg ~Ṽm8/2,n8/2
eg

!* , ~21!

Tmn5
1

G/21 i ~dv2vm/2,n/2
eg !

.

On the basis of Eqs.~20! and~21!, we can obtain a closed se
of equations for ground-state density operatorsr̃gg. The cal-
culation is straightforward~the result is rather lengthy an
will be given elsewhere!. From the stationary solution fo
r̃gg, we can giveree in the z representation:

rmm8
ee

5 (
m9,m-,n,n8

~Ue
1!mm9Pm9m-

nn8 r̃nn8
gg

~Ue!m-m8

G1 i ~m92m-!gevB

. ~22!

Inserting Eq.~22! into Eq.~14!, we can obtainI f . We further
integrate Eq.~14! over the distribution ofvz and x, i.e.,

*
2AR22y2

AR22y2

dx, with R the radius of the laser beam~the nona-

diabatic evolution region may be treated as a singular p
and removed from the integral!. A numerical calculation
shows that the value ofI f at z'0 is mainly determined by
the velocity components aroundvz5d/KL . This is not sur-
prising, because those groups withdv@G near the origin will
cause a large effective detuningdv2vmn

eg , and the corre-

spondingr̃ee will be small and lead to a weak fluorescenc
This fact may also explain why the location of the dip cen
is not sensitive to the laser frequency scanning. In Fig. 7,
02340
n

nt

.
r
e

plot a result for certain parameters with Lande´ factors ge
54/3 for Je53/2 andgg52 for Jg51/2. We can see that th
theoretical curve can recover the experimental observa
qualitatively. Moreover, we have found that for a sufficien
large radial coordinater, the peak inz-polarized fluores-
cence will split into two peaks with a minimum atz50 ~see
Fig. 8!. This result is actually the so-called saturation
magnetic resonance already known in double-resonance
periments, because the large magnetic precession can
stantially reduce the population difference between exc
states in their lifetime. In the experiment, we have obser
a bright X-shaped region across the beam inI x(ez), which
was more apparent for lower laser intensities~where the ra-
dial magnetic field will seem to be relatively larger!. On the
other hand, when the laser power is very high,r̃ee become
significant, and we have to solve the model strictly witho
the low-power assumption. A similar result can be obtain
but the dip in unpolarized, ory-polarized flourescences or th
peak in z-polarized fluorescence will become much sh
lower or flatter with increasing laser intensity~for a high
enough laser power, the dip will even be inverted to a pe
and the peak to a dip; see the inset of Fig. 7!.

In order to provide some insight into the phenomenon,

FIG. 7. The theoretical curves forx-directional fluorescence vsz
coordinates with dimensionless parametersz85gbz/G, R8
5gbR/G50.5, y85gby/G50, d85d/G50, and V085V0 /G
50.3. ~a!, ~b!, and ~c! have the same meaning as in Fig. 2.V08
55 for the curves in the inset.

FIG. 8. The theoretical variations of thez-polarized fluorescence
distribution~normalized! for different distances from thez axis with
x50, d850, andV0850.3, where the parameters are dimensionl
ones defined in Fig. 7.
6-8
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analytic expression forI f with variables of clear physica
meanings may be helpful. In the above method, we initia
transform the system to aB representation and then study th
interaction of the magnetic-field dressed atom with the la
field. The final expression@Eq. ~22!# is complicated and hard
to picture simply, partly because in aB representation as1

laser will excites1, s2, andp transitions. In the follow-
ing, we further simplify the solution of OBE~16!, in the
regime of weak laser power, by studying the problem in
reverse way; that is, first dressing the atom with the la
field and then considering the interaction of a laser-dres
ground state with a magnetic field in thez representation,
with an assumption that the coherence between subleve
the excited state is negligible. In this picture, the free ene
of the ground state can be replaced by the light shiftsD21/2
andD1/2, with

D21/25
2

3
D, D1/252D, D5dvs0 , ~23!
02340
y

r

a
r
d

of
y

wheres0 is the saturation parameter:

s05
uV0u2/2

G2/41dv
2

. ~24!

The reduced Hamiltonian is then given by

H̄5S D21/22
1

2
ggvB

1

2
ggvreif

1

2
ggvre2 if D1/21

1

2
ggvB

D , ~25!

wherevr5gBr is the precession frequency due to the rad
magnetic field. The depopulation and repopulation of grou
states can be easily obtained as
d(1)

dt
rgg5S 2

Gp

3
r21/2,21/2

gg 2
2Gp

3 S 12 i
dv

G D r21/2,1/2
gg

2
2Gp

3 S 11 i
dv

G D r1/2,21/2
gg 2Gpr1/2,1/2

gg D ,

~26!

d(2)

dt
rgg5S Gp

9
r21/2,21/2

gg Gp

3
r21/2,1/2

gg

Gp

3
r1/2,21/2

gg 2Gp

9
r21/2,21/2

gg
D ,

wherergg5(rnn8
gg )232 is the ground-state density matrix, andGp5Gs0 is the optical pumping rate. The evolution ofrgg takes

a form

d

dt
rgg5S d(1)

dt
1

d(2)

dt D rgg1
i

\
@rgg,H̄#. ~27!

We can reexpress Eq.~27! in a more classical form in terms of the magnetic moment,

d

dt S Mx

M y

Mz

D 5S 2
Gp

3
22D2ggvz ggvr sinf

2D1ggvz 2
Gp

3
2ggvr cosf

2ggvr sinf ggvr cosf 2
2Gp

9

D S Mx

M y

Mz

D 1S 0

0

2Gp

9

D , ~28!
6-9
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where Mx , M y , and Mz are components of the magnet
moment of the atomic ensemble, defined asMx5r1/2,21/2

gg

1r21/2,1/2
gg , M y5 i (r1/2,21/2

gg 2r21/2,1/2
gg ), and Mz5r1/2,1/2

gg

2r21/2,21/2
gg . In deriving Eq.~ 28! we have used the norma

ization relationr1/2,1/2
gg 1r21/2,21/2

gg 51. On the other hand, th
fluorescence intensity will also obtain simple forms:

I x~ey!5
NGp

4p S 5

4
1MzD ,

I x~ez!5
NGp

8p
~12Mz!, ~29!

I x5I x~ey!1I x~ez!5
NGp

8p S 7

2
1MzD .

We can obtain a stationary solution of Eq.~28!:

Mz512
3vr

2

2S Gp

6 D 2

12~D1vz!
213vr

2

. ~30!

Equation~30! shows that for nonzerovr , Mz has a reverse
Lorentzian shape with respect toz, and is centered atzd
52D/gb'0 for a low saturation parameters0!1, where
the largestuzdu is uV0u2/2gbG, occurring at a velocityvz
5(d6G/2)/KL . Consequently, the fluorescencesI x , I x(ey),
and I x(ez) obtain the profiles that we have observed in e
periment. If vr50, then there will be no dip. This is th
same conclusion as that drawn from the classical model.
ditionally, one may note that, from Eq.~30!, a bimodal struc-
ture cannot be deduced inI x(ez) like that shown in Fig. 8.
This is because that in the derivation we have neglected
magnetic precession in the excited state; this is equivalen
assumingge50, while the bimodal structure is a direct co
sequence of nonzeroge .

SinceMz represents the orientation of the atom ensem
one can infer, from Eqs.~29! and ~30!, that the dip inI x is
actually caused by a deorientation due to a radial preces
which reaches its maximum near the point of level cross
z50. From Eqs.~29! and ~30!, we can estimate the half
width ~W! and contrast~C! of the dip,

W~half-width!5
1

6
Arc

2154r2, ~31!

C~contrast!5
27r2

rc
2127r2

, ~32!

rc5
2Gp

gb
,

where rc is a characteristic distance at which the optic
pumping rate is equal to the Larmor precession frequenc
can be seen that however, whenr!rc , the dip is incon-
spicuous, however; whenr;rc , the dip will be significant.
As Gp is proportional to the laser intensity, expressions~31!
02340
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and ~32! can very well explain the experimentally observ
widening of the half-width with increasing laser intensit
and the decrease of the half-width and the saturation of
contrast for larger magnetic-field gradients. They may a
explain why it is hard to observe a dip when the diameter
the laser beam is too small. As we know, the finite time
takes an atom to pass through a laser field will induce
time-of-flight broadening@27# that is equivalent to a relax
ation rateG851/T (T is the crossing time! into the OBE~28!
@23#: G→G1G8 and (d/dt)M j52G8M j . Therefore, the
thinner a laser beam is, the smallerT is and the larger the
effective Gp is. Consequently, the half-width will be large
and the contrast smaller.

However, although the above physical picture can qu
tatively recover most of the experimental facts, we still ha
two points which may not be very well explained by th
above two methods. The first is the variation of the contr
versus the laser intensity. While the experimental data in
cate a contrary tendency, our simplified model shows that
contrast for the dip or peak should decrease with increas
laser intensity for either low laser power@see Eq.~32!# or
high laser power. The theoretical tendency can be interpre
in the following manner: For high laser power, the prece
sion effect will become relatively weak because of the stro
optical pumping; in other words, as the light shift becom
large, the effective energy separation between Zeeman
levels is greatly expanded and consequently, the cohere
between these sublevels, which are coupled by the ra
magnetic fieldBr , reduces. This is equivalent to lettingBr

→0. Therefore, we could expect the dip and peak inI x ,
whose modification is determined byBr , to eventually dis-
appear. The second tendency, which is less important, is
asymmetry accompanied with the detuning. Although
shows that detuning does not affect the location of the d
the theory tells us that a significant asymmetry should oc
only at a very large detuning (d larger than about 40G),
while in the experiment the requirement for such ad is much
smaller~see Fig. 6!. Both these problems will be discussed
Sec. IV, where we propose that the nonvanishing cont
may be due to of the presence of other hyperfine transitio
and some of the asymmetry is attributed to the hole burn
and population loss to the lower hyperfine level.

B. Effect of nonadiabatic evolution

In the above calculations, we have used an assumptio
small Gp . As analyzed above, this may result in a lar
nonadiabatic evolution region. One may therefore need
consider its effect at the place of smallr andz.

By using variable transformations

M r5
Mx cosf1M y sinf

2
, Mf5

Mx sinf2M y cosf

2
,

~33!

OBE ~28! can be made free off, and re-expressed as
6-10
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d

dt
M5~A01bA1!M1C,

A05S 2
Gp

3
2D2ḟ 0

ḟ22D 2
Gp

3
0

0 0 2
2Gp

9

D , ~34!

A15S 0 ggz 0

2ggz 0
1

4
ggr

0 2ggr 0

D ,

C5trS 0 0
2Gp

9 D , M5tr~M r Mf Mz!,

whereḟ5df/dt is the angular frequency of the atomic m
tion. As the magnetic-field gradient is a small paramete
our experiment (gbr/G,gbuzu/G!1 the near origin!, we can
use a perturbation method to solve the velocity-depend
OBE ~34!. Expanding the density matrix inb

M5M01bM11b2M21•••, ~35!

substituting Eq.~35! into Eq. ~34! and equating the coeffi
cients of orderbn, we obtain

d

dt
Mn5A0Mn1Cn ,

~36!
C05C, Cn5A1Mn21 .

A time-dependent formal solution of the recursive differe
tial equation~36! can be written as

Mn~ t !5eA0(t2t0)Mn~ t0!1E
t0

t

eA0(t2t8)A1~ t8!Mn21~ t8!dt8.

~37!

Supposing the atoms are initially in the stateuJg ,m51/2&
before the quadrupole magnetic field is switched on, tha

M0~ t0!5tr~0 0 1!, MnÞ0~ t0!50, ~38!

substituting

z~ t8!5z~ t !1vz~ t82t !, r~ t8!5r~ t !1vr~ t82t !, ~39!

for z(t8) and r(t8) in A1(t8), and takingt0→2`, we can
calculate the integral in Eq.~ 37!. What we are interested in
is the expression forMz , which can be simplified if taking
ḟ22D'0 ~see the Appendix!, and we have
02340
n

nt

-

s,

Mz'
486g4b4

Gp
6 ~Gpr29vr!2z21b4a41z1b2a2011.

~40!

Since the coefficient ofz2 in Eq. ~40! is always positive for
vrÞGpr/9, the curve ofMz versusz will be of a parabolic
shape with its minimum nearz50. Therefore, including the
velocity dependency will not change the qualitative result
obtained in Sec. II A. Equation~40! also indicates that even
for r50, Mz has a dip due to the existence ofvr . The
velocity in Eq. ~40! actually represents the deorientation
the atom ensemble induced by nonadiabatic evolution.

IV. DISCUSSION

A. Coherent population trap

In terms of a classical concept—i.e., the precession of
magnetic moment—in Sec. III, we qualitatively explaine
the origin of the central dark region. Here we will argue th
this phenomenon can be understood, from another poin
view, as a result of a destructive quantum interference ef
in the presence of two fields: one is a laser field, the othe
a radial magnetic field which couples Zeeman sublevels.
interaction of an atom, whose level is shifted by the ax
magnetic field, with these two fields can be treated in mu
the same way as the coherent double-quantum transition
sidered in Refs.@6–24#.

Before going any further, we first want to answer a po
sible question, that is, whether the decrease in fluoresce
along the observation direction is only a destructive quant
interference in certain directions as in the classical Ha
effect, or is caused by a population trap. We find the p
nomenon is actually the latter. If we sum over all radiati
directions and polarizations, we obtain the total fluoresce
in terms ofMz in Sec. III:

I total5(
a f

E I f sinu f du f df f5
NGp

2
~21Mz!. ~41!

This indicates that there is also a dip around the zero-fi
point in total fluorescence. This means that the phenome
is not just a result of a partial selection of final states. Eq
tion ~41! can be understood as a result of a CPT for aV-type
construction which is composed of two ground sta
uJg ,m561/2& and an excited stateuJe ,m53/2&, coupled by
both a radial magnetic field and a light field. TreatingV0 ,
ggBr , uJe ,m5Je&, uJg ,m5Jg21&, anduJg ,m5Jg& asb1 ,
b2 , u3&, u2&, andu1& in Ref. @15#, respectively, the problem
can be readily transformed to what has been discus
therein. Reference@15# showed that atoms may be trapped
some dressed states; when these dressed states are m
composed of two ground levelsu2& andu1&, e.g., in the limit
of very strongb2 and weakb1, a great decrease in fluores
cence will occur. Reference@15# also illustrated that when
increasingb1 with b2 fixed, more and more atoms will b
trapped in statesu3& and u1&. This means that the modifica
tion in fluorescence caused by the population in stateu2&,
which accounts for the increase inI x(ez) and the decrease in
6-11
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I x(ey), will reduce, and the contrast should be conseque
smaller. This is just what Eqs.~32! and~41! have told us. For
a high laser power, where the population of excited sta
cannot be neglected and atoms stay mainly in one sublev
the ground state because of the strong optical pumping~i.e.,
Gp@vB), we can have aL-type system composed o
uJg ,m51/2& and uJe ,m51/2,3/2&, with two coupling fields.
These schemes, although not perfectly closed, will
enough for an estimation of the quantum interference p
duced both in certain directional fluorescence and in to
fluorescence. If we dress the two excited states with a ra
magnetic field, the aboveL-type system can be transforme
to the SPI-like scheme which has received wide investiga
@6,10,11#. This scheme shows that, since the effective dip
moments for the respective transitions from two dressed
per states to the lower state are not parallel~as there is only
one metastable state in theL-type system!, the destructive
quantum interference will not cause a total suppression,
more importantly, will actually disappear for high las
power @6#. This is consistent with the analysis given at t
end of Sec. III A. In addition, there is another kind ofV -type
CPT found when considering a weak reflection of a laser
a chamber window, which can form a standing wave. A
moving atom will experience a bichromatic field in its re
frame, for those atoms with suitable velocities@20# at the
same place of the crossover hole~given in Sec. IV C!, the
maximum two-photon coherence condition@15,19# can be
achieved in aV-type scheme, which comprises transitio
uFg ,m21&→uFe5Fg ,Fg61,m&. Unfortunately, unlike Ref.
@20#, which used a third laser, here we cannot separate
V-type CPT from the crossover hole in space.

In Sec. III, it was shown that, according to the theory, t
contrast of the dip in unpolarized fluorescence should die
with increasing laser intensity. But this tendency is in co
tradiction to the experimental data. In addition, in the expe
ment we have recorded the variations ofy- and z-polarized
fluorescences with increasing laser intensity. From Fig. 9
can be seen that the dip inI x(ey) @and also the correspondin

FIG. 9. The experimental curves of they-polarized fluorescence
in the x direction for different laser intensities with beam diame
1.5 cm, coil current 2.5 A ,y'0 cm and at near resonance.~1! 0.6
mW cm22. ~2! 2 mW cm22. ~3! 9 mW cm22. ~4! 18 mW cm22. ~5!
29 mW cm22. ~6! 43 mW cm22. ~7! 50 mW cm22. ~8! 59
mW cm22.
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peak inI x(ez), not shown in the figure# is still apparent for
high laser powers. However, the above analysis has sh
that theFg52↔Fe↔Fg52 system cannot account for th
result. The reason for these contradictions is not yet v
clear. One possible explanation is that when the laser in
sity is high ~the saturation intensity for the87Rb D2 line is
about 2.6 mW cm22), the large power broadening of line
will allow not only a single transitionFe2Fg51 even for
small detunings; thus the closed transition model used
Sec. III will become invalid because atoms can be pumpe
the lower hyperfine levelFg51 for a Fg→Fe<Fg transi-
tion. The spontaneous emission rateG for the s- and
p-polarized fluorescences in the theoretical treatment sho
be replaced byG/(11a) for the open transition@22#, where
a5GFe→Fg51 /GFe→Fg52 is the ratio between different spon

taneous decays, since atoms inFg51 do not contribute to
the fluorescence. The reduced effective spontaneous e
sion rate may cancel the increase in the laser intensity,
result in the effective optical pumping rate not increasin
and consequently the contrast not decreasing, synchrono
with the variation of the laser power@38#.

B. Scattering-path-interference by vacuum-field coupling

Besides the CPT, there may be another kind of quan
interference phenomenon, i.e., SPI, as indicated in Sec. I.
can see that, in the presence of a travelings1 laser, a ground
sublevel uFg52,m21& can be coherently excited touFe
51,2,3,m&, and establish a destructive SPI scheme, since
dipole momentŝ Fe ,muDuFg ,m21& for the transitions are
parallel. However, since the bare excited states are cou
only by a vacuum field@see Eq.~11!#, a considerable SP
requires that the energy separation of two states be sm
than the natural width of the excited state. However, we n
the separation of these excited statesD13 D23, D21@G;
therefore, the SPI caused by vacuum field coupling in
case can be ignored.

C. Saturation hole burning

We have already discussed above the quantum inte
ence effects in the system. However, it is worth noting tha
decrease in fluorescence can also originate from some o
sources. To study the roles of these possible causes will
able us to obtain a clearer understanding of the observa
In this subsection and the next, we will, respectively, disc
two of these sources, i.e., saturation-induced hole burn
and optical pumping into a natural dark state decoupled fr
the exciting field~here‘‘natural’’ is used to distinguish from
the dark state formed by superposition!.

Due to the small reflection (,3%! of the laser by the
chamber window, a weak standing waves1-s1 may be
formed. This standing wave may lead to saturation ho
i.e., a Lamb hole and a crossover hole in fluorescence.
the Lamb hole, this is because the total absorption of b
counterpropagating waves has a minimum atvL85vA ,
where the effective laser frequency isvL85vL2tanamz,
with tanam5gb@gem2gg(m21)#, for a uFg ,m21&
→uFe ,m& transition at a placez. Since the rate of energy

r

6-12



es
nc
le
s

o

s

e
id
hu
n
he
th
e
s

ru
w
ap
s-
ile
rv
he
es
re

f i

t
t

th
er
id
it
an
ov
io

ge
on

ift

tes,
be

ce of
n-

ons.
the
ula-

nce

trict
ipole
nd
tion

be

o,

t

n

l

DARK REGION OBSERVED IN FLUORESCENCE UNDER . . . PHYSICAL REVIEW A 62 023406
absorption from the laser field is equal to the atomic fluor
cence, we may expect a dip to occur in the fluoresce
profile. A similar reason can account for a crossover ho
The centers of these holes are situated, for the Lamb case

zL'cotamd, zL'cotam~d1D23!,

zL'cotam~d1D13!, ~42!

corresponding to theL3 transition, theL2 transition (Fg52
→Fe52), and theL1 transition (Fg52→Fe51), respec-
tively; and for crossover cases at

zc'cotamS d1
1

2
D23D , zc'cotamS d1

1

2
D13D ,

~43!

corresponding to coherent transitionsuFg52,m21&→uFe
52,3,m& and uFg52,m21&→uFe51,3,m&, respectively. In
Eqs.~42! and~43!, D j 3 is the energy difference between tw
hyperfine excited levelsFe5 j and Fe53, with D2352p
3267 MHz andD1352p3424 MHz. Equations~42! and
~43! indicate that~i! for different detuning, the burned hole
should be located at different place along the beam; and~ii !
the holes cover the zero-field point only whend'0,
2D23/2, 2D13/2, and 2D23, respectively. To see thes
holes more clearly, we used a retroreflection mirror outs
the chamber to form a strong standing wave. It was t
observed clearly that when the laser frequency was scan
in addition to the dark region remaining nearly still at t
zero-field point, an additional dark region moved along
fluorescence beam. The coincidence of the locations of th
second dark regions with the prediction was verified by
multaneously monitoring the saturation absorption spect
on an oscilloscope. Furthermore, the second dark region
different from the central one in another aspect: When
plying a polarizer in front of the CCD and rotating its tran
mission optical axis, the former would always be dark wh
the latter was alternately bright and dark. This fact may se
as further evidence to prove that our identification of t
second dark region with the saturation hole, which is l
affected by the radial magnetic field, is correct. Therefo
the saturation hole is not the reason for the dip atz'0, while
it may lead to some asymmetry in the profile because o
detuning-dependent location.

For the scheme of a 1Ds1-s2 standing wave, a more
interesting phenomenon can be observed. There may be
additional dark regions that appear symmetrically relative
the central one; when the laser frequency is scanned,
will move in counter directions. This can be easily und
stood because the Zeeman splitting is reversed on two s
of z50, and thus the places for resonance transitions exc
by s1 ands2 lights are symmetrical. This phenomenon c
still be observed in MOT’s, as these dark regions can m
out of the intersecting region, while the central dark reg
becomes invisible.

D. Optical pumping to natural dark states

In Sec. III, it was shown that the velocity may not chan
the qualitative result from the nonadiabatic approximati
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However, the velocity will in fact cause a Doppler sh
which may excite the other hyperfine transitions, i.e.,Fg
52→Fe52,1. For these transitions, the natural dark sta
which are not optically connected to the excited state, can
~i! Fg51, since there is no repump laser~the separation
between two ground hyperfine levels is about 2p
36 GHz); and~ii ! uFg52,m52& for the L2 transition and
uFg52,m51,2& for the L1 transition. For case~i!, one may
expect the largest decrease of fluorescence on resonan
theL2(L1) transition~due to the selection rule, an atom ca
not decay toFg51 for theL3 transition!, which may occur
at the same locations as the Lamb holes for these transiti
This means that the location should move along with
scanning of laser frequency. On the other hand, the pop
tion loss due to a drop to the trapped levelFg51 will con-
tribute to another part of the asymmetry of the fluoresce
profile. This can be seen if we replaceN in I f by N(12nz),
where nz5W(vz)dvz , with velocity componentsvz'(d
2D2(1)32tanamz)/KL , is the population loss. For case~ii !,
we can see that they are actually not dark states in a s
sense, because they are destroyed by the magnetic d
transition. The competition between the optical pumping a
the magnetic moment precession determines the popula
trapped in these states. TakinguFg ,m5Fg& for example, the
stationary trapped population can be estimated to
;Gp/(Gp1GB), where 1/GB is the lifetime of the sublevel,
induced by the couplingVB with the adjacent oneuFg ,m
5Fg21&, which has a widthGp resulting from an optical
coupling to an excited state with a natural widthG:

GB5
GpuVBu2/2

Gp
2/41dB

2
,

Gp5
GuV0u2/2

G2/41dp
2

,

dp5dv2tanamz, ~44!

uVBu;ggBr ,

dB5 f B2~vm21
g 2vm

g !5ggBz2Dm21 ,

wheref B is the radial magnetic field frequency which is zer
and Dm215dp /GGp is the light shift of the sublevelm
5Fg21. Since mainly atoms withvz satisfying the resonan
L2 transition are possibly trapped inuFg ,m5Fg&, we may
setdp50 for simplicity, and obtain

Gp

Gp1GB
;

uV0u41G2gg
2b2z2

uV0u41G2gg
2b2z21

1

8
G2gg

2b2r2

. ~45!

Equation~45! shows that the population trapped inuFg ,m
5Fg& will behave like the orientationMz obtained for the
Fg→Fe5Fg11 transition in Sec. III. A difference betwee
the two transitions is that thes- and p-polarized fluores-
cences for theFg→Fe5Fg transition are both proportiona
6-13
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to the population of the subleveluFg ,m5Fg21&, because
uFg ,m5Fg& is a dark state in terms of the optical excitatio
Since the atom number ofuFg ,m5Fg21&;GB /(Gp1GB),
this fact infers that not onlyI x(ex), but alsoI x(ey) will have
a peak atz50, and leads to a peak rather than a dip in
unpolarized fluorescence. We can conclude that the contr
tion of the atoms who satisfy the resonantFg→Fe5Fg tran-
sition will in effect smear the contrast of the dip.

E. Further remarks

The similar central dark regions observed in 1Ds1-s1

ands1-s2 configurations can be interpreted in terms of t
same physical picture as that for a 1Ds1 traveling wave,
except for some small adaptations in actual analysis. Th
adaptations can be as follows.

First, for the case of a 1Ds1-s2 configuration, the above
model, with Jg51/2, should be replaced by a model wi
Jg>1. This is because, according to the previous analysis
order to obtain a fluorescence decrease there needs to
least one sublevel, with a smaller Clebsch-Gordan coeffic
coupling to boths1 ands2 lights, for atoms from the mos
light-shifted sublevels~i.e., m56Jg) to precess to. Second
one may have to include the cooling effect in these confi
rations @31,39–43#, especially for those atoms whose inte
action time with the light (<2R/vr) is comparable to the
cooling and trapping characteristic time scales; i.e., the
locity relaxation timeb/M and the position damping tim
k/b, where M is the mass of the atom, andb and k are
friction and spring parameters. To take account of the co
ing effect may result in two consequences:~i! the velocityvz
is no longer a conservative variable, and~ii ! the atomic den-
sity N cannot remain homogeneous everywhere in spa
However, so far as the one dimensional case is concer
these effects will be very weak because the cooling time
short for most atoms.

For the case of a linearly polarized laser, as we analy
in Sec. III, the phenomenon can be understood as a resu
a combination of a classical Hanle effect and optical dou
resonance when near resonance. When off resonance,
ever, the situation will be complex, as we should furth
include theL- or M-CPT for Fg52→Fe52,1 transitions
established bys1 ands2 laser components@22,23#.

V. CONCLUSIONS

In conclusion, we reported an experimental observation
a dark region, about the zero-field point of a quadrup
magnetostatic field, in spatial fluorescence emitted by di
vapor atoms, which were excited by a circularly polariz
traveling wave laser tuned to a resonantDF51 transition of
the 87Rb D2 line. A theoretical analysis showed that th
phenomenon is mainly a result of a competition betwe
optical pumping and precession of magnetic dipole mome
due to a radial magnetic field. The latter will mostly canc
the orientation caused by the former at the level cross
where the radial dc magnetic field which couples the Zeem
sublevels is on resonance. The phenomenon can be un
stood, from an alternative point of view, as a result of d
02340
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structive quantum interference between different atomic tr
sition pathways, which is induced by a coherent interact
with two fields: one is a laser field, and the other is rad
magnetic field. Our analytical expressions for the fluor
cence intensity can explain the experimental result qua
tively. A quantitative comparison between theory and expe
ment may need a more precise calculation, including the
transitionFg52→Fe53. Moreover, since our above calcu
lation is general, we expect that a similar phenomenon m
occur for other kinds of atoms.

Our observation demonstrates that the radial magn
field is important in the interaction of an atom with both lig
and a 3D magnetic field. However, its role has been
glected in current theories about cooling and trapping p
cess in MOT’s. Although the MOT has become a wide
used simple source of cold atoms, the interpretation of
trapping mechanism in it is not simple, and a full understa
ing of the MOT has not yet been reached. Initially, the ato
behavior in MOT’s was estimated based on Doppler rad
tion force with a 1D model, which takes account of only
1D quadrupole magnetic field, i.e., a purely longitudinal fie
parallel to the laser axis. It was later realized that the po
ization gradient cooling of the laser, exploiting the atom
Zeeman manifold structure, is also important@31,42,43#.
Stimulated by the investigation of Molmer@44# on sub-
Doppler cooling in a three-dimensional laser in the abse
of a magnetic field, Steaneet al. @31# further extended the
1D model of a MOT to a model containing a 3D laser,
which the magnetic fields are still 1D~related to each dimen
sional laser beam!. So far, the effect of a 3D magnetic fiel
on polarization gradient cooling in MOT’s has not receiv
much attention, although numerical calculations by Ra
et al. @45# showed that the presence of a 3D magnetic fi
may result in a different Doppler radiation force compared
that with only a 1D magnetic field. As we know that a rad
magnetic field, combined with a proper light arrangeme
such as 1Ds1-s1 standing wave, can produce a su
Doppler cooling@39–41#, we expect that the involvement o
a radial magnetic field may give some adaptation of
present theory of MOT’s and remove some discrepancy
tween the theory and the experiments@43#. The influence of
a radial magnetic field on the polarization gradient cooling
MOT’s may be illustrated in an intuitive way: Taking a 1
s1-s2 configuration, for example, in an atomic moving r
tating frame with the quantization axis chosen along the la
polarizationE @46#, supposingBr is parallel toE at some
point, then after a quarter-wave spaceBr will be perpendicu-
lar to E, and after a half-wave space be antiparallel toE, and
the reverse thereafter. This induces that, due to the Zee
shift by Br , the energy difference between the ground su
levels with Dm52, e.g.,g11 and g21 in Ref. @46#, should
vary periodically along with the position and no longer
flat. Therefore, the cooling mechanism may be somew
different. On the other hand, the work of Dalibard a
Cohen-Tannoudji@46# tells us that the sub-Doppler coolin
originates from an enhancement of a radiation pressure
balance that is due to a motion-induced@more exactly, in
MOT’s, a ṽz5vz1(\gBz /KL) effective-motion-induced#
population difference betweeng11 and g21. The introduc-
6-14
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tion of Br may lead to a cancellation of this atomic orient
tion. Therefore, the sub-Doppler cooling becomes less e
cient for nonzeroBr . This result may not be meaningles
because a laser beam cannot be widthless, or at least ca
be very much thinner than the characteristic lengthrc . A
more strict study of this topic is needed, but that is beyo
the scope of this paper.

Another consequence of the research presented he
relevant to the choice of the repump laser used in a MO
For 87Rb, for instance, where the MOT beam is tuned to
red of theFg52→Fe53 transition, one usually chooses
laser tuned to the resonance of aF→F11 transition~i.e.,
Fg51→Fe52) instead of aF→F transition as a repump
laser. This is partly because, for circularly polarized light, t
latter may optically pump atoms into an unaccessible st
and hence decrease the repumping efficiency. However
study of this paper shows that if using a circularly polariz
laser, even for aF→F11 transition, there are still som
atoms which, near the trap center, will be confined in
lower hyperfine level of ground state, due to the presenc
a radial magnetic field, and cannot be pumped to a hig
hyperfine level. Therefore, in order to increase repump
efficiency ~for a bright MOT!, we should exploit a repump
beam of not-too-weak power to reduce the confinement
fect ~of course, the very low intensity itself will also provid
a poor repumping rate!. On the other hand, our study als
shows that using a standing wave or a 3D repump la
which can partially reduce the darkness in the central reg
may be more favorable for a MOT than a 1D circularly p
larized traveling wave.

A direct application of the effect we observed is in t
alignment of three pairs ofs1-s2 laser beams in a MOT to
make the center of their intersecting region overlap
magnetic-field zero. We have found that if the two points
not coincide very well, when one transfers a MOT to
optical molasses by quickly shutting down the magne
field, atoms may feel a push directed from the MOT cente
the molasses center. The push is associated with a di
force pointing to the place of maximum light intensity, i.e
the molasses center, as the molasses beams are red-de
Gaussian ones@47#. Since statistically low-velocity atom
are closer to the MOT center than those of large veloc
they will be more sensitive to the displacement of the t
centers. Therefore, the push is actually a heating.
amount of the heating may be roughly estimated asDT
5(Mvop

2 /kB)r 2, assuming the optical potential can be a
proximated as a harmonic form, wherekB is the Boltzmann
constant,vop is the oscillation frequency of the optical po
tential, andr is the separation between two centers. The he
ing introduced in the transfer process may greatly affect
temperature and atom number of the molasses. The disp
ment of the two points may be reduced by aligning t
beams while measuring and minimizing the molasses t
perature. Now, by exploiting the phenomenon observed,
can make this task easier to fulfill, because we can dire
see, on a CCD video screen, where the zero-field point is
advantage of this method is that if any stray magnetic fiel
added to the quadrupole field from the trapping coils~it
merely shifts the zero of the field!, we can quickly find out
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the location of the new trap center. In experiment, we c
first locate the zero-field point by a 1Ds1-s2 beam, then
align the other two orthogonal pairs of beams to make e
of their central axes lie on the dark region. In this way, w
have achieved satisfying molasses cooling.

The phenomenon can also be applied to measure the m
netic field in the vacuum chamber@30#. With a 1D s1-s1

standing-wave diode laser, by scanning the laser freque
near the 1→2 transition, and at the same time recording t
corresponding distance between the center of the central
region and that of the Lamb hole~with a width of the same
order of magnitude as the central region!, we can determine
the magnetic-field gradient near the field origin in terms o
relation between the laser detuning and the dark region s
ration, b'@1/(2ge2gg)#(d/zL), deduced from Eq.~42!,
where we have letm52 due to the optical pumping effec
We have found a good agreement between the experim
tally measured values and the theoretically calculated va
from a formula given in Ref.@35#, by including a nonunit
magnetic susceptibility, because our coils were mounted
chamber windows, not within the vacuum, which was t
case considered in Ref.@35#. This result, combined with the
dark region around the field zero, opens up the possibility
measuring an unknown magnetic field by using a calibra
quadrupole field, especially in places where tradition
means, such as the Gauss meter, are not convenient to a
This may offer another type of quantum-interference-ba
magnetometer in addition to the recently introduced o
which exploits the CPT effect@22#.
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APPENDIX

From Eq. ~37!, we obtain the zeroth, first, second, et
orders ofMz , with

Mz051,

Mz150,

Mz25a20, ~A1!

Mz35a31z1a30,

Mz45a42z
21a41z1a40,

•••,
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where

a205
27

2
g2F2

r2

9 f 21Gp
2

1
6~9 f 212Gp

2!vrr

Gp~9 f 21Gp
2!2

2
27~9 f 212Gp

2!vr
2

Gp
2~9 f 21Gp

2!2 G ,

a3152
486g3f @Gp

2~rGp29vr!219 f 2~27vr
226rvrGp1r2Gp

2!#

Gp
2~9 f 21Gp

2!2
, •••,

and f 5ḟ22D. Here we are only concerned about the coefficients ofzn, while for largern the expressions ofan,m will be
rather lengthy. We may simplify them by assumingf '0. Sinceḟ5(vy cosf2vx sinf)/r, combined with the condition for
nonadiabatic evolutionr;v/Gp , we haveḟ;Gp . Therefore,f '0 is equivalent to assuminguG/22dvu!1/s0. Under this
assumption, we have

a3150,

a425
486g4~rGp29vr!2

Gp
6

, ~A2!

a4152
1458g4vz

Gp
7 @81~101vz!vr

2

218~71vz!Gprvr12~21vz!Gp
2r2#.

It can be seen that if takingvr , vz , ḟ to be zero, the solutionMz5Mz01bMz11b2Mz21b3Mz31b4Mz41••• will return to
the corresponding expansion of Eq.~30! in b.
y

,

m

J

.

,

t.

d.

.

o,

C.
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@17# A. Imamoğlu, J. E. Field, and S. E. Harris, Phys. Rev. Lett.66,

1154 ~1991!.
@18# K. J. Boller, A. Imamog˘lu, and S. E. Harris, Phys. Rev. Let

66, 2593~1991!.
@19# S. Boublil, A. D. Wilson-Gordon, and H. Friedmann, J. Mo

Opt. 38, 1739~1991!.
@20# Y. Z. Wang, G. Xu, C. Ye, J. M. Zhao, S. Y. Zhou, and Y. S

Liu, Phys. Rev. A53, 1160~1996!.
@21# H. Y. Ling, Y. Q. Li, and M. Xiao, Phys. Rev. A53, 1014

~1996!.
@22# F. Renzoni, W. Maichen, L. Windholz, and E. Arimond

Phys. Rev. A55, 3710~1997!.
@23# F. Renzoni and E. Arimondo, Phys. Rev. A58, 4717~1998!.
@24# A. Aspect, E. Arimondo, R. Kaiser, N. Vansteenkiste, and

Cohen-Tannoudji, J. Opt. Soc. Am. B6, 2112~1989!.
@25# E. Arimondo, in Progress in Optics, edited by E. Wolf

~Elsevier, Amsterdam, 1996!, Vol. 35, p. 257; L. V. Hau, S. E.
6-16



-

m

m

ex
t o

en

ty

th
ne

he
r-
to

ar
ps
is

l

ht
d to

as
the
ity
that

pt.

d H.

hys.

n,
ers

rd,

DARK REGION OBSERVED IN FLUORESCENCE UNDER . . . PHYSICAL REVIEW A 62 023406
Harris, Z. Dutton, and C. H. Behrooz, Nature~London! 397,
594 ~1999!.

@26# W. Hanle, Z. Phys.30, 93 ~1924!; For a review, see, for ex
ample, A. Corney,Atomic and Laser Spectroscopy~Oxford
University Press, Oxford, 1977!.

@27# See, for example, W. Demtro¨der, Laser Spectroscopy
~Springer-Verlag, New York, 1981!.

@28# Q. Long, S. Y. Zhou, S. Y. Zhou, and Y. Z. Wang,Laser
Spectroscopy XIV; Frontiers of Laser Physics and Quantu
Optics, Proceedings of the International Conference, edited by
Z. Z. Xu, S.W. Xie, S. Y. Zhu, and M. O. Scully~Springer-
Verlag, Berlin, 2000!, p. 533; CLEO/Pacific Rim’99~IEEE
99TH8464!, paper FF4.

@29# L. Deng and E. W. Hagley~private communication!.
@30# S. Y. Zhou, Q. Long, S. Y. Zhou, and Y. Z. Wang~unpub-

lished!.
@31# A. M. Steane, M. Chowdhury, and C. J. Foot, J. Opt. Soc. A

B 9, 2142~1992!.
@32# The intensity imbalance was less than about 0.05 in our

periment, which corresponded to a maximum displacemen
the trap center from the field zero of;0.03 cm, for a mag-
netic gradient 18 G/cm. A discussion of the imbalance dep
dence of the trap center location can be found to Ref.@31#.

@33# The error bar of contrast is obtained byDC52DI /(I max

1Imin), whereDI is the fluctuation of fluorescence intensi
mainly due to the noises in laser and CCD.DI can be approxi-
mately determined by measuring the standard deviation of
fluorescence when the quadrupole magnetic field is not tur
on.

@34# These facts tell us that if a laser is elliptically polarized, t
direction of the major axis of the ellipse will affect the obse
vation result. As a pure circular polarization state is hard
realize, when doing the above experiment for circularly pol
ized laser we always arranged the major axis of the elli
along they direction in order to exclude the influence of th
asymmetry on the dip.
02340
.

-
f

-

e
d

-
e

@35# T. Bergman, G. Erez, and H. J. Metcalf, Phys. Rev. A35, 1535
~1987!.

@36# Another way to obtain the effective laser frequencyṽL is the
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