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We experimentally study the motion of atoms interacting with a periodically pulsed near resonant
standing wave with a polarization gradient. The atoms are cooled to a comblike momentum distribution.
The peaks have widths ¢£0.37k and a spacing which is an integer multiple of the recoil momentum
hk. The atomic population is accumulated in ground states which periodically evolve to dark states
each time the standing wave is switched on. These light pulse synchronously recurring dark states exist
for discrete pulse frequencies, even if no stationary dark states are present. [S0031-9007(97)03250-X]

PACS numbers: 32.80.Pj, 03.75.Be, 42.50.Gy, 42.50.Vk

Ultracold atoms form an ideal system to study thetotal angular momentur both in the ground and excited
evolution of matter waves. The cold atoms have astate manifolds. If this transition is driven with polarized
large spatial coherence and can be manipulated by atorfight, there is one ground state of ti% + 1 ground
light interaction. Using laser light, motional quantum states which is not coupled to the excited state manifold
states of atoms can be precisely prepared and observgd@]. This state is called a dark state and it can be
Very recently, Bloch oscillations [1] and the Wannier- populated by optical pumping.

Stark ladder [2] have been demonstrated in fascinating If the atom interacts with a continuous one dimensional
experiments, where laser cooled atoms interacted with astanding wave field with a polarization gradient a slightly
accelerating standing wave potential. A similar systemmore complex situation arises. We then have to include
has been used to study the relation between quantuthe motion of the atom along the standing wave axis. For
evolution and the underlying classical dynamics [3].the special case of an atom withFa= 1 — 1 transition
These experiments were performed in a regime wherthere is a dark state which is also an eigenstate of the
dissipation due to spontaneous emission was negligible. kinetic energy [8]. This stationary dark state facilitates

In this work we study the evolution of atomic mat- VSCPT cooling. For atoms with larger integer angular
ter waves interacting with a periodically pulsed standingmomenta stationary dark states are not found in the
wave in the presence of dissipation. We prepare atomeonsidered light field, i.e., there are no dark states which
via spontaneous emission in nonstationary quantum statese also eigenstates of the kinetic energy. Consequently
which are superpositions of different momentum eigenthe atom cannot remain decoupled from the light field [9].
states. We monitor their evolution and observe revivals In the case of a periodically pulsed standing wave with
of states which are decoupled from the light field by vary-polarization gradient the atom kinetically evolves in the
ing the time between successive pulses. The periodic irtime between successive pulses. The kinetic evolution
teraction with the standing wave leads to an accumulatiosan lead to a revival of the dark state [10,11], where
of the atoms in a comblike momentum distribution with the revival time depends on the atomic momenta along
peaks narrower than the recoil momentum of a single phathe standing wave axis. This revival of the dark state
ton. Our scheme can thus be regarded as a new approacaén be periodic. An atom can therefore remain in the
to subrecoil cooling. In velocity selective coherent popu-periodically pulsed standing wave without excitation if
lation trapping (VSCPT) [4] and Raman cooling [5] the it is in a state that evolves to a dark state each time
velocity selection is achieved during the interaction withthe standing wave is switched on. These states are
either a continuous light field or with a velocity selective superpositions of states with different momenta and will
Raman pulse. For both techniques a long interaction timbe referred to as light pulse synchronously recurring dark
with the light field results in narrow momentum distri- states (LSR dark states). They exist only for discrete
butions. In our scheme the kinetic evolution of the atomsulse frequencies (faf = 2) and have discrete momenta.
between successive pulses leads to the selection of sharpiie LSR dark states are populated by optical pumping and
defined velocity classes. This is similar to Ramsey specthe atomic population accumulates in these states after a
troscopy [6], where the energy difference between atomisufficiently long sequence of pulses. The cooled atomic
states is determined using two or more separated interamaomentum distribution then shows the momenta of LSR
tion regions instead of a single large one. dark states, which results in a comblike distribution

To understand the interaction of the atoms with the(Fig. 1).
pulsed standing wave let us recall the concept of dark Now consider the total Hamiltonian
states. Consider an atomic transition which has an integer H = PY/QM) + Hy + (V.
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0.12 we calculate the dark states that recur. Their mean mo-
~ menta are
2 p=p,(,f)=%2ﬁk+ﬁk,
2 0.08 |
‘g where €, m are integers. The number determines the
b s revival time
Q
<
g 0.04 te =4€7,./8,
:f; where 7, = 27 /w, (0, = hk?/2M) is the recoil time
£ | g [15].
g 0 bondirctaci AT To cool the atoms the standing wave is switched on
26" : with a pulse separation df = n7,/8 (n = 1,2). Each

pulse populates the dark states by optical pumping. Dark

i line: ed distributi 4 States with one of the mean mome » remain in
FIG. 1. Solid line: cooled momentum distribution. Dotted yo neringically pulsed standing wave without further
line: initial distribution. Inset: plot of the periodic sequence

of standing wave pulses. The pulse separation for the coole@XCitation. Atoms which are not in these LSR dark states
distribution isT = 35 us = 7,/8. couple to the standing wave and can be excited. Each
spontaneous emission of a photon changes the momentum
of the atom, and the atom can decay to a LSR dark state.
where P is the atomic momentum operatod the The cooled momentum distribution shows peaks at the
atomic mass, andi, the Hamiltonian of the internal momenta of LSR dark states. The width of the peaks
atomic states. The interaction Hamiltonian of the atomsan become narrower than the single photon recoil. The
with the optical standing wave is given by. The velocity selectivity is due to the kinetic evolution between
function 7(r) describes the time dependence of thethe pulses.
interaction pulses and is illustrated in the inset of Fig. 1. An intuitive picture describing the revival of the LSR
Dark states are not coupled to any other atomic statdark states can be derived from the spatial motion of
by the interactionV, i.e., they are found by solving the atomic matter waves. Two plane atomic waves
V|ydaky = 0. The dark states are populated by optical(with momenta p,, p,) can be written as a product
pumping [12] during each of the light pulses. The atomicof an envelope function and a carrier wave of average
evolution between the pulses is coherent and there is n@ave vector and frequency. The envelope describes the
dissipation. Hence the propagation is described’by=  spatial pattern of varying amplitude formed by the atomic
exf[—7(P?/2M + H,)1]. The conditionV (T,|y%%)) =  waves. It also determines the spatial variation of spin
0 defines the recurrence of a given dark state and allowgolarization. For a dark state, this spatial pattern is
us to calculate its revival times The revival of the dark adapted [8,13] to the spatial polarization pattern of the
states is periodic. light field, so that its excitation by the light field vanishes
Assume that the frequency of the standing wave is neatt any point in space. Now consider the motion of the
resonant with respect to a single atomic transition. The@tomic wave pattern. When the atomic wave pattern has
the interaction can be reduced to the transitions betweemoved by a multiple of the spatial period of the optical
two Zeeman manifolds. Further consider that the standingtanding wave X/2), the excitation to the excited state
wave consists of two counterpropagating waves withvanishes again and a revival of the dark state occurs.
circular polarizations inducingr* and o~ transitions The velocity of the atomic wave pattern is given by=
between the Zeeman manifolds [13]. For transitions withw®"" /k*"Y, wherew®"’ = ﬁ(p% — p?)/2M is the cycle

a total angular momentun¥ = 2 of the ground state frequency andk"¥ = ﬁ(pz — p;) the wave vector of

manifold the revival times of the dark states are discretethe atomic wave pattern. For a dark state' equals the

The F = 2 — 2 transition [14] of the®’Rb D; line is  wave vector of the optical standing wave.
studied in the experiment. The dark states of this system For the F = 2 — 2 transition the dark state is a

momentum (k)

are given by superposition of three momentum states. Therefore we
| darky — \/E|”_2hk> N \/Il Py \/Elpﬂhk have to consider two a'tomic wave patterns: They are
p 8l m==-2 4 tm=0 8 lm=+2/> formed by the two pairs of atomic waves with the
where |) describes a ground state with the angularmagnetic quantum numbers = —2,m =0 and m =

momentumF, = mh and the momentuny along the 0,m = 2. Each pair couples to a common excited state.
standing wave axis (where = 277/A is the light wave A dark state is formed if both atomic wave patterns
vector). Each dark state is a superposition of three moare adapted to the light field for vanishing excitation.
mentum states with different magnetic quantum numberdhe two patterns move at the velocities. = 3 +
and has a mean momentym From the above condition % Solvingv-t = n% andvyr = (n + m)% gives the
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discrete revival times: and the corresponding mean as indicated in Fig. 2 and described in Ref. [17]. The
momentap of the recurring dark states as already listeddetection is independent of the internal atomic state.
above [16]. For systems with an angular momenf#drz. ~ The measurement is integrated over 1000 atom clouds
2 the dark states have only two momentum components sextracted from the magneto-optical trap at a raté ef !
that for any timer a series of momenta with recurring Figure 1 shows the momentum distribution of the
dark states is found. cooled atoms for a pulse spacing &f= 35 us. The
The experiment is performed with the same apparatusomblike structure witt2/ik spacing between the subre-
as described in Ref. [17]. A cloud of magneto-optically coil cold peaks stems from atoms trapped in LSR dark
trapped®’Rb atoms is accelerated downwards (Fig. 2).states. The peaks occur at odd multiples /of, as
The cloud arrives with a speed of 3.2/sand a density of we expect forn = 1 (T = 17,/8 = 35 us). Each LSR
n =~ 108 cm™3 in the interaction region, which is shielded dark state contributes to three neighboring peaks. The
with mu-metal against magnetic fields to below 0.5 mG.width of these peaks is determined by a best Gaussian
There the atoms interact with a horizontally alignedfit as o = 0.37%k, which approaches the improved reso-
o — o~ standing wave having a vertical Gaussianlution limit of our detection system. The dotted line in
waist of 0.72 mm. The light field is tunefl = 2.7' =  Fig. 1 represents the initial distribution (measured with
27r - 15 MHz to the blue of theF = 2 — 2 transition  both standing waves off). It has a best Gaussian width
of the D; line, where I''!' =28 ns is the lifetime of o = 5.4/k. We observe no loss of atoms to high
of the excited states. Each running wave has a peakomenta.
intensity of32 mW/cn?, which corresponds to a resonant  To investigate the evolution of the LSR dark states
Rabi coupling [14] of O = 2.3I" and to an excitation we have measured a series of momentum distributions
rate of I’ = 0.18T = (0.16 u9)~' (on the F = 2 — 2  varying the timel’ between the pulses. Figures 3(a)—3(c)
transition). An acousto-optical modulator is used toshow the measurements f@r= 30, 35, and40 us. A
switch the standing wave on for intervals of= 3 us  lower contrast is observed in the distributions for= 30
alternating with dark intervals off = 7,/8 =35 us andT = 40 us. LSR dark states which are completely
(corresponding tar = 1). During the interaction time decoupled from the standing wave do not exist for
of 0.54 ms the atoms are subjected to 14 standing wavimese pulse spacings. The occurring excitations make the
pulses. To recycle atoms that have decayed tofthe  accumulation less efficient as comparedite= 35 us =
1 ground state manifold a continuous standing waver,/8 (n = 1). A further increase of the pulse spacing to
overlaps. It is tuned to th&@ = 1 — 2 transition of T = 60 us completely washes out the comblike structure.
the D, line. Its single pass Rabi coupling ®, = ForT = 27,/8 = 70 us [Fig. 3(d)] a momentum comb
0.44T", which corresponds to an excitation rate0dfl’ =  appears again with a spacing bk, as expected for the
(0.1 w9)~'. Both light fields are derived from grating » = 2 resonance. These four measurements have been
stabilized laser diodes. The laser beams are spatiallgerformed with slightly different parameters of the pulsed
filtered to achieve Gaussian modes. The standing wavesanding wave:() = 1.3, A = 14I', I’ = 8 X 107°T,
are formed by retroreflection off a mirror, which is 13 cm 1.37 mm waist. The atoms are subjected to 28 standing
away from the interaction region. A quarter wave platewave pulses during the interaction time. The parameters
in front of the mirror is used to provide the. — o—  for the field of the recycling laser ar€};, = 0.2T,
polarization of the standing wave. The atomic momentum
distribution along the standing wave axis is measured

0.12| T=30ps
0.08
M ? 0.04
—— ——
0
0.12 | T=40ps () {} T=70us (d)
— > —_—— - =T,/
A4 0.08
sheet of light 0.04
CCD
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FIG. 2. Experimental setup. The atoms are cooled in a momentum (hk)

standing wave. The transverse momentum distribution is
detected by spatially resolved fluorescence imaging following=IG. 3. Momentum distributions obtained for different sepa-
a free flight expansion after passing through a pinhole. Seeations of the standing wave pulses. See text. Vertical axis:
text and Ref. [17]. momentum space density in units @fk)~'.
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1.6 mm waist. A three times narrower initial distribution [5] M. Kasevich and S. Chu, Phys. Rev. Lé8, 1741 (1992).

yielded sufficient contrast after integration over 200 atom [6] N.F. Ramsey, Phys. Rev8, 695 (1950).

clouds. [7] V.S. Smirnov, A.M. Tumaikin, and V.I. Yudin, Sov.
The measurements presented here are performed in a  Phys. JETRS9, 913 (1989).

nonclassical regime. For illustration imagine a classically [©] g/lé?'(lglgsz?an” and V.G. Minogin, Opt. Commungs,

localized atom, which has been optically pumped to an : . .

internal dark state. If it is at rest, no further excitation [l g g’;f?{fégz.)Maun, and E. Arimondo, J. Opt. Soc. Am. B

occurs—independent of the standing wave being perm 10] ' '

. H. Wu, E. Arimondo, and C. J. Foot, Quantum Semiclass.
nently on or pulsed. Hence one would expect to find" ~ opt g 983 (1996).

atoms especially at zero momentum. In contrast we obr11] M. Weitz, T. Heupel, and T.W. Hénsch, Phys. Rev. Lett.
serve a minimum in the atomic momentum distribution at 77, 2356 (1996); M. Weitz, T. Heupel, and T.W. Hansch

p = 0 (for n = 1) due to the delocalization of the atoms. (to be published).

Our scheme can be extended to two and three dimeri12] This optical pumping is essentially not velocity selective.
sions and to transition schemes of the type— F and The small effective coupling of the dark state to the light
F — F — 1 [18]. It might find particular interest as a field caused by kinetic Hamilton can be estimated as done

fast cooling technique for atoms which have transitioré}?)] 1‘['3'51‘)32& E. Arimondo. R. Kaiser. N. Vansteenkiste. and
frequencies that can only be exmtgd using pulsed las c Coheanannoudji, J_’Opt_ Soc. ;Am.EBleZ (1989)"
sources, as, e.g., the Lyman4ransition of hydrogen.

Writi ¢ | d cl | d ¢ [14] The interaction Hamiltonian can be written as
riting extremely narrow and closely spaced nanostruc= = |, _ %ﬁﬂeﬂ-wzp V, + Hc., where w; is the

tures on a substrate is another tempting application for  |5ger frequency and) the resonant Rabi coupling as in
our cooling scheme. Each momentum component of @ 3. palibard and C. Cohen-Tannoudji, J. Opt. Soc. Am.
transversely cooled atomic beam could be focused on a B 6, 2023 (1989). Neglecting th#&-type [9] subsystem

narrow line in the focal plane of a cylindrical lens. Ade- of couplings the interaction within a momentum fam-
quate lenses can be realized by the optical potential that j, s v, = L Pk (P2 \/;nfikﬁ(mid +
an atom experiences in a far off-resonant standing wave T pik N, p Ty phikoy g pa2ik| i

[19]. The spacing between the lines would be determined ‘/;l me=r1Cno| = \/;l me=+1){n=s2 |, where the index

e” marks excited states.
by the focal length of the lens and by the angle enclose 5] The evolution of atoms precooled by VSCPT which

by the momentum components. Momentum combs V\_”t are subjected to a delayed pulse is theoretically studied
even closer spacings than presented here can be achieved i, Ref. [10]. Their simulation of theF =2 system

if longer pulse separations (> 2) are applied. '_I'hen the corresponds to the special casenof 4 andm = —2.
LSR dark states can have momenta which are integer fragt6] For comparison with optical near field diffraction theory
tions of the recoil momenturik. the conditionT, = n7,/8 can be written in terms of a
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grating with periodA/2 for scalar waves of the de Broglie
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