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Raman-induced magnetic resonance imaging of atoms in a magneto-optical trap
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We apply Raman-induced resonance imaging techniques to determine, with a spatial resolutioonof 12
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 atg®%050-29479)08312-3

PACS numbes): 32.80.Pj

[. INTRODUCTION size of the position distribution and the location of the cen-
troid. The magnetic-field gradient of the MOT itself provides
Precision position measurement and localization of atom#e necessary position-dependent potential. Atomic positions
in beams and in traps have diverse applications in atom opare determined with respect to the magnetic-field zero point
tics. These range from direct-writing neutral atom nano-With a resolution of 12zm. The shapes of the Raman spectra
||thography[l] to new fundamental studies of quantum cor-are found to be quite sensitive to the size of the cloud and the
relations in ultracold, dilute samples of bosons or fermionglirection and magnitude of the offset of the centroid. As
[2—6]. Further, textbook examples of quantum measuremerfiescribed below, improvements can be made to surpass the
are enabled by position-dependent atom-field Coup|ing§ypical resolution of several microns achieved by CCD-based
which entangle the atomic internal and center-of-mass statedPsorption-fluorescence imagipg6,17.
[7,8]. To fully explore these applications, new methods of The Raman imaging technique is applicable to both opti-
imaging moving atoms are needed that have the potential telly thin and optically thick samples. In the latter case, the
achieve both sub—de Broglie wavelength and subopticdl“gh spectral resolution of the Raman method ensures that
wavelength resolutiofi2,3]. the fields interact with only a small number of atoms, mini-
High_reso|ution methods based on resonance |mag|ng]|2|ng distortion ariSing from absorption. We show how un-
have been used to determine one-dimensional position distrvanted spatially varying light shifts from the Raman fields
butions in atomic beam®,10]. In resonance imaging, tran- can be eliminated and we derive the general structure of the
sitions are induced between two states in the presence off@@man transition probability for alkali-metal atoms in a
spatially varying potential which makes the transition reso-magnetic-field gradient. This paper serves as a starting point
nance frequency dependent on the atomic position. Using ali@r the development of general resonance imaging methods
allowed optical transition, this method has been applied tdhat will enable the measurement of position distributions
study channeling of atoms in the nodes of a standing wavand state-dependent spatial correlations of atoms in ultracold
[9]. Using Raman transitions to obtain a transit-time-limitedvapors with suboptical wavelength, uncertainty-principle-
linewidth in a high-magnetic-field gradient, micron resolu- limited precision[3].
tion has been achieved in an atomic bedm]. A suboptical This paper is organized as follows. First, we describe the
wavelength resolution of 200 nm has been obtained byzssential features of Raman-induced resonance imaging and
Raman-induced resonance |mag|ng in the much Steeper |igh@.erive the transition prObab”lty as a function of pOSition ina
shift gradient of a focused laser beam. In this case, centroid®agnetic-field gradient. We show how this result relates the
of localized atomic distributions have been determined tdlistribution of atoms in a MOT to Raman-induced resonance
within 20 nm[12]. imaging data. Then, we present experimental Raman spectra
In contrast, the app”cation of high_reso|ution resonancéNhiCh we use to determine the size and location of the cen-
imaging methods to atom traps has been re|ative|y unextl'Oid of the Spatial distribution ofLi atoms in a MOT. Fi-
plored. Helmersoret al. [13] used laser spectroscopy to nally, we describe potential improvements to increase the
measure a one-dimensional distribution of atoms in a supefesolution of this technique and to use it for tomographic
conducting magnet trap. Their resolution was limited by!Maging.
Doppler shifts to approximately 3.5 mm, which is larger than
the diameter of many magneto-optical trgpdOT’s). Rudy Il. THEORY
et al. [14] used the position-dependent spontaneous scatter-
ing rate to investigate the distribution of atoms trapped in a In Raman-induced resonance imagifig,3], a Raman
standing wave. Recently, Strekalet al. [15] have devel- transition between a populated initial state and an unpopu-
oped a method of measuring the velocity and position distrilated final state is driven by two light fields with a relative
butions of cold atomic clouds by observing the temporalfrequencyw, defined as the Raman difference frequency.
shape of photon echoes induced from a coherence gratirigne broadening arising from laser frequency jitter is elimi-
created between magnetic sublevels. nated by generating the Raman fields from a common laser
In this paper, we apply Raman-induced resonance imagsource using modulation. For copropagating fields, Doppler
ing to a cloud of atoms in a MOT in order to determine thebroadening also is eliminated. Hence, for transitions between
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|1 nated, reducing the problem to that of a two-level atom with
Aq=Ag an effective Rabi frequency given by the Raman Rabi fre-
v quencyp:
® (fla- B3I - Eoi)
1 Wg B=-2>, 5 : @)
[ 2h“A,
______ SR
. ® N M is the electric dipole operatoE; and E, are the electric
B fi fields of the two Raman beams, aag~A~A, for each of
¢ the intermediate states.
FIG. 1. Energy-level diagram for the Raman transition. The transition probability for a two-level atom interacting

with a square pulse of lengthis well known, and takes the

long-lived ground-state sublevels, interaction-time-limited ™
spectral resolution is obtained. )

A spatially varying magnetic field shifts the energies of P = |8l sinz(z\/m
the initial and final states of the Raman transition. For a |ﬁ|2+ 52 2 '
given difference frequency, only atoms which are located
at a position with the appropriate magnetic-field strength willwhere| 8| is the Raman pulse area. In the experiments, both
make the transition from the initial state to the final statethe detuning and the Rabi frequency are position dependent,
Hence, by measuring the total number of atoms in the finags described in the Appendix. The numerical analysis is
state as a function ofs, the position distribution for the greatly simplified by using an approximate form fey that
initial state is determined. The final-state population is deteris given by
mined by probe-induced fluorescence.

The number of atom#\; transferred by a Raman pulse o @' : 5_7

T ) ) e P¢=sir? siné—-. (3

from the given initial stat¢i ) to the final statéf) is given by 2 2

Here sinx=sinx/x. When integrated over frequendy the
Nf(w)zf d3rPs(w,r)n(r), (1) approximate form has the same area as the exact result
within a few percent for &|B7|<# and enables analytic
) ) ) evaluation of a radial integral that appears in EQ.
wherew is the Raman difference frequencyyr) is the den- We use this simple two-level-atom result to calculate the
sity of atoms in the initial state, anifli(w,r) is the single-  Raman transition probability for an alkali-metal atom in a
atom transition probability which determines the spatial resospatially varying magnetic field. In general, the selection rule
lution. Strictly speaking, the atoms move during theAm_=0,+1,+2 governs a Raman transition, since it is a
measurement time, so that the spatial resolution also depenq,go_photon process in which one photon is absorbed and one
on the momentum of the atoms in the initial sti@¢ How- s emitted. However, in our experiments, the detunings of the
ever, in this experiment our measurements occur on a shoghtical beams are large compared to the hyperfine splitting of
enough time scale that the atomic motion is negligible anghe excited state, but small compared to the fine-structure
the momentum dependence of the transition probability caRpiitting. In this case, the nuclear angular momentum acts as
be neglected. In this case, the spatial resolution is determin bystander and th& basis determines the structure of the
by the spectral resolution of the short Raman pulse. ground-state interaction operator. Since the ground state for
In the following, we present the theory for a three-level g gikali metal hag=1/2, the effective ground-state Hamil-
a spatially varying magnetic field. By calculating the prob- myst be a scalar with respect to rotations of the entire sys-

ability for an atom to make a transition to the final state, Wetem_ Hence, for linearly polarized fields, it takes the form
find P¢(w,r). Then, using Eq(1), we characterize the spa-

tial distribution n(r) by fitting a calculated\{(w) to the H.e=|Eq 2T+ |E, |2 TO + (B X Ey) - T, (4)
measured one.

Figure 1 depicts the energy levels and optical frequencie$he first two terms describe the light shifts induced by the
involved in the Raman transition. The atoms are initially in Raman field€, andE,. Since these operators are scalar, the
state|i). The Raman pulse contains two optical fields with light shift for each ground hyperfine stdte,m¢) is indepen-
frequenciesw, and w, which coupleli) to |f) through an  dent ofmg. In the experiments, we choose the magnitudes
intermediate excited stat¢). As shown, both optical fields of E; andE, such that the total light shifts of tHe=1/2 and
are detuned from resonance with by roughly equal fre- F=3/2 levels are the same. The last term describes the Ra-
guencies\; andA,. The resonance frequency for transitions man transition operator, which is maximized &l E,.
between the states) and|f) is w;j=w;—w;, and the Ra- Since the Raman transition operaf®f') is rank 1, only
man difference frequency i8=w,— w,. The Raman detun- Amg=0,%1 transitions are allowed. Since no rank-2 transi-
ing is then given byd=w — wy; . tion operator exists for d=1/2 state Amg= * 2 transitions

If the optical detuninge\; andA, are large compared to are forbidden. Equivalently, this result also can be shown to
the Rabi frequency and the excited-state radiative decay ratarise by destructive interference between the multiple paths
then the excited-state amplitudes can be adiabatically elimifrom the initial to the final state.
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’ ) 1/3 TABLE I. Values of y; for different initial and final states.
J =32 {II)F =g§§
[f): F=3/2
mg —3/2 -1/2 1/2 3/2
liy: F=1/2 1/2 0 2/3 4/3
-1/2 —4/3 —2/3 0

are independent of magnetic field, and both occuf-a0.
The values ofyy; for transitions in this system are given in
Table 1.

The effect of the magnetic field on the Raman Rabi fre-
quenciesB;(r) in Eqg. (5) is more complex, and is covered in

In our experiments wittPLi, Raman transitions froni) the Appendix, where the final form d?(r,6) is given in
—|F=1/2) to |f)=|F=3/2) are induced by two separate, Eq..(_A8).. This probability is for one atom at a particular
perpendicularly polarized optical beams. As shown in Fig. 2Position in the magnetic field. To determine the transition
transitions for differenimy levels are Zeeman split by the Probability for the entire spatial distribution, we multiply
applied magnetic field. If the magnetic field splits te ~ P1(r,9) by the atomic density(r) and integrate over the
levels by more than the linewidth of the Raman transition,volume Of trapped atoms. Thus the number of atoms that are
then only one transition is resonant for each atom at angiétected in the final state is
particular Raman difference frequency. In this limit, we can
treat each Raman transition independently. Nf(é):f d3rP(r,8)n(r). 7)

The MOT forms near the center of a quadrupole magnetic
field, so the magnitude of the field continually increases over
the range of the atomic distribution. Thus the multiple two- ll. EXPERIMENT
level approximation is valid for atoms which are far enough ) ) o
from the zero point of the magnetic field. In our experiments, 1€ experimental arrangement is shown in Fig. 3. We use
Raman transitions of atoms which are more than ;@ astanda}rdri MOT to confine the atoms. The gradient mag-
from the magnetic center are split by more than the Ramaf€ts which are used to form the MOT also create the mag-
linewidth, and can be treated by this approximation. Sincé'elic potential which is needed for Raman imaging. The lo-
the radius of the atomic distribution is approximately 35pcal field relative to the magnetic field zero point is given by
um, the number of atoms which may not be treated by this - - -
approximation is a fraction of 1% of the total, assuming that B(r)=2B'xx+B'yy+B'zz. 8
the density distribution varies smooth(gee below. Hence ] ) )
we neglect the contribution made by those atoms to the finatience the field magnitude i8(r)=B"\(2x)*+y?*+27,
state population in calculating the Raman spectrum. whereB’=16.5 G/cm is the field gradient along andz.

Since each Raman transition is treated as an independent The imaging procedure is as follows. After the MOT has
two-level transition with its own Raman Rabi frequency andformed and the number of atoms has reached equilibrium,
detuning, the probability for an atom to be transferred to thehe laser beams which form the MOT are momentarily
final state is simply the sum of the individual transition prob-turned off. At this point, atoms are in both tke=3/2 and
abilities given by Eq(3), 1/2 hyperfine ground states. An optical pumping beam is

used to transfer all of the atoms to the= 1/2 hyperfine state.
[6— 5?(0]?’) ) The time scale over which optical pumping occurs, roughly

FIG. 2. Possible Raman transitions within the 1/2 ground
state of®Li in the presence of a magnetic field.

2 15 us, is short enough that significant atomic motion com-
pared to the dimensions of the MOT does not occur.

where the sum is over the allowed transitions, gndenotes After the optical pumping beam is turned off, an &8-

the magnitude of the corresponding Raman Rabi frequencyraman pulse with a well-defined difference frequency is ap-

The factor of3 occurs because we assume that atoms in th@lied. Only atoms located in a magnetic field of a particular

MOT have an equal probability to be initially in either of the

mg=*+1/2 sublevels of theF=1/2 hyperfine state. The

shifts 62(r) of the Raman transitions in the presence of a Magnets

weak magnetic field are determined by the Zeeman shifts of o

the initial and final states, and may be expressed as {(,e“o

Raman and Optical x ¥
Pumping Beams 1

5iB(r): YrimsB(r)/, (6) :>‘
MOT
where vy is the difference in the products of the Lande ‘

factor and themg of the final and initial statesyg is the y

Bohr magneton, an8(r) is the magnitude of the magnetic o

field. yy; is zero for the F,mg)=|1/2,1/2—|3/2,— 1/2) and
|1/2,~1/2)—|3/2,1/2 transitions. Hence those transitions FIG. 3. Scheme of the experiment.

Pi(r,8)= ; > sinz('gi(zr)T)sinc2

o
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wherer,={Xy,Yo,Zo} is the offset of the MOT centroid from

10 T a) the zero point of the magnetic field, aads the 1€ radius of
05 the atomic distribution along theandy axes. The axes are
o defined as shown in Fig. 3. A Gaussian distribution of this
g b) form is expected if the MOT acts as an ideal gas that is
§ %8 trapped in a harmonic potential with different restoring
g 04 forces along the minor and major axes of the MOT ellipsoid
5 ’ [18]. In this case, the ratio of the radii of the MOT ellipsoid
02 0 o) along thex andz axes is 1:2, as determined by the inverse of
\ A\ Jb\/ the ratios of the magnetic-field gradielitee Eq.(8)].
0.0 In some cases, the spatial distribution of atoms in the

' ' ' MOT may exhibit a two-component structure. For example,

-5 0 5
Raman Detuning, 5 (MHz) a tightly confined component arises from polarization gradi-
ent cooling while a larger radius component arises from

FIG. 4. A typical Raman spectrum, showing the expected fiveDoppler cooling[18]. However, for °Li atoms, where the
peaks:(a) the magnetic-field-independent resonands; the two  excited state hyperfine states are nearly degenerate compared
narrow magnetic-field-dependent resonances;(enthe two broad  to the MOT detunings, polarization gradient cooling ter
magnetic-field-dependent resonances. The fluorescence intensityisolasses is not expected to occur. As described by Dalibard
given in dimensionless units, normalized to unity at zero detuningand Cohen-TannoudjiL9], polarization gradient cooling for

a standardr. MOT requires rank-2 ground-state operators.
strength, which occurs only at a particular set of points inUsing the same reasoning as described following @&y.
space, are coupled to the finak 3/2 state. rank-2 ground-state operators cannot exist in%hiesystem.

The Raman beam intensities are chosen to equalize thdence we expect thafLi exhibits only Doppler cooling.
light shifts for the F=1/2 and 3/2 states. This requires This in turn suggests that the spatial distribution is reason-
I,/1,=3.1, wherd  is the intensity of the beam with higher ably described by the single-component Gaussian distribu-
frequencyw, (see Fig. 1 Thel,; beam isx polarized, and tion of Eq.(9). . - N
thel, beam isy polarized. The Raman beams have an ellip- The numerical analysis is gregtly simplified by ex_plomng
tical spatial profile, with major and minor widtfgull width the symmetry of ﬂ)e magn/etlc f'e[qu; (8)]. We define a
at half maximury of 4.8 and 3.6 mm, respectively, large COOrdinate system’=2x, y' =y, andz’=z. Then we can
compared to the atom cloud. In our experiments, typical in4€,2 szlngle e|||ptIC<’:1,| rad|lallcoord|naté, wherer’=4x
tensities are;=0.07 mW/mn? and|,=0.22 mW/mnj. +ty“+z°, so thatB(r')=B'r’ and the surfaces of constant

When the Raman pulse ends, the resonant optical pumpnagnetic-field CF’”G—‘SPO”E’ to (,:o,nzstgﬁt The volume ele-
ing beam is turned on again to probe the atoms which havE1€nt can be defined asr’=dr'r'?singdodg, whered is
made the transition to the final state. The probe beam causti€ angle between the local magnetic field vector and the
the F=3/2 atoms to fluoresce. The magnitude of the fluoresRaman beam propagation directian Equation(Al) then
cence is proportional to the total number of atoms infhe shows that sif(r) —siné, etc., independent af’.
=3/2 state. Lenses capture this fluorescence and focus it into The location of the centroid,;, can be specified by a
an optical fiber which leads to a photomultiplier tufiMT). shift ry and an angled, relative to thez axis. The azimuthal
The voltage generated by the PMT is recorded and the MOBngle ¢, of the shift cannot be determined due to the spheri-
beams are turned back on, reinstating the trapping potentiatal symmetry of the magnetic field in tmé coordinate and
Additional points in the spectra are obtained by taking meathe cylindrical symmetry of the transition probability about
surements at a series of Raman difference frequencies. thez axis.

A characteristic measured Raman spectrum is shown in Given these assumptions, we substitute Egsand (A8)

Fig. 4. The data in the graph are averaged over 50 spectiato Eg. (7), and numerically integrate the result over the
taken under identical conditions, then normalized so that theew ellipsoidal coordinate system, then fit the resulting spec-
peak height is equal to 1. Of the six possible transitions, twdra to the measured ones. To simplify the integration, we
are magnetic field independent, as mentioned in Sec. Il, anassume that terms in EGA8) with magnetic-field-dependent
occur até=0. Hence the spectra exhibit five peaks. resonance frequencies are narrow compared to the spectral

The dimensions of the atomic cloud and the location ofwidth of the atomic distribution in the magnetic-field gradi-
the centroid relative to the zero point of the magnetic field,ent. In this case, the sifidunctions can be approximated by
are determined from a fit to the Raman spectra. To simplifyd functions inr’. However, for the central magnetic-field-
the analysis, we make some reasonable assumptions abdatlependent component, we replace the Siomction by a
the MOT to reduce the number of parameters which must bgaussian of unit amplitude which is fit to the measured dis-
fit. We assume that the spatial distribution of atoms in theribution. This allows us to include line-broadening by a fac-
MOT is described by a Gaussian of the form tor of =1.3 due to off-resonant optical pumping. Figure 5

shows that the calculated spectra vary significantly as the
physical parameters for the trapped cloud are changed. The
_ )2 y\2 5 \21/42 reference spectrum is calculated for a trapped atom cloud
w%ad X~ [ A0 X0) ™+ (y=yo) ™+ (2= 20)°}a), centered on the magnetic-field zero point, witlz-axis ra-
9 dius ofa=0.5 mm.

n(r)=
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FIG. 5. Calculated spectra for differing spatial distributiofs: Raman Detuning, 5 (MHz)
the radius of the atomic cloud is variedh) the trap is offset along
the x axis, and(c) the trap is offset along the axis. In (a), the FIG. 6. A comparison of fits whefs) the Raman pulse area is

dotted plot is for a 0.4-mm radius, and the dashed plot is for eheld fixed, andb) the Raman pulse area is allowed to vary. The
0.3-mm radius. Ir(b) and(c), the dotted plot is for a 0.3-mm offset, dots are data points; the line is the fit to the data. The fluorescence
and the dashed plot is for a 0.6-mm offset. The reference(filet  intensity is given in dimensionless units, normalized to unity at zero
solid line in each graphis calculated for a trapped atom cloud detuning.

centered on the magnetic field zero with a fddius ofa=0.5 mm

along thez axis. For each plot, the fluorescence is given in dimen-the detuning is increased, except at the largest detuning
sionless units, where the central magnetic-field-independent transjyhere the size begins to decrease.

tion peak is normalized to 1. Figure 8 shows the trap offset with respect to the
magnetic-field zero point. From the fits, we find that the

offset is along thez axis. The offset is considerable com-
For our data, we made two sets of fits: one in which wepared to the size of the trap. Both the fixed and adjustable
allowed the value of the Raman pulse af&gar in Eq. (A8)  Raman pulse area fits show the same general trends and mag-
to vary as a fitting parameter, and one in which we hgje nitudes for the trap offsets. The error bars are computed in
fixed. The fits for which we allowe@,7 to vary were no- the same manner as described in the previous paragraph.
ticeably better at lower MOT laser beam detunings, as shown These trap offsets arise from imbalances in the intensity
in Fig. 6. For data taken at the smallest trap detuning, the
fitting routine reduced the calculated Raman pulse area tc
80% of its estimated value, the minimum allowed by the E
constraints placed on our fitting routine. For data taken at =
larger trap detunings, the fitting routine returned a Raman 3 0.5+
pulse area which was 90% of the estimated value. An erroi VJ
of order 15% in the experimentally estimated Raman pulse : 0.4
area is reasonable. 2
The 1k trap radius along the axis is shown in Fig. 7 for < 0.3
different trap laser detunings. The solid line shows the re- §
sults when the pulse area is held to the estimated value, an & 02
the dashed line shows the results when the pulse area | | "1 ; f's '
varied by the fitting routine. Both methods indicate the same Trap Beam Detuning
trends and approximately the same cloud sizes. The error
bars denote the square root of the appropriate diagonal ele- FIG. 7. The 1¢ trap radiusa along thez axis as a function of
ment of the covariance matrix determined by the fitting pro-trap laser beam detuning in units of the natural linewidi+6.9
gram, and hence the sensitivity of thyé fit to variations in  MHz). The solid line shows the fit when the pulse area is held
the parameters. The spatial distribution increases in size asnstant; the dashed line shows the fit when the pulse area is varied.

IV. RESULTS

0.6 —
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. gradient of the magnetic field. Referend gives the fol-
£ 08 lowing approximate results for spectroscopically limited,
E o7 ] velocity-limited, and acceleration-limited position resolu-
;%3 ' tions in a linearly varying potential:
OQ 0.6 A Av
X 1

& 054 SF(Fxlh)

l ! ! ,'7 AXVEL: \ ﬁVX/FX, (10)

Trap5Beam Det?ming
Axpcc=[%%/(2MF)]*?,

FIG. 8. The offset of the trap along tlzeaxis as a function of ) ) ) )
trap laser beam detuning in units of the natural linewid#=6.9 whereF, is the differential force exerted by the potential for
MHz). The solid line shows the fit when the pulse area is heldthe inital and final states, ard is the mass of the atom.
constant; the dashed line shows the fit when the pulse area is varied. In our experiments, the force arises from the spatially-
The offset perpendicular to tizaxis is found to be negligible. Note Varying Zeeman shift of the levels. For atoms located near
that the offset is measured with respect to the magnetic-field zerthe x axis, the magnetic field points nearly in tkelirection
point. and transitions occur between the=1/2mg= *+1/2 states

and theF =3/2mg= = 3/2 states. The magnetic-field gradi-
of the counterpropagating trapping beams. We measured thet alongx is 2B’ =33 G/cm. From Eq(6), the differential
intensity imbalance to be roughly 10%. Because the center gbrce is thenF,/h= 3 ug/hXx 33 G/cm=62 MHz/cm.
the distribution will be located where the scattering forces The spectroscopic resolutiakw is estimated by fitting a
from the forward- and backward-going MOT beams areGaussian distribution to the central, magnetic-field-
equal, the center of the MOT shifts from the magnetic-fieldindependent component of the measured Raman spectra. We
zero point to a nonzero magnetic-field region where theind a half-width at 1¢ of 77 kHz. This yields a spatial
forces balance. One can show that a 10% intensity imbalangesolution along thes axis of Axgp=12.4 um. The corre-
in our experiments easily leads to a trap offset on the order o§ponding resolutions for atoms located nearyttedz axes
1 mm. are found to be 25 and 5@m, respectively. Note that one
can obtain equal resolutions along all axes by directing the
Raman beams along the symmetry axis of the gradient mag-
nets.

We have applied Raman-induced resonance imaging to At the typical 1-mK temperatures of odiLi MOT, the
determine the size and location of a cloud of atoms in atomic velocity is=2 m/s. Using this and Eq10) yields a
MOT, relative to the magnetic-field zero point. Since only avelocity-limited resolution along the axis of 7 um. Veloc-
small fraction of the atoms is resonant with the Raman pulséy x-limited resolution of a few microns can be simply ob-
at a particular frequency, degrading effects of the trap’s optained by further cooling the atoms before imaging. Equation
tical thickness are reduced compared to resonant optical im{Z0) shows that, for very cold atoms, the acceleration-limited
aging methods. However, for Raman-induced resonance inresolution is 509 nm.
aging methods to be generally applicable, it is necessary to It follows from these estimates that the dominant limita-
develop methods that enable measurement of the positiciion in our experiments is the spectral resolution. By simply
distribution without assuming a particular parametrization.increasing the detuning of the intermediate state of the Ra-
This can be accomplished by using the standard resonancean transition, radiative broadening arising from off-
imaging technique of rapidly switching on a bias magneticresonant transitions can be reduced. This improves the spec-
field along one spatial axis at a time. Then the magnitude ofral resolution to the limit determined by the length of the
the total magnetic field is determined primarily by the gradi-Raman pulse, which can be made long.
ent component parallel to the bias field, while the contribu- Nanometer resolution can be obtained with very steep
tions of the perpendicular components are suppressed. Thight shift gradients or magnetic-field gradients. For example,
bias field splits the Raman spectrum so that only one transthe u-tip trap described in Ref20] has a magnetic gradient
tion is resonant. This enables a one-to-one correspondencé 3x 10° G/cm. In that trap, Eq(10) shows that the spatial
between the detected signal and the number of atoms in @solution for a lithium atom nearB=0 would be
given spatial slice perpendicular to the bias field axis, analoacceleration-limited te-24 nm.
gous to the methods previously employed in atomic beams In conclusion, this paper constitutes a first step in the
[3]. In traps, heterodyne methods can be used to obtainedevelopment of high-resolution resonance imaging methods
single shot detection as in recent echo experimgif Po-  for cold atoms in traps. Such methods will be important for
tentially, very high spatial resolution can be achieved usingletermining spatial distributions for atoms in optical mi-
Raman-induced resonance imaging methods to measuceotraps, where the length scales of interest can be very
atomic position distribution§3]. small. Resonance imaging methods may be particularly use-

In general, the spatial resolution of Raman-induced resoful in systems where measurement in only one dimension is
nance imaging methods can be limited by the spectral resaequired. For example, in a tightly confining Gaussian laser
lution of the Raman pulsa v, the atomic velocity, along  beam trap at sufficiently low temperature, all atoms will be
the measurement axis, or the atomic acceleration due to the the lowest radial eigenstate. In this case, interesting two-

V. DISCUSSION
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By(r)

S|n¢(r)= B)%([’)—+B)2/(r)

Though the Raman field vectors remain constant in the
lab, the quantization axis rotates with the magnetic-field ori-
entation by the angles defined in Eqél). Thus we can
determine the effective Raman Rabi frequengiké) for
transitions in the rotated fram{ec’,y’,z'} by considering ro-
tations of the Raman transition operator. Since we define the
Raman polarizations gs,y} in the lab, the unrotated opera-
tor T, inducesAm=0 transitions. For these transitions, the
Raman Rabi frequency is given bg1] B=228,/9. By is
defined as

FIG. 9. Orientation of the quantization axs The primed axes
are the atom frame coordinates, determined by the components of Q(Z) l,
the magnetic field; the unprimed axes are the lab frame coordinates. Bo=— A Vi (A2)
The z axis is the propagation direction of the Raman fields. 1

A is the detuning of the Raman beams from the excited state
point spatial correlations occur only in the axial direction.frequency 118 MHz in our experimentl, /I, is the ratio
Measurement of state-dependent spatial correlations will bef the intensities of the two Raman bearf, is an effective
of great interest in exploring fundamental quantum featureRabi frequency for the strongest transitigthe |F,mg)

of cold, weakly interacting atom samplg8], such as two- =|3/2,3/2—|5/2,5/2 transition in our experimeptand is
state fermionic atoms in a far detuned optical tfag|. given by
HoE1
ACKNOWLEDGMENTS Qo=——, (A3)
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and uq is the maximum transition dipole matrix element,
which is 5.9 D in our experiment.
APPENDIX: RAMAN TRANSITION PROBABILITY For brevity, we will only consider transitions from the
IN'A SPATIALLY VARYING MAGNETIC FIELD |1/2,1/2 level of ©Li, since the theory is the same for tran-
The local magnetic field defines a quantization axis, agitions from the|.1/2,— 1/2) level. In what fOI.IOWS’Bizl.’Z IS
shown in Fig. 9. In the lab frame, the Raman fields are crosst-he Rgman Rab' frequency fft/2,1/2—|3/2j) transitions.

. A n . Using spherical tensor operator notatid(k,q) [22], we
polarized alopg{g,y} anq propagate along theaxis. If the. define T(1,0)=T, where (3/2,1/2T,|1/2,1/3 = B1p 1. In
local magnetic field3 points alongz, then the atom experi- terms of operators in the rotated franfé(1,q), T(1,0) may
ences the Raman transition operators as defined in the lage expressed 482]

Thus an atom in this magnetic field is coupled to the final

state by aAm=0 transition. However, if the local magnetic

field is oriented along the lalk axis, the atom views the

Raman field as being polarized along tf#,x'} axes, re-

sulting in Am=£1 transitions. In a magnetic field which

does not lie directly along one of the lab frame axes, the

atoms make a combination of both types of transitions. Dy o(r)=(—1)
The anglesd and ¢ in Fig. 9 depend on the direction of

the local field at the point of interest. In the lab frame, theand Y14 are the spherical harmonics. The angs) and

T(1,0)=§ T'(1.9)Dg o), (A4)

where

1/2

Yl,q(e(r)!d)(r))v (AS)

3

angles are given by ¢(r) are given by Eqs(Al). Expanding Eq(A4) using Eq.
(A5) gives
cosé(r)= BAr) 1 _
VBZ(r)+B3(r)+B(r)’ T(l,O)=T’(1,O)COSG+ET’(1,— 1)e ¢ sing
n2 2 1 )
sing(r)= B0+ By(r) , +—T'(1,2)€"’sing. (A6)
VBN + B +B21) V2

(A1) Since only the magnitude of the Raman Rabi frequeficy

B.(r) determines the final-state probability, the phage) is not

COSP(r) = ————=—, important for determining3. Each of the terms in EA6)
BZ BZ . . -

VB (r) +By(r) is an operator which couples the initial sta1¢2,1/2 to one
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of the three finaF = 3/2 state43/2j). Here, and in the fol- These Raman Rabi frequencies completely specify the con-
lowing, all magnetic quantum numbers are referred tozthe tributions to the final state from tHa/2,1/2 state. The con-
axis in the rotated frame. Note that we assume that the popdributions from the|1/2,— 1/2) state can be calculated in the
lations in the|1/2,= 1/2) states are initially equal, so that the same manner, giving B_z,_1=Bapuz B-12-12

initial state has no polarization. Setting=0 gives us = pB1.1/, and By, 1= B-1/2.1/2-
,81,21,2:2\/5,6’0/9 as the matrix elements of(1,0) and Substituting these values ¢; and the values o62(r)
T'(1,0) for the transition to th§3/2,1/2 state. from Eg. (6) into Eq. (5) gives the single-atom final-state

The Wigner-Eckart theorem can then be used to deterprobability as a function of position:
mine the remaining matrix elements of the rota®€d1,q)
operator. With the known matrix element @f (1,0), the
reduced matrix element can be determined and is given by
(F=3/2|T'(1)||[F=1/2)=43B,/9. Using the reduced
matrix element, we find that3/2,—1/2/T'(1,—1)|1/2,1/2
=2B0/9 and(3/2,3/2T'(1,1)|1/2,1/2=2/3B,/9.

P(r,8) = sin2< g %sin 0(r)> siné(8712)

Using Eq.(A6) and substituting in the above values of the n Esinz(ﬁ @sin 0(r))
matrix elements off’(1,q), the Raman Rabi frequencies in 2 9 2
the rotated frame may be written as
L[ (4up/3h)B(r)]T
1 X1 sinc >
B_1217=—=(3/2—1/12T"(1,—1)|1/2,1/2sin 6
V2 [ 8+ (4uel3k)B()]7
i +sinc >
:?ﬁo S|n 0,
1 ,(2V2 B
\/_ +§SII’]2 TTCOSQ(T)
242
Bajo1=(312,1/13T (1’0)|1/2’1/2>C050:T’80 cosd, . [6—(2u5/3%)B(r)] 7
(A?) X4 sin 2 .
1 R [+ (2pg/3)B(r)]7
,83,2,1/2=E(3/2,3/2T’(1,1)|1/2,1/2)3|n 0=?B0 siné. +sinc¢ 5 : (A8)
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