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Raman-induced magnetic resonance imaging of atoms in a magneto-optical trap

T. A. Savard, S. R. Granade, K. M. O’Hara, M. E. Gehm, and J. E. Thomas
Department of Physics, Duke University, Durham, North Carolina 27708-0305

~Received 21 April 1999; revised manuscript received 16 July 1999!

We apply Raman-induced resonance imaging techniques to determine, with a spatial resolution of 12mm,
the size of a cloud of atoms in a magneto-optical trap and the location of the centroid with respect to the
magnetic-field zero point. These experiments provide a starting point for developing much higher-resolution
resonance imaging methods for cold trapped atoms.@S1050-2947~99!08312-2#

PACS number~s!: 32.80.Pj
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I. INTRODUCTION

Precision position measurement and localization of ato
in beams and in traps have diverse applications in atom
tics. These range from direct-writing neutral atom nan
lithography@1# to new fundamental studies of quantum co
relations in ultracold, dilute samples of bosons or fermio
@2–6#. Further, textbook examples of quantum measurem
are enabled by position-dependent atom-field coupli
which entangle the atomic internal and center-of-mass st
@7,8#. To fully explore these applications, new methods
imaging moving atoms are needed that have the potentia
achieve both sub–de Broglie wavelength and subopt
wavelength resolution@2,3#.

High-resolution methods based on resonance imag
have been used to determine one-dimensional position d
butions in atomic beams@9,10#. In resonance imaging, tran
sitions are induced between two states in the presence
spatially varying potential which makes the transition re
nance frequency dependent on the atomic position. Usin
allowed optical transition, this method has been applied
study channeling of atoms in the nodes of a standing w
@9#. Using Raman transitions to obtain a transit-time-limit
linewidth in a high-magnetic-field gradient, micron resol
tion has been achieved in an atomic beam@11#. A suboptical
wavelength resolution of 200 nm has been obtained
Raman-induced resonance imaging in the much steeper l
shift gradient of a focused laser beam. In this case, centr
of localized atomic distributions have been determined
within 20 nm @12#.

In contrast, the application of high-resolution resonan
imaging methods to atom traps has been relatively un
plored. Helmersonet al. @13# used laser spectroscopy
measure a one-dimensional distribution of atoms in a su
conducting magnet trap. Their resolution was limited
Doppler shifts to approximately 3.5 mm, which is larger th
the diameter of many magneto-optical traps~MOT’s!. Rudy
et al. @14# used the position-dependent spontaneous sca
ing rate to investigate the distribution of atoms trapped i
standing wave. Recently, Strekalovet al. @15# have devel-
oped a method of measuring the velocity and position dis
butions of cold atomic clouds by observing the tempo
shape of photon echoes induced from a coherence gra
created between magnetic sublevels.

In this paper, we apply Raman-induced resonance im
ing to a cloud of atoms in a MOT in order to determine t
PRA 601050-2947/99/60~6!/4788~8!/$15.00
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size of the position distribution and the location of the ce
troid. The magnetic-field gradient of the MOT itself provide
the necessary position-dependent potential. Atomic positi
are determined with respect to the magnetic-field zero p
with a resolution of 12mm. The shapes of the Raman spec
are found to be quite sensitive to the size of the cloud and
direction and magnitude of the offset of the centroid.
described below, improvements can be made to surpass
typical resolution of several microns achieved by CCD-ba
absorption-fluorescence imaging@16,17#.

The Raman imaging technique is applicable to both o
cally thin and optically thick samples. In the latter case,
high spectral resolution of the Raman method ensures
the fields interact with only a small number of atoms, min
mizing distortion arising from absorption. We show how u
wanted spatially varying light shifts from the Raman fiel
can be eliminated and we derive the general structure of
Raman transition probability for alkali-metal atoms in
magnetic-field gradient. This paper serves as a starting p
for the development of general resonance imaging meth
that will enable the measurement of position distributio
and state-dependent spatial correlations of atoms in ultra
vapors with suboptical wavelength, uncertainty-princip
limited precision@3#.

This paper is organized as follows. First, we describe
essential features of Raman-induced resonance imaging
derive the transition probability as a function of position in
magnetic-field gradient. We show how this result relates
distribution of atoms in a MOT to Raman-induced resonan
imaging data. Then, we present experimental Raman spe
which we use to determine the size and location of the c
troid of the spatial distribution of6Li atoms in a MOT. Fi-
nally, we describe potential improvements to increase
resolution of this technique and to use it for tomograp
imaging.

II. THEORY

In Raman-induced resonance imaging@2,3#, a Raman
transition between a populated initial state and an unpo
lated final state is driven by two light fields with a relativ
frequencyv, defined as the Raman difference frequen
Line broadening arising from laser frequency jitter is elim
nated by generating the Raman fields from a common la
source using modulation. For copropagating fields, Dopp
broadening also is eliminated. Hence, for transitions betw
4788 ©1999 The American Physical Society
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PRA 60 4789RAMAN-INDUCED MAGNETIC RESONANCE IMAGING OF . . .
long-lived ground-state sublevels, interaction-time-limit
spectral resolution is obtained.

A spatially varying magnetic field shifts the energies
the initial and final states of the Raman transition. Fo
given difference frequencyv, only atoms which are locate
at a position with the appropriate magnetic-field strength w
make the transition from the initial state to the final sta
Hence, by measuring the total number of atoms in the fi
state as a function ofv, the position distribution for the
initial state is determined. The final-state population is de
mined by probe-induced fluorescence.

The number of atomsNf transferred by a Raman puls
from the given initial stateu i & to the final stateu f & is given by

Nf~v!.E d3rPf~v,r !n~r !, ~1!

wherev is the Raman difference frequency,n(r ) is the den-
sity of atoms in the initial state, andPf(v,r ) is the single-
atom transition probability which determines the spatial re
lution. Strictly speaking, the atoms move during t
measurement time, so that the spatial resolution also dep
on the momentum of the atoms in the initial state@3#. How-
ever, in this experiment our measurements occur on a s
enough time scale that the atomic motion is negligible a
the momentum dependence of the transition probability
be neglected. In this case, the spatial resolution is determ
by the spectral resolution of the short Raman pulse.

In the following, we present the theory for a three-lev
atom, then modify it as necessary to treat multilevel atom
a spatially varying magnetic field. By calculating the pro
ability for an atom to make a transition to the final state,
find Pf(v,r ). Then, using Eq.~1!, we characterize the spa
tial distribution n(r ) by fitting a calculatedNf(v) to the
measured one.

Figure 1 depicts the energy levels and optical frequen
involved in the Raman transition. The atoms are initially
stateu i &. The Raman pulse contains two optical fields w
frequenciesv1 and v2 which coupleu i & to u f & through an
intermediate excited stateuI &. As shown, both optical fields
are detuned from resonance withuI & by roughly equal fre-
quenciesD1 andD2. The resonance frequency for transitio
between the statesu i & and u f & is v f i[v f2v i , and the Ra-
man difference frequency isv[v12v2. The Raman detun
ing is then given byd[v2v f i .

If the optical detuningsD1 andD2 are large compared to
the Rabi frequency and the excited-state radiative decay
then the excited-state amplitudes can be adiabatically el

FIG. 1. Energy-level diagram for the Raman transition.
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nated, reducing the problem to that of a two-level atom w
an effective Rabi frequency given by the Raman Rabi f
quencyb:

b52(
I

^ f um•E2* uI &^I um•E1u i &

2h2D I

. ~2!

m is the electric dipole operator,E1 and E2 are the electric
fields of the two Raman beams, andD I'D1'D2 for each of
the intermediate states.

The transition probability for a two-level atom interactin
with a square pulse of lengtht is well known, and takes the
form

Pf5
ubu2

ubu21d2
sin2S t

2
Aubu21d2D ,

whereubut is the Raman pulse area. In the experiments, b
the detuning and the Rabi frequency are position depend
as described in the Appendix. The numerical analysis
greatly simplified by using an approximate form forPf that
is given by

Pf.sin2
ubut

2
sinc2

dt

2
. ~3!

Here sincx5sinx/x. When integrated over frequencyd, the
approximate form has the same area as the exact re
within a few percent for 0<ubtu<p and enables analytic
evaluation of a radial integral that appears in Eq.~1!.

We use this simple two-level-atom result to calculate
Raman transition probability for an alkali-metal atom in
spatially varying magnetic field. In general, the selection r
DmF50,61,62 governs a Raman transition, since it is
two-photon process in which one photon is absorbed and
is emitted. However, in our experiments, the detunings of
optical beams are large compared to the hyperfine splittin
the excited state, but small compared to the fine-struc
splitting. In this case, the nuclear angular momentum act
a bystander and theJ basis determines the structure of th
ground-state interaction operator. Since the ground state
an alkali metal hasJ51/2, the effective ground-state Hami
tonian can contain only rank-0 and rank-1 operators, a
must be a scalar with respect to rotations of the entire s
tem. Hence, for linearly polarized fields, it takes the form

Heff8 5uE1u2T1
(0)1uE2u2T2

(0)1~E13E2!•T(1). ~4!

The first two terms describe the light shifts induced by t
Raman fieldsE1 andE2. Since these operators are scalar,
light shift for each ground hyperfine stateuF,mF& is indepen-
dent of mF . In the experiments, we choose the magnitud
of E1 andE2 such that the total light shifts of theF51/2 and
F53/2 levels are the same. The last term describes the
man transition operator, which is maximized forE1'E2.
Since the Raman transition operatorT(1) is rank 1, only
DmF50,61 transitions are allowed. Since no rank-2 tran
tion operator exists for aJ51/2 state,DmF562 transitions
are forbidden. Equivalently, this result also can be shown
arise by destructive interference between the multiple pa
from the initial to the final state.
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4790 PRA 60SAVARD, GRANADE, O’HARA, GEHM, AND THOMAS
In our experiments with6Li, Raman transitions fromu i &
5uF51/2& to u f &5uF53/2& are induced by two separate
perpendicularly polarized optical beams. As shown in Fig
transitions for differentmF levels are Zeeman split by th
applied magnetic field. If the magnetic field splits themF
levels by more than the linewidth of the Raman transitio
then only one transition is resonant for each atom at
particular Raman difference frequency. In this limit, we c
treat each Raman transition independently.

The MOT forms near the center of a quadrupole magn
field, so the magnitude of the field continually increases o
the range of the atomic distribution. Thus the multiple tw
level approximation is valid for atoms which are far enou
from the zero point of the magnetic field. In our experimen
Raman transitions of atoms which are more than 18mm
from the magnetic center are split by more than the Ram
linewidth, and can be treated by this approximation. Sin
the radius of the atomic distribution is approximately 3
mm, the number of atoms which may not be treated by t
approximation is a fraction of 1% of the total, assuming th
the density distribution varies smoothly~see below!. Hence
we neglect the contribution made by those atoms to the fi
state population in calculating the Raman spectrum.

Since each Raman transition is treated as an indepen
two-level transition with its own Raman Rabi frequency a
detuning, the probability for an atom to be transferred to
final state is simply the sum of the individual transition pro
abilities given by Eq.~3!,

Pf~r ,d!5
1

2 (
i

sin2S b i~r !t

2 D sinc2S @d2d i
B~r !#t

2 D , ~5!

where the sum is over the allowed transitions, andb i denotes
the magnitude of the corresponding Raman Rabi freque
The factor of1

2 occurs because we assume that atoms in
MOT have an equal probability to be initially in either of th
mF561/2 sublevels of theF51/2 hyperfine state. The
shifts d i

B(r ) of the Raman transitions in the presence o
weak magnetic field are determined by the Zeeman shift
the initial and final states, and may be expressed as

d i
B~r !5g f imBB~r !/\, ~6!

whereg f i is the difference in the products of the Lande´ g
factor and themF of the final and initial states,mB is the
Bohr magneton, andB(r ) is the magnitude of the magnet
field. g f i is zero for theuF,mF&5u1/2,1/2&→u3/2,21/2& and
u1/2,21/2&→u3/2,1/2& transitions. Hence those transition

FIG. 2. Possible Raman transitions within theJ51/2 ground
state of6Li in the presence of a magnetic field.
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are independent of magnetic field, and both occur atd50.
The values ofg f i for transitions in this system are given i
Table I.

The effect of the magnetic field on the Raman Rabi f
quenciesb i(r ) in Eq. ~5! is more complex, and is covered i
the Appendix, where the final form ofPf(r ,d) is given in
Eq. ~A8!. This probability is for one atom at a particula
position in the magnetic field. To determine the transiti
probability for the entire spatial distribution, we multipl
Pf(r ,d) by the atomic densityn(r ) and integrate over the
volume of trapped atoms. Thus the number of atoms that
detected in the final state is

Nf~d!5E d3rPf~r ,d!n~r !. ~7!

III. EXPERIMENT

The experimental arrangement is shown in Fig. 3. We
a standards6 MOT to confine the atoms. The gradient ma
nets which are used to form the MOT also create the m
netic potential which is needed for Raman imaging. The
cal field relative to the magnetic field zero point is given

B~r !52B8xx̂1B8yŷ1B8zẑ. ~8!

Hence the field magnitude isB(r )5B8A(2x)21y21z2,
whereB8516.5 G/cm is the field gradient alongŷ and ẑ.

The imaging procedure is as follows. After the MOT h
formed and the number of atoms has reached equilibri
the laser beams which form the MOT are momentar
turned off. At this point, atoms are in both theF53/2 and
1/2 hyperfine ground states. An optical pumping beam
used to transfer all of the atoms to theF51/2 hyperfine state.
The time scale over which optical pumping occurs, roug
15 ms, is short enough that significant atomic motion co
pared to the dimensions of the MOT does not occur.

After the optical pumping beam is turned off, an 8.8-ms
Raman pulse with a well-defined difference frequency is
plied. Only atoms located in a magnetic field of a particu

TABLE I. Values ofgfi for different initial and final states.

u f &: F53/2
mF 23/2 21/2 1/2 3/2

u i &: F51/2 1/2 0 2/3 4/3
21/2 24/3 22/3 0

FIG. 3. Scheme of the experiment.
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PRA 60 4791RAMAN-INDUCED MAGNETIC RESONANCE IMAGING OF . . .
strength, which occurs only at a particular set of points
space, are coupled to the finalF53/2 state.

The Raman beam intensities are chosen to equalize
light shifts for the F51/2 and 3/2 states. This require
I 2 /I 153.1, whereI 1 is the intensity of the beam with highe
frequencyv1 ~see Fig. 1!. The I 1 beam isx̂ polarized, and
the I 2 beam isŷ polarized. The Raman beams have an ell
tical spatial profile, with major and minor widths~full width
at half maximum! of 4.8 and 3.6 mm, respectively, larg
compared to the atom cloud. In our experiments, typical
tensities areI 150.07 mW/mm2 and I 250.22 mW/mm2.

When the Raman pulse ends, the resonant optical pu
ing beam is turned on again to probe the atoms which h
made the transition to the final state. The probe beam ca
theF53/2 atoms to fluoresce. The magnitude of the fluor
cence is proportional to the total number of atoms in theF
53/2 state. Lenses capture this fluorescence and focus it
an optical fiber which leads to a photomultiplier tube~PMT!.
The voltage generated by the PMT is recorded and the M
beams are turned back on, reinstating the trapping poten
Additional points in the spectra are obtained by taking m
surements at a series of Raman difference frequencies.

A characteristic measured Raman spectrum is show
Fig. 4. The data in the graph are averaged over 50 spe
taken under identical conditions, then normalized so that
peak height is equal to 1. Of the six possible transitions,
are magnetic field independent, as mentioned in Sec. II,
occur atd50. Hence the spectra exhibit five peaks.

The dimensions of the atomic cloud and the location
the centroid relative to the zero point of the magnetic fie
are determined from a fit to the Raman spectra. To simp
the analysis, we make some reasonable assumptions a
the MOT to reduce the number of parameters which mus
fit. We assume that the spatial distribution of atoms in
MOT is described by a Gaussian of the form

n~r !5
2

p3/2a3
exp~2@4~x2x0!21~y2y0!21~z2z0!2#/a2!,

~9!

FIG. 4. A typical Raman spectrum, showing the expected fi
peaks:~a! the magnetic-field-independent resonance;~b! the two
narrow magnetic-field-dependent resonances; and~c! the two broad
magnetic-field-dependent resonances. The fluorescence intens
given in dimensionless units, normalized to unity at zero detun
n
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wherer 05$x0 ,y0 ,z0% is the offset of the MOT centroid from
the zero point of the magnetic field, anda is the 1/e radius of
the atomic distribution along thez andy axes. The axes are
defined as shown in Fig. 3. A Gaussian distribution of t
form is expected if the MOT acts as an ideal gas that
trapped in a harmonic potential with different restorin
forces along the minor and major axes of the MOT ellipso
@18#. In this case, the ratio of the radii of the MOT ellipso
along thex andz axes is 1:2, as determined by the inverse
the ratios of the magnetic-field gradients@see Eq.~8!#.

In some cases, the spatial distribution of atoms in
MOT may exhibit a two-component structure. For examp
a tightly confined component arises from polarization gra
ent cooling while a larger radius component arises fr
Doppler cooling@18#. However, for 6Li atoms, where the
excited state hyperfine states are nearly degenerate comp
to the MOT detunings, polarization gradient cooling fors6

molasses is not expected to occur. As described by Dalib
and Cohen-Tannoudji@19#, polarization gradient cooling for
a standards6 MOT requires rank-2 ground-state operato
Using the same reasoning as described following Eq.~4!,
rank-2 ground-state operators cannot exist in the6Li system.
Hence we expect that6Li exhibits only Doppler cooling.
This in turn suggests that the spatial distribution is reas
ably described by the single-component Gaussian distr
tion of Eq. ~9!.

The numerical analysis is greatly simplified by exploitin
the symmetry of the magnetic field@Eq. ~8!#. We define a
coordinate systemx852x, y85y, andz85z. Then we can
use a single elliptical radial coordinater 8, wherer 8254x2

1y21z2, so thatB(r 8)5B8r 8 and the surfaces of constan
magnetic-field correspond to constantr 8. The volume ele-
ment can be defined asd3r 85dr8r 82 sinu du df, whereu is
the angle between the local magnetic field vector and
Raman beam propagation directionẑ. Equation ~A1! then
shows that sinu(r )→sinu, etc., independent ofr 8.

The location of the centroid,r08 , can be specified by a
shift r 0 and an angleu0 relative to thez axis. The azimuthal
anglef0 of the shift cannot be determined due to the sphe
cal symmetry of the magnetic field in ther 8 coordinate and
the cylindrical symmetry of the transition probability abo
the z axis.

Given these assumptions, we substitute Eqs.~9! and~A8!
into Eq. ~7!, and numerically integrate the result over th
new ellipsoidal coordinate system, then fit the resulting sp
tra to the measured ones. To simplify the integration,
assume that terms in Eq.~A8! with magnetic-field-dependen
resonance frequencies are narrow compared to the spe
width of the atomic distribution in the magnetic-field grad
ent. In this case, the sinc2 functions can be approximated b
d functions in r 8. However, for the central magnetic-field
independent component, we replace the sinc2 function by a
gaussian of unit amplitude which is fit to the measured d
tribution. This allows us to include line-broadening by a fa
tor of .1.3 due to off-resonant optical pumping. Figure
shows that the calculated spectra vary significantly as
physical parameters for the trapped cloud are changed.
reference spectrum is calculated for a trapped atom cl
centered on the magnetic-field zero point, with az-axis ra-
dius of a50.5 mm.

e
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IV. RESULTS

For our data, we made two sets of fits: one in which
allowed the value of the Raman pulse areab0t in Eq. ~A8!
to vary as a fitting parameter, and one in which we heldb0t
fixed. The fits for which we allowedb0t to vary were no-
ticeably better at lower MOT laser beam detunings, as sho
in Fig. 6. For data taken at the smallest trap detuning,
fitting routine reduced the calculated Raman pulse are
80% of its estimated value, the minimum allowed by t
constraints placed on our fitting routine. For data taken
larger trap detunings, the fitting routine returned a Ram
pulse area which was 90% of the estimated value. An e
of order 15% in the experimentally estimated Raman pu
area is reasonable.

The 1/e trap radius along thez axis is shown in Fig. 7 for
different trap laser detunings. The solid line shows the
sults when the pulse area is held to the estimated value,
the dashed line shows the results when the pulse are
varied by the fitting routine. Both methods indicate the sa
trends and approximately the same cloud sizes. The e
bars denote the square root of the appropriate diagonal
ment of the covariance matrix determined by the fitting p
gram, and hence the sensitivity of thex2 fit to variations in
the parameters. The spatial distribution increases in siz

FIG. 5. Calculated spectra for differing spatial distributions:~a!
the radius of the atomic cloud is varied,~b! the trap is offset along

the x axis, and~c! the trap is offset along theẑ axis. In ~a!, the
dotted plot is for a 0.4-mm radius, and the dashed plot is fo
0.3-mm radius. In~b! and~c!, the dotted plot is for a 0.3-mm offse
and the dashed plot is for a 0.6-mm offset. The reference plot~the
solid line in each graph! is calculated for a trapped atom clou
centered on the magnetic field zero with a 1/e radius ofa50.5 mm

along theẑ axis. For each plot, the fluorescence is given in dim
sionless units, where the central magnetic-field-independent tra
tion peak is normalized to 1.
e
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the detuning is increased, except at the largest detun
where the size begins to decrease.

Figure 8 shows the trap offset with respect to t
magnetic-field zero point. From the fits, we find that th
offset is along theẑ axis. The offset is considerable com
pared to the size of the trap. Both the fixed and adjusta
Raman pulse area fits show the same general trends and
nitudes for the trap offsets. The error bars are computed
the same manner as described in the previous paragraph

These trap offsets arise from imbalances in the intens

a

-
si-

FIG. 6. A comparison of fits when~a! the Raman pulse area i
held fixed, and~b! the Raman pulse area is allowed to vary. Th
dots are data points; the line is the fit to the data. The fluoresce
intensity is given in dimensionless units, normalized to unity at ze
detuning.

FIG. 7. The 1/e trap radiusa along theẑ axis as a function of
trap laser beam detuning in units of the natural linewidth (g55.9
MHz!. The solid line shows the fit when the pulse area is he
constant; the dashed line shows the fit when the pulse area is va
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PRA 60 4793RAMAN-INDUCED MAGNETIC RESONANCE IMAGING OF . . .
of the counterpropagating trapping beams. We measured
intensity imbalance to be roughly 10%. Because the cente
the distribution will be located where the scattering forc
from the forward- and backward-going MOT beams a
equal, the center of the MOT shifts from the magnetic-fie
zero point to a nonzero magnetic-field region where
forces balance. One can show that a 10% intensity imbala
in our experiments easily leads to a trap offset on the orde
1 mm.

V. DISCUSSION

We have applied Raman-induced resonance imaging
determine the size and location of a cloud of atoms in
MOT, relative to the magnetic-field zero point. Since only
small fraction of the atoms is resonant with the Raman pu
at a particular frequency, degrading effects of the trap’s
tical thickness are reduced compared to resonant optical
aging methods. However, for Raman-induced resonance
aging methods to be generally applicable, it is necessar
develop methods that enable measurement of the pos
distribution without assuming a particular parametrizatio
This can be accomplished by using the standard reson
imaging technique of rapidly switching on a bias magne
field along one spatial axis at a time. Then the magnitude
the total magnetic field is determined primarily by the gra
ent component parallel to the bias field, while the contrib
tions of the perpendicular components are suppressed.
bias field splits the Raman spectrum so that only one tra
tion is resonant. This enables a one-to-one correspond
between the detected signal and the number of atoms
given spatial slice perpendicular to the bias field axis, ana
gous to the methods previously employed in atomic bea
@3#. In traps, heterodyne methods can be used to obta
single shot detection as in recent echo experiments@15#. Po-
tentially, very high spatial resolution can be achieved us
Raman-induced resonance imaging methods to mea
atomic position distributions@3#.

In general, the spatial resolution of Raman-induced re
nance imaging methods can be limited by the spectral re
lution of the Raman pulseDn, the atomic velocityvx along
the measurement axis, or the atomic acceleration due to

FIG. 8. The offset of the trap along theẑ axis as a function of
trap laser beam detuning in units of the natural linewidth (g55.9
MHz!. The solid line shows the fit when the pulse area is h
constant; the dashed line shows the fit when the pulse area is va

The offset perpendicular to theẑ axis is found to be negligible. Note
that the offset is measured with respect to the magnetic-field
point.
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gradient of the magnetic field. Reference@3# gives the fol-
lowing approximate results for spectroscopically limite
velocity-limited, and acceleration-limited position resol
tions in a linearly varying potential:

DxSP5
Dn

~Fx /h!
,

DxVEL.A\vx /Fx, ~10!

DxACC.@\2/~2MF !#1/3,

whereFx is the differential force exerted by the potential f
the inital and final states, andM is the mass of the atom.

In our experiments, the force arises from the spatia
varying Zeeman shift of the levels. For atoms located n
the x axis, the magnetic field points nearly in thex̂ direction
and transitions occur between theF51/2,mF561/2 states
and theF53/2,mF563/2 states. The magnetic-field grad
ent alongx̂ is 2B8533 G/cm. From Eq.~6!, the differential
force is thenFx /h5 4

3 mB /h333 G/cm562 MHz/cm.
The spectroscopic resolutionDn is estimated by fitting a

Gaussian distribution to the central, magnetic-fie
independent component of the measured Raman spectra
find a half-width at 1/e of 77 kHz. This yields a spatia
resolution along thex axis of DxSP512.4mm. The corre-
sponding resolutions for atoms located near they andz axes
are found to be 25 and 50mm, respectively. Note that on
can obtain equal resolutions along all axes by directing
Raman beams along the symmetry axis of the gradient m
nets.

At the typical 1-mK temperatures of our6Li MOT, the
atomic velocity is.2 m/s. Using this and Eq.~10! yields a
velocity-limited resolution along thex axis of 7mm. Veloc-
ity x-limited resolution of a few microns can be simply o
tained by further cooling the atoms before imaging. Equat
~10! shows that, for very cold atoms, the acceleration-limit
resolution is 509 nm.

It follows from these estimates that the dominant limit
tion in our experiments is the spectral resolution. By simp
increasing the detuning of the intermediate state of the
man transition, radiative broadening arising from o
resonant transitions can be reduced. This improves the s
tral resolution to the limit determined by the length of th
Raman pulse, which can be made long.

Nanometer resolution can be obtained with very ste
light shift gradients or magnetic-field gradients. For examp
them-tip trap described in Ref.@20# has a magnetic gradien
of 33105 G/cm. In that trap, Eq.~10! shows that the spatia
resolution for a lithium atom nearB50 would be
acceleration-limited to;24 nm.

In conclusion, this paper constitutes a first step in
development of high-resolution resonance imaging meth
for cold atoms in traps. Such methods will be important
determining spatial distributions for atoms in optical m
crotraps, where the length scales of interest can be v
small. Resonance imaging methods may be particularly u
ful in systems where measurement in only one dimensio
required. For example, in a tightly confining Gaussian la
beam trap at sufficiently low temperature, all atoms will
in the lowest radial eigenstate. In this case, interesting t
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point spatial correlations occur only in the axial directio
Measurement of state-dependent spatial correlations wil
of great interest in exploring fundamental quantum featu
of cold, weakly interacting atom samples@3#, such as two-
state fermionic atoms in a far detuned optical trap@23#.
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APPENDIX: RAMAN TRANSITION PROBABILITY
IN A SPATIALLY VARYING MAGNETIC FIELD

The local magnetic field defines a quantization axis,
shown in Fig. 9. In the lab frame, the Raman fields are cro
polarized along$x̂,ŷ% and propagate along theẑ axis. If the
local magnetic fieldB points alongẑ, then the atom experi
ences the Raman transition operators as defined in the
Thus an atom in this magnetic field is coupled to the fi
state by aDm50 transition. However, if the local magnet
field is oriented along the labx̂ axis, the atom views the
Raman field as being polarized along the$ẑ8,x̂8% axes, re-
sulting in Dm561 transitions. In a magnetic field whic
does not lie directly along one of the lab frame axes,
atoms make a combination of both types of transitions.

The anglesu andf in Fig. 9 depend on the direction o
the local field at the point of interest. In the lab frame, t
angles are given by

cosu~r !5
Bz~r !

ABx
2~r !1By

2~r !1Bz
2~r !

,

sinu~r !5
ABx

2~r !1By
2~r !

ABx
2~r !1By

2~r !1Bz
2~r !

,

~A1!

cosf~r !5
Bx~r !

ABx
2~r !1By

2~r !
,

FIG. 9. Orientation of the quantization axisẑ8. The primed axes
are the atom frame coordinates, determined by the componen
the magnetic field; the unprimed axes are the lab frame coordin

The ẑ axis is the propagation direction of the Raman fields.
.
e
s

-

s
s-

b.
l

e

sinf~r !5
By~r !

ABx
2~r !1By

2~r !
.

Though the Raman field vectors remain constant in
lab, the quantization axis rotates with the magnetic-field o
entation by the angles defined in Eqs.~A1!. Thus we can
determine the effective Raman Rabi frequenciesb i(r ) for
transitions in the rotated frame$x̂8,ŷ8,ẑ8% by considering ro-
tations of the Raman transition operator. Since we define
Raman polarizations as$x̂,ŷ% in the lab, the unrotated opera
tor Tz inducesDm50 transitions. For these transitions, th
Raman Rabi frequency is given by@21# b52A2b0 /9. b0 is
defined as

b052
V0

2

2D
AI 2

I 1
. ~A2!

D is the detuning of the Raman beams from the excited s
frequency (2118 MHz in our experiment!, I 2 /I 1 is the ratio
of the intensities of the two Raman beams.V0 is an effective
Rabi frequency for the strongest transition~the uF,mF&
5u3/2,3/2&→u5/2,5/2& transition in our experiment! and is
given by

V05
m0E1

\
, ~A3!

whereE1 is the electric field of thex̂-polarized Raman beam
and m0 is the maximum transition dipole matrix elemen
which is 5.9 D in our experiment.

For brevity, we will only consider transitions from th
u1/2,1/2& level of 6Li, since the theory is the same for tran
sitions from theu1/2,21/2& level. In what follows,b i ,1/2 is
the Raman Rabi frequency foru1/2,1/2&→u3/2,i & transitions.

Using spherical tensor operator notationT(k,q) @22#, we
define T(1,0)5Tz where ^3/2,1/2uTzu1/2,1/2&5b1/2,1/2. In
terms of operators in the rotated frame,T8(1,q), T(1,0) may
be expressed as@22#

T~1,0!5(
q

T8~1,q!Dq,0
1 ~r !, ~A4!

where

Dq,0
1 ~r !5~21!qS 4p

3 D 1/2

Y1,q„u~r !,f~r !…, ~A5!

and Y1,q are the spherical harmonics. The anglesu(r ) and
f(r ) are given by Eqs.~A1!. Expanding Eq.~A4! using Eq.
~A5! gives

T~1,0!5T8~1,0!cosu1
1

A2
T8~1,21!e2 if sinu

1
1

A2
T8~1,1!eif sinu. ~A6!

Since only the magnitude of the Raman Rabi frequencyb
determines the final-state probability, the phasef(r ) is not
important for determiningb. Each of the terms in Eq.~A6!
is an operator which couples the initial stateu1/2,1/2& to one
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of the three finalF53/2 statesu3/2,i &. Here, and in the fol-
lowing, all magnetic quantum numbers are referred to theẑ8
axis in the rotated frame. Note that we assume that the po
lations in theu1/2,61/2& states are initially equal, so that th
initial state has no polarization. Settingu50 gives us
b1/2,1/252A2b0 /9 as the matrix elements ofT(1,0) and
T8(1,0) for the transition to theu3/2,1/2& state.

The Wigner-Eckart theorem can then be used to de
mine the remaining matrix elements of the rotatedT8(1,q)
operator. With the known matrix element ofT8(1,0), the
reduced matrix element can be determined and is given
^F53/2uuT8(1)uuF51/2&54A3b0 /9. Using the reduced
matrix element, we find that̂3/2,21/2uT8(1,21)u1/2,1/2&
52b0 /9 and^3/2,3/2uT8(1,1)u1/2,1/2&52A3b0 /9.

Using Eq.~A6! and substituting in the above values of t
matrix elements ofT8(1,q), the Raman Rabi frequencies
the rotated frame may be written as

b21/2,1/25
1

A2
^3/2,21/2uT8~1,21!u1/2,1/2&sinu

5
A2

9
b0 sinu,

b1/2,1/25^3/2,1/2uT8~1,0!u1/2,1/2&cosu5
2A2

9
b0 cosu,

~A7!

b3/2,1/25
1

A2
^3/2,3/2uT8~1,1!u1/2,1/2&sinu5

A6

9
b0 sinu.
n

le,

n

R

as

c

u-

r-

y

These Raman Rabi frequencies completely specify the c
tributions to the final state from theu1/2,1/2& state. The con-
tributions from theu1/2,21/2& state can be calculated in th
same manner, giving b23/2,21/25b3/2,1/2, b21/2,21/2

5b1/2,1/2, andb1/2,21/25b21/2,1/2.
Substituting these values ofb i and the values ofd i

B(r )
from Eq. ~6! into Eq. ~5! gives the single-atom final-stat
probability as a function of position:

Pf~r ,d!5sin2SA2

9

b0t

2
sinu~r ! D sinc2~dt/2!

1
1

2
sin2SA6

9

b0t

2
sinu~r ! D

3H sinc2F @d2~4mB/3\!B~r !#t

2 G
1sinc2F @d1~4mB/3\!B~r !#t

2 G J
1

1

2
sin2S 2A2

9

b0t

2
cosu~r ! D

3H sinc2F @d2~2mB/3\!B~r !#t

2 G .
1sinc2F @d1~2mB/3\!B~r !#t

2 G J . ~A8!
.
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