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Bloch oscillations of atoms, adiabatic rapid passage, and monokinetic atomic beams
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We study the dynamics of ultracold atoms in a periodic optical potential submitted to a constant external
force. Bloch oscillations in the fundamental and first excited bands of the potential are observed. In addition to
a solid-state analysis we give a quantum-optics interpretation of this effect in terms of photon exchanges
between the atoms and the laser waves. The dynamics of Bloch oscillations are equivalent to a sequence of
adiabatic rapid passages between momentum states and can be described using the dressed-atom approach. We
demonstrate efficient and dissipation-free acceleration of atoms by coherent transfer of a large number of
photon momenta«100). This technique produces atomic beams with a very small longitudinal velocity
spread that may find applications in atom optics and precision measurefi8¥050-29477)03504-X]

PACS numbgs): 32.80 Pj, 03.75-h, 03.65-w

[. INTRODUCTION with a quasimomentum widtdq= Sp/A# much smaller than
the width 2/a of the Brillouin zone.(ii) The periodic po-

Manipulation of atoms with lasers has progressed considtential, being created by light, can be easily turned on and
erably in the last decadd]. In this paper, we analyze the off. With sudden switch-off we can directly measure the mo-
behavior of ultracold atoms in the light field of two counter- mentum distribution of Bloch statd§]. (iii) There is virtu-
propagating laser waves. When these waves are detuned falty no scattering from defects of the potential or from inter-
from any atomic resonance, the light shift of the ground statections between particle6v) Bloch oscillations in the time
leads to a conservative periodic potential with spatial perioddlomain can have periods in the millisecond range, i.e., ten
N2, half the laser wavelength. This configuration was firstorders of magnitude longer than in semiconducid®-16§.
used in the context of atom diffractiof2] leading to the Because the periodic optical potential has its origin in
development of atom-optics elements, interferomégy], photon redistribution between the two counterpropagating la-
or studies of quantum chad§]. We use Raman subrecoil ser waves, we can develop a “quantum-optics” description
laser cooling techniquels,7] to prepare the atoms with a of the atomic motion in a frequency-chirped standing wave
momentum spreadp smaller than the photon momentum without reference to solid-state concepts, such as band
fik in the direction of the optical lattice. The correspondingtheory. This description, which is equivalent to the Bloch
coherence length/Sp thus extends over several periods of formalism, offers new insights into the physical phenomena.
the potential. In the nondissipative case, the momentum of the atoms, in

If the two counterpropagating waves have a time-the laboratory frame, can only change in units dfk2via
dependent frequency difference they form a “standingabsorption from one wave and stimulated emission into the
wave” in a moving reference frame. If, in addition, the fre- other. The dynamics is thus conveniently described in terms
qguency difference varies linearly with time, the referenceof Raman transitions between momentum states, occuring
frame in which the optical potential is stationary is uniformly when the frequency difference between the two waves fulfills
accelerated. In this frame the atoms experience a constatite energy-conservation condition. The increasing frequency
inertial force in addition to the force induced by the optical difference leads to a succession of adiabatic rapid passages
potential. As shown in recent papdi® 9], this simple sys- between momentum states differing b¥ik2 resulting in a
tem “atom+moving standing-wave” models quite well the coherent acceleration of the atoms in the laboratory frame.
case of electrons in a perfect crystal under the influence of We will show the connection with the recoil-induced reso-
constant electric field10-12. For instance, Bloch oscilla- nances, which have been recently observed for atoms trapped
tions (BO) of atoms in a light lattic¢8], as well as Wannier- in dissipativeoptical lattices[17] in which the momentum
Stark ladderg9], have recently been observed. spread is several times greater thgn[18].

These experiments have been made possible thanks to The coherent acceleration of the atoms associated with the
several differences that exist between electrons in solids arBloch oscillations or equivalently with the successive adia-
atoms prepared in an optical potenti@.The initial momen-  batic rapid passages, is a new tool for producing atomic
tum distribution of atoms is well defined, can be tailored atbeams with a very narrow momentum distribution in the
will, and can be much narrower thdna, wherea is the  propagation directiof19]. For instance, we have been able
lattice period. By adiabatically switching on the optical po-in preliminary experiments, to accelerate a cloud of cesium
tential, this narrow momentum distribution is turned into aatoms to an average momentum ofi&while maintaining
statistical mixture of Bloch states in a given energy bandhe initial momentum spread dfk/4 along the standing-

wave direction.
We have organized our paper in the following way: in
*Present address: Max-Planck-Institutr fQuantenoptik, Hans- Sec. I, we give a detailed description of the experimental
Kopfermannstr. 1, D-85748 Garching, Germany. setup. Then in Sec. lll, following Ref8], we analyze our
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experiments in terms of atoms in a periodic potential induced

by light under the influence of a constant force. We present FIG. 2. (a) Magneto-optical trap and Raman beams used for
our results on Bloch oscillations in the fundamental band an@ubrecoil cooling and probing of the momentum distribution of
compare Bloch oscillations in the fundamental and the firsBloch states in _the laboratory frame. The frequency difference of
excited band. In Sec. IV we give a quantum optics descripthe two laser diode®L,; and DL, is phase locked to a tunable
tion of Bloch oscillations using the concepts of adiabaticfreq”ency source near the cesium ground-state hype_rflne frequency.
rapid passage and Landau-Zener transitions. Bloch oscilld?) After the subrecoil cooling phase, the beami, is blocked
tions are also depicted in the dressed-atom basis. Finally, ifi’d the beam dDL, is passed through AO modulators to produce
Sec. V, we apply the previous analyses to the coherent a&be chirped standing wave.

celeration of cold atomic wave packets and present experi- _ _ _
mental results. free fall under gravity. The diameter of the horizontal laser

beams limits our interaction time to 25 ms.

The laser system for the MOT and optical molasses con-
sists of a master laser, frequency narrowed by feedback from
The experimental apparatus consists of a vapor-celin external Fabry-Ret cavity and locked to a saturated ab-
magneto-optical trapMOT) for cesium atomg$20], a laser sorption resonance in a small cesium cell. The different de-

system for loading the trap and precooling the atoms in optunings from the &,,,F=4—6P3,,F=5 resonance for
tical molasse$1,21], and a laser system for Raman cooling the MOT and molasses are controlled using an acousto-
[6,7,29 and for generating the chirped standing wave. Alloptical modulatofAOM). The radiation from this frequency
lasers employed in the experiment are diode lasers, operatirggable laser is used to inject a 150 mW slave diode laser,
on wavelengths close to the cesiur8,6— 6P, transition  whose output is spatially filtered and separated into the six
at 852 nm(cf. Fig. 1). Part of this setup has been used inbeams required for the MOT. Repumping radiation on the
previous experiments on Raman cooling of ces[m22]. 6S,,,F=3—6P5,,F=4 line is provided by a third diode
The cesium cell is a hollow glass cube of 12 cm side-laser, frequency stabilized by feedback from an optical grat-
length, antireflection coated on the outside and pumped by img. During the Raman cooling phase and the chirped
25 I/s ion-getter pump. The cesium vapor pressure is on thetanding-wave phase, all these beams are blocked by me-
order of 108 mbar, providing about foatoms into the chanical shutters and their AOMs are turned off to avoid any
MOT in a loading time of 500 ms. The cell together with the light shift due to near resonant photons. To drive the Raman
magnetic-field coils of the MOT is placed in a two-layer transition between the two hyperfine ground states of the
mumetal shield, surrounded by a set of three pairs of largeesium atom, two grating stabilized extended cavity diode
compensation coils. After loading the MOT, the field is lasers are optically phase locked at a frequency offset of
switched off and allowed to decay in a time of 200 ms.9.192 GHz[23], as shown in Fig. 2. The detuning of these
During this period the atoms are cooled in an optical molasiasers from the 8,,,F=4—6P;,,F=5 line is measured
ses to a momentum spread ofl§ corresponding to a tem- by observing the beat note between one of them and the laser
perature of &K. When Raman cooling is begun after the that provides the radiation for the MOT. We typically
molasses period, the magnetic field has decreased to a valuerked at a detunind of 30 GHz, a value corresponding to
on the order of 10QG. Raman cooling and interaction with about 5700 natural linewidtHs of the cesium transition and
a chirped standing wave are performed while atoms are itarger than the hyperfine splittings of both the excited and

Il. EXPERIMENTAL SETUP
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the ground state. This detuning is sufficiently large to avoidrecord the atomic velocity distribution.

excitation of the &3, level, which would be followed by the

random momentum transfer due to the spontaneous emission Ill. BLOCH OSCILLATIONS

of a photon. It also reduces the differential light shifts be- _ . . T
tween the Zeeman sublevels of the ground state. This is es- !N thiS section we analyze our experimental situation in
sential for our method of Raman cooling using square pulsel€'ms of @ particle in a one-dimensioriaD) periodic poten-

[7] and for the observation of BO, where all the atomstlal submitted to a constant force. This problem corresponds,

should experience the same light shift potential, irrespectivd®! instance, to electrons in a crystal under the influence of a
of their magnetic quantum state. constant homogeneous electric field. This situation, origi-

Each of the two Raman beams is amplified by injection@!ly Studied by Bloch{10] in the late twenties led to the
locking of a high power diode lasg200 mW). The two pred|ct.|o,|:1_ of strlkl_ng phe_nomenﬁll]. This so_lld—state
beams are superimposed, passed through an AOM that cofff@lysis” is the point of view we have chosen in RES].
trols the envelope of the Raman pulses, a spatial filter, 4/ recall here the main aspects, with some additional com-
Pockels cell, and a polarizing beam splitter. The latter ardn€Nts, and present our experimental results.
used to exchange the directions of the two beams and, hence,
the sign of the transfered momentum. The two beams finally A. Theory

pass the cesium cell with a diameter at/d/intensity of 6 Let us first consider the case where no external force is
mm, a peak intensity of 70 mW/cfrand having orthogonal applied on the particle. The Hamiltonian of the particle is,
linear polarizations. They are superimposed antiparallel tehus, simply

each other and aligned horizontally with a precision of about

5’ (cf. Fig 2. A distributed Bragg reflectofDBR) laser di- p?

ode stabilized on the%,,,F=4—6P3,,F=4 transition is H= ﬁJFV(X)' @)
used to pump the atoms back to the=3 ground state after

each Raman transfer. In order to diminish its sensitivitywhere m is the mass of the particle an¥¥ satisfies
against parasitic external feedback we use this diode in aM(x+a)=V(x) (a is the period of the potentiglThe prop-
extended cavity configuration with controlled feedback fromerties of the eigenstates and eigenenergies of this Hamil-
a piezo-mounted partial reflector. This beam is superimposetnian are usually derived from the Bloch theorg2d]. This

on one of the MOT axes and makes an angle of 3° with théheorem states that the eigenenerdiéq) and the eigen-
Raman beams. With an intensity of 20 mW/gmpulses with ~ states|n,q) of H are labeled byfi) a discrete band index

a duration of 10us were used to effectively repump all the n, (ii) a continuous quasimomentuq The eigenfunctions

atoms. ¥ can be written
The chirped standing wave is generated from the Raman iax
laser having the higher frequencgf. Fig. 2. Its output is Wn,q(x)=(x|n,q)=€"%up o(x), @

split into two beams that pass through two acousto-optical : : T Lo
modulators and spatial filters. One of these AOMs is dfiveﬂvnggg;H’3>s'2tis§$'saygepggﬁéz(Vavr'tgqtﬂgtf’oimd'C't& of the
by a quartz oscillator at a fixed frequency of 80 MHz, and
the other by a variable radio frequency obtained by mixing a (p+4Q)?
quartz oscillator at 60 MHz with the output of an arbitrary- quun,q>= En(q)|un,q> with Hy= +V(X).
function generator around 20 MHz. The system allows us to

turn on the two beams with a variable rise tigom the order ©)

of 200 us), to apply a frequency ramp with variable slope, Furthermore/n,q) andE,(q) are periodic functions of the
and to finally turn the beams off faswithin 1 us). The  quasimomentung with period 2r/a andq is, thus, conven-
frequency difference is controlled by monitoring the beattionally reduced to the first Brillouin zone-]=/a,+ /a].
note between the two AOM drives. The two beams have @\|| these results can be collected in a band structure which is
diameter at 1Je intensity of 4.5 mm, a peak intensity of 40 simply the energy spectrum of the parti¢kg. 3.
mW/cm? and parallel linear polarizations. They are superim-  If a constant and spatially uniform forde is suddenly
posed onto the horizontal optical axis of the Raman beams iapplied to the particle for>0, the initial Bloch staten,q)
counterpropagating directions. is no longer an eigenstate of the resulting Hamiltonian
Derived from the MOT laser is a vertical probe beam,
composed of two counterpropagating waves having the same g _p_2 V() —Fx @
circular polarization. It is wused to excite the “2m )
6S,,,F=4—6P;,,F=5 transition, so that the number of
atoms in theF =4 ground-state hyperfine level can be mea-However, the Bloch forniEq. (2)] for the wave function is
sured via the detected fluorescence signal on a photodiodereserved
The velocity distribution of the atoms is probed by velocity
selective Raman transitions: the Raman beams are counter-
propagating and a Raman pulse first transfers one veloci
class of theF=3 atoms to the otherwise empl=4 level.
Then the probe beam measures the number of atoms in q(t)=q(0)+Ft/% (6)
F=4. This sequencéRaman pulse-probe beans repeated
while scanning the detuning of the Raman lasers in order tand a spatially periodic part evolving as

2m

P (x,t)=e9M*u(x,t) (5)

t\X/ith a time-dependent quasimomentuyft) given by



2992 PEIK, BEN DAHAN, BOUCHOULE, CASTIN, AND SALOMON 55

This would, however, flatten the lowest bands, thus reducing
the amplitude of the oscillations and making it difficult to
measure. On the other hand, a minimal force is required to
scan the whole first Brillouin zone in the limited time of the
experiment, thus imposing a lower limit on the potential
depth.

As described i8], our periodic potential results from the
light shift of the ground state of atoms in the light field of a
one-dimensional linearly polarized standing wave provided

quasimomentum [n/a] quasimomentum [n/a] by two counterpropagating beams with equal intensity. All
Zeeman sublevels d¢f=3 are equally shifted and the corre-

FIG. 3. Band structuréE,(q) (solid line) for a particle in a  Sponding potential is equal to
periodic potentiall (x) = UysirPmx/a and mean velocityv )o(q) in
the fundamental banddashed ling (a) free particle case(b)
Uo=Eo=%A2m?/2ma’. A gap opens atj= = 7r/a. Under the influ-
ence of a weak uniform force, a particle prepared in the fundamen-
tal band remains in this band and performs a motion periodic inyjth
time called a Bloch oscillation.

energy [E,)
Lo wnmws oo
<v> [hin/ma]
energy [Ey)
<v> [fim/ma])

-1 0 1 -1 0 1

. Uo
U(z)=UOS|n2(kx)=7[1—cos{ka)], (11)

Uo=(213)aT'(I/1g)(T'/A), (12

d
'ﬁﬁ|u(t)>:Hq(t)|u(t)>' (D where is the laser intensity in one beam amg=2.2
mW/cm? is the saturation intensity. This potential is periodic
Furthermore, whef is weak enough not to induce interband with spatial period\/2 corresponding to a first Brillouin
transitions the adiabatic approximation can be applied to Eqgone extending in the reciprocal lattice between
(7). In this casgu(t)) is equal to|un'q(t)> up to the phase —w/(N2)=—k and + #/(N/2)=+Kk. The natural energy
factor exp—ifidrE(q(7))/%]. Since the quasimomentum scale is then the recoil ener@g= (7k)%/2m. In our experi-
Eg. (6) scans the reciprocal lattice with uniform speed, thements, the potential depth is adjustable up to abouER0

wave functionW(x,t) is periodic in time with a period Resonant excitation to B, and subsequent spontaneous
emission depends on laser intensity and detuning and thus,
h for large enough detuning, dissipation can be made negli-
87 [F[a’ (8) gible. For typical conditions Y,=5Er and A=30 GH2,

the mean excitation rate per atom is 4's The excitation
corresponding to a 2/a shift for the quasimomentum or probability is very small during the 25 ms interaction time.
equivalently to a full scan of the first Brillouin zone. The If we introduce a tunable frequency differentae(t) be-

mean velocity of the particle in stata,q(t)), tween the two waves, the light field is no longer a standing
wave in the laboratory frame. For a constant frequency dif-

1 dEy(q) ference, this corresponds to a uniform drift while for a dif-
(v)n(a)= % dq ©) ference linear in time the standing wave is stationary in an

acceleratedrame. In this frame, the atoms thus experience a
is a periodic function of] asE,(q). Sinceq evolves linearly  constant inertial force in addition to the effect of the periodic
in time, (v),(t) is an oscillatory function with zero mean potential(Appendi®
value. These so-called “Bloch oscillations” have never been
observed in a natural lattice for electrons in a dc electric
field, because the coherent evolution is limited to a tiny frac- F=-—ma=-—m7 2 Av()=—5 FAe(). (13
tion of the Brillouin zone by collisions with lattice defects or
impurities [13]. However, this effect has been recently ob-

served in semiconductor superlatti¢déd—16. B. Experimental sequence

In order to observe BO it is crucial that the forEere- In our experiments we first perform Raman subrecoil
mains weak enough not to induce interband transitions. Weooling, which is essential to produce an initial velocity dis-
apply the usual adiabaticity criterid25] to Eq. (7) tribution with a width smaller than the extension of the first

Brillouin zone[6,22,7. Equivalently, one can say that the
u > coherence lengtih/Sp of the atoms extends over several

n’.g periodsa=\/2=n/k of the potential, i.e., the atoms really

experience a periodic potential. Furthermore, as shown in

Taking the derivative of Eq3) with respect tag we obtain  Fig. 4 and in[8], amplitudes of the BO in the fundamental
(as in [24]) (upgld/dg|up q)=(unqlip/mluy o)/ band are less than a recoil velocity making it impossible to
[En(q)—En(a)], for n#n’. Condition (10) then imposes detect with a broad molasses velocity distribution. Here we
for the fundamental band argl=k (the most critical point  have used 1D Raman cooling with square pu(§ddo pre-
|ma)\/2|<(7r/8)U(2)/ER in the perturbative regime pare atomsin 12 ms in a narrow peak with a nearly Lorent-
Uo<10Eg. One could think of increasing the potential zian line shape of half width at half maximum of Ow24
depth in order to make the conditiqO) easier to satisfy. (wherevg is the recoil velocityi k/m=3.5 mm/3.

at <[En(a) ~En(q)|/A(n#n"). (10)

d
Ung
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FIG. 4. Bloch oscillations of atoms in the fundamental baagl:
momentum distribution of Bloch states in the accelerated frame for
equidistant values of the acceleration timebetweent,=0 and
t,=7=8.2 ms.(The small peak in the right wing of the first five
spectra is an artifact created by a stray reflection of the Raman
beams on the cell windows(b) Mean atomic velocity in units of
the photon recoil velocity g . Solid line: theory. The light potential
depth isU,=2.3E and the acceleration &= —0.85 m/.

quasimomentum [K]

FIG. 5. Experimental determination of the fundamental energy
band for(a) Ug=1.4ER, (b) 2.3ER, (c) 4.4ER. This determination

~ We then adiabatically turn on the potential by linearly js gptained by integrating the mean velocity over quasimomentum
increasing the intensity of the standing wave with a rise timggq, (9)].

of about 200us. This duration is much longer than the adia-
batic limit given by a criterion similar to Eq10) in which
the time dependence comes from the rate of changdof
rather than frong(t). We can thus prepare a statistical mix-  We have already presented Bloch oscillations in the fun-
ture of Bloch states aroungl=0 with a width ofg/4 in the ~ damental bandr(=0) in [8]. For sake of completeness the
fundamental band. The control of the initial state appears t@volution of the Bloch states in the time domain
be a great advantage compared to solid-state experiment®=04(t)) and the oscillation of the mean velocity
We can actually prepare Bloch states with nearly any initiakv)o(q) are recalled in Fig. 4. In these experiments, the ac-
guasimomentum in any band by introducing a constant frecelerationa is —0.85 m/$ and 7g=2fik/ma=8.2 ms. Such
guency shiftA v between the two waves while we turn on the value of the period is several orders of magnitude longer
potential. In the standing-wave frame the atoms are movinghan in solid-state systems. From these data it is possible to
with velocity v o= — (Av)\/2. If the absolute value ofiwyis  experimentally determine the shape of the fundamental band
betweem#k (n=0,1,2 ...) and o+ 1)%k, the correspond- Ep(q) by integrating the mean velocity over quasimomen-
ing Bloch state lies in thath band. The quasimomentum is tum, as indicated by Ed9). The measured bands for differ-
Jo=Muvy/Ah+(n+1)k for odd n and qo=muvy/k*+nk for  entvalues of the potential depth are presented in Fig. 5. Note
evenn. + and — correspond, respectively, to negative andthe very different radii of curvature of the band nep 0
positive values ob . This is not valid for the zone bound- andg= =k for weak potentialg§5(a) and %b)] and the flat-
aries[ mvy= =+ (n+1)xk] where levels are initially degener- tening of the band as the potential defith increases.
ate, making it impossible to prepare the atoms in a single BO can also occur in excited bands and we have observed
band. these oscillations in the first excited ban<1) as follows:

We apply a constant force for various timgslimited to ~ we prepare atoms in the state= 1,qo=—0.5«) by introduc-
8 ms and finally switch off the potential abruptly=(Lxs). In  ing a constant frequency shift so that atoms have a velocity
this way the atoms keep the velocity distribution of the final1l.5vg in the standing-wave frame. The subsequent accelera-
Bloch states, which can then be measured using the Ramdion is equal to—0.85 m/<, as for the oscillations in the
technique[6]. This is a second important difference with fundamental band. In Fig. 6 the full momentum distribution
solid-state physics in which the effect of the periodic poten-n the accelerated frame is displayed for various times be-
tial cannot be turned off. In our experiments, the Ramariween 0 andrg and a potential depthd,=9.5E. As in the
velocity selective transitions allow a resolution of aboutfundamental band, the time evolution is periodic but the
vr/18, much smaller than the extension of the Brillouin zoneBloch states display a richer structure. The initial distribution
and the initial momentum spread. This measurement prds mostly a combination of two plane wavEs5ik) (domi-
vides the velocity distribution in the laboratory frame. The nany and|—0.51k). At t,= 75/4 the quasimomentum arrives
distribution in the accelerated frame is simply obtained fromat the avoided crossing with the second excited band and the
the distribution in the laboratory frame by a translation ofcorresponding Bloch stat;=1,=0) is predominantly a
—mat,. superposition of the two plane wavés 24k) and |27k)

C. Results in the accelerated frame
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is visible around—2.1ak. We attribute the existence of this
M peak to the finite initial width of the momentum distribution
M = [0.6k full width at half maximum(FWHM) in these dath

t,=1
a~'B
which is not very small as compared#&. During the adia-

M t,=31p/4 batic turn on of the optical potential, atoms in the wing of the
distribution, having an initial momenturp close to Zik
t=1p/2 couple to a Bloch state which is a linear superposition of two
plane waves afp) and|p—4#k). This finite width effect is
t =14 also responsible for the slight curvature in the time evolution
of the peaks in Fig. @.
t,=0 In Fig. 6(c), we also present the evolution of the mean

3 2 1 0 1 2 3 velocity in then=1 band for a value of the potential depth
Up=9.5 Eg. This mean velocity is calculated in the same
way as described if8]. The amplitude of the velocity oscil-

lations is greater than in the fundamental band and isgl.1

) for Up=9.5 ER. The agreement with the theoretical curve
10 obtained from a numerical calculation of the band structure
(shown in solid ling is good. Note also that for an identical
applied force, the slopes arourmp=0 and g= =k of the

mean velocity in the excited and fundamental bands have
15/4 opposite signs. This is expected from Figb)3 to a mini-
t,=0 15/2 mum of the fundamental energy band corresponds a maxi-
Srg(4 mum of the excited band and vice versa. For values of
_F _
N — U,<5Egr—where we have observed BO in the fundamental
band—the energy gap between the first and second excited
0 bands is small and adiabatic evolution in the first band is
-10 05 0 05 1.0 difficult to obtain.
quasimomentum [K] To conclude this section, we would like to underline that
BO are a pure quantum effect which comes from the wave
nature of the atoms. Here a matter wave is diffracted by a
light structure, a situation entirely symetrical to the ordinary
Bragg diffraction of light by matter lattice, as first pointed
out in [2]. As for light diffraction, the wavelike atoms
strongly interact with the potential, for special values of the
wave vector. In the case of a weak potential where the Bloch
states are very close to pure plane waves, we can give a
simple description of BO. An atomic plane wave, initially
prepared with momentum=0, is accelerated by an external
2 -1 0 1 2 force. The momentunp increases linearly according to
Newton’s law until it reaches a critical value satisfying the
Bragg conditionk,;=jk, where k,;=p/#, is the atomic
wave vector and is an integer. The atomic wave is then
Before turning on the optical potential, the atoms are prepared witrg.e er_c ted a_nd Its momentur_n_ is reversed. The further evolu-
o ion is nothing but the repetition of that process: an accelera-
a momentum of 1bk. (a) Momentum distribution of Bloch states . . .
in the accelerated frame for equidistant values of the acceleratio’Ho.n by the fo.rce _followed by a Bragg reflection. This effect
time t, betweent,=0 andt,=rg=8.2 ms.(The small peak be- IS |IIustrated in Fig. 4 for_the fundamental_band. In the case
tween 2 and Bk is an artifact due to a stray reflection on a cell of the first e>§0|ted bandFig. 6)_’ the osullgtlons result from
window.) (b) Band structure and time evolution of the quasimomen-tWO successive Bragg reflections. The first one corresponds
tum. (c) Mean atomic velocity. The light potential depth is 10 @ second-order Bragg transfer of4nk (from
U,=9.5E and the acceleration ia=—0.85 m/g. Solid line:  |P=+27k) to|p=—2%k)), while the second one leads to a
theory with no adjustable parameter. Note the sign difference of théhange by+ 2%k, a first-order Bragg reflection.
mean velocity for the oscillation in the first excited band and in the
fundamental ban@Fig. 4(b)]. IV. BLOCH OSCILLATIONS:
A QUANTUM-OPTICS APPROACH

atom number (arb. units)

atomic momentum [Ak]

Energy [Eg]

mean velocity [Vigel

quasimomentum [k]

FIG. 6. Bloch oscillations of atoms in the first excited band.

with equal weights. In the further evolution, the weight of

the component nearfiX vanishes while the component near ~ While our experimental results can be perfectly explained
—2hk grows. After 3/45 the zone boundaryg=k is  using the Bloch formalism in the accelerated frame to de-
reached and the atom is in a superposition of momenturscribe the motion of atoms in the optical lattice in the pres-
states with—7k and#k. Finally this latter momentum peak ence of a constant inertial force, we would like to present
grows and after one Bloch period the initial distribution is here a different physical picture that is equally well suited to
recovered. Note in addition that, t=0, a third small peak describe our experiment. We remain in the laboratory frame
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tion of momentum states
© o o o =
o (W) = [«>] ] o

1g,2hk>

1 1 1 >
>

0 hk 2hk 4hk  p(tik)

mean atomic velocity [vg] popula
N w BN o

FIG. 7. Energy-momentum states in the laboratory frame. In the
chirped standing wave, an initial statg,p) is only coupled to
|g,p=2j#k), wherej is an integer, by stimulated two-photon Ra- time [tg]
man transitions.

FIG. 8. (@ Population of momentum statdp=2j%k) as a
and we deal with free atoms interacting with two counter-function of time in the chirped standing waveumerical simula-
propagating laser waves having a time-dependent frequenapn). (b) Experimental measurement of the mean atomic velocity in
difference. the laboratory frame as a function of time. Parameters are the same
as in Fig. 4.

A. Bloch oscillations as adiabatic rapid passage

between momentum states For properly chosen parametefise., a scan range that is

greater than the peak Rabi frequen@yand slow enough

fate of change of the detuningw<0Q?) the transfer be-
ing a photon from one wave and emitting it into the other intween the states is complete and the method can be used to
a stimulated way, as depicted in Fig. 7. Because the aton fficiently create an inversion between the levels. In our case

are initially prepared with a momentum spread much smalIegoshe:rgi?(;ecg;lg?;?;irifbggigmrgﬂwfr?éulrgbsotﬁfosr refle;sem a
than 2k and with a kinetic energy near zero, their possible y '

states after interzaction with the light fields are discrete point%o:vli?]ggﬁcg‘R: ;z(;iugg\év:rcf)?l An%?hﬁgs'gggﬁztsg ?:};osrlggﬁce
L‘; erzgjyﬁgé'rzabgljaiﬁhg freoe’})’;r’g(ﬁéb)] (2? ;?ge go?r?;;u;n Rydberg atoms in circular stat¢28]. Multiple ARP, as a

o 9t . . Cog s means of momentum transfer between light and atoms, has
in kinetic energy is provided by the frequency d|ﬁerence Iready been proposed long ago, but considering the excita-
bgtwe:en the two laser waves. the atoms are accelerated Int Ion and deexcitation of an internal state of the atom using a
direction of the beam with the higher frequency by absorbln%
photons from it and reemitting low-frequency photons into
the other. The transition |p=2jik,E=4j°Eg)—|p
=2(j+1)hk,E=4(j +1)%ER) is resonant for an angular
frequency differencé& w=4(2j +1)Egr/A. As we start with

the atoms at restj&0) and Aw=0, these resonances are

In the absence of spontaneous emission the atoms m
mentum can change by units Htk, —k,) ~ 27k by absorb-

ne-photon transitiof29]. For instance, they occur in satu-
ration spectroscopy with curved wave frof&0]. Our sys-

tem has some peculiarities in comparison with previous stud-
ies of ARP: the states are linked by a two-photon transition;
internal states of the atom are not excited, consequently there

X . . is no relaxation or dissipation; the sequence of levels is infi-
encountered sequentially and a gain of ato”?'c momentum ite, so that a large number of successive transfers can be
2_hk can be expected after eac_h change in the frequenc|¥1ade. This dynamical case has to be contrasted with the
difference of &g/h, as shown in Fig. 8. For a constant

h i th lar f differerce with th single two-photon transfer occuring in the recoil-induced
change In the angular frequency differente with the rate  oq5nances observed in dissipative optical lattices in which

Aw, the time required for this is the atomic momentum spread is larger thaik218,31.
: The two-photon Raman process can be characterized by
t=8Egr/hAw=4Egr/fika=2fk/ma, (14 an effective Rabi frequency
which is equal to the Bloch period for the inertial force O=0,0,/2A=Uy/2h, (15

ma=mA w/2k. Thus the mean atomic velocity increases by ) . ) .
2#k/m during each Bloch period. As shown in Figbg the which is propprtlonal to lthe depth of the light-shift pot.entlal
Bloch oscillations in the laboratory frame appear as a peri{{21,{2>: Rabi frequencies of the two beams; detuning
odic deviation of the mean velocity around the linear in-from the atomic resonance lineThe two ARP conditions
crease in timeat. The method of exciting the transition be- then readA w<Q2<64E3/42 and are well fulfilled for the
tween two energy levels with a electromagnetic wave ofconditions of our BO experiment in the fundamental energy
variable detuning that is scanned through resonance is welland. The second condition, which is equivalent to the weak
known under the term adiabatic rapid pass&gBP) [27]. binding limit for the periodic potential, allows us to treat the
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transitions sequentially and to take only two momentum

states at a time. The first condition, which ensures the adia- 1.0 1)
baticity of the process, is equivalent to avoiding interband aNos
transitions in the band-structure model. It will be discussed '
guantitatively in the following paragraph. 0
The model of ARP between momentum states is also able 0 ) 4 6 8
to predict, quantitatively, the temporal behavior of the BO,
i.e., of the mean velocity in the laboratory frame),t). 1.0 | b)
Focusing now on one of the momentum transfers displayed N5
in Fig. 8, we consider only two states at a time and the mean a
velocity is simply given by 0
0 2 4 6 8
2hk
<v>lab(t):?[jp2j(t)+(j +1)Py+(D], (16 1.0 |©)
o' 0.5 .
where P,; is the time-dependent probability of finding the 0 = >
atom in momentum stat@j#%k). These probabilities can be
calculated from the vector model of the optical Bloch equa- 6 2 4 6 8
tions[32]

Aw [Eg/M]

1 1) . - .
= =1—P.,. FIG. 9. Probability of finding the atom in momentum state
Pai+a 2 " 2y 5+ 02’ Pa=1= Pz, @9 2fik as a function of the detuning from the two-photon resonance
¢ for various effective Rabi frequencies. Solid lines are results from
the two-state model of adiabatic rapid passage between momentum
states [cf. Eq. (17)]. (@ Uy=1.4Er, (b) Uy=2.3Eg, (0)
U0:4.4ER .

where

5=Aw—4(2j+1)ER/h (19
B. Dressed-atom picture

is the detuning from the two-photon resonance. For small Another interesting viewpoint can be given with the
values of(), (v).5(t) changes very little during the first half dressed-atom approag84], in which the state of the system
period (—4Egr/A=<35<0) and makes an abrupt jump of is described byp,N;,N,), wherep is the momentum of the
2#k/m as the resonancé=0 is encountered. This corre- atom, N; is the number of photons in the laser wave of
sponds to a BO with the maximal amplitude in velocity of frequencyw;, and N, the number of photons in the laser
fik/m. For larger values of), which corresponds to stronger wave of frequencyw,. With redistribution processes, the
binding of the atoms in the periodic potential, the increase irstate  |p,N{,N,) is coupled to the states
(v)ia(t) approaches a linear behavior i# or in time, |p*2j%k,N;¥j,N,*j). For our initial conditionp=0 and
namely, the amplitude of the BOs vanishes. Obviously thidN;=N,= Ny, with a momentum spreadp<#k, the system
simple model cannot be extended to arbitrarily strong couevolves in the space subtended by the states
pling, because the approximation of having only two mo-|j)=|2j%k,No—j,No+j). Without the coupling between
mentum states involved at a time breaks down. In that case¢he atom and the laser waves, the energy of diatdor a
we have solved numerically the Schinger equation in- frequency differencer; — w,=Aw
volving a large set of momentum states. Note that for any ] .
value of the lattice potential these results are identical to Ej(5):4JZER+Noﬁ(w1+w2)_JﬁAw- (19
those obtained with the Bloch approach presented in Sec. lll.
The full equivalence between the two descriptions is demonThe effect of a weak couplingly<Eg) is significant only
strated in the Appendix. A similar quantum-optics approachwhen two statesj) are degenerate: the crossings in Fig. 10
has been independently developed for atomic three-level anecome avoided crossings. By adiabatically switching on the
two-level system$33]. beams in our experiment, we prepare the system in an eigen-
To compare the experimental results to the simple twostate. Then, when the frequency difference- w, is slowly
state mode[Eq. (17)] we have plotted, in Fig. 9, the height increasedassuming for simplicity thad; + w, remains con-
of the peak at27k) for the first Bloch period as a function stanj, the system follows adiabatically the evolution of the
of the detuning and for different values 6, i.e., of the eigenstate, leading to a series of momentum changes. If the
potential deptiJ . We find that the experimental data can beinitial frequency difference is zero, the momentum of the
well fitted by Eq.(17), but with Rabi frequencies about 12% atoms is periodically increased by:R at each of the first-
smaller than those deduced from the measured intensitiesrder anticrossings in Fig. 1&: this is the signature in the
This slight discrepancy may be attributed to an error in abdaboratory frame of Bloch oscillations in the fundamental
solute power calibration, as well as to the transverse spredeand. With an initial frequency difference ofEg/#, we
of the atomic cloud in the Gaussian profile of the laser beamprepare the atoms with a momentum7ik5n the standing-
during the~20 ms interaction time. wave frame[Fig. 10b)]. During the frequency chirp, the




55 BLOCH OSCILLATIONS OF ATOMS, ADIABATIC ... 2997

p=2hk
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Energy [Eg]
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V. PREPARATION OF ULTRACOLD ATOMIC BEAMS

Using the moving periodic potential of the detuned laser
beams a large number of photon momenta can be transferred
to the atoms coherently, accelerating them without any dis-
sipation or heating. With this technique, we are able to pro-
duce an atomic beam with very smaile., subrecojl mo-
mentum spread in the beam direction. This may find
applications in precision experiments, where very well de-
fined velocities are desirable, for instance, in atomic fountain
clocks[35] or in atom transport and interferometry. For prac-
tical applications the most important figure of merit is the
maximal acceleration under which the atoms stay bound to
the potential. This determines the maximal velocity that can
be reached in a given interaction time for atoms starting at
rest.

Classically, a periodic potenti&l ,sirkz would be tilted
under the influence of the inertial forcema. Acceleration
is possible up to a critical valug,; = Ujk/m, from where on
there exist no more local potential minima that can bind the
particles. In a quantum treatment the requirement for accel-
eration is that the atoms stay in the fundamental band and do
not perform transitions to higher-energy bands. In the band
structure of the potentidl osirtkz which is in our experi-
ments smaller than-20Eg, the widths of the band gaps
between thenth and the (+1)th band diminish withn.
Since the probability for interband transitions increases ex-
ponentially with diminishing width of the band gap, an atom
that has passed the first and largest band gap, and has made
the transfer from the fundamental to the first excited band,
will also make the transitions to higher bands and finally
reach the continuurfi36]. When the quasimomentum scans

FIG. 10. Bloch oscillations in the dressed atom basis. Thepe grillouin zone, the critical moment for interband transi-

straight lines represent the eigenenergies of the system+dtsar
fields as a function of the frequency difference between the tw

counterpropagating waves in the absence of coupling. The effect o
a weak coupling is to lift the degeneracy at the line crossings and t?

produce new eigenenergie® For Uy=Eg, only the first-order
anticrossing at Ei /7% is visible. When the difference frequency is
increased from 0, atoms at0 with |[p=0) may follow adiabati-
cally the lower-energy curve and thus gain a momentum 7o 2
when the frequency difference isE4. After a time 75 the fre-
quency difference is Bg. This corresponds to one Bloch oscilla-
tion in the fundamental band. This process can be repeated perio
cally whenever the frequency difference equalg?4 (j—1)?],

tions is at the zone boundag~=k, where the first excited
and approaches the fundamental band the most. This is en-
countered once during each Bloch period. We suppose a
ransition rate per Bloch period given by a Landau-Zener
formula[37]

r=exp—a./a), (20

where the critical acceleration, is proportional to the

fduare of the band gap between the fundamental and the first

excited band, which in the limit of weak binding is propor-

where j is an integer greater than 1. This results in a coherenfional to the potential deptbl,. Here we have

momentum transfer to the atoms in the laboratory frame and, hence,

to an acceleration of the atomic clouth) U,=5Eg. The first-
order anticrossing and a higher-order anticrossing B /& are
significant. If the atoms are preparedtatO in the upper-energy
branch(for instance with a frequency difference oEg), the first
anticrossing at a frequency difference dt@transfers+ 44k of
momentum to the atoms. The second anticrossing Bi ¥2duces
the atom momentum by7X resulting in a total transfer of 7k

after one Bloch period. This is the equivalent of the Bloch oscilla-

tions in the first excited band.

momentum of the atoms is first increased bfk4at the

a./a=m0%2A w. (21)

We determined these transition rates experimentally by ac-
celerating atoms, initially cooled to a subrecoil momentum
spread, for a fixed tim&=nrg and by measuring the frac-
tion of atoms that reached the final velocity- at, for dif-
ferent values ofa and U,. Typical transition rates were in
the range 2—-20 % and followed well the exponential behav-
ior expected after the Landau-Zener formula. As an example
of the data we show in Fig. 11 the initial momentum distri-
bution and that obtained after a transfer of/80in 1.4 ms

anticrossing which corresponds to a frequency difference ofa=76 m/s’) in a potentialU,=9.5E, leading to a total
8ERr/A and which is a four-photon process. Then the mo-efficiency of 60% or a transition rate=0.033.

mentum is decreased byiR at a frequency difference of
12ak by a first-order anticrossing. This evolution corre-
sponds to the Bloch oscillations in the first excited band.

The extrapolated values for the critical acceleratigrare
plotted in Fig. 12 as a function df,. The critical accelera-
tion is measured in units af,=7%2k/m?, which is equal to
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FIG. 13. Acceleration of a molasses momentum distribution
with Uy,=8.3Eg anda=3.5 m/$=0.01%,: from a distribution of
full width ~10rk (dotted ling, only a peak having a width of
T2hk is efficiently transfered to higher momer(teere 1z k). Note
also the— 27k shift of the positive side of the momentum distribu-
Son whereas the momenta opposed to the direction of the accelera-
tion remained unchanged after the acceleratgme text

FIG. 11. Determination of the critical acceleration by coherent
acceleration of atoms with a subrecoil momentum spreatikéd.
Uo=9.5ER and the acceleration is 76 m/<Dotted line: initial dis-
tribution. Solid line: 30 photon recaoils are transfered after 1.4 ms o
acceleration. From these data we deduce a total transfer efficien
of 60% and a Landau-Zener loss rate per Bloch period of 0.033.

91.6 m/g for the cesium atom. For the range of potential betweenU, and the band gap holds uplthy~ 15E. At this
depths investigated herdJg<<10Eg) the relation between yalue ofU, for cesium an acceleration of 70.4 rifeads to

ac andUg is well fitted by a Bloch period of 0.1 ms and a transition rate2x 10 5,
, so that during a 10 ms interaction time, 20K can be trans-
ﬁzo 037( ﬁ) 22) ferred to 99.8% of the atoms, leading to a final velocity of
ag Er/ 0.7 m/s. This acceleration method is particularly simple and

may find interesting applications in atomic fountains largely
Our numerical value of 0.037 is in reasonable agreemenysed in high-precision measurements. Note that due to the
with the valuen/64~0.049 derived from Eq21), consider- ~ scaling ofa, with k3/m?, significantly higher velocities are
ing our 30% laser intensity uncertainty. possible with lighter atoms and shorter wavelengths. This
The greatest momentum transfer we could measure in theimple method might also be an interesting alternative to the
experiment was 1%X, being limited by the laser power atom interferometer method for measuring the photon recoil
available for the optical potential and by the geometry of ourand thush/m in frequency unitg38].
detection system, which was designed to probe atoms nearly In the case of strong binding@e., for U,>20ER) the first
at rest and close to the position of the MOT. Numericalband gap continues to increase, but slower than linearly with
band-structure calculations indicate that the proportionalitfJ,. Here the Landau-Zener theory is not applicable any
more because the lowest bands become essentiallyrith-

4 . , pendent ofg). The notion of a level crossing at the zone
T boundary has no meaning any longer and higher-order level
[ : crossings cannot be ignored.
3| ] This technique of acceleration by a moving periodic po-

tential cannot only be applied to atoms cooled to subrecoil
o energies, but also to ensembles of atoms having a larger
ol ; momentum spread. In the Bloch picture, the atoms will be
© spread over several Brillouin zones, or energy bands, of the
periodic potential. During the adiabatic turn on of the poten-
1} 1 tial, only atoms with an initial momentum in the range
—hk<p<#rk are prepared in the fundamental energy band.
For large values of the acceleration, only these atoms will
0 ' fulfill the adiabaticity condition for BO and will undergo
Bloch oscillations. They will be efficiently accelerated in the
Uy/Eg laboratory frame. After the acceleration phase, one expects a
peak of atoms around the final velocity having the height of
FIG. 12. Critical acceleration as a function of laser intensity.the initial distribution aroundpo=0 and with a width of
Solid line: fit with a./ag=0.037U,/Eg)2. The critical accelera- 27%Kk. Figure 13 shows the experimental result for an initial
tion depends quadratically on the potential depth, for =~ momentum distribution having a rms momentum spread of
Uo<10Eg. ay=%2k3*/m?=91.6 m/$ for cesium. about Fik, obtained by cooling the atoms in optical molas-
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accelerated. Actually this is not the case. Consider first the

negative side of the two momentum distributions. Below APPENDIX

—#ik the two distributions coincide, indicating that the ac-

celeration phase has not affected these atoms. The atoms S€Veral Hamiltonians are used in this paper to analyze the
with an initial momentum outside of the first Brillouin zone {0MiC motion in the accelerated optical standing wave. The

and withp= — 7k, i.e., opposed to the direction of accelera- first one corresponds to the reference frame of the laboratory

tion, are prepared in excited bands during the adiabatic turn p2

on of the potential. During the acceleration phase the adia- H g (t)= m+uosin2
batic criterion for BO is not fulfilled for these bands and the

atoms are passing diabatically to higher bands and then tghere

the continuum. They are essentially unperturbed by the opti-

1
kx= 5 (@ ()~ ¢<t>)}, (A1)

cal potential. On the other hand, the atoms in the positive t

wing of the velocity distribution withp=#%k are faster than ¢+ (D=¢-()= fodTA“’(T)’ (A2)
the moving potential at the beginning of the acceleration

phase. Their quasimomentum descend in the band structure. =k(at?—2v,t) (A3)

When they encounter the crossing between the fundamental
and the first excited band they pass it adiabatically, i.e., thejs the phase difference between the two laser running waves.
loose Zk in the laboratory frame. After this momentum The sign ofv, is chosen in accordance with Sec. IlIB. The
transfer, the atoms evolve similarly to the ones initially hav-Potential in Eq.(A1) corresponds to the light shift induced
ing a negative velocity: they are no longer perturbed by thdy @ laser field proportional to efdikx— . (t)]}
potential. This— 274k shift is clearly visible on the positive —€XPli[—kx—=¢_(OF. _
side of the momentum distribution in Fig. 13. The ;ecqnd Hamiltonian holds in the accelerated frame
In the picture of adiabatic rapid passage between momer"d is time independent,
tum states in the laboratory frame, the atoms With<7k 2
will experience the normal sequence of ARP and their mo- Hacc=2—
mentum will be increased by &k. Atoms with an initial m
momentum lower thanr-#Ak will never encounter the reso-
nance condition for ARP. They are left unchanged during th
acceleration phase. On the other hand, atoms with an initi
momentum greater thatk will experience one ARP when
the resonance condition is fulfilled. This ARP decreases their
momentum by 2k and in the subsequent evolution they Hacem= U(OHa(HU (D) T +i7
evolve like the atoms having initially a negative momentum:

they no longer interact with the chirped wave. Intuitively the effect ofU(t) is to perform a translation in
position space ofr(t)=at?/2— vyt and a translation in mo-
mentum space of3(t)=m(at—uv,), corresponding to the

VI. SUMMARY classical change of coordinates defining the accelerated

In this paper, we have shown that atoms in a light Iatticeframe‘ This motivates the ansatz

constitute a good model system for the study of quantum U(t) = el «(OPlhg =i BOXhgi v()/h (AB)
effects usually described in solids, such as Bloch oscilla- ’

tions. Thanks to our ability to prepare atoms with a smallyhere y(t) is to be determined.

momentum spread and to the possibility to easily switch on  From Eq.(A6) we immediately get

and off light fields in a controlled way, we have been able to

+ Ugsirfkx+max (A4)

We identify, in this Appendix, the unitary transformation
g.r(t) linking these two Hamiltonians, i.e., we solve the equa-
on

d ) .
&U(t) um' (A5

directly observe the momentum distribution of Bloch states U(t)xU(t)T=elaOp/iygmialOp/h (A7)
and Bloch oscillations in the time domain for the first two

energy bands. We have given a quantum-optics interpreta- =X+ a(t), (A8)
tion of these phenomena in terms of adiabatic rapid passage

between momentum states. Applications to atomic beam co- U(t)pU(t)T=e  1BWOXR e BUXR (A9)

herent manipulation, atom transport, and high-precision mea-
surement oh/m have been outlined. =p+B(t). (A10)
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The inertial term[last term of Eq.(A5)] is obtained as fol- p2

lows: Hoolt)= >m (at—vo)p+ UgsirPkx, (A14)
(d " : ) . p?

it aU(t) U(t)'=—a(t)p+B(HHU()xU(L) "= y(1), == — Aw(t)p/2k+ U,sirtkx, (A15)
2m

(A11)
. 2.2 which, up to the additive constant terNy%(w;+ w,), has
=~ (at—vo)p+max+ Emat the same spectrum as the one obtained in the dressed-atom
approach, i.e., in the “quantum-optics” point of view. For
—mavot— y(t). (A12) the other choice,n(t)=ma’t’/6—mavot?/2+mu2t/2 this

unitary transformation leads to
For the choicey(t)=ma’t%/3—mavt?+mu3t/2 one can

then easily check that the relati¢A5) holds. . Hesdt) = [p—m(at—vo)]? +Ugsirkx,  (A16)
A third type of transformation may be considered to unify 2m
the various points of view of this paper. It merely consists in )
a translation of Eq(Al) in position space followed by a _Lp+#q(t)] + U nsirPkx (A17)
global change of phase 2m 0 '
U(t) =l Oplig=in®in (A13)  Which is exactly the Hamiltonian of E@7) for the periodic

part of the wave functiofju(t)), i.e., in the “solid-state
For the choicen(t)=0 this unitary transformation leads to physics” point of view.
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