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Atomic Wave-Function Imaging via Optical Coherence
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We demonstrate optical methods for studying the slowly varying part of atomic center of mass wave
functions, i.e., with thermal plane-wave factors removed. Utilizing continuous spatial photon echo
fields and a simple lens system, the techniques determine the spatial distribution of the slowly varying

wave function when the echo field is measured in the image plane.

The corresponding momentum

space distribution is obtained with high momentum resolution (0.1% of the photon momentum) using

Fourier transform optics.
PACS numbers: 42.50.Vk, 42.50.Md

Methods for manipulating atomic center of mass wave
functions are being widely explored in the emerging field
of atom optics [1,2]. A substantial part of this work in-
volves the study of the interaction of atomic states with
optical force fields. For precise characterization of opti-
cal forces, it is often necessary to achieve high momentum
resolution (much less than the photon momentum), for ex-
ample, in velocity selective coherent population trapping
[3]. There is also substantial interest in methods for us-
ing atomic momentum distributions to characterize elec-
tromagnetic fields in cavities [4].

In this Letter, we demonstrate a technique which em-
ploys continuous spatial photon echoes [5] to study the
slowly varying part of atomic center of mass wave func-
tions, i.e., with thermal plane-wave factors removed, in
both position and momentum space. We show that, within
the paraxial approximation, the echo field in the image
plane (Fig. 1) measures the spatial distribution of the
atomic polarization which, in turn, determines the spatial
distribution of the slowly varying wave functions. Simi-
larly, using Fourier transform optics, the echo field in the
Fourier plane yields the corresponding momentum space
distributions. This technique achieves high momentum
resolution (10~3 photon momentum) because atomic mo-
menta are measured relative to a photon recoil momentum
rather than relative to a thermal atomic momentum as in
previous atom deflection experiments [6].

The scheme of the wave-function imaging technique is
depicted in Fig. 1. A beam of two-level atoms moving
nominally in the y direction crosses two continuous
preparation laser fields separated by a distance y,;. The
first preparation region places the atoms in a superposition
of the excited state |e) and the ground state |g) (Fig. 2),
creating a macroscopic dipole moment. Because of the
spread in Doppler shifts, the optical dipole moment
dephases and the macroscopic coherent field radiated by
the sample becomes negligible. On traversing the second
preparation region, the atoms experience a 7 pulse in
their rest frame, which conjugates the accumulated phase
shifts. Because of this conjugation, the atomic dipole
moment rephases and a coherent echo field is generated
downstream at a distance y,; from the second preparation
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region. This continuous spatial photon echo is analogous
to that normally obtained in the time domain [7]. The
echo field propagates in the z direction through a lens
which creates an image of the echo region. This image is
observed using a detector array positioned to measure the
spatial distribution of the atomic polarization. In addition,
a portion of the echo field is reflected from a beam splitter
and directed through a second lens. A detector array
placed in the appropriate Fourier plane of this lens allows
the momentum distribution of the atomic polarization to
be observed.

The atomic polarization is sensitive to perturbations of
the atomic wave functions near the rephasing point, since,
in this region, the excited and ground state slowly varying
wave functions have constant amplitudes and constant
relative phase in the absence of external perturbations.
Hence, the excited state wave function can be used as a
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FIG. 1. Scheme of wave-function imaging. Atoms traverse
two x polarized cw laser fields (polarized by P1). This creates
a rephasing optical polarization downstream which radiates a
coherent echo field. A z polarized light shifting beam (shown
in white) propagates along x and is tightly focused along y
onto the echo region. This beam creates a spatially varying
potential for the atomic ground state. The echo signal passes
through a y polarizer P2 and is imaged onto a diode array D1 in
the image plane of lens L1. A part of the echo beam, reflected
from a beam splitter BS, is Fourier transformed by lens L2
and observed in the Fourier plane with diode array D2. The
image (Fourier) plane intensities reveal the ground atomic state
position (momentum) distribution along y.
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FIG. 2. Level diagram and an expanded view of the echo
region with the light shift potential. A laser field of frequency
w excites the echo transition |g) — |e). An off-resonant light
shifting beam (w;s) interacts with levels |g) and |e’), creating
an effective ground state potential V,(y). Since total energy
is conserved, i.e., E.x = E,x + hw, the coherently superposed
states radiate an echo field at the frequency of the laser field
w. The ground state momentum distribution along the y axis
is altered by the potential.

reference wave for the ground state, enabling imaging of
the slowly varying wave functions via the echo fields, as
we now show.

For an atom with a center of mass velocity v = ik/M
prior to entering the preparation field regions, the wave
function at position R can be written as

ik-R—iEgxt/hi
¥ (R, 1)) = T Dxex (R, D)lg)

+ xex(R, 1) e @0]e)]. (1)

Xek(R, 1) and y.x (R, ) are the slowly varying center of
mass wave functions of interest. It is assumed that the
preparation fields of frequency « propagate nominally
along z with wave vector ¢ = w/c. Egx is the sum of
the ground state internal energy and the incident center of
mass kinetic energy for the atom. For the superposition
states which radiate the echo field, the total excited
state energy differs from the ground state total energy
by a photon energy Zw. Similarly, the excited state
momentum differs from that of the ground state by a
photon momentum /g along z. For this reason, |k (R, 1))
is expressed in the rotating frame where expli(gz — wt)]
is factored out for the excited state.

The atomic polarization per unit volume is P(R,¢) =
NP (R, )IA|W(R, 1))o)k. ()o denotes the quantum av-
erage of the atomic dipole operator d with respect to the
internal atomic states, N is the number of atoms in the
quantization volume V, and ( )k denotes a thermal average
over initial atomic center of mass wave vectors. For con-
tinuous preparation fields and time independent external
potentials, the atomic polarization can be written in the
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form P(R,?) = Re{P(R)expli(qz — iwt)]}, where P(R)
is the slowly varying envelope of the polarization. For
simplicity, we assume that 7?(R) varies only in the y di-
rection, as is the case in our experiment. Then, Eq. (1)
yields P(y) = 2ndge{Xex () Xzk(Y), Where n = N/V
is the atomic density. The echo field in the image plane
is proportional to P(y) in the paraxial ray approximation,
so that

Er(y) = (e (M xma (3 - )

Similarly, the echo field in the Fourier plane is

Erp) o« [ dy P a0, O

where the momentum /Zp is related to position y, in the
Fourier plane according to p = gy;/zs. z; is the distance
between the Fourier plane and the Fourier transform lens
(Fig. 1) and hAgq is the incident photon momentum.

For an echo experiment with no external perturbing po-
tentials, the product of the excited and ground state slowly
varying wave functions near the rephasing point is ap-
proximately independent of velocity and slowly varying in
space. In an ideal echo case, the first excitation is equiv-
alent to a 7 /2 pulse in the atom frame, and the second

excitation is equivalent to a 7 pulse. Then, for y > y,,
©) . 0" .
Xg;k(y) = (1/\/5) exp[l(d)l - ¢2 - quYZ]/Uy)] = Xg:k 18

position independent. ¢; is the preparation field
phase in region i = 1,2, and the superscript (0)
denotes the slowly varying wave function in
the absence of a perturbing potential. Similarly,
X2 = (/V2) exp(ilehs = que(y = ya)/v,]).  With
y = 2y»;, the slowly varying polarization envelope is
nearly independent of v and the dipoles rephase to radiate
a strong, coherent echo signal. Near this rephasing point,
qu.(y — 2y21)/vy, < 1, and the product Xi?&,\/é?k* is
approximately independent of position and velocity.

To demonstrate the imaging method, we modify the
atomic ground state wave function using an off-resonant
laser field which couples levels |g) and |e’) (Fig. 2).
This provides a spatially varying light shift potential,
Ve(y), with a Gaussian profile. V,(y) affects only the
ground state |g) of the echo transition. The correspond-
ing Schrédinger equation is readily solved in this case by
defining y,k(y) = X;f:[;)l)( Yox(y), where X;E:(;)l)( is the ampli-
tude given above for the V,(y) = 0 case. Since ,\/iol)( is
position independent, ,.x(y) is then the atomic ground
state slowly varying wave function in the presence of
V.(y). Hence, near the rephasing point, the image plane
field is proportional to the average ground state slowly
varying wave function, Z;(y) * (o.k(y))k. The field in
the Fourier plane corresponds to the average ground state
momentum space wave function, Er(p) < (¢ex(p))k.
Thus, we say that the (average) slowly varying wave func-
tions are “imaged.” We note that for this method to be
applicable the spatial coherence length of the atoms does
not need to be longer than the length scale of the slowly
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varying wave function. However, only in the long coher-
ence length limit is ¢,.x(R) the envelope of a true wave
packet.

The atomic state ,x(y) does not vary significantly
over the thermal velocity distribution (k) for a super-
sonic atomic beam, as used in the experiments. Hence,
the slowly varying wave functions of all atoms are ap-
proximately identical and ,.x(y) = ¢¥,(y). Then, Eq. (2)

shows that E,(y) « f}o)( y) w;(y), where the image plane

field in the absence of V,(y) is fl(o)(y) = <X£?|)<()’))(§;)l)(* k-

The spatial resolution in the image plane is limited in
principle by diffraction due to finite lens apertures and
in practice by the quality of the imaging system. The cor-
responding field in the Fourier plane is

= [ ay EOemyio). @

The ground state momentum space wave function in
the external potential is manifested in the distribution
of momenta p. Using Fourier optics, the angle 6 at
which photons are emitted is measured. Since 6 =
p/q = yr/zs, the momentum fp in Eq. (4) is measured
in units of the photon momentum /ig. Equation (4)
also shows that the angular resolution is limited by the
diffraction angle corresponding to the finite aperture of
the echo rephasing region, i.e., the width of f,o)( y) over
which the field is coherent in the plane of the atomic
beam. This diffraction angle is typically milliradians
in the experiments. Hence, sensitivity to momentum
transferred to the ground state by the spatially varying
potential V,(y) and further, the accuracy of the ground
state momentum-space wave-function measurement is at
the milli-photon-momentum level as demonstrated below.
It is interesting to note that momentum resolution in the
Fourier plane is consistent with the uncertainty principle.
This follows because the momentum space resolution is
determined in the experiments by the Fourier transform of
the finite aperture of the unperturbed echo field. Hence,
the momentum resolution cannot be further improved by
choice of lenses.

In the experiments, we use the "Fo,M = 0 —'D|,M =
1 transition in °2Sm at 599 nm, which has an excited state
radiative lifetime of 1.7 usec. Magnetic compensation
of the Doppler shifts along z reduces the inhomogeneous
linewidth of the medium, allowing the use of a relatively
wide atomic beam (=1 cm) [8]. Tremendous enhance-
ment of the echo intensity is achieved with this method
[S]. The x polarized preparation fields are blocked by ob-
serving the echo through a y polarizer. The intensity of
the echo field is observed using a linear diode array with
25 pm spacing. In the image plane (magnification —1),
the echo is approximately Gaussian with an intensity half-
width at 1/e of w, = 100 pwm.

The potential V,(y) is due to a Gaussian light shifting
beam which propagates along x into the echo region from
above. This beam is z polarized to access the J/ = O, M =
0—J =1,M = 0 transition (Fig. 2), thereby shifting

only the ground state of the echo transition. The light
shifting beam is 1.5 cm in diameter and is tightly focused
with a cylindrical lens to an intensity half-width at 1/e
of wy = 11 um along the atomic beam direction y. The
potential is approximately constant along the depth of
the echo emission region, so that V,(y) o« exp[—y?/w2].
The echo preparation beams are derived from the laser
field which provides the light shifting beam by using
a 110 MHz acousto-optic modulator to provide a fixed
frequency offset. The laser frequency is stabilized so that
the preparation beams are resonant with the AM = 1 echo
transition. The M = 0 and M = 1 excited states are split
by an adjustable Zeeman field which places the light shift
transition above or below resonance with the light shifting
beam. The atomic beam is collimated in the vertical
direction so that the Doppler shift of the light shifting
beam is small compared to the detuning.

Figure 3 demonstrates the effects of the light shift
potential on the momentum distribution of the echo field.
The echo intensity « |Ex(p)|? is detected with a diode
array in the Fourier plane, zy = 0.45 m from the transform
lens. Figure 3(a) shows the results for an attractive
perturbing potential, i.e., with the light shift beam detuned
negatively. The unperturbed echo momentum distribution
has an approximately Gaussian profile. With the potential
applied, the momentum distribution of the echo field is
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FIG. 3. Ground state momentum distributions measured as the
echo intensity in the Fourier plane (dotted lines). Calculated
ground state momentum distributions (solid lines). Data and
calculated curves are normalized to the maximum echo intensity
for the fit with V, = 0 and plotted versus momentum p along
the y axis in units of 1073 photon momenta. (Atomic source
to the right.) (a) Attractive potential (negative detuning for the
light shifting field); (b) repulsive potential (positive detuning
for the light shifting field). Note that the momentum deflection
due to the perturbing potential V,(y) is of order 107* photon
momentum.

1333



VOLUME 74, NUMBER 8

PHYSICAL REVIEW LETTERS

20 FEBRUARY 1995

shifted toward the atomic source (to the left in Fig. 1),
indicating that the atomic ground state mean momentum
is increased, according to Eq. (4). Figure 3(b) shows the
data for a positive detuning, i.e., a repulsive potential. In
this case, the momentum distribution is shifted oppositely.
In both cases, the momentum change is the order of a few
milli photon momenta. It is also worth noting that the
frequency of the echo field does not change as a result of
the light shift. This is due to the fact that transitions occur
between eigenstates of the total energy, Fig. 2.

The measured distributions can be compared to those
calculated from the ground state slowly varying wave func-
tion. We use an eikonal approximation to the Schrodinger
equation, which is appropriate because the potential energy
Ve(y) is small compared to the kinetic energy of the su-
personic beam. In this case, ¢, (y) = exp[—i®P(y — yo)],
where ®(y) = (1/hvy) [7.. dy' Vo(y') and y, is the
displacement of the center of the light shifting beam
from the center of the echo region. The echo field for
Ve(y) =0 is taken as T,(O (y) = exp[—(y/w.)?/2].
The ground state phase shift can be written as
D(y) = ¢o [7ody’ exp[—(y'/w,)?]/wy /7, Where ¢ is
the phase shift acquired by a ground state atom which
traverses the entire light shift region. This phase shift
is measured experimentally by interfering the continuous
free induction decay field from the v /2-preparation region
with the echo field in the Fourier plane. The resulting
interference pattern shows that the phase of the echo
field does not appreciably vary across the echo aperture
when V,(y) = 0. By placing the light shifting beam
between the 7r-preparation beam and the echo region, ¢,
is determined as the phase shift of the fringes with and
without the light shifting beam. For 135 mW of light
shifting power and 45 MHz negative detuning (attractive
potential), ¢o = —2.2 rad; for 45 MHz positive detuning
(repulsive potential), ¢ = +2.2 rad. With an atomic
velocity of 800 m/s, this corresponds to a depth of the
attractive potential of 14 MHz. Calculated Fourier plane
intensity distributions |Ez( p)|*> obtained from Eq. (4) are
shown as the solid curves in Fig. 3. The experimental
results are in excellent agreement with this simple model
using the measured light shift potential parameters and the
echo amplitude in the absence of the light shift potential.
Note that for simplicity, we ignore the amplitude modula-
tion due to the light shift beam. The offset y, of the light
shifting beam from the echo center is adjusted to give the
best fit to the data and is found to be 20 um.

In conclusion, we have demonstrated the use of con-
tinuous photon echoes observed in the Fourier plane to
measure the momentum distribution for the slowly vary-
ing wave function of a specific atomic state. Very high
momentum resolution is achieved (=10~3 photon momen-
tum). The experiments were done under conditions where
all atoms have approximately identical spatial wave func-
tions. In the general case, the atomic wave functions
may not be nearly identical, and a proper statistical av-
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erage is needed. Nevertheless, the method provides in-
formation about the momentum distribution of the states
which are imaged. This method may have applications in
studies of optical forces and in measurements of electro-
magnetic fields in cavities using atomic momentum dis-
tributions. Using homodyne detection, it is possible to
measure the echo field, and hence obtain the phase and
amplitude of the atomic slowly varying wave functions.
The echo imaging method can be extended by employ-
ing Raman echoes [9,10], where coherence is stored in
long-lived ground state sublevels and retrieved optically
as in the present experiments. Such techniques may have
unique applications in nonlinear optical processing and
for information storage in ground state wave functions.
Also, increased sensitivity to small potentials can be ob-
tained by exploiting the method of weak measurement,
as recently suggested theoretically [11] and subsequently
demonstrated [12]. In this case, echoes on coupled tran-
sitions with different magnetic sublevels can be made to
interfere. The echo intensity can be observed in a polar-
ization rotation configuration, thereby greatly increasing
the sensitivity to small optical forces which differently af-
fect the superposed states.
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