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Evolution of coherent dark states
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We present a set of exploratory experimental studies of velocity-selective coherent population trapping
~VSCPT! on the 23S1→2 3P1 transition of Helium, including the effect of an external magnetic field along the
propagation direction of the light. We also investigate in detail the effects of the laser detuning and the
atom-laser interaction time in determining the shape and width of the VSCPT velocity distribution. Our data
corroborates some previous theory and calculations. We demonstrate that the only observable effect of a
magnetic field applied along the direction of light propagation is to shift the center of the VSCPT peaks in the
atomic velocity distribution by an amount proportional to the magnitude of the applied field. We present a
semiclassical picture that describes the atomic motion of VSCPT in such aB field.
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I. INTRODUCTION

Interference effects created by the superposition of w
amplitudes are manifest throughout physics. Perhaps
most familiar is the intensity modulation of light in interfe
ometers, but also well known is the interference of quantu
mechanical transition amplitudes@1–3#. When an interfer-
ence phenomenon is described by variables of more than
distinct Hilbert space, conflicts often arise between our in
tive picture of the classical world and its correct quantu
mechanical description. If one of these Hilbert spaces is m
roscopic, such as motion, and the superposition produ
entanglement of the variables, thenwelcher wegquestions
arise, such as the Einstein-Podolsky-Rosen paradox
many other ‘‘puzzles’’ of quantum physics.

The interference of quantum-mechanical transition am
tudes is well established@1–3#. One recent example of suc
interference, combined with the entanglement of variab
from two disparate Hilbert spaces, is velocity-selective
herent population trapping~VSCPT!, first described in 1988
@4,5#.

VSCPT is most easily understood for a two-level ato
moving in one dimension~1D! in a monochromatic,
standing-wave light field@6,7#. The light field couples pairs
of degenerate motional states of opposite momenta~and thus
the same kinetic energy!. The optical coupling is represente
by off-diagonal elements in the atom-light Hamiltonian m
trix that result in new, nondegenerate eigenstates. On
these is a superposition of ground atomic states for which
interference of transition amplitudes nearly isolates it fro
the light field. This light-decoupled state is called a ‘‘da
state.’’

In the original one-dimensional VSCPT experiment@4,5#,
the presence of multiple atomic levels resulted in an
tanglement of internal atomic states with external motio
states of the atoms, and the optical polarization selec
rules were exploited to produce a completely dark sta
When a dark state is also an eigenstate of the comp
Hamiltonian that includes the center-of-mass momentum
oms accumulate in this state and are trapped. Thus the s
atomic ground states critically define the external motio
1050-2947/2002/65~4!/043401~7!/$20.00 65 0434
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state, and the atomic sample can become extremely ‘‘co
@8#.

In this paper we discuss some of our recent studies
VSCPT. We investigate the effect of an external magne
field along the propagation direction of the light field, and w
present a semiclassical picture that describes the atomic
tion. We examine in detail the effects of the laser parame
and the atom-laser interaction time in establishing the ch
acteristic double-peaked feature in the velocity distribut
of atoms trapped in the dark state of VSCPT. We present
data that corroborates the theory and calculations of Ref.@9#.
We demonstrate experimentally the capability to tune
center of the characteristic double-peaked velocity distri
tion N(v) of VSCPT and to choose laser parameters wh
N(v) can be a single peak with subrecoil width.

II. VSCPT IN A MAGNETIC FIELD

A. Intuitive energy considerations

VSCPT requires optical coupling between distinct m
mentum statesu1& and u2& of ground-state atoms, and mo
mentum conservation requires that these states be sepa
by 62n\kW , wherekW is the wave vector of magnitude 2p/l,
andn is an integer that will be unity hereafter. The resultin
coupled state is stationary only if its components are deg
erate, and in the two-level atom case, this simply requ
p1

2/2M5p2
2/2M (M is the atomic mass!. Thus the center-of-

mass momenta of the coupled states must be6\kW . The pres-
ence of an applied magnetic field has no effect on the m
menta@6#.

By contrast, in a real atom with multiple ground-sta
sublevels, the presence of a magnetic field can split the
ergies of the components of the ground-state superposi
Then the degeneracy condition becomes

p1
2/2M1gJmBM1B5p2

2/2M1gJmBM2B, ~1!

wheregJ is the Lande´ g factor,mB is the Bohr magneton, and
the Mi ’s are the magnetic quantum numbers of the relev
ground-state sublevels.
©2002 The American Physical Society01-1
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L. LIU, M. J. BELLANCA, AND H. METCALF PHYSICAL REVIEW A 65 043401
For the most well-studied example of VSCPT, the atom
transition isJ51→1, and the light field has counterprop
gating beams of oppositely circularly polarized light@4,5,8#.
When theẑ axis andBW field are chosen along thekW vector of
one of the light beams, the selection rules require that
light can only couple the ground statesMJ561, and Eq.~1!
is satisfied for

v̄52vZ /k. ~2!

HerevZ5gJmBMJB/\ is the Zeeman frequency shift of th
MJ state,gJ52 for this 23S state, andv̄5(p11p2)/2M .

In some sense,v̄ is the average velocity of a single ato
whose motional components have two different velociti
This may seem counterintuitive from a classical perspec
in which a massive atom should have only one velocity. T
is, we tend to think that there must exist a rest frame for s
a massive particle. In VSCPT each atom is in a superposi
of motional states, and no such rest frame exists.

B. Semiclassical model

There is a very appealing semiclassical model that a
leads to Eq.~2!. In order for a ground stateug& to be dark, the
off-diagonal Hamiltonian matrix elementHeg5EW•^eudW ug&
must vanish. Hereue& is the excited state and both the ele
tric dipole and rotating wave approximations have be
made. Since neither the optical electric fieldEW nor the atomic
electric dipole moment̂eudW ug& is zero,Heg can only vanish
whendW'EW.

For the VSCPTJ51→1 case under consideration her
the electric field of counterpropagating circularly polariz
light beams is linearly polarized everywhere, but not in
fixed direction@10,11#. The polarization and maximum fiel
value trace a helical path of pitchl along the ẑ axis as
shown in Fig. 1. In order to maintain the conditiondW'EW, the
dipole moment of an atom moving at velocityv must rotate
aboutẑ at frequencyv52pv/l5kv.

FIG. 1. A semiclassical picture of the conditiondW •EW50. The
optical field is produced by counterpropagating, oppositely cir

larly polarized light beams, and the result is a helicalEW field @10,11#.

The atomic dipole moment, here labeleddW , precesses about theẑ
axis at the Larmor frequency, and the atomic velocityv5vZ /k
synchronizes this precession with motion in the helical field so
the two vectors remain perpendicular.
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The classical response of a magnetic dipole momentmW in
an applied magnetic fieldBW is precession, and for the case
an atom, the precession frequency isvZ5gmBB/\. Thus
atoms precessing atvZ will maintain their orientation per-
pendicular toEW if their velocity satisfies Eq.~2!, as shown in
Fig. 1.

This picture can be pushed a little in the quantu
mechanical domain by considering that the external mom
tum of the states is determined so that the atoms mus
spatially delocalized. Thus the wave function must have
helical geometry oriented to satisfydW'EW. In the laboratory
frame, this wave packet moving at velocityv̄ ‘‘snakes’’ along
the helicalEW field, and we have dubbed this picture the ‘‘La
mor snake.’’

Of course, for the atoms in the subrecoil VSCPT peaks
semiclassical model is suspect. Atoms in this trapped s
can be thought of as two delocalized traveling de Brog
waves moving in opposite directions with de Broglie wav
length equal to that of the light. Clearly these atoms are
from the semiclassical regime, where they can be picture
localizable particles. This fundamentally quantum
mechanical superposition state is deeply within the quan
regime where classical analogies often break down.

C. Hamiltonian and wave functions

The discussion above can be described more formally
specifying a basis set and considering the total Hamilton
There are three basis sets to consider:~1! the ‘‘atomic’’ basis,
whose elements are specified by the familiar atomic quan
numbers;~2! the ‘‘optical’’ basis, usually considered in mos
descriptions of VSCPT, where the ground states of
atomic basis are combined into a new orthonormal set
cording to their optical coupling via Raman transitio
@4,5,8#; and~3! the ‘‘total’’ basis, comprised of eigenstates o
a total Hamiltonian that includes both the atomic kinetic e
ergy and the Zeeman effect@9,12#. We discuss mainly the
third of these, and will begin with the magnetic fieldB50,
which corresponds to the case of Ref.@9#.

For the J51→1 level scheme and counterpropagati
oppositely circularly polarized light beams, optical pumpi
quickly depopulates the ‘‘atomic’’ ground-state sublevel w
MJ50, as well as the excited states withMJ561 @5#. Thus
there remains a ‘‘L ’’ system of three ‘‘atomic’’ levels
coupled by the light field. Including the external motion r
sults in a closed momentum family whose ground states
u11&[uMJ511,P5p1\k& and u22&[uMJ521,P5p
2\k& where P is the center-of-mass momentum of ea
component state. The excited state of thisL system has
MJ50 and momentumP5p, and is written asu0,p&. The
ground states are most naturally rearranged into a new b
set @9,5,13#

uNC&5
u11&1u22&

A2
and uC&5

u11&2u22&

A2
.

~3!

Thus uNC& ~noncoupled! and uC& ~coupled! are superposi-

-
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EVOLUTION OF COHERENT DARK STATES PHYSICAL REVIEW A65 043401
tions of states of different external momenta, and it is t
superposition that results in the classically puzzling VSC
state discussed at the end of Sec. II A.

The four terms of the total Hamiltonian are

H5Hatom1HZ1HKE1Hint . ~4!

In the bare atomic state basis,Hatom simply provides the
energy of the excited stateu0,p&, andHZ is the Zeeman term
whose eigenvalues are6\vZ (6 becauseMJ561). Also,
the eigenvalues of the kinetic-energy termHKE are given by
P 2/2M . Finally,Hint is the interaction between the light fiel
and the atom, and soHintuNC&50 @7,5#.

Application of the total Hamiltonian of Eq.~4! to uNC&,
and rearrangement of the terms leads to

HuNC&5
p21~\k!2

2M
uNC&2\S kp

M
1vZD uC&. ~5!

For vZ50 (B50) we recover the familiar case of VSCP
whereuNC& is indeed a trapped state~eigenstate! for p50.
Any value ofpÞ0 results in a nondiagonal Hamiltonian m
trix whose eigenstates are, therefore, a mixture ofuNC& and
uC& ~see Sec. III A below!. When the mixing term\kp/M is
small @14#, the eigenstate closest touNC& is still weakly
coupled, and often denoteduWC&. Similarly, the state neares
uC& is still strongly coupled and denoteduSC&. The state
uWC& may be excited and the subsequent decay may lea
in uNC& at p50. A detailed calculation of the mixing coef
ficients of the eigenstates is in Ref.@9#, but is outlined in Sec.
III A below.

For BÞ0, Eq.~5! shows thatuNC& is an eigenstate of the
total Hamiltonian of Eq.~4! only for p52MvZ /k. This is
exactly the condition of Eq.~2! since the average velocity o
the components ofuNC& is v̄5p/M . Thus we expect the
average velocity of atoms inuNC& to shift from v̄50 with
applied magnetic field@15#. This is related to velocity selec
tive resonance~VSR! @16# and will be discussed more tho
oughly in a subsequent paper@17#.

Just as the transformation of Eq.~3! for the internal states
provides a clearer description of the interaction between
atoms and the light field for theB50 case, a transformatio
of the external coordinates to a frame moving at velocityv̄
5vVSR5pVSR/M5vZ /k leads to a cleaner description o
the atomic motion forBÞ0.

Following Ref.@12#, we simply replaceP by P2pVSR in
the definitions ofu11& and u22&, and find that the com-
ponents of the transformed statesuNC& and uC& acquire a
phase6kvVSRt. The new eigenstates are straightforward
calculate and are the same asuC& and uNC&, except forP
→P2pVSR.

D. Experimental results

1. Apparatus

Our atomic beam and laser setup have been descr
previously @6,12,18# but are summarized here. A beam
metastable He~He*! atoms in the 23S state of about
04340
s
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e
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1014 atoms/s sr, is generated in a dc discharge followed b
set of apertures. The atoms have an average velocity
;1100 m/s and a spread of about6;200 m/s. The longi-
tudinal velocity distribution was measured by time of flig
that was implemented by chopping the atomic beam. Ato
enter an interaction region where the magnetic field is c
trolled by three small pairs of perpendicular Helmholtz co
to 65 –10 mT.

Here they cross a 22-mm-wide laser field of count
propagating, circularly polarized,l51.083mm light from a
diode laser. The laser frequency is locked by saturated
sorption spectroscopy to the He* resonance line using anr f
discharge in a static cell. The saturated absorption sig
from the cell is collision broadened to about 15 MHz, nea
ten times the natural width of the 23S→2 3P of interest
here. The laser can be readily tuned to excite theJ50, 1, or
2 sublevel of the 23P state.

Next the atoms fly freely for 1.4 m where they impinge o
a detector mounted behind a 30-mm slit. Atoms that pass
through the slit impinge on a stainless plate where their
eV of internal energy releases an electron. The electrons
attracted to a multichannel plate multiplier by a bias volta
and its output signal is further amplified and recorded a
computer-controlled stepping motor scans the entire dete
assembly across the atomic beam profile. From this mea
of the 1D spatial profile of the beam, the transverse veloc
distribution of the atoms resulting from their interaction wi
the transverse laser beam is inferred.

2. Data

The stateuNC& is decoupled from the laser light by virtu
of the interference of the excitation amplitudes@4,5,8#. It is
an eigenstate of the total Hamiltonian, and thus it is stati
ary if the second term of Eq.~5! vanishes. We, therefore
expect the characteristic two-peaked signal of VSCPT
shift from v̄50 to v̄5vZ /k as the applied fieldBW 5Bz is
varied. The positiveẑ direction is defined by the helicity o
the optical standing wave.~The case ofBW not along the op-
tical kW vectors will be addressed in a later paper@17#.!

A small sample of a large data set is shown in Fig. 2. F
this data set, the laser frequency was detunedd[v laser
2vatom>20.5g>2p3800 kHz below atomic resonance
Here g51/t is the natural width of the excited state, an
the average intensityI in the quasi-Gaussian beam profi
was I >0.18 mW/cm2>1.13I sat (I sat[phc/3l3t'160
mW/cm2 for the transition used here!. Each curve results
from a single scan, and the total acquisition time is abou
min. If the centers of these signals are plotted againstBz the
resulting straight line has slope and intercept compat
with v̄5vZ /k and our calibration of the coils.

Similar experiments have been done on the 23S→3 3P at
l5389 nm @6,19#. The near-uv light is produced by fre
quency doubling light from a Ti:sapphire laser using an e
ternal buildup cavity. For these uv experiments a differe
detection scheme was employed. The He* atoms impinge
a multichannel plate and their 20 eV of internal ener
causes the release of electrons. The subsequently amp
1-3
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L. LIU, M. J. BELLANCA, AND H. METCALF PHYSICAL REVIEW A 65 043401
electron shower is accelerated to a phosphor screen a
visible image is formed. This image is captured by a char
coupled device camera outside the vacuum system an
recorded using a PC with a frame grabber card. We ave
across the image to determine the atomic distribution
from this we extract the velocity distribution. The data ha
similar signal-to-noise ratio as that of the infrared light da
but each curve results from a single frame, and so the ac
sition time is only 1/30 s. The field dependence of the po
tion of the signals is also compatible withv̄5vZ /k and our
calibration of the coils.

3. Uncertainties

There are only small errors associated with these m
surements. The transverse velocity calibration is determi
by the longitudinal velocity and the geometry, and is c
roborated by the separation between the peaks. The tra
tory of the atoms through the field and the laser beams is
exactly determined, leaving some residual uncertain
about the field magnitude experienced by the atoms.
longitudinal velocity spread of the beam broadens the pe
by about 20%, but the dominant source of their width is
limited cooling during the finite interaction time as the
cross the laser field.

FIG. 2. VSCPT signals taken from Fig. 4.17 of Ref.@12#. The
saturation parameter iss51.1 and the detuning wasd'20.5g.
This is part of a data set with about 20 such traces, and a plot o

center position of the two peaks vsuBW u5Bz is a straight line with
slope consistent withv5vZ /k. The two peaks are superposed on
baseline that dips to a minimum between them, and so each
sits on a baseline sloping upwards away from the center. Thus
are shifted apart by several percent of their widths, so their sep
tion is about 4% larger than two recoils. This dip is the combinat
of the residual dip that occurs for VSCPT withd,0 in a finite
interaction time and the trapping of atoms from the neighborhoo
momentum space into the VSCPT peaks.
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The largest uncertainty of a few percent arises from
calibration between the coil current and field. One source
error is the Hall probe meter itself, and another is the fi
inhomogeneity that is measurable~few percent!. The inho-
mogeneities in the magnetic field produce small~on the order
of a few microtesla! fields in the two directions perpendicu
lar to ẑ. These fields cause a mixing of the magnetic subl
els caused by Larmor precession. For our experim
though, the Larmor precession time for these fields betw
two sublevels is several times the interaction time, and
effects can be safely neglected.

It is important to realize that the case for a magnetic fi
parallel to thekW vector of the light field does not differ sub
stantially from theB50 VSCPT case, except for the velocit
at which the double peaks are centered. In terms of the p
development, effects of interaction time, light intensity, a
detuning, the two cases are identical, as discussed be
Mathematically, we can see the two cases as a simple lin
transformation in momentum. Experimentally, we see pa
lel results as the light parameters and interaction time
tuned.

III. ESTABLISHING VSCPT

A. The pÅ0 case

For uBW u50 and q[p/\kÞ0, uNC& and uC& are not
eigenfunctions ofH as shown by Eq.~5!. The off-diagonal
terms^CuHuNC& then lead to new eigenvaluesESC,WC given
in Ref. @9# as

ESC,WC /Er5u1q2116X, X[Au214q2, ~6!

where the ‘‘1 ~2!’’ sign is for SC (WC), the ‘‘strongly
~weakly! coupled’’ state @20#. We have defined Er
[(\k)2/2M , s[I /I sat , and u[s\d/$4Er@11(2d/g)2#%.
For q50, EWC5ENC5Er since the only nonzero energ
term is kinetic, deriving from the mixture of wave functio
components with momenta56\k ~the dark state wave func
tion uNC& has no interaction with the laser light!.

Likewise, the eigenfunctions are no longeruC& anduNC&,
but areq-dependent mixtures, also given in Ref.@9# as

uSC&~ uWC&)5a6uNC&1b6uC&, ~7!

with

ua6u25
~2u12q6X!2

2@u21~2q6X!2#
512ub6u2. ~8!

As above, forq50 we recover the eigenstatesuC& and
uNC&.

As for thep50 case, transformation to a frame moving
v5vVSR is both helpful and straightforward. Again, follow
ing Ref. @12#, we simply replaceP by P2pVSR. The new
eigenstates are straightforward to calculate, and can
readily expanded in terms ofuC& and uNC& with the same
results as in Eqs.~7! and ~8!, except forP→P2pVSR and
p→p2pVSR.
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EVOLUTION OF COHERENT DARK STATES PHYSICAL REVIEW A65 043401
B. Evolution of the two-peaked velocity distribution

Until now, the discussion has focused on the steady-s
two-peaked velocity distributionN(v) of atoms inuNC& for
q50 ~or in uWC& for uqu,1). This may be appropriate afte
many optical pumping cycles, but not after only a few. F
ure 3 shows that 0.4,uau2,0.6 for almost all detunings an
momenta except for a narrow channel nearp50 ~slightly
wider neard50). This means that, over most of parame
space, the system’s eigenstates are not well described byuC&
and uNC&, and furthermore that such atoms are readily
cited. Atoms havinguqu.1 do not contribute to the VSCPT
signals.

For uqu,1, there are two times scales to consider. T
faster one is the optical pumping rate for atoms inuSC&
given by Ref.@7#,

gp[
sg/2

11s1~2d/g!2
. ~9!

For most of our data,udu;g and s;1 so gp;g/12, corre-
sponding to an optical pumping time of;12t;1.2 ms.
Thus most atoms inuSC& have undergone several optic
pumping cycles during the first;10 ms of interaction with
the laser light. We can safely assume that their velocity d
tribution is then relatively flat, or its population has be
pumped to very high values ofv̄ so it contributes little to our
signal.

By contrast, the slow time scale of optical pumping f
atoms inuWC& is determined by the small fractionb2uC&
that is mixed intouWC& @see Eq.~7! and Fig. 3# @21#. For
typical parameters ofd5g and s51, Eq. ~8! gives ua2u2
50.95 sob250.22 in the region ofuqu;1/2. The pumping
time for atoms inuWC& becomes more than 5ms, so there is
only time for;2 optical pumping cycles in the first;10 ms

FIG. 3. Plot of ua2u2 vs momentum and detuning taken fro
Fig. 3.2 of Ref.@12#. The nearly plane areas that occupy most of
parameter space correspond toua2u2'1/2 for which the eigenstate
are nearly equal mixtures ofuNC& and uC&. Thus the basis setuC&
anduNC& is a good choice only in the regions where the moment
is small andua2u2'1 or ua2u2!1, depending on the sign ofd.
04340
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of interaction with the laser light. Therefore the transie
population of atoms inuWC& needs to be considered car
fully.

As shown in Ref.@9#, the population remaining inuWC&
in states havinguqu;1/2 after only a few optical pumping
cycles has a very strong effect on the totalN(v). The short-
term result forN(v) is a single narrow peak or dip, depen
ing on the sign ofd. This peak is more ‘‘square’’ than a
Gaussian, has a FWHM of;2v r[2\k/M , and, therefore,
an rms width of less thanv r . We have found that it is ubiq-
uitous in laser-cooling experiments@17#. Both an initial peak
(d.0) and a dip (d,0) evolve into the two-peaked velocit
distribution after 3 or 4 optical pumping cycles, which co
responds to our full 20ms interaction time for typical lase
parameters.

C. Experimental results

Figure 4 shows a series of our measurements of VSC
signals taken withd50.62g, s50.66, andB50. The inter-
action time was varied by changing the width of the las
beam crossed by the atoms with an adjustable apertur
very nearly reproduces the behavior in Fig. 6~d! of Ref. @9#.

Consider a stateuWC& evaluated atq51/2. For these pa-
rameters, Eq.~8! gives b2;1/3, Eq. ~9! yields gp'g/10,

FIG. 4. Plots of VSCPT signals obtained with various intera
tion times, taken from Fig. 4.15 of Ref.@12#. For these data the
saturation parameters'0.66 and the detuningd'10.62g. Thus
gp'g/5 andb2'0.3 ~for q50.5) so the optical pumping time is
't/0.06'1.7 ms. The double-peaked structure just begins
emerge after 4.9ms, but is clear after 8.2ms, suggesting that a
least three optical pumping cycles are needed for their unambigu
visibility. The two peaks are superposed on a baseline that dip
the neighborhood ofuqu.3 because of the capture of atoms into t
VSCPT peaks, as in Fig. 2, but also has a strong local maximum
the neighborhood ofuqu,1 becaused.0. The dominant effect is to
move the peaks closer together by several percent of their wid
1-5
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L. LIU, M. J. BELLANCA, AND H. METCALF PHYSICAL REVIEW A 65 043401
and so an optical pumping cycle takes about 30t or ;3 ms.
Then Fig. 4 shows that two or three optical pumping cyc
are sufficient to produce visible twin peaks inN(v), com-
pletely consistent with the calculations shown in Fig. 6~d! of
Ref. @9#.

Figure 5 presents a series of our measurements of VS
signals taken with the full 20ms;200t interaction time at
s51.32 andB50. The detuning is varied over a range that
'3g. The signals clearly show the single narrow peak a

FIG. 5. Plots of VSCPT signals obtained at various detunin
taken from Fig. 4.12 of Ref.@12#. For these data the saturatio
parameters'1.32 and the interaction time was the full 20ms. At
large detunings there is clearly only a single peak or dip, wher
the familiar double-peaked signal is clear at small detunings, e
cially for d,0. This is the region wheregp is large enough to allow
several optical pumping cycles during the interaction time. The
fects of the time-dependent residual peak or dip that depends o
sign of d is clear in these data. The peaks ford,0 are much more
widely spaced than those ford.0.
l.
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dip at the detuning extremes, as predicted in Ref.@9#. In
addition, forudu;1.5, we findgp;g/18 from Eq.~9!, and so
there is time for only;2 optical pumping cycles ofuWC&.
Correspondingly, the twin peaks are not noticeable. By c
trast, for smallerudu, gp is significantly larger and the peak
are well formed. Note that the depth of the dip between
peaks is much greater ford,0 than ford.0, also as pre-
dicted in Ref.@9#.

IV. CONCLUSIONS AND OUTLOOK

We have extended the study of one-dimensional VSC
into two new domains of parameters: applied magnetic fi

and optical excitation. In the case ofBW 5Bz where theẑ axis

is defined by thekW vector of one of the light beams, we hav
shown that there is no change in the nature of VSCPT.
stead, the position of the characteristic two-peaked sig
merely shifts from being centered atv50 to v5vZ /k. We
have shown how this result can be calculated analytic
from a Hamiltonian that contains the center-of-mass mot
of the atoms. We have also provided a semiclassical desc
tion of this effect.

We have also studied VSCPT signals produced by cha
ing the laser parameters and interaction time, and we h
found results consistent with Ref.@9#. Moreover, we have
measured the evolution from the single, subrecoil-width
locity distribution to the familiar double-peaked distributio
of VSCPT as the laser parameters vary, and also as the
teraction time varies. We suggest that these results are
nected by the limited number of optical pumping cycles
each case.

We plan to apply these ideas to the case of ‘‘leaky’’ da
states, i.e., those states for which the departure rate f
uWC& is determined either by a weak excitation or by a m
ing process. We have already explored some leaky d
states in Ref.@6#, but are now investigating the idea for ap
plications to VSR experiments. Previous VSR experime
have shown tantalizingly narrow signals@22,23# whose
widths defy explanation in terms of optical cooling. The
narrow velocity distributions may arise precisely from t
optical pumping mechanism presented here.
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