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Momentum transfer to atoms by a standing light wave: Transition from diffraction to diffusion

Phillip L. Gould, * Peter J. Martin, George A. Ruff, ~ Richard E. Stoner, Jean-Louis Picque, ~ and David E. Pritchard
Department ofPhysics and Research Laboratory ofElectronics, Massachusetts Institute of Technology,

Cambridge, Massachusetts 02139
(Received 20 August 1990)

Momentum transfer to atoms by a standing light wave is measured in the presence of spontaneous
decay. As the number of spontaneous decays is increased, the well-known Kapitza-Dirac diffractive
structure observed in the absence of spontaneous decay evolves into a smooth diffusive pattern.
Theoretical treatments based on a diffusive model adequately describe the rms momentum transfers
and the envelopes of the momentum distributions. However, we observe significant persistence of
diffractive structure at our long interaction times and find that details of the deflection profiles are
accurately predicted only when several spontaneous decays occur during the interaction.

The forces on atoms by light have recently received
much theoretical and experimental attention, ' not only
because of interest in the basic atom-light interaction, but
also because these forces offer ways to slow, cool, and
trap neutral atoms. %'e present here high-resolution
measurements of the deflection of an atomic beam by a
plane standing light wave that show how the momentum
transfer to the atom changes from diffractive to diffusive
as the number of spontaneous decays during the interac-
tion is increased. These measurements represent a quan-
titative test of diffusion-based light force theories that
must be applied when spontaneous emission plays an im-
portant role. Such diffusive theories do not predict the
considerable persistence of diffractive structure that we
observe at our long interaction times. On the other hand,
these theories predict the rrns momentum transfer within
the 15% experimental uncertainties and agree qualita-
tively with diffractive-averaged envelopes of the observed
defiection profiles. Quantitative agreement between mea-
sured and predicted momentum distributions is obtained
under conditions where many spontaneous decays occur.

Forces on atoms due to light are generally separated
into two types, the spontaneous force (radiation pressure)
and the dipole force. The dipole force is due to the in-
teraction of the atom's induced dipole moment with (the
gradient of) the light amplitude and is by far the more
significant force in a standing light wave, the
configuration used in our experiment. (In fact, the aver-
age spontaneous force vanishes everywhere in a standing
wave —only its fiuctuations remain. ) Recent experiments
involving the dipole force in a standing wave have fo-
cused on the velocity dependence of the force and the
ability of the standing wave to redistribute and channel
atoms. In the present work, we probe the effects of spon-
taneous decay on the spatially dependent dipole force,
thereby extending our previous measurements of
diffraction ' into the diffusive regime.

The dressed-atom approach provides the most physical
description of dipole light forces. The two "dressed"
states have an induced dipole moment aligned parallel
and antiparallel to the oscillating light field, resulting in
an attraction towards higher and lower light intensities,

respectively. In the absence of spontaneous emission the
atoms remain in one dressed state, experiencing a uni-
directional force which varies with the local intensity gra-
dient. Spontaneous emission can cause transitions be-
tween the dressed states resulting in random changes in
the sign of the dipole force. The time-averaged dipole
force is proportional to the population difference of the
dressed states and goes to zero at zero detuning. Spon-
taneous transitions between these states result in force
fluctuations, leading to "induced" diffusion in the
momentum distribution. In addition to the fluctuations
in the dipole force, there are fluctuations due to the ran-
dom recoil from spontaneously emitted photons. These
fluctuations are the only manifestation of the spontane-
ous force in our experiment; they give rise to "spontane-
ous" diffusion in the momentum distribution.

Although the spontaneous fluctuations are always
more than an order of magnitude smaller than the in-
duced fluctuations in our experiment, their effect is very
noticeable in our data because they are solely responsible
for the transition from a multipeaked diffractive momen-
tum distribution to a smooth diffusive distribution. This
observation, apparently not mentioned in previous
theoretical treatments, may be understood by using a
quantum view of the light, in which momentum is
transferred to the atom by photons, each with momen-
tum haik. Since the dipole force and its fiuctuations (in-
duced diffusion) result from momentum exchanged by ab-
sorption and stimulated emission of photon pairs, the
projection of this momentum along the laser axis (for our
plane standing wave) is quantized in integral multiples of
26k. Hence induced diffusion does not contribute to the
blurring of the rnultipeaked diffractive structure. On the
other hand, spontaneous recoil occurs in a random direc-
tion so that its momentum component along the direction
of the standing wave can range from —Ak to +A'k.
Thus spontaneous diffusion imparts momentum with a
continuous distribution which fills in the minima between
the peaks at 2nfik, smoothing the final momentum distri-
bution and completing the transition to the diffusive re-
gime.

A complementary view of the quantized momentum
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distribution described above arises when both light and
atoms are viewed as waves. The periodic light intensity
now acts as a phase grating with spatial period A, /2, lead-
ing to atomic diffraction ' with period 2hk. In this view
the diffraction may be said to arise from the interference
of waves which scatter from similar parts of the grating
spaced apart by 1,/2. The loss of the difFractive structure
then results from the loss of coherence between portions
of the atom wave which scatter from different parts of the
potential, a loss which originates solely from the spon-
taneous decay.

The experiments are performed on the apparatus previ-
ously described. ' ' A monoenergetic [b U/U =11% full
width at half maximum (FWHM)], highly collimated
(1.0A'k FWHM), optically pumped' atomic sodium beam
is deAected by a well-characterized, circularly polarized
standing light wave. Experimental results are shown in
Fig. 1. The transition from diffraction [Fig. 1(c)J to
difFusion [Fig. 1(a)] is made by tuning closer to resonance,
thereby increasing N, the average number of spontaneous
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decays in the interaction region. All three curves have
the same interaction line.

There are two key elements to be considered when the
transition is made by changing the detuning at a fixed in-
teraction time. First, as we tune closer to resonance, the
time-averaged dipole force weakens while its Auctuations
grow. This causes a qualitative change in the envelope of
the defiection profile as two symmetric peaks [Fig. 1(c)]
coalesce into one [Fig. 1(a)]. The second consideration
involves the manner in which the increasing [from Fig.
1(c) to 1(a)] value of N fills in the momentum distribution
between the 6 functions located at 26k intervals. Both
considerations indicate that it is the number of spontane-
ous decays and not simply the length of interaction time
that is the important factor in making the transition.

The theoretical description of momentum transfer in a
standing wave is complicated by the stochastic nature of
spontaneous emission. Therefore, fully quantum-
mechanical descriptions of the momentum-transfer pro-
cess ' "(which yield quantized momentum distributions)
are replaced by a Fokker-Planck approach' ' in which
the momentum is treated classically, i.e., as a continuous
variable. This diffusive theory has been applied to the
standing-wave problem by several authors. ' ' A brief
synopsis of this "standard" theory, generalized for arbi-
trary laser profile, is given here. We note that Ref. 16 has
specifically addressed the transition regime and solved
the problem in principle, but computational complexities
have prevented direct comparisons with experiment.

The electric field that an atom is subjected to as it
moves through the standing light wave is given by

E (x, t) =2Eof (t)cos(kx)cos(cot) .

In this expression f (t) describes the time dependence of
the field amplitude due to the atom's passage (along y)
through the laser beam with velocity U. The laser profile—

(.t l~)J'is Gaussian: f (t)=e "~', where r is the transit time
for the 1/e radius of intensity.

For a two-state atom (energy difference irido) interact-
ing (via dipole moment p) with the electric field of Eq.
(1), there are three relevant frequencies: the spontaneous
decay rate I (1 /2' = 10 MHz), the laser detuning
A=co —mo, and the Rabi rate Qo=pEO/A, due to one of
the two counterpropagating traveling waves which
combine to form the standing wave. Defining
r =I /(I +46 ) and s(x, t)=sof (t)cos (kx), with
so =80o/( I +4b, ), the dipole force is' '6

irtb, ds

2(1+s) dx

-24 -12 12 24

FIG. 1. Experimental data (solid lines) of transverse momen-
tum transfer to an atomic beam by a standing light wave for
diferent values of N, the average number of spontaneous decays
during the interaction. (a) 6=0, Ao =2.36I, N =4.48; (b)
6=4.0I, 0 =3.34I, N= 1.15; (c) 6=8.0I, Q =3.34I,
N =0.40. The interaction time is I ~=4.71 for a11 scans.
Dashed lines are theoretical predictions [Eq. (5)].

3

1+(4r —1)s+3s +-
r

A' I ds

16s (1+s)

Ds(x, t) = IAk s
10 1+s (3b)

and the contributions to the momentum diffusion
coefficient, D =DI+Ds, from induced processes (DI)
and spontaneous recoil (Ds) can be written' '
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2vrpD (x )

+ A, /4
P(p) =—f dx—A, /4

—
LP

—P~(x)]'
X exp

2pD (x)
The rms momentum transfer p, , is easily calculated

from this momentum distribution:

(5)

p,', = f dp p'P (p) =—J dx [p~(x) +pD (x) ]

J F+JI+Ps ~ (6)

where the contributions from the dipole force, induced
diffusion, and spontaneous recoil have been separated.
The relative contributions of the three terms are plotted
as functions of detuning in Fig. 2.

The various contributions to p, , may be isolated as
follows: on resonance, the force term vanishes while the
diffusive terms are maximized; whereas for 6)Ap the
diffusive terms vanish more rapidly than the force term.
Therefore momentum-transfer measurements at small
and large values of 6 are primarily observations of the
diffusive and force terms, respectively. We note that
spontaneous recoil contributes negligibly to p, „' its only
observable effect is to smooth the diffraction peaks.

The theoretical predictions given by Eq. (5) (with no
free parameters) are shown as the dashed curves in Fig. 1.
Since the momentum is treated classically, diffraction is
not included —probabilities instead of probability ampli-
tudes are summed in Eq. (5). This theory yields a smooth
prediction for momentum transfer with the double-
peaked structure' in Fig. 1(c) changing to a diffusive
single-peaked distribution in Fig. 1(a).

The rrns momentum transfer for two values of laser
power are plotted as a function of 6 in Fig. 3. The
theoretical fits in Fig. 3 are derived from Eq. (6), again
with no free parameters. The error bars on the data
reflect only the uncertainties in the measurement of p, ,

Considering an atom crossing the standing wave at a
point x, the dipole force [Eq. (2)] will impart an average
transverse momentum p~(x) to the atom over the course
of the interaction. In addition, the dispersion of the
atomic momentum pD (x ) will increase as a result of
momentum diffusion [Eq. (3)]. Solution of the Fokker-
Planck equation' yields a Gaussian momentum-transfer
distribution centered at P~(x) with rms width pD(x). In
our experiment the change of x during the interaction is
much less than k hence the average value and dispersion
of the atomic momentum are given by

p~(x)= J F(x, t)dt, (4a)

pD(x)=p~(x)+ps(t)=2 J tD~(x, t)+Ds(x, t)]dt, (4b)

where we have separated the contributions to the disper-
sion from induced diffusion and spontaneous recoil.
Since the extent (along x) of the atomic beam is much
greater than k and the initial momentum distribution is
much narrower than the distribution of momentum
transfers [determined by Eq. (4)], the final momentum
distribution P(p) is just the average of Gaussians cen-
tered at Pz(x) and having dispersion PD(x)
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FIG. 2. Contributions to the total mean-squared momentum

(solid line) from the dipole force (dotted line), induced di6'usion
(dashed line), and spontaneous recoil (dash-dotted line). For
these plots 00=2.49I and I ~=4.71, implying that N=1 for a
detuning of 6=3.5I .
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FIG. 3. rms momentum vs 6 for two values of laser power.
The solid line is the theoretical prediction for P =475 pW
(Q0=2.491 ) and the dashed line is the prediction for P =190
pW (00=1.57I ). Experimental data points taken at P =475
pW (circles) and P = 190 pW (squares) are also shown.
I ~=4.71 for both data and predictions. For the high and low
powers, X= 1 for detunings of 6=3.5I and 2.2I, respectively.

Uncertainties in parameters of the interaction cause
about a 7% uncertainty in the theoretical curves (not
shown). The largest contribution to this is a 5% error in
measuring the absolute laser power. Considering the ex-
perimental and theoretical errors, we do not view the
slight systematic deviation of the data from the theoreti-
cal curves as significant.

In conclusion, we have observed the transition from
diffractive to diffusive behavior in the momentum
transfer to an atomic beam by a standing light wave. In
the absence of spontaneous decays, the dipole force dorn-
inates and diffraction with a two-peaked envelope results.
With increasing spontaneous decays, Auctuations of the
dipole force (with momentum still imparted in units of
26k) assume the dominant role and lead to a single-
peaked distribution. Diffractive structure is washed out
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solely by spontaneous recoil, but only after several spon-
taneous decays. DeAection profile envelopes and rms
momentum transfers are in general agreement with
theoretical predictions based on the Fokker-Planck
diffusion equation, but details of deflection profiles are ac-
curately predicted only in the diffusive limit. The per-
sistence of diffractive structure is not accounted for in
this type of theory, and remains a challenge to theory.

Our results point out that the transition from diffraction
to diffusion involves the number of spontaneous decays
and not simply the length of interaction.
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