VOLUME 67, NUMBER 15

PHYSICAL REVIEW LETTERS

7 OCTOBER 1991

Precision Position Measurement of Moving Atoms Using Optical Fields
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We demonstrate optical techniques for precisely measuring the position of moving atoms. Micron spa-
tial resolution is attained by the methods which ultimately will scale to yield nanometer resolution limit-

ed by the uncertainty principle.

PACS numbers: 42.50.Vk, 32.80.Pj

In this Letter we demonstrate new state-selective opti-
cal techniques for precisely measuring the position of
moving atoms. The methods employ Raman-induced res-
onance imaging [1,2] in which a spatially varying poten-

tial correlates an atomic resonance frequency with the

atomic position. Optical methods are ideally suited for
high-resolution resonance imaging because they permit
the study of very small volumes, which facilitates the ap-
plication of large spatially varying potentials. Further,
these optical techniques do not require mechanical sur-
faces (wires, slits, electrodes, etc.) to be placed in the re-
gion to be studied. In the first experiments, which are de-
scribed below, a magnetic-field gradient provides a spatial
variation of the resonance frequency yielding spatial reso-
lution of 1.7 um. This is near the theoretical limit pre-
dicted for the transverse velocity spread for the atomic
beam employed in the experiments. This demonstration
paves the way for new experiments employing large spa-
tially varying light shifts which are expected to achieve
suboptical wavelength spatial resolution down to the
nanometer region, limited by the uncertainty principle.

The development of these techniques has been motivat-
ed by the recent progress and interest in the creation of
atomic spatial distributions which vary over small length
scales. In atomic beams, such distributions arise by dif-
fraction [3], periodic spatial modulation [4], channeling
[5], focusing [6,71, and cooling [8]. In general, the distri-
butions exhibit momentum-space coherence and are of
both practical and fundamental interest. Recently, tech-
niques have been developed for precise velocity selection
[9] which are complementary to the techniques presented
in this Letter. Many of these achievements have been
spurred on, in part, by the advent of practical laser-
cooling techniques [10]. Important applications include
atomic interferometry, gyroscopes, and the creation of
submicron structures by atomic deposition [3,4]. While
techniques exist to create suboptical wavelength atomic
spatial modulation and interference in atomic beams,
methods for detection have been limited principally to hot
wires or mechanical slits. Only in Ref. [5] is optical ab-
sorption used to determine an atomic position distribu-
tion. In that work, atoms are channeled in an off-res-
onant optical standing wave.

As discussed below and in Refs. [1,2], the fundamental
limits on spatial resolution for the Raman-induced reso-
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nance imaging method are determined by the interplay
between maximizing spectral resolution and minimizing
atomic motion along the measurement x axis, which is
perpendicular to the atomic beam. In general, this atom-
ic motion includes the velocity of the atoms along the
measurement axis, acceleration imparted by the spatially
varying potential, and wave mechanical diffraction. The
best possible spatial resolution is achieved by choosing an
optimum transit time across the optical field region.
Transit-time-limited spectral resolution is easily achieved
by using optically induced Raman transitions between
long-lived states. The combination of optimum spectral
resolution with a large spatially varying potential maxi-
mizes spatial resolution. As described below and in Ref.
[2], appropriate configurations generally require that the
size of the measurement region be quite small, which is
readily accomplished using focused laser fields to induce
the Raman transitions.

An important feature of the method is that the spatial-
ly varying potential affects only the final atomic state of a
Raman transition, while the initial state is unaffected.
This permits the initial state to propagate into the Raman
region without perturbation. Assuming that the spatially
varying potential varies linearly along the x axis only, the
final atomic state energy is shifted according to

Vx)=—(x—x0)F, )

where F is just the classical force exerted on the final
state by the spatially varying potential and xoF is the
shift from an adjustable, spatially constant field. The
spatial resolution Ax is determined by the spectral resolu-
tion Aw according to AV=FAx =hAw. With transit-
time-limited resolution for the Raman transition, the
spectral resolution is just Aw =1/T, where T is the transit
time across the Raman laser beams. Hence,

Ax=h/FT. 2)

Using Eq. (2), it is readily shown that the Raman-
induced resonance imaging method can yield uncertain-
ty-principle-limited spatial resolution for highly col-
limated atomic beams where the transverse momentum
Mv, <FT. An atom can make a transition from the ini-
tial state into the final state at any time during the transit
time 7. Since the force only is applied to the final state,
an atom making a transition initially upon entering the
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Raman laser beams acquires a transverse momentum F7,
while an atom making the transition just before leaving
the Raman beams acquires no transverse momentum.
Thus, the momentum spread Ap due to the applied poten-
tial is FT. In this case, according to Eq. (2), atoms
which make a transition to the final state emerge from
the Raman region in a localized wave packet of width Ax
and with a momentum spread Ap imparted by the spatial-
ly varying potential which obeys AxAp =h. Under cer-
tain conditions, a minimum-uncertainty Gaussian wave
packet can be produced [2].

With less collimation, the spatial resolution is limited
by the transverse thermal velocity spread. In this case,
the best possible velocity-limited spatial resolution, Axyel,
can be understood physically as follows. By increasing
the transit time 7, the spectral resolution is increased.
However, during the time 7" an atom of transverse veloci-
ty v, will move along the x axis a distance vyT. To
achieve the optimum spatial resolution 7" must be limited
to times of order 7 =Ax,./vx. Using this as the max-
imum transit time in Eq. (2) yields Axye= (R0 /F)"2
The corresponding diameter d of the Raman region for a
supersonic beam of speed v, is just v, T==Ax/6, where 6
is the beam collimation half angle.

A more careful calculation [2] yields velocity-limited
resolution

Axve=Qhv/F)'?, 3)

which differs from the heuristic result by V2. In this cal-
culation, the Raman laser fields are assumed to have
Gaussian intensity distributions and the optimum intensi-
ty 1/e width is found to be d =Ax,./6. For Gaussian
laser fields, the fluorescence signal S, measured in the
final-state detection region (see Figs. 1 and 2), can be
shown to depend on the Wigner phase-space distribution
for the initial atomic state, p; (vy,x"), according to

S (x9) < andvx dx'R \(x' —xo,v)pi(ex,x),  (4)

where R, is the spatial resolution function given by Eq.
(19) of Ref. [2] and ng is the Raman transition probabil-
ity for F=0. For optimized velocity-spread-limited spa-
tial resolution, R, takes the simple form

, 1 (x'—x0)?
R|(x —XO,L‘_X)=—\/—§—CXP[—'——A—X‘VZCI—}, (5)

where it is assumed that the incident phase-space distri-
bution is specified at the center of the Raman region. Ac-
cording to Egs. (4) and (5), the spatial resolution given
by Eq. (3) determines the 1/e width of a Gaussian spatial
resolution function which is convoluted with the incident
phase-space distribution.

We demonstrate the Raman-induced resonance imag-
ing method in a samarium supersonic beam using the
"F\— "Fg transition of '’Sm at 570.65 nm, Fig. 1.
Samarium was chosen for its convenient ground-state lev-
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FIG. 1. Energy levels of '*?Sm used for Raman-induced res-
onance imaging. The laser frequency o is locked to the f— [
transition frequency. A uniform magnetic field splits levels i
and f by 2A=220 MHz.

el structure, absence of nuclear spin, and convenient opti-
cal resonance frequency. Atoms which are initially in the
m =0 sublevel of the "F, ground state make a Raman
transition to the m=+1 sublevel via the "F, excited
state which serves as an off-resonant intermediate state.
The m =+1 state, which is emptied prior to the Raman
region by optical pumping, is detected after the Raman
region by resonance fluorescence. A spatially varying
magnetic field shifts the m =+1 state (g factor of 1.5),
so that the resonance frequency of the Raman transition
is dependent on the position of the incident atoms along
the measurement x axis. Equations (4) and (5) assume
that the difference frequency for the Raman fields is
chosen to yield resonance at the point x =xo. The point
xg is readily shifted by tuning a uniform magnetic field.
Detecting final-state fluorescence downstream from the
Raman region versus unifcrm magnetic field determines
the spatial distribution of atoms in the initial state with a
resolution Ax... Physically, the fluorescence intensity in-
duced in the detection region from the m = +1 final state
is proportional to the number of incident atoms in the
m =0 state near the point on the x axis where the Raman
fields are resonant with the local Raman transition fre-
quency.

The experimental arrangement is shown in Fig. 2. The
spatially varying magnetic field used in the experiments
consists of a linearly varying field with a constant gra-
dient of 500 G/cm, plus a 100-G uniform magnetic field
oriented along the z axis which shifts the m = +1 state by
approximately 220 MHz. The gradient magnetic field is
generated with two parallel copper tubes separated by 6
mm and carrying 100 A each in the same direction. With
the atomic beam axis defined as y, the magnetic-field gra-
dients are 9B./8x =8B,/0z =500 G/cm. Because of the
strong uniform field along the z axis, the spatially varying
level shift of the m =+ 1 state is dominated by the linear
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FIG. 2. Experimental arrangement. The gradient wires car-
ry parallel currents. With the uniform field, this creates a shift
of the f state which varies approximately linearly with position
along the x axis. The f state is emptied by optical pumping by
the first laser beam (w). Atoms then enter the Raman region
where the two overlapping laser beams (w * A) cause transi-
tions from state i to state f in a localized region along the x
axis. Atoms which emerge in state f are detected by laser-
induced fluorescence in the final region ().

variation of the z magnetic field along the x axis. This
yields a linearly varying energy for the m = +1 state, and
hence for the Raman transition, of 10° Hz/cm along the
X axis.

The two copropagating optical fields which induce the
Raman transition are derived using acousto-optic fre-
quency shifting of * 110 MHz from a single stable cw
dye laser operating at 570.65 nm. These two beams are
orthogonally polarized and combined in a single-mode
polarization-preserving optical fiber to ensure good mode
matching and parallel propagation of the Raman fields.
The intensities of the off-resonant Raman fields are
chosen so that the light shifts of the m =0 and m=+1
states are equal. Since the Raman resonance condition
requires only that the difference frequency of the optical
fields match the splitting between the initial and final
states, dye-laser frequency jitter and unwanted Doppler
frequency shifts due to the finite atomic and laser beam
collimation are eliminated. Additionally, the excited-
state spontaneous decay rate does not enter into the
linewidth of the Raman transition. Hence, transit-time-
limited spectral resolution is obtained [11].

The optimum spatial resolution in the present experi-
ments can be estimated from the previous discussion.
Since V/h is the level shift of the final m =+1 state in
Hz, in the present experiments F/h=10° Hz/cm. The
supersonic speed of the samarium beam is found by
time-of-flight measurements to be v, =9x10* cm/sec.
For supersonic beams, the effective oven aperture due to
collisions is larger than the actual oven aperture, making
the collimation angle uncertain. The collimation half an-
gle 0 is estimated by measuring the Doppler width of a
one photon transition after a 100-um slit placed 10 cm
from the oven aperture. This yields 6=0.5-1 mrad. For

0=1 mrad, v, =90 cm/sec, and Eq. (3) determines the
optimum spatial resolution Ax=1.7 pum. The corre-
sponding optimum diameter (FWHM) of each of the Ra-
man fields is 2.8 mm. With the gradient magnetic field
turned off, this corresponds to a Raman linewidth
(FWHM) of 210 kHz as is readily shown from the
weak-field Raman line shape for Gaussian laser beams in
the transit-time limit. These values were used in our ex-
periment.

Experimental measurements of the Raman line shape
with the gradient magnetic field off are obtained by moni-
toring fluorescence in the detection region versus uniform
magnetic field. The measured linewidth of 200 kHz
(FWHM) is in nearly exact agreement with that expect-
ed in the transit-time limit. Although the theoretical
analysis assumes weak Raman fields, in practice it is con-
venient to increase the Raman laser intensities to increase
the transition probability. In the optimum case, the Ra-
man “pulse area” ¢ in the atom frame should be approx-
imately n. A strong-field theory of the Raman line shape
for an off-resonant intermediate state (i.e., a two-level
theory without decay) shows that no broadening of the
line is expected provided that the ground-state light shifts
induced by the Raman fields are equal and ¢=x. The
measured line shape taken for ¢ =x confirms this result.
Hence, in the position measurements, the Raman field in-
tensities are left at the optimized levels.

For high spatial resolution with the gradient magnet
on, the Raman laser beams must be focused and precisely
centered along the vertical z axis between the two gra-
dient magnet wires. This is due to the dB,/98z contribu-
tion to the m =+1 level shift which leads to a position
smearing in our experiment given by 2.5 cm ~', (z?). The
vertical FWHM of the Raman beams is therefore focused
to =75 um, which reduces the smearing below 0.4 pm.
Precise centering is accomplished spectroscopically, by
reversing the current in one of the parallel wires of the
gradient magnet. In this case, the Raman linewidth with
the gradient on can be shown to narrow dramatically
when the Raman beams are precisely centered with
respect to the gradient wires compared to when they are
not centered.

For this experiment, a 25-um-diam gold-coated tung-
sten wire is placed at the center of the Raman fields, per-
pendicular to and at the center of the atomic beam. The
shadow which is cast in the atomic beam is measured to
demonstrate the method. The Raman-induced resonance
image of the wire is shown in Fig. 3. The known wire di-
ameter confirms the gradient magnet calibration and the
steepness of the rising edge of the fluorescence signal
versus uniform field determines the experimental position
resolution Ax =1.7 yum. This is consistent with the pre-
diction of the optimum resolution, Eq. (3), for a collima-
tion half angle somewhat less than 1 mrad, and 0.4 um of
(z?)-dependent position smearing.

In conclusion, we have demonstrated a Raman-induced
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FIG. 3. Raman-induced resonance image of the shadow cast
in the atomic beam by a 25-um wire. The solid line is the data.
The dashed line is the theoretical prediction for a spatial resolu-
tion of 1.7 um. The signal is the fluorescence intensity in the
final region vs uniform magnetic field.

resonance imaging technique which is capable of high
spatial resolution and which provides a general state-
selective method for the position measurement and locali-
zation of moving atoms. Experiments in progress will uti-
lize spatially varying light shifts to create and study
suboptical wavelength scale one-dimensional atomic wave
packets. Scaling to higher resolution is limited by the
signal-to-noise ratio because fewer atoms are sampled.
However, using single-atom detection for the final state
ultimately will permit scaling to nanometer spatial resolu-
tion limited by atomic diffraction and acceleration [2].
Many new applications of the Raman-induced reso-
nance imaging method are readily envisioned. Since the
spatially varying potential affects only the final state of
the Raman transition, this technique can be used to
determine the initial-state spatial distribution arising in a
wide variety of experiments. These include atomic inter-
ferometry [12], studies of localized atoms in cavities and
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near surfaces [13], generation of position squeezed states
in harmonic wells [14], measurements of trapped-atom
spatial distributions using pulsed Raman fields, and
atomic two-point spatial correlation. Further, novel
atomic optics can be developed based on high-resolution
position-dependent depletion of the incident beam.
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