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Quantum accelerator modes: A tool for atom optics

R. M. Godun, M. B. d’Arcy, M. K. Oberthaler* G. S. Summy, and K. Burnett
Clarendon Laboratory, Department of Physics, University of Oxford, Parks Road, Oxford, OX1 3PU, United Kingdom

~Received 21 December 1999; published 14 June 2000!

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 number~s!: 42.50.Vk, 03.75.2b
t-
th
fo
o

ss

o
in

.
de
s

m
ls

m
ro

a
he

ire

in
en
n
.
p
-
ff

tie
er
a
i

ra

v-
h is
ted
re
are

de-
rate
In

las-
ple

a
the
ur

ac-
the

vi-
dis-

we
e

tial
e
e
ted

We
ere
that

the
en

is
-

ry
er
uch
re is

i-
I. INTRODUCTION

Controlling the momentum and position of ultracold a
oms has received wide interest throughout the world in
last two decades. The name ‘‘atom optics’’ was coined
this field because it involves the coherent manipulation
atomic de Broglie waves@1,2#. The ability to perform atom
optics is crucial to the development of devices and proce
that use atomic de Broglie waves. Lithography@3#, atom
interferometry@4#, and the atom laser@5# all require one to
have precise control over the external motion of atoms.

There have been a number of methods that have dem
strated this control. These can essentially be divided
three groups: those using nanofabricated matter gratings@6#,
those using static magnetic fields@7#, and those using light
In general the last category has proved to be the most wi
used because of the relative ease with which the neces
optical potentials can be realized to achieve coherent
mentum transfer. For example, methods using Raman pu
@8#, adiabatic transfer@9,10#, evanescent waves@11#, and dif-
fraction from an off-resonant standing light wave@12# have
all been demonstrated as methods for imparting photon
menta to atoms. It has proved difficult to scale these p
cesses~by applying more pulses, for example! either because
of their efficiency@13# or for technical reasons.

What is needed is a technique that uses light to cre
with high efficiency an almost arbitrarily large change in t
momentum of an atom. The quantum accelerator mode@14#
that we have recently demonstrated can fulfill this requ
ment.

The principle of an accelerator mode is that by expos
particles to a pulsed sinusoidal potential they gain mom
tum. Particles with a certain initial velocity are given a
identical ‘‘kick’’ by the potential every time it is pulsed on
In our experimental arrangement, atoms that are drop
from a magneto-optic trap~MOT! experience a pulsed sinu
soidal potential, generated by a standing wave of o
resonant light. Some of these atoms have initial veloci
that allow them to enter an accelerator mode. Typical exp
mental data showing the atomic momentum distributions
ter different numbers of pulses of the potential are shown
Fig. 1. It can clearly be seen that a class of atoms accele

*Present address: Universita¨t Konstanz, Fachbereich Physik, Un
versitätsstrasse 10, D-78457 Konstanz, Germany.
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out from the main distribution, gaining momentum with e
ery pulse. These atoms are in an accelerator mode, whic
analogous to a child being pushed on a swing. Repea
pushes at the correct interval allow the child to gain mo
and more momentum and thus accelerate. If the pushes
mistimed, the child’s momentum can be increased or
creased so that, although in general the child may accele
for a few pushes, the net result is very little acceleration.
our experiment, we are dealing with cold atoms and not c
sical particles so we expect some modification to this sim
picture.

In this paper, we derive the theoretical condition for
classical accelerator mode and build on this to obtain
condition in the quantum case. After a discussion of o
experimental setup, we go on to show in detail how the
celerator mode can be controlled by the precise nature of
standing light wave that creates it. Finally we look at e
dence for the coherence of these accelerator modes and
cuss their potential as an atom-optical beam splitter.

II. THEORY

A. The classical accelerator mode

To gain an understanding of the accelerator mode,
look first at the classical dynamics depicted in Fig. 2. W
consider a particle moving in a vertical sinusoidal poten
which is periodically switched on and off. In addition to th
force of gravity, the particle will experience a force from th
potential and a consequent momentum change if it is loca
in a region where the gradient of the potential is nonzero.
assume that the particle is initially placed at a position wh
it can experience a momentum change. We also assume
the particle does not move a significant distance within
potential during the time of a pulse. If the potential is giv
by U5(Umax/2)@11cos(Gx)#, where 2p/G is the spatial pe-
riod lG of the potential, the momentum change in a pulse
Dp52¹W UDt, whereDt is the length of the pulse. The ve
locity imparted by each pulse will then be

vR5
Umax

2m
sin~Gx!GDt. ~1!

Only if the particle receives the same kick from eve
pulse will its momentum increase linearly with pulse numb
and the particle remain in an accelerator mode. To find s
a classical accelerator mode, we need to determine if the
©2000 The American Physical Society11-1
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a particular value of the time between pulses,T, where the
particle always returns to the same position within a per
of the potential. In other words we need to find a value oT
for which the distance the particle moves between succes
pulses,s, is an integer number of spatial periods of the sin
soidal potential. This is equivalent to the condition

s5~Npl 81 l !lG , ~2!

wherel andl 8 are integers andNp is the number of the pulse
Note that the integer multiple has been split into a fac
dependent on pulse number and a separate factor, inde
dent of pulse number. This distance can be calculated f
classical mechanics. At the time of theNpth pulse t5(Np
21)T, so that the velocity gained due to the gravitation
acceleration isvg5v i1g(Np21)T. The velocity gained
from the kicks of the potential isvk5NpvR . Thus between
the Npth and (Np11)th pulse the particle moves a distan

s5~gT21vRT!Np1~v iT2 1
2 gT2!. ~3!

Equating this to Eq.~2!, we find that for an accelerator mod

gT21vRT5 l 8lG ~4!

and

v iT2 1
2 gT25 llG . ~5!

Hence we can find the pulse separation timesT for which a
certain initial velocity classv i is continually kicked onto the
same gradient of the potential. These particles will gain m
mentum linearly with pulse number and are in a long-liv
accelerator mode.

B. The quantum accelerator mode

The quantum accelerator mode is the quantum mechan
analog of the above idea. Cold atoms are used instead o

FIG. 1. Experimental atomic momentum distributions for diffe
ent numbers of standing light wave pulses. The peak that is ac
erating away from the central distribution corresponds to atom
an accelerator mode. The data have been averaged over 10 s
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classical particles and the sinusoidal potential can be cre
with a standing wave of off-resonant light. The laser-coo
atoms that participate in the accelerator mode cannot
treated classically but can be thought of as de Broglie w
packets spread out over many periods of the potential. T
we consider each pulse of the standing light wave as a ph
grating which diffracts the atomic de Broglie waves into
series of diffraction orders, as shown in Fig. 3.

Through the light shift, the standing wave creates a
tential of the form

U~x,t !5
Umax

2
@11cos~Gx!#(

Np

d~ t2NpT! ~6!

with the grating vectorG52k where k is the light wave
vector,T is the time between the pulses, andNp is the pulse
number. Thed function expresses the fact that the time f
which a pulse is applied is much shorter than the time
tween the pulses. This potential changes the spatial phas
an atomic wave incident on it byf(x)52U(x)Dt/\ where
Dt is the interaction time. Since the pulse length is assum
to be very short the movement of the atom during the int
action is negligible. The atom is thus in the Raman-Na
regime and the standing light wave acts as a thin phase
fraction grating.

el-
in
ts.

FIG. 2. A schematic of the classical situation, with time increa
ing to the right. The distances through which the particle move
between pulses must be a whole multiple of the spatial period of
potential for the particle to remain in an accelerator mode.

FIG. 3. A schematic of the quantum situation, with time increa
ing to the right. The potential behaves as a thin phase grating
diffracts the incident de Broglie wave. Several adjacent momen
states must rephase for an accelerator mode to exist.
1-2
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If one imagines a plane atomic wave incident upon suc
potential, the resulting output will be composed of an ar
of different diffraction orders. That is,

uc&5 (
n52`

`

i nJn~fd!upn&, ~7!

whereJn is the nth order Bessel function of the first kind
fd5UmaxDt/(2\) is the phase modulation depth of the gra
ing, andupn& represents a momentum state after one gra
with momentum in the grating direction ofp5n\G. The
Bessel functionJn(fd) has its maximum whenfd;n11;
thus the order diffracted with the highest probability is giv
roughly bynmax'(fd21). This corresponds to a most likel
momentum after one grating ofnmax\G.

To find an accelerator mode in the quantum case, we
looking for a condition on the pulse separationT and the
initial velocity v i that will cause part of the atomic wav
field to replicate itself from grating to grating. Such a mod
with the same form at every pulse, should have a fixed ph
relationship between its constituent components at the t
of each pulse. To avoid ambiguity between the labeling
diffraction orders after a particular pulse and the total m
mentum accumulated after several pulses, we introduc
new parameterq. This represents the total number of grati
recoils,\G, that the accelerator mode has gained up to
including theNpth pulse. The phase accumulated in the m
mentum stateupq&, relative to that accumulated in the sta
upq50&, during the free evolution between theNpth and
(Np11)th pulse is

fq5
\G2

2m
Tq21v iGTq1gGT2Npq, ~8!

wherem is the atomic mass. The atoms also accumulate
interaction phase at the grating, as shown by the factori n in
Eq. ~7!. The stateupq& has a total interaction phasei q, which
depends only on the value ofq and not on howupq& was
reached through the diffraction orders at previous pulses

From one pulse to the next, the accumulated phase di
ence between two adjacent momentum states is thus foun
be

fq2fq215
\G2

2m
T~2q21!1v iGT1gGT2Np . ~9!

We see from this expression that the presence of gra
prohibits the simultaneous rephasing ofall the momentum
orders at any time after a pulse. The accelerator mode i
consists of only a few momentum states and it is sufficien
our analysis to follow the behavior of only these states.
the accelerator mode to replicate itself at every pulse the
evolution phases of these states must rephase in the int
between every pulse. This requires the phase differen
fq2fq21 to be as close as possible to whole multiples
2p. Just as in the classical case, Eq.~9! now gives a rephas
ing condition, which can be separated into Eq.~10!, contain-
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ing q andNp which increase linearly with pulse number, an
Eq. ~11!, containing terms that have no pulse number dep
dence:

\G2

2m
T2q1gGT2Np52pql8 ~10!

and

v iGT2
\G2

2m
T52p l , ~11!

wherel and l 8 are integers. The first of these allows a calc
lation of the time interval between the pulses and with
second the initial velocity can be found.

To express these solutions more concisely, we introduc
scaled time

T5aT1/2 with T1/25
2pm

\G2
, ~12!

whereT1/2 is 66.5ms for cesium in light of 895 nm. Equa
tions ~10! and ~11! now become

a21
q

Np
ga2

ql8

Np
g50 ~13!

and

v i5S l

a
1

1

2D \G

m
~14!

with g5\2G3/2pm2g, which is approximately 10 for ce
sium with 895 nm light.

Solving Eq.~13! gives

q5
Np

g

a2

l 82a
. ~15!

Thus the momentum of the accelerator mode afterNp pulses
separated byaT1/2 is q\G. Note that without gravity, 1/g
50 and the accelerator mode ceases to exist.

We can also see that

fq112fq5fq2fq2112pa. ~16!

This implies that ifa is set to a near-integer value, whe
upq& and its neighborupq21& are in phase, thenupq& and its
other neighborupq11& are not perfectly in phase. Asa takes
values further from an integer,upq& and upq11& become in-
creasingly out of phase, eventually destroying the possib
of an accelerator mode. This restriction ona means that
accelerator modes can be formed only when the pulse s
ration timeT is close to integer values ofT1/2.

Figure 4 shows the remarkable accuracy of this sim
analysis. The dashed curve is Eq.~15! for l 851 with no fit
parameters. The underlying experimental data show the m
sured momentum distributions with a pulse length of 0.5ms.

Note thatq can take only integer values so the momentu
transferred is quantized. This is not observed in the res
1-3
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because the final momentum is measured over an ense
of atoms with a range of initial velocities. In contrast, t
momentum transfer in the classical case is not quantized
can be tuned continuously. Note also that, in the quan
case, the modulation depth of the potential,fd , does not
determine the final momentum gained; this is fixed bya, the
scaled time. The role offd is only to determine the relative
populations in the diffraction orders produced at each g
ing. For a particulara only certain diffraction orders take
part in the formation of an accelerator mode andfd affects
only the efficiency with which these orders are populat
This is different from the classical case where Eq.~4! shows
that the pulse separation depends on the recoil veloc
which changes with the modulation depth of the potentia

Equation~14! tells us that accelerator modes, which occ
for values ofa close to 1, select atoms in an initial veloci
class close to half-integer values of the grating recoil vel
ity \G/m.

III. EXPERIMENTAL SETUP

The quantum accelerator modes described above were
served with laser-cooled cesium atoms in a standing l
wave. As shown in Fig. 5, the standing light wave w
formed from a vertically propagating Ti:sapphire laser bea
The light was typically detuned 6 GHz below th
D1(6 2S1/2→6 2P1/2)F54→F853 transition in cesium, as
shown in Fig. 6. The beam itself had a full width half max
mum diameter of;1.5 mm and the power was approx
mately 250 mW. The pulses were switched on and off w
an acousto-optic modulator driven by a fast rf amplitu
modulator. A phase shifter was also situated in the li
beam to allow the standing wave to have different phas
This was used to enhance or even cancel the effect of g

FIG. 4. The experimental data, averaged over 10 shots, s
momentum distributions obtained after 30 pulses with differ
pulse separations close toT1/2, where our experimental paramete
setT1/2 equal to 66.5ms. Each pulse of the standing light wave w
on for 0.5ms. The dashed curve is Eq.~15! for l 851 with no fit
parameters, i.e., 2q52330a2/g(12a), where the factor of 2
arises from plotting in units of\k instead of\G.
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The atomic source was a MOT of typically 107 cesium

atoms at a temperature of about 5mK after molasses cooling
The atoms were released from the trap and after 5 ms
standing light wave pulses were applied. The atoms w
detected 50 cm below, as they fell through a 50mW probe
beam, 15 mm wide and 2 mm thick. This probe beam was
resonance at theD2(6 2S1/2→6 2P3/2)F54→F955 transi-
tion so that the amount of absorption was proportional to
number of atoms in theF54 state. By measuring the time o

w
t

FIG. 5. The experimental setup with a pulsed, vertical stand
light wave formed from the retroreflection of a Ti:sapphire las
beam. The atomic source was a MOT and the atomic momen
distribution was measured 50 cm below the trap position with
time of flight ~TOF! technique. The phase shifter allowed the re
ization of different accelerations of the atoms relative to the sta
ing wave.

FIG. 6. The cesium atomic levels used in the experiment, w
the relevant transitions marked.
1-4
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flight, the momentum distribution of the atoms could be d
termined.

IV. THE ROLE OF GRAVITY

It can be seen from Eq.~10! that changingNp will affect
the rephasing of adjacent momentum statesupq& andupq21&.
If Np is increased, the rephasing of momentum states w
higherq will be favored. This is as expected since increas
the pulse number increases the momentum of the accele
mode, as seen in Fig. 1. Sinceg andNp occur as a product in
one of the terms of Eq.~10!, it should be expected that in
creasing gravity instead ofNp would also change the mo
mentum of the accelerator mode linearly. Obviously grav
cannot be changed directly, but it is possible to change
acceleration of the atoms relative to the standing wave. T
is achieved by using the phase shifter to adjust the phas
the standing wave quadratically with pulse number. An
justment in phase is equivalent to translating the wh
standing wave along its length. In this way, the gravitatio
acceleration could be canceled, for example, by shifting
standing wave such that at each pulse the atoms found th
selves at the position on the standing wave where they wo
have been in the absence of falling. By controlling t
amount by which the standing light wave is shifted, a wi
range of effective gravitational accelerations can be realiz

The results of such experiments, where the effect
gravitational acceleration was varied between62.5g for 30
pulses separated byT560 ms, are shown in Fig. 7. It can b
clearly seen that the momentum change is linear with ef
tive acceleration, just as it is with pulse number. This p
shows the control that can be exercised over the momen
distribution and how the atoms can be made to both acce

FIG. 7. The momentum distributions after 30 pulses separa
by a time ofT560 ms, where the phase shifter was used to simul
effective gravitational accelerations between62.5g. The phase
shifter allowed both positive and negative momentum kicks to
realized, thus giving full control over the final momentum distrib
tion. The laser light was 6 GHz red detuned and the pulses
length 0.5ms, had an intensity in the standing wave of 28 W/cm2.
The data have been averaged over 10 shots.
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ate and decelerate. This is an important property in attem
ing to implement the accelerator mode as, for example,
of an interferometer. Looking carefully at the data, it can
seen that, when the effective gravitational acceleration w
equal tog, the number of atoms in the accelerator mode w
slightly larger. This is because the phase shifter was not u
for this trace so there was less disturbance to the stan
wave and the efficiency of the accelerator mode was
proved. It is noteworthy that, since the phase shifter c
simulate the effect of an external acceleration of the ato
relative to the standing light wave, all of the experimen
described here could also be performed with a horizon
standing light wave.

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

Having seen that the accelerator mode has the potenti
be a very useful tool in atom optics, it is important to cha
acterize its behavior. We now consider the effects of
intensity, detuning, and polarization of the light field on t
accelerator mode.

A. Intensity

From the discussion in Sec. II B, it is seen that the acc
erator mode arises from diffraction into orders which a
specified by the rephasing condition for a given pulse se
ration time. We expect that for a particular pulse separat
the quantum accelerator mode acquires a momentum th
independent of the intensity of the light field. This behav
is seen very clearly in Fig. 8. This shows the moment
change of the accelerator mode, just as in Fig. 1, for incre
ing pulse number with four different intensities at each
three pulse separation times. As predicted, the momen
changes for a given pulse separation time are independe
the intensity. The effect of the intensity is to alter the ef

d
e

e

of

FIG. 8. The graph shows the linear momentum change of
accelerator mode with pulse number for three different pulse se
rations and at four different intensities: 25.4, 23.8, 21.6, and 1
W/cm2. Note how for each pulse separation time the accelera
mode’s momentum is the same for all intensities. The standing l
wave was 6 GHz red detuned.
1-5
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ciency with which the atoms are diffracted into orders th
rephase and form the accelerator mode. This relates to
discussion of the relative amplitudes in each diffraction or
after a grating. To populate most efficiently the orders t
will create the accelerator modes,n;q/Np , it is necessary
to choose an intensity wherefd;n11. The effect of two
different intensities on the number of atoms in an acceler
mode is plotted in Fig. 9 for increasing numbers of puls
Note that the vertical scale is logarithmic, so the straight l
fits show that the efficiency decreases exponentially w
pulse number. This is consistent with a fixed probability p
pulse of diffracting into the desired orders.

B. Detuning

The detuning of the light field can also be adjusted. F
detunings of;6 GHz, the effect of increasing the detunin
further is to reduce the modulation depthfd of the standing
wave and, as with intensity, affect the number of atoms
the accelerator mode without changing the momentum of
accelerator mode. Decreasing the detunings and bringing
light closer to resonance, however, will increase another
fect: spontaneous emission. This causes atoms to be
from the system, thus reducing the overall signal size. Th
features can be seen in Fig. 10 which shows the experime
results for the momentum distributions after 30 pulses
standing light waves with different detunings.

Note that positive and negative detunings have the s
effect and in each case the accelerator mode’s momen
has the same sign and magnitude. This is because the
direction arises from the particular diffraction orders th
rephase and these have no dependence on the sign o
detuning.

It can be seen in Fig. 10 that the accelerator mode
suppressed more for small positive detunings than for sm
negative detunings. This feature is simply due to the e
tence of another hyperfine level,F854, at11 GHz from the
upper level in the reference transition as seen in Fig. 6.
for this reason that we choose to red detune the standing
wave to create accelerator modes.

FIG. 9. The number of atoms in the accelerator mode with
creasing pulse number for two different intensities of the stand
light wave. The pulses were separated by 60ms and the light was 6
GHz red detuned. The vertical axis is plotted logarithmically so
linear change with pulse number represents an exponential dec
efficiency. This demonstrates a fixed probability per pulse of
maining in the accelerator mode of 99.1% and 96.8% for the hig
and lower intensity data, respectively.
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C. Polarization

Another parameter of the light field that can easily
adjusted is its polarization. Figure 11 shows the experime
results of the accelerator mode for linear, elliptical, and c
cular polarizations.

We see that the accelerator mode favors linear polar
tions. An explanation for this comes from the fact that t
atoms which undergo acceleration are in many magnetic s
levels of the ground levelF54. In theD1 transition in ce-
sium, there are two upper levels,F853 and F854, sepa-

-
g

e
in

-
er FIG. 10. The momentum distributions after 30 pulses, separa
by 60 ms, are shown for different detunings of the standing lig
wave. The momentum of the accelerator mode is independent o
detuning, and even the sign of the detuning does not affect
imparted momentum. The disappearance of the atoms close to
nance is due to the effect of spontaneous emission which red
the number of atoms in the detected state. The data have
averaged over 10 shots.

FIG. 11. Momentum distributions after 30 pulses separated
60 ms, as the polarization of the standing wave is changed fr
linear to circular and back to linear. Single-shot data were recor
and then smoothed by averaging over three adjacent momen
points throughout the distributions.
1-6
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QUANTUM ACCELERATOR MODES: A TOOL FOR ATOM . . . PHYSICAL REVIEW A62 013411
rated by 1 GHz. The periodic kicking potential comes fro
the sum of the light shifts of each of these two levels. It
happens that in cesium the total light shift is almost cons
across the ground magnetic sublevels for linearly polari
light. For circularly polarized light, however, the magne
sublevels receive shifts differing by up to a factor of
These shifts are shown in Fig. 12. Thus in circularly pol
ized light atoms in different magnetic sublevels will expe
ence periodic potentials with a wide range of modulat
depthsfd . This can lead to a reduction of population in th
orders that are able to satisfy the conditions for an accel
tor mode.

FIG. 12. The relative light shifts of the magnetic sublevels t
participate in the accelerator mode are shown for~a! linearly polar-
ized light and~b! circularly polarized light. The constancy of th
light shift across the levels in case~a! allows the accelerator mod
to exist. In case~b!, the light shifts vary so much that differen
magnetic sublevels experience different modulation depths of
standing wave. This results in a whole range of diffraction ord
becoming populated after each grating and so no clear accele
mode is seen.

FIG. 13. The momentum distributions with increasing pu
number are plotted for differing pulse lengths of 0.5, 0.6, and 0.7ms
from left to right. The necessity of being in the Raman-Nath regi
is demonstrated by the fact that the accelerator mode dies aw
lower momenta for longer pulse lengths. These results are all f
standing wave of light with intensity 25.4 W/cm2, 6 GHz red de-
tuned, and with pulses separated by 60ms. The data were average
over 5 shots.
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VI. MAXIMUM MOMENTUM GAIN

From the above discussion, it would appear that the
celerator mode could keep increasing its momentum ind
nitely once the initial conditions had been satisfied. This
fact is not the case. As stated at the beginning of the th
retical discussion, it was assumed that the atoms do not m
significantly during the time of each pulse. As the atom
momentum increases, it reaches a velocity where this
sumption is no longer valid and the atoms leave the Ram
Nath regime. When this happens, the movement of the at
through the standing light wave averages the periodic po
tial so that the atoms effectively experience a spatially in
pendent potential. Thus the accelerator mode will reac
saturation momentum which becomes smaller as the p
length increases. Figure 13 shows the accelerator modes
increasing pulse number for three different pulse lengt
0.5, 0.6, and 0.7ms. It is clear that the mode saturates af
fewer kicks for the longer pulse lengths, as expected. T
limit will always be present, even if the atoms are accel
ated more quickly by changing the pulse separation or
effective gravity. It is easy to calculate that the atoms w
move through half a period on the standing wave in the ti
of an individual pulse when they reach a speed ofrmax pho-
ton recoil velocities given by

rmaxv r5
lG

2Dt
. ~17!

For our experiment,lG5447 nm is the spatial period of th
standing wave,Dt50.5 ms is the pulse duration, andv r53
mm/s is the recoil velocity of the atoms. These lead tormax
;150. Since all the experiments described in this paper w
performed with our minimum pulse switching time of 0.5ms,
the accelerator modes reach the same maximum momen
of about 150\k. This can be verified by examining the ex
perimental plots.

VII. INDIRECT DEMONSTRATION OF COHERENCE

Before the accelerator mode can be used confidently
tool in atom-optical experiments, its coherence must be d

t

e
s
tor

e
at
a

FIG. 14. The number of atoms remaining in the accelera
mode after 30 pulses is plotted for different fractions of ne
resonant trapping light in the pulses applied to the atoms.
pulses were separated by 60ms. The intensity in the standing wav
of light was 28 W/cm2 and its detuning was 6 GHz.
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onstrated. Although we have not yet shown this direc
indirect evidence of its coherence exists through its respo
to spontaneous emission. In the following experiment
small amount of the near-resonantD2F54→F955 trap-
ping light was pulsed on simultaneously with the kickin
pulses from the Ti:sapphire laser. This had the effect of
creasing the probability of an atom undergoing excitat
and spontaneous emission while in an accelerator mode
thus destroying its phase information. The results are sh
in Fig. 14. With such small intensities of on-resonant lig
the atoms’ excitation probability increases approximat
linearly with intensity. Since the excited atoms will dec
predominantly to the groundF54 level, where they started
there will not be a drop in the total population detected. T
reduction in the number of accelerated atoms must there
be due to the loss of phase information.

The fact that the accelerator mode is most efficient wh
decohering factors are kept to a minimum suggests that
created through a coherent process. Since diffraction itse
coherent, it is not surprising that a process relying on diffr
tion should also be coherent.

VIII. CONCLUSION

We have demonstrated a technique for imparting la
amounts of momentum to cold atoms: the quantum accel
M

,

.

rd

P.
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tor mode. The mode was realized with cesium atoms i
pulsed standing wave of off-resonant light, which acted
the atomic de Broglie waves as a thin phase diffraction g
ing. It was found that the pulse interval played a critical ro
in determining the amount of momentum transferred w
each pulse. This was accounted for with a theoretical mo
in which the evolution of three diffraction orders in the pre
ence of an external gravitational field was considered. T
model produced a closed formula which gave excell
agreement with the observed behavior. We also investiga
the dependence of the efficiency and momentum transfe
the accelerator mode on the intensity, detuning, polarizat
and phase of the light field.

Understanding the role of gravity has enabled the ac
erator mode to be controlled by altering the position of t
periodic potential with a phase shifter. This control, togeth
with the fact that the process is efficient and appears to
coherent, indicates that the accelerator mode has potenti
a versatile tool in atom optics.
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