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Quantum accelerator modes: A tool for atom optics
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We describe an atom-optical technique for producing large changes in the momentum of cold atoms using
a pulsed standing wave of off-resonant light. Experimental results are presented showing how the efficiency
and the amount of momentum transfer depend on the parameters of the light field. We also present a theoretical
analysis and derive a closed formula which is in excellent agreement with the experimental data.

PACS numbd(s): 42.50.Vk, 03.75+-b

[. INTRODUCTION out from the main distribution, gaining momentum with ev-
ery pulse. These atoms are in an accelerator mode, which is

Controlling the momentum and position of ultracold at- analogous to a child being pushed on a swing. Repeated
oms has received wide interest throughout the world in th@ushes at the correct interval allow the child to gain more
last two decades. The name “atom optics” was coined forand more momentum and thus accelerate. If the pushes are
this field because it involves the coherent manipulation ofmistimed, the child’'s momentum can be increased or de-
atomic de Broglie wavepl,2]. The ability to perform atom creased so that, although in general the child may accelerate
optics is crucial to the development of devices and processédgr a few pushes, the net result is very little acceleration. In
that use atomic de Broglie waves. Lithograpf8], atom  our experiment, we are dealing with cold atoms and not clas-
interferometry[4], and the atom lasd] all require one to si_cal particles so we expect some modification to this simple
have precise control over the external motion of atoms.  picture.

There have been a number of methods that have demon- In this paper, we derive the theoretical condition for a
strated this control. These can essentially be divided intglassical accelerator mode and build on this to obtain the
three groups: those using nanofabricated matter grafsigs condition in the quantum case. After a discussion of our
those using static magnetic fielfig], and those using light. experimental setup, we go on to show in detail how the ac-
In general the last category has proved to be the most widelgelerator mode can be controlled by the precise nature of the
used because of the relative ease with which the necessagjanding light wave that creates it. Finally we look at evi-
optical potentials can be realized to achieve coherent madence for the coherence of these accelerator modes and dis-
mentum transfer. For example, methods using Raman pulsé€siss their potential as an atom-optical beam splitter.

[8], adiabatic transfd9,10|, evanescent wavg4 1], and dif-

fraction from an off-resonant standing light waje2] have Il. THEORY

all been demonstrated as methods for imparting photon mo-
menta to atoms. It has proved difficult to scale these pro-
cessesby applying more pulses, for examplgither because To gain an understanding of the accelerator mode, we
of their efficiency[13] or for technical reasons. look first at the classical dynamics depicted in Fig. 2. We

What is needed is a technique that uses light to createonsider a particle moving in a vertical sinusoidal potential
with high efficiency an almost arbitrarily large change in thewhich is periodically switched on and off. In addition to the
momentum of an atom. The quantum accelerator nidde  force of gravity, the particle will experience a force from the
that we have recently demonstrated can fulfill this requirefotential and a consequent momentum change if it is located
ment. in a region where the gradient of the potential is nonzero. We

The principle of an accelerator mode is that by exposingassume that the particle is initially placed at a position where
particles to a pulsed sinusoidal potential they gain momenit can experience a momentum change. We also assume that
tum. Particles with a certain initial velocity are given an the particle does not move a significant distance within the
identical “kick” by the potential every time it is pulsed on. potential during the time of a pulse. If the potential is given
In our experimental arrangement, atoms that are droppely U=(Un/2)[1+cosGx)], where 27/G is the spatial pe-
from a magneto-optic trafMOT) experience a pulsed sinu- riod g of the potential, the momentum change in a pulse is
soidal potential, generated by a standing wave of off-Ap=—VUAt, whereAt is the length of the pulse. The ve-
resonant light. Some of these atoms have initial velocitiesocity imparted by each pulse will then be
that allow them to enter an accelerator mode. Typical experi-
mental data showing the atomic momentum distributions af- ~ Umax
ter different numbers of pulses of the potential are shown in YR o
Fig. 1. It can clearly be seen that a class of atoms accelerates

Only if the particle receives the same kick from every

pulse will its momentum increase linearly with pulse number
*Present address: Univergitéonstanz, Fachbereich Physik, Uni- and the particle remain in an accelerator mode. To find such
versitasstrasse 10, D-78457 Konstanz, Germany. a classical accelerator mode, we need to determine if there is

A. The classical accelerator mode

sin(Gx)GAt. 1)
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FIG. 2. A schematic of the classical situation, with time increas-
ing to the right. The distance through which the particle moves
between pulses must be a whole multiple of the spatial period of the
potential for the particle to remain in an accelerator mode.

FIG. 1. Experimental atomic momentum distributions for differ- . . . . .
ent numbers of standing light wave pulses. The peak that is accep_lgssmal particles and the sinusoidal potential can be created

erating away from the central distribution corresponds to atoms ifVith @ standing wave of off-resonant light. The laser-cooled
an accelerator mode. The data have been averaged over 10 shotdfoms that participate in the accelerator mode cannot be
treated classically but can be thought of as de Broglie wave
a particular value of the time between puls€swhere the packets spread out over many periods of the potential. Thus
particle always returns to the same position within a periodve consider each pulse of the standing light wave as a phase
of the potential. In other words we need to find a valugof grating which diffracts the atomic de Broglie waves into a
for which the distance the particle moves between successivgeries of diffraction orders, as shown in Fig. 3.
pulsess, is an integer number of spatial periods of the sinu- Through the light shift, the standing wave creates a po-
soidal potential. This is equivalent to the condition tential of the form

-200  -150  -100 -50 0 50 100 150
Momentum [photon recoils]

$=(Npl"+DAg, @ U(x,t)=U%ax[1+cong)]2 St-N,T) (6
wherel andl” are integers anll, is the number of the pulse. N
Note that the integer multiple has been split into a factomwith the grating vectoiG=2k wherek is the light wave
dependent on pulse number and a separate factor, indepevector,T is the time between the pulses, aNg is the pulse
dent of pulse number. This distance can be calculated fromumber. Thes function expresses the fact that the time for
classical mechanics. At the time of tith pulset=(N,  which a pulse is applied is much shorter than the time be-
—1)T, so that the velocity gained due to the gravitationaltween the pulses. This potential changes the spatial phase of
acceleration isvg=v;+g(N,—1)T. The velocity gained an atomic wave incident on it bg(x)=—U(x)At/% where
from the kicks of the potential is,=Nyvg. Thus between At is the interaction time. Since the pulse length is assumed
the Nyth and (N, +1)th pulse the particle moves a distance to be very short the movement of the atom during the inter-
action is negligible. The atom is thus in the Raman-Nath
s=(gT?+vRrTINy+ (v;T—39T?). (3 regime and the standing light wave acts as a thin phase dif-

fracti ing.
Equating this to Eq(2), we find that for an accelerator mode, raction grating

+
gT?+uRrT=1"\g (4) N, N+
and lpq>
v, T—2gT?=I\g. (5)

Hence we can find the pulse separation tirfiger which a
certain initial velocity clas®; is continually kicked onto the
same gradient of the potential. These particles will gain mo-
mentum linearly with pulse number and are in a long-lived
accelerator mode. Moo t=(N,-1)T t=N,T

FIG. 3. A schematic of the quantum situation, with time increas-
ing to the right. The potential behaves as a thin phase grating and

The quantum accelerator mode is the quantum mechanicalffracts the incident de Broglie wave. Several adjacent momentum
analog of the above idea. Cold atoms are used instead of theates must rephase for an accelerator mode to exist.

B. The quantum accelerator mode
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If one imagines a plane atomic wave incident upon such @ng g andN, which increase linearly with pulse number, and
potential, the resulting output will be composed of an arrayEq. (11), containing terms that have no pulse number depen-

of different diffraction orders. That is, dence:
o hG? o ,
)= 3 "3 do)lpn), ™ 2m 1207 9CTNp=2mdl 1o
and
where J, is thenth order Bessel function of the first kind, )
dq=UnmaAU/(20) is the phase modulation depth of the grat- v, GT— ﬁiTszl, (11)

ing, and|p,) represents a momentum state after one grating 2m
with momentum in the grating direction gf=nAG. The . i
Bessel function,(¢g) has its maximum whembg~n+1; wherel andl’ are mtegers. The first of these allows a palcu—
thus the order diffracted with the highest probability is givenlation of the time interval between the pulses and with the
roughly bynac~(ég—1). This corresponds to a most likely S&cond the initial velocity can be found. _
momentum after one grating of,,#iG. To express these solutions more concisely, we introduce a

To find an accelerator mode in the quantum case, we arec@led time
looking for a condition on the pulse separatidnand the
initial velocity v; that will cause part of the atomic wave T=aTy, with T1/2:277_m
field to replicate itself from grating to grating. Such a mode, #G2'
with the same form at every pulse, should have a fixed phase
relationship between its constituent components at the tim@hereTy, is 66.5us for cesium in light of 895 nm. Equa-
of each pulse. To avoid ambiguity between the labeling ofions (10) and(11) now become
diffraction orders after a particular pulse and the total mo- ,
mentum accumulated after several pulses, we introduce a a2+ q _ﬂ =0

; . ya y (13

new parameteg. This represents the total number of grating Np Np
recoils,#G, that the accelerator mode has gained up to and
including theNth pulse. The phase accumulated in the mo-and

mentum statép,), relative to that accumulated in the state | 1\4G

(12

|pq=0>, during the free evolution between thé,th and
(Np+1)th pulse is

P (14)

m

with y=#2G3/2rm?g, which is approximately 10 for ce-

1hG? . . ,
_ 2. 2 sium with 895 nm light.
¢ 2m Ta™+viGTatgGT Ny, ® Solving Eq.(13) gives
wherem is the atomic mass. The atoms also accumulate an Np a?

q= (15

interaction phase at the grating, as shown by the factor Y1'—a

Eq. (7). The statdp,) has a total interaction phasg which

depends only on the value of and not on how| Py was  Thus the momentum of the accelerator mode dftgpulses

reached through the diffraction orders at previous pulses. separated by T, is g2G. Note that without gravity, 3/
From one pulse to the next, the accumulated phase differ=0 and the accelerator mode ceases to exist.

ence between two adjacent momentum states is thus found to We can also see that
be
¢q+l_¢q:¢q_¢qfl+2ﬂ'a’- (16)
2

¢>q—d)q_1=ﬁ£T(2q—1)+viGT+gGT2Np. (9) This impljes th_at ifa is set to a near-integer value, V\(here
2m |pq) and its neighbofp,_,) are in phase, thefp,) and its
other neighbotqu) are not perfectly in phase. As takes

We see from this expression that the presence of gravityalues further from an integefp,) and|pg.,) become in-

prohibits the simultaneous rephasing alf the momentum  creasingly out of phase, eventually destroying the possibility

orders at any time after a pulse. The accelerator mode itsetff an accelerator mode. This restriction anmeans that

consists of only a few momentum states and it is sufficient iraccelerator modes can be formed only when the pulse sepa-

our analysis to follow the behavior of only these states. Foration timeT is close to integer values df,.

the accelerator mode to replicate itself at every pulse the free Figure 4 shows the remarkable accuracy of this simple

evolution phases of these states must rephase in the intenahalysis. The dashed curve is Ed5) for I’=1 with no fit

between every pulse. This requires the phase differencgsarameters. The underlying experimental data show the mea-

$q— ¢q-1 to be as close as possible to whole multiples ofsured momentum distributions with a pulse length of @s5

2. Just as in the classical case, E9).now gives a rephas- Note thatq can take only integer values so the momentum

ing condition, which can be separated into ELD), contain-  transferred is quantized. This is not observed in the results
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FIG. 4. The experimental data, averaged over 10 shots, show tttttt(tt\ Mirror

momentum distributions obtained after 30 pulses with different ) ) ) )

setT,,, equal to 66.5us. Each pulse of the standing light wave was light wave formed from the retroreflection of a Ti:sapphire laser
on for 0.5us. The dashed curve is EQL5) for I’=1 with no fit ~ Peam. The atomic source was a MOT and the atomic momentum

parameters, i.e., ®=2x30a?/y(1— ), where the factor of 2 distribution was measured 50 cm below the trap position with a
arises from plotting in units ofk instead ofiG. time of flight (TOF) technique. The phase shifter allowed the real-
ization of different accelerations of the atoms relative to the stand-

because the final momentum is measured over an ensembi& Wave.

of atoms with a range of initial velocities. In contrast, the
momentum transfer in the classical case is not quantized arity, as described in the next section.

can be tuned continuously. Note also that, in the quantum The atomic source was a MOT of typically A@esium
case, the modulation depth of the potential;, does not atoms at a temperature of abouu:B after molasses cooling.
determine the final momentum gained,; this is fixeddgythe ~ The atoms were released from the trap and after 5 ms the
scaled time. The role o4 is only to determine the relative standing light wave pulses were applied. The atoms were
populations in the diffraction orders produced at each gratdetected 50 cm below, as they fell through a /8% probe

ing. For a particulare only certain diffraction orders take beam, 15 mm wide and 2 mm thick. This probe beam was on
part in the formation of an accelerator mode apylaffects  resonance at thB2(62S,,,—6 °P5,)F=4—F"=5 transi-
only the efficiency with which these orders are populatedtion so that the amount of absorption was proportional to the
This is different from the classical case where E.shows number of atoms in thE =4 state. By measuring the time of
that the pulse separation depends on the recoil velocity,
which changes with the modulation depth of the potential.

i,

Equation(14) tells us that accelerator modes, which occur 5,:2 A 6 2P
for values ofa close to 1, select atoms in an initial velocity F=3 A 3/2
class close to half-integer values of the grating recoil veloc- iy
ity 2G/m.

lll. EXPERIMENTAL SETUP 5
2 ——F=4 g .

The quantum accelerator modes described above were ob- 6 P1/2 g ‘é
served with laser-cooled cesium atoms in a standing light A F= E g pz
wave. As shown in Fig. 5, the standing light wave was Eo &
formed from a vertically propagating Ti:sapphire laser beam. D1 3
The light was typically detuned 6 GHz below the Standi ©

2 2 _ r— FAPSR . g anding g
D1(6-°S;,—6“Pyp»F=4—F'=3 transition in cesium, as £ wave E
shown in Fig. 6. The beam itself had a full width half maxi- £ o

. » s F=4 |
mum diameter of~1.5 mm and the power was approxi ad
mately 250 mW. The pulses were switched on and off with 6281/2
an acousto-optic modulator driven by a fast rf amplitude F=3

modulator. A phase shifter was also situated in the light
beam to allow the standing wave to have different phases. FIG. 6. The cesium atomic levels used in the experiment, with
This was used to enhance or even cancel the effect of gravhe relevant transitions marked.
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accelerator mode with pulse number for three different pulse sepa-
FIG. 7. The momentum distributions after 30 pulses separatedations and at four different intensities: 25.4, 23.8, 21.6, and 16.4
by a time ofT=60 us, where the phase shifter was used to simulateW/cn?. Note how for each pulse separation time the accelerator
effective gravitational accelerations betweer?.5y. The phase mode’s momentum is the same for all intensities. The standing light
shifter allowed both positive and negative momentum kicks to bewave was 6 GHz red detuned.
realized, thus giving full control over the final momentum distribu-
tion. The laser light was 6 GHz red detuned and the pulses, ofte and decelerate. This is an important property in attempt-
Iength O.SILLS, had an intensity in the Standing wave of 28 V\ﬁcm |ng to |mp|ement the accelerator mode as, for example, part
The data have been averaged over 10 shots. of an interferometer. Looking carefully at the data, it can be
seen that, when the effective gravitational acceleration was
ﬂ|ght, the momentum diStI’ibutiOI’] Of the atoms COU|d be de'equa| tog, the number of atoms in the accelerator mode was
termined. slightly larger. This is because the phase shifter was not used
for this trace so there was less disturbance to the standing
IV. THE ROLE OF GRAVITY wave and the efficiency of the accelerator mode was im-
proved. It is noteworthy that, since the phase shifter can
It can be seen from Eq10) that changingN,, will affect  simulate the effect of an external acceleration of the atoms
the rephasing of adjacent momentum stag$ and|py-1).  relative to the standing light wave, all of the experiments
If N, is increased, the rephasing of momentum states witijescribed here could also be performed with a horizontal
higherg will be favored. This is as expected since increasingstanding light wave.
the pulse number increases the momentum of the accelerator
mode, as seen in Fig. 1. SingandN, occur as a product in
one of the terms of Eq.10), it should be expected that in-
creasing gravity instead dfl, would also change the mo-
mentum of the accelerator mode linearly. Obviously gravity Having seen that the accelerator mode has the potential to
cannot be changed directly, but it is possible to change thge 3 very useful tool in atom optics, it is important to char-
acceleration of the atoms relative to the standing wave. Thigcterize its behavior. We now consider the effects of the
is achieved by using the phase shifter to adjust the phase @itensity, detuning, and polarization of the light field on the
the standing wave quadratically with pulse number. An adyccelerator mode.
justment in phase is equivalent to translating the whole
standing wave along its length. In this way, the gravitational
acceleration could be canceled, for example, by shifting the
standing wave such that at each pulse the atoms found them- From the discussion in Sec. Il B, it is seen that the accel-
selves at the position on the standing wave where they wouldrator mode arises from diffraction into orders which are
have been in the absence of falling. By controlling thespecified by the rephasing condition for a given pulse sepa-
amount by which the standing light wave is shifted, a wideration time. We expect that for a particular pulse separation,
range of effective gravitational accelerations can be realizedhe quantum accelerator mode acquires a momentum that is
The results of such experiments, where the effectivandependent of the intensity of the light field. This behavior
gravitational acceleration was varied betweef.5g for 30  is seen very clearly in Fig. 8. This shows the momentum
pulses separated By=60 us, are shown in Fig. 7. It can be change of the accelerator mode, just as in Fig. 1, for increas-
clearly seen that the momentum change is linear with effecing pulse number with four different intensities at each of
tive acceleration, just as it is with pulse number. This plotthree pulse separation times. As predicted, the momentum
shows the control that can be exercised over the momentuichanges for a given pulse separation time are independent of
distribution and how the atoms can be made to both accelethe intensity. The effect of the intensity is to alter the effi-

V. THE DEPENDENCE OF THE ACCELERATOR MODE
ON THE LIGHT FIELD

A. Intensity
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FIG. 9. The number of atoms in the accelerator mode with in- .g 04
creasing pulse number for two different intensities of the standing g Momentum
light wave. The pulses were separated byu&0and the light was 6 < 0 [photon recoils]

GHz red detuned. The vertical axis is plotted logarithmically so the -
linear change with pulse number represents an exponential decay in Detuning [GHz] -5 7"_100

efficiency. This demonstrates a fixed probability per pulse of re-

maining in the accelerator mode of 99.1% and 96.8% for the higher F|G. 10. The momentum distributions after 30 pulses, separated
and lower intensity data, respectively. by 60 us, are shown for different detunings of the standing light

. . . . . wave. The momentum of the accelerator mode is independent of the
ciency with which the atoms are diffracted into orders thatdetuning, and even the sign of the detuning does not affect the

rephase and form the accelerator mode. This relates to thgarted momentum. The disappearance of the atoms close to reso-
discussion of the relative amplitudes in each diffraction ordef,ance is due to the effect of spontaneous emission which reduces

after a grating. To populate most efficiently the orders thathe number of atoms in the detected state. The data have been
will create the accelerator modes;-q/Np, it is necessary averaged over 10 shots.

to choose an intensity whergy~n+1. The effect of two

different intensities on the number of atoms in an accelerator C. Polarization

mode is plotted in Fig. 9 for increasing numbers of pulses.

) : oS . . Another parameter of the light field that can easily be
Note that the vertical scale is logarithmic, so the straight Imeadjusted is its polarization. Figure 11 shows the experimental

fits show that the_ gff|C|en(_:y decre_:ases_ exponenna_ll_y W'ﬂ}esults of the accelerator mode for linear, elliptical, and cir-
pulse number. This is consistent with a fixed probability per, - polarizations

pulse of diffracting into the desired orders. We see that the accelerator mode favors linear polariza-
) tions. An explanation for this comes from the fact that the
B. Detuning atoms which undergo acceleration are in many magnetic sub-

The detuning of the light field can also be adjusted. Forevels of the ground leveF=4. In theD1 transition in ce-
detunings of~6 GHz, the effect of increasing the detuning sium, there are two upper levels, =3 andF'=4, sepa-
further is to reduce the modulation depthy of the standing
wave and, as with intensity, affect the number of atoms in
the accelerator mode without changing the momentum of the
accelerator mode. Decreasing the detunings and bringing th
light closer to resonance, however, will increase another ef- Lin
fect: spontaneous emission. This causes atoms to be los
from the system, thus reducing the overall signal size. Theseg
features can be seen in Fig. 10 which shows the experimentég
results for the momentum distributions after 30 pulses ofg
standing light waves with different detunings. E

Note that positive and negative detunings have the sam¢
effect and in each case the accelerator mode’s momentur
has the same sign and magnitude. This is because the kic Ell
direction arises from the particular diffraction orders that
rephase and these have no dependence on the sign of tt
detuning.

It can be seen in Fig. 10 that the accelerator mode is
suppressed more for small positive detunings than for smali
negative detunings. This feature is simply due to the exis- F|G. 11. Momentum distributions after 30 pulses separated by
tence of another hyperfine levél] =4, at+1 GHz from the 60 us, as the polarization of the standing wave is changed from
upper level in the reference transition as seen in Fig. 6. It isinear to circular and back to linear. Single-shot data were recorded
for this reason that we choose to red detune the standing liglaind then smoothed by averaging over three adjacent momentum
wave to create accelerator modes. points throughout the distributions.

Ell

Cir

Linf

-150 -100 -50 0 50 100 150
Momentum [photon recoils]
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FIG. 12. The relative light shifts of the magnetic sublevels that
participate in the accelerator mode are shown(&tinearly polar-
ized light and(b) circularly polarized light. The constancy of the
light shift across the levels in ca$e) allows the accelerator mode FIG. 14. The number of atoms remaining in the accelerator
to exist. In case(b), the light shifts vary so much that different mode after 30 pulses is plotted for different fractions of near-
magnetic sublevels experience different modulation depths of thgesonant trapping light in the pulses applied to the atoms. The
standing wave. This results in a whole range of diffraction ordersyy|ses were separated by 8. The intensity in the standing wave

becoming populated after each grating and so no clear acceleratgf |ight was 28 W/crf and its detuning was 6 GHz.
mode is seen.

VI. MAXIMUM MOMENTUM GAIN

rated by 1 GHz. The periodic kicking potential comes from  From the above discussion, it would appear that the ac-
the sum of the light shifts of each of these two levels. It socelerator mode could keep increasing its momentum indefi-
happens that in cesium the total light shift is almost constanhitely once the initial conditions had been satisfied. This in

across the ground magnetic sublevels for linearly polarizedact is not the case. As stated at the beginning of the theo-
light. For circularly polarized light, however, the magnetic retical discussion, it was assumed that the atoms do not move
sublevels receive shifts differing by up to a factor of 3. significantly during the time of each pulse. As the atomic

These shifts are shown in Fig. 12. Thus in circularly polar-momentum increases, it reaches a velocity where this as-
ized light atoms in different magnetic sublevels will experi- Sumption is no longer valid and the atoms leave the Raman-
ence periodic potentials with a wide range of modulationNath regime. When this happens, the movement of the atoms
depthsey. This can lead to a reduction of population in thet_hrough the standing light wave averages the periodic poten-

orders that are able to satisfy the conditions for an accelerdl! SO that the atoms effectively experience a spatially inde-
pendent potential. Thus the accelerator mode will reach a

tor mode. k X
saturation momentum which becomes smaller as the pulse
length increases. Figure 13 shows the accelerator modes with
100~ 100270 3 100 increasing pulse num_ber for three different pulse lengths:
Rpetsei NG ety W 0.5, 0.6, and 0.7us. It is clear that the mode saturates after
M m Mwmﬁ“\ fewer kicks for the longer pulse lengths, as expected. This
OF ] gl T SOM limit will always be present, even if the atoms are acceler-
N M M ated more quickly by changing the pulse separation or the
M M M effective gravity. It is easy to calculate that the atoms will
8 60 60% 60% move through half a period on the standing wave in the time
§ % :M of an individual pulse when they reach a speeggf, pho-
9 M ton recoil velocities given by
3 a0f ANSE [P e VAN PN
) 1 - @
“a\ Pma¥r AL
20 \ 20§ 20
For our experiment\ ;=447 nm is the spatial period of the
standing waveAt=0.5 us is the pulse duration, ang =3

mm/s is the recoil velocity of the atoms. These leag i@,
~150. Since all the experiments described in this paper were
performed with our minimum pulse switching time of Q.5,

FIG. 13. The momentum distributions with increasing pulsethe accelerator modes reach the same maximum momentum
number are plotted for differing pulse lengths of 0.5, 0.6, and8.7 of about 15@k. This can be verified by examining the ex-
from left to right. The necessity of being in the Raman-Nath regimeperimental plots.
is demonstrated by the fact that the accelerator mode dies away at
lower momenta for longer pulse lengths. These results are all for a VII. INDIRECT DEMONSTRATION OF COHERENCE
standing wave of light with intensity 25.4 W/ém6 GHz red de-
tuned, and with pulses separated by80 The data were averaged Before the accelerator mode can be used confidently as a
over 5 shots. tool in atom-optical experiments, its coherence must be dem-
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onstrated. Although we have not yet shown this directly,tor mode. The mode was realized with cesium atoms in a
indirect evidence of its coherence exists through its respongsulsed standing wave of off-resonant light, which acted on
to spontaneous emission. In the following experiment, ahe atomic de Broglie waves as a thin phase diffraction grat-
small amount of the near-resonab2F=4—F"=5 trap- ing. It was found that the pulse interval played a critical role
ping light was pulsed on simultaneously with the kickingin determining the amount of momentum transferred with
pulses from the Ti:sapphire laser. This had the effect of ineach pulse. This was accounted for with a theoretical model
creasing the probability of an atom undergoing excitationin which the evolution of three diffraction orders in the pres-
and spontaneous emission while in an accelerator mode arhce of an external gravitational field was considered. The
thus destroying its phase information. The results are showmodel produced a closed formula which gave excellent
in Fig. 14. With such small intensities of on-resonant light,agreement with the observed behavior. We also investigated
the atoms’ excitation probability increases approximatelythe dependence of the efficiency and momentum transfer of
linearly with intensity. Since the excited atoms will decay the accelerator mode on the intensity, detuning, polarization,
predominantly to the grounBl=4 level, where they started, and phase of the light field.
there will not be a drop in the total population detected. The Understanding the role of gravity has enabled the accel-
reduction in the number of accelerated atoms must thereforerator mode to be controlled by altering the position of the
be due to the loss of phase information. periodic potential with a phase shifter. This control, together
The fact that the accelerator mode is most efficient whemwith the fact that the process is efficient and appears to be
decohering factors are kept to a minimum suggests that it isoherent, indicates that the accelerator mode has potential as
created through a coherent process. Since diffraction itself ia versatile tool in atom optics.
coherent, it is not surprising that a process relying on diffrac-
tion should also be coherent. ACKNOWLEDGMENTS

This work was supported by the U.K. EPSRC, the Paul
Instrument Fund of The Royal Society, and the EU as part of
We have demonstrated a technique for imparting largghe TMR “Coherent Matter Wave Interactions” network,

amounts of momentum to cold atoms: the quantum acceler&ontract No. EBRFMRXCT960002.

VIll. CONCLUSION

[1] C.S. Adams, M. Sigel, and J. Mlynek, Phys. Reg0, 143 Zetie, and E.A. Hinds, Phys. Rev. Left5, 629(1995.
(19949. [8] M. Kasevich and S. Chu, Phys. Rev. L, 181(199J.
[2] W. Ertmer and K. Sengstock, Appl. Phys. B: Lasers @. [9] J. Lawall and M. Prentiss, Phys. Rev. LetR, 993 (1994.
255 (1999. [10] L.S. Goldner, C. Gerz, R.J.C. Spreeuw, S.L. Rolston, C.I.

[3] G. Timp, R.E. Behringer, D.M. Tennant, J.E. Cunningham, M. Westbrook, W.D. Phillips, P. Marte, and P. Zoller, Phys. Rev.
Prentiss, and K.K. Berggren, Phys. Rev. Lé8, 1636(1992. Lett. 72, 997 (1994).

[4] P. BermanAtom InterferometryfAcademic Press, San Diego, [11] C3' Hzr;keléc.l. Westbrook, and A. Aspect, J. Opt. Soc. Am. B
1997 13, 233(1996.

[12] E.M. Rasel, M.K. Oberthaler, H. Batelaan, J. Schmiedmayer,
[5] M.-O. Mewes, M.R. Andrews, D.M. Kurn, D.S. Durfee, C.G. and A. Zeilinger, Phys. Rev. Let?5, 2633(1995.

Townsend, and W. Ketterle, Phys. Rev. L&, 582(1997). [13] M. Weitz, B.C. Young, and S. Chu, Phys. Rev. L&8, 2563
[6] D.W. Keith, C.R. Ekstrom, Q.A. Turchette, and D.E. Pritchard, (1994,

Phys. Rev. Lett66, 2693(1991). [14] M.K. Oberthaler, R.M. Godun, M.B. d'Arcy, G.S. Summy,
[7] T.M. Roach, H. Abele, M.G. Boshier, H.L. Grossman, K.P. and K. Burnett, Phys. Rev. Lei®3, 4447(1999.

013411-8



