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Atom optics in the time domain
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Atom-optics experiments are presented using a time-modulated evanescent light wave as an atomic mirror in
the trampoline configuration, i.e., perpendicular to the direction of the atomic free fall. This modulated mirror
is used to accelerate cesium atoms, to focus their trajectories, and to apply a “multiple lens” to separately
focus different velocity classes of atoms originating from a point source. We form images of a simple two-slit
object to show the resolution of the device. The experiments are modelled by a general treatment analogous to
classical ray opticd.S1050-294{@6)08705-1

PACS numbgs): 03.75.Be, 32.80.Pj, 42.50.Vk

[. INTRODUCTION mal to the mirror surface, rather than in the transverse direc-
tion x as for most standard optical instruments. For example,
The manipulation of the external degrees of freedom of standard lens will, in general, form the image of a point
atoms has attracted much interest during the last few yeafi.Z) at a point &,z;). All the rays emerging from
since powerful techniques such as laser cooling have beconidi :Zi) arrive at ;,z;), no matter what their initial angle of
available. Today's experiments are typically in a regimelnclination to thez axis. In our case, we form the image of an
where a classical analysis in terms of atomic trajectories i&Mtal event ¢ 1) at a final event,ty). All rays leaving

sufficient in some part of the experiment and where a quan- e initial event arrive at the final event, no matter what their
initial velocity along thez direction.

_ Fast optical components are needed in order to manipulate

. A X ; jal objects, such as a mirror substrate, to move fast enough
a mirror formed by a_tlme-modulated evanescent Ilght fleld.(at a frequency of about 1 MBi£see, howevel3,5-7]) one
This type of atom mirror has the advantage that it can b&an circumvent this problem by using light fields to produce
tailored without any major effort to interact with the atoms g|| the optical components. These can easily be made to vary
over a wide range of time and distance scales. For slowapidly in time.
modulation the atoms follow classical trajectories during The purpose of this article is to point out some general
their reflection, while for fast modulation a full quantum de- insights into the manipulation of atoms using time-dependent
scription is necessarf]. This is the temporal equivalent of fields and, in particular, evanescent fie[@3. In Sec. Il we
the transition between ray optics and wave optics for light. start out with a derivation of the requirements that have to be
For atom optics one wants to have optical componentfulfilled by a moving mirror in order to represent the equiva-
such as precisely shaped lenses, apertures, prisms, and nignt of an atom lens in the time domain. The treatment re-
rors of selectable orientation and position. Matter opticsmains classical and one-dimensional in this section and leads
with electrons, neutrons, and recently also atoms, has for th® imaging matrices known from standard optics that can be
most part taken its inspiration from light optics, so that oneSimplified using a paraxial approximation. The equations are
envisages the relevant wave moving through a series of “opthen generalized to include gravity and are analyzed for
tical components” fixed in space. However, one can influ-S0mMe sample cases. In our experiment the reflecting mirror
ence the atomidor electron, or neutrgnmotion not only potential is generated using an evanescent light field; in order
using optical elements with a spatially varying Structurefor the matrix treatment to _be appllcal_)le to this situation, _the
(such as lensgsut also in a very general manner by using exponential shape of the light potential has to be taken into

: : . ..~ account. This is done in Sec. lll. Section IV describes the
d‘?V'CeS that are m_ade.to unQergo a prescribed time variatio Xperimental setup, while Sec. V presents the realization of a
Sideband generation is a simple example and nowadays

ifloving mirror empl I nnis with atom im
standard applicatiofusing electro-optic modulatoref this oving or employed to play tennis with atoms, to image

. ) ; . .a double slit in the time domain, and to split an atomic beam
idea in optics. It was realized for neutrons by Felber and higniq 5 choosable number of resultant beams sorted according
colleague$3] using a resonant mode of vibration of a crystal 15 their velocity.
on which neutrons were reflected. Phase modulation for atom
waves was realized by Steaeeéal. [4] using a modulated Il. MOVING MIRROR
atomic mirror similiar to that which will be at the heart of the
experiments to be described in this paper.

The manipulation made possible by a time-modulated We first consider the effect of a mirror moving at constant

mirror controls the atomic motion along the directibmor-  velocity, without specifying the exact nature of the experi-

A. Imaging of particles with a moving mirror
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(a) (b)

- - =z - - : FIG. 1. (a) Reflection of a classical particle on

o a moving mirror.(b) Imaging of a pulse using an
accelerating mirror. Particles emitted from an ini-
tial positionz, at timet; are reflected on the ac-
celerating mirror. This gives them the velocity
change necessary to compensate for the spread-
ing, causing all the particles to come together

. again atz, at timet; .

mental device that will be discussed in Sec. IV. While thewhere we imposed the initial conditiar(0)=0. Note that
effect of a stationary mirror is just to invert the sign of the we have assumed the situatifi|,|t;| >|t| andt;t;<O0, thus
momentum of the reflected particle= —v;), a potential keeping the argument of the square root positive. The form
barrier moving at constant speegl can impart an additional of z,(t) is shown in Fig. 1b), for the example case
momentum kick to the arriving atoms as a tennis racket doe = —2t;, z;=2z;. It is reminiscent of a “concave mirror,”

to an incoming tennis ball. After the reflection, the particle although in our case the mirror surface is “curved” in space-

has the velocity time, not in space. Since a concave mirror has imaging prop-
erties similar to a lens, we will use the phrase “temporal
Vi="0it20ny. D lens” as well.

This is illustrated in Fig. (@). Regarding the particle trajec-
tory as a ray, we see that the moving mirror can map a ray
striking its surface onto a ray departing at any angle in space- The formula(3) for z,(t) may be expanded in powers of
time by appropriately choosing the velocity of the mirror. t aroundt=0 to yield

By allowing more general motions of the mirror surface,

B. Paraxial and thin lens approximation

we can use it as a quite general “optical element,” which 2 ()=ut+ Eatz @)
. . m ]

maps a group of incident rays onto whatever group of de- 2

parting rays we require. For example, consider the case of

“imaging” in space-time, illustrated in Fig. (b). We start where

with the assumption that atoms are emitted at position 1/7. 2

z=z; at timet=t;<<0. The atomic cloud spreads out due to u= _(_f+ _'), (5)

its initial velocity distribution and thus arrives at any given 2\t

positionz with a spread of arrival times. However, by mak-

ing the mirror surface move appropriately, we can arrange a= E(E_ 1)(5_ ﬁ)_ (6)

that the faster parts of the pulse are slowed down, while the 4\t 4\t

slower parts are speeded up, with the result that the pulse js, . . w . o
recompressed and the whole arrives at positioat a single We W'” use this to construct a paraxial appro§|ma}tlon fpr”
time instantt,. We definet=0 to be the time when the our tlme-dependent optical element. Let the “optical axis
center of the pulse hits the mirror. be defined by the rays
The appropriate motion of the mirror surfazg(t) is cal- tz/t, (t<0)
culated as follows. We consider a particle having initial ve- z(t)={
locity v; when arriving at the mirror surface at tirheand we
require this particle to travel after the reflection a distanc
Zi— Zy(t) in time t;—t. Therefore, it must leave the mirror
surface at velocityvs, which—according to Eq.(1)—
imposes the following requirement for the mirror movement:

Swe consider only rays close to this axis. A general paraxial
ray starts at time=t; from position z(t;) =z +dz, with
velocity v (t;) =z /t;+dv;. By calculating the relevant par-
ticle trajectories, and keeping only terms to first order in
dz, dv;, one finds

dzy 2~ 2zy(1) N Zn(t)—z @

dt ti—t t—t; dzf) ( —t /1 0 )(da> @
The solution for the time-dependent displacement of the re- dog/ (=1 —ti/t] 1 dv;
flecting surface can then be shown to be wheredz andduv; give the final position and velocity of the
ray, z(t;)=z;+dz, v(t;)=z:/t;+dv;. Regarding the po-
2 (t)= 1z —tiz; 1- [(t=)(t—1) N t(z;—7) sitional distribution at time;; as an image of the distribution
MY -t tet; ti—t; at timet;, Eq.(8) shows that the magnification i /t;|. The

(3)  transfer matrix in Eq(8) can also be considered as a free
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propagation for time; , followed by the effect of the moving Az
mirror, followed by a free propagation for tinme: 2)

—t /1 0 1 tf) 1 O)(l —t
(1h—1tt) —t/ty) o 1)\-vuf 1/\lo 1)
€)

where the focal length of the systefris given by 0

time

1 1 1 2a

f 1

ti:U_Zi/ti. (10) y

b)

¥

Equation(10) is the temporal equivalent of the well known
Gaussian formula for thin lensesf¥1/d,+1/d; where
d, ,d; are the distances between objéotage and lens. The
minus sign in front of the lens matrix in E¢P) is caused by
the fact that the velocity is reversed upon reflection. In all
practical situations,u>z;/t; since otherwise the mirror 0 >

moves downward so fast that the rays never strike it. To find time

the position of the ray at some more general tir#d;, one

simply replaceg; in the first matrix in Eq.(9) by t. The FIG. 2. Sample imaging situation&) An image is formed at
expression for the focal length, Eq. (10), is the relative the mirror surface of the atomic position distribution in a source
velocity of the mirror and the incident ragvaluated at the such as a magnetic or magneto-optical trap positioned above the
reflection divided by twice the acceleration of the mirror mirror. (b) An image is formed at the mirror surface of an object

surface. also at the mirror surface.

While the paraxial approximation implies that the velocity
spread is small compared to the average velocity, we want to 1(z; z tit+t
point out that in certain experiments—such as in the realiza- u= E(E + t_-) 4 | (13
tion of a Fresnel lentsee Sec. Y—a further simplification is '
justified. This second approximation uses the fact that in the 1(1 1\(z z\| g[t; t
particular casel =0 the mirror coordinate varies only in sec- a= Z(t_ - t_-) (t_ — t_-) — §(t_ O +6], (14)
ond order as a function of time and can thus be assumed to fona o Pt
be stationary{z(t)=0 for all timest, thoughz#0]. This | here the optical axis is now defined by the rays
assumption is the analogue of the “thin lens approximation”
in light optics in which the lens has no extension along the t(z/t;+gt /2)—gt?/2  (t<0)
direction of propagation of the rays. Z(t) [t(zf It+gt,12)—gtZi2 (t>0). (15

C. Moving mirror and gravity One finds that the effect of reflection of a paraxial ray on the

In the preceding section, we solved the problem of imagmirror is once again given by Eq¢3) and (9), where the
ing a pulse in a one-dimensional space-time using a movinépcal length in the mirror matrix has now to be replaced by
flat mirror, for the case in which the freely propagating rays
are straight. We next consider the case of motion in a gravi- _u-zlt—gt/2
tational field. This will be important for the description of 2(a+g)
our experiments later in this article. We assume a constant . ) .
gravitational acceleration of g in the z direction (that is, which is twice the relative acceleration of the ray and mirror

the z axis is directed vertically upwaydAn analysis similar ~ Surface divided by their relative velocity.

, (16)

to that above leads then to the solution Two simple examples will give a more intuitive under-
standing of imaging with the moving mirror. We restrict our-
tiz—tizy ¢ (ti—t)(t;—1) selves to the case=0 (so that the thin lens approximation
Zn(t)= t-t itfti 1- Tt applies and consider first the imaging of a source such as a
P i magneto-optical tragMOT) positioned above the mirror.
t(zi—z) gt Atoms are released from the traptatt;, and we choose to
-t + E(tin -, 1) form an image just above the surface of the mirror, after one

reflection at timet;=—2t; and a free flight {,—z;=0).
where the boundary conditiar),(0)=0 has been imposed. This is shown in Fig. @). From Eq.(14) we derive the
This gives the following paraxial solution fax,(t): required mirror acceleration a=—-g/4 and find
M =|t;/t;|=2 as the magnification of the object in the image
plane. This can be utilized to map the vertical spatial struc-
ture of the magneto optical trap above the moving mirror
without being hindered by the velocity distribution of the
where launched particles.

1
Zn(t)=ut+ Eatz, (12
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The second example is the imaging of a time-dependent

object atz=0. This is sketched in Fig.(B). The definition of

the object is most conviently done using the modulated mir-

’
KUj

(20

Tp=

ror, which can be made to reflect only a small packet ofreferred to as the “bouncing time.”

atoms out of the falling cloud. The obje@emporal sli} is
thus formed on the mirror a;=0 and, since the probe is
also very close to the mirror, it is imaged zo=0 as well.
Using this, we find the appropriate mirror acceleration

We requirer, to be small compared to the free flight time
(of orderv;/g) between bouncess,<|v;/g|,|vi+2v.|/g;
otherwise, the motion cannot be divided into separate reflec-
tions and free flights as we are doing. For our experiments,

a=—g/2 using the same method as before, which then, —~1 ,s while the free flights last several tens of millisec-

yields an image with a magnification & =1. In this par-
ticularly simple and symmetric situation, the prediction
within the paraxial approximation is actually identical to the
exact solution of the equations of motion.

Ill. EXPONENTIAL POTENTIAL

In our experiments, we used an evanescent light fiel
propagating along the surface of a piece of glass to act as
mirror for incident cesium atomg-17]. For such a field,
the light intensity decreases exponentially in the directio

sive potential for atoms in the ground state through the ligh
shift (ac Stark shift of the ground state energy level. The
potentialV(z,t) for the atom takes the forif8,9]

#0%(z=0y)
45

V(z,t)= e 22 (17

wherez is the distance from the glass surface d&hds the

onds, so the condition is well satisfied. The bouncing time

also limits the maximum acceleration of the mirror surface,

since we require that the change of mirror veloaty, dur-

ing the time spent by a given atom in the exponential poten-

tial is small compared with a typical mirror velocity,,.

This condition requiresa|<|vy,|/7,. For our experiments
v does not exceed 1 cm/s, for reasons given in the next
aragraph, so the limitation correspondgap<10*g. Since

We use typicallya~g, we work well within the range of this

approximation. Neither of the requirements described so far

Yepresent intrinsic limits of the experimental technique; the
normal to the glass surface. The light field produces a repul- P P que, they

erely circumscribe the degree to which the simple matrix
ethods we have presented can be used to calculate the
atomic trajectories.

In practice the limitation of the available power gives an
upper limit on the potentiaV(t) <V .x. On the other hand,
we should not decreadgt) below a certain valu¥,,, for
which the atoms incident on the mirror will not be reflected
at all, but will stick to the glass. This puts an upper bound on
the timeAt during which the mirror can be moved continu-

Rabi frequency of the interaction between the light and the,s|y: considering, for instance, a mirror with constant ve-
atom. Q2 is proportional to the light intensity, which de- locity u=v,, (a=0), we get

pends on botlz and timet. With 6= o — w4, We designate
the detuning between the light frequeney and the atomic
resonance frequenayp .

To create a moving mirror, we require that the mirror
potentialV(z,t) move in thez direction. This can be done,

Vmax

At< .
Vmin

2KV

In

(21)

Consider atoms arriving on the mirror at velocity. In or-

for example, by moving the glass surface, which wouldder to get the required output velocity= —v;+ 2v,, for at

move the origin ofz in Eq. (17). This is not convenient in

least some fraction of the atom&t should be much longer

practice. However, the exponential function has the speciahan the bouncing time, of the atoms on the exponential
property that a change in its amplitude is equivalent to gotential. This implies

displacement of the function along tizeaxis. Therefore, to

cause the mirror to move, it is sufficient to cause the light
intensity to vary in time, which can be done easily in prac-

tice. The time variation oY required to reproduce the effect
of a moving mirror with trajectory,,(t) is
V(t)e 2%2=V(0)e 2z~ Zm(V], (18
To obtain the solution to the imaging problem in a gravi-
tational field, one substitutes the expression Zg(t) into
Eq. (18), which, for the particular case of paraxial motion,
[Eq. (12)] takes the simple form
V(t)=V(0)e_2K(“t+at2/2). (19)
We now discuss the limitations on the maximal mirror
velocity and acceleration that arise from the facts thiat

Vmax

Uil
—In .
Vmin

2

U<k (22

In practice,v;~20 cm/s andV ,,/Vmin~2 SO0 that we are
limited tov,, <1 cm/s.

The limit on At is quite severe. Fov,=1 cm/s and
1/k=2x10"° cm, we findAt=6 us. This poses a problem,
because it means that the useful properties of the moving
mirror are only available during a very short time. Fortu-
nately, we can overcome this restriction by realizing the
equivalent of a Fresnel lens. Whenever the mirror potential
reaches the limiting valu¥ i, (respectively ), we mul-
tiply (respectively dividgthis potential bW a0/ Vimin - After
this, the potential(t) is varied continuously according to
(19) until the next shift. The required mirror velocity, which
is the essential feature for imaging in the thin lens approxi-

there are some experimental limitations on the maximal andhation, can then be obtained over times much greater than

minimal values ofV(t) and (i) this exponential potential is
not a “hard” mirror and the reflection of atoms with incident
velocity v; takes a time of order

At, except ford(t)-function spikes occurring at the multipli-
cation(division) events. We will denote this repeated multi-
plying of V(t) at the required instants by the notation
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) ) FIG. 4. Experimental setufsee text
FIG. 3. Modulation schemes for the experiments. The curves
show the power of the evanescent wave used in the experiment, as .
a function of time. The waveforms were generated by a program¥elocity change 2r,, we haveAuv/2v =% «/Mu;. In our
mable function generatofa) Constant mirror velocity(b) Constant ~ €XPerimentsf x/M=2.5 mm/s and);=25 cm/s, so the dif-
mirror acceleration, lens experimeiit) Multiple lenses. The tem-  fractive velocity spread is about 1% of the total velocity
poral resolution in this figure is limited by the sampling time of a transfer. This is again too small to influence the experiments
digital oscilloscope used to record the laser power. The functiorflescribed in this paper.
generator produced a new voltage level each microsecond.

IV. EXPERIMENTAL SETUP
[V(D I (23)

Our experiments used the same apparatus that we have

The procedure is depicted in Fig. 3, which shows samplalescribed beforg4]. Cesium atoms were allowed to fall in
variations with time of the measured evanescent wave powdrigh vacuum onto an evanescent light field formed by total
in our experiment. internal reflection of a laser beam inside a glass priBig.

The abrupt shifts of the potential lead to a loss of resolu4).
tion in the imaging properties of the system. To gain under- The vacuum system consisted of two glass chambers, one
standing of this, we have numerically solved the classicalO cm above the other, with a differential pumping tube con-
equations of motion and we find that the main effect of thenecting them. The upper chamber was first evacuated by an
shifts is that atoms whose trajectories are within the mirrofion pump and a vapor of cesium was introduced. The pump
potential when the latter changes abruptly are dispersed overas then switched off and the vapor pressure held at around
a wide range of final velocities. In conditions comparable to6x 10”8 mbar by means of a cold finger. The lower chamber
those of our experiments, the numerical calculations prediovas evacuated by a continuously running 20 I/s ion pump,
that ~80% of the rays from a point source cross the imageproducing a background pressure less than16 ° mbar.
height within a time window of size- 7y, . Atoms were loaded during 0.5 sec from the thermal vapor

Finally, the effects of diffraction enter in two ways. The into a magneto-optical trap in the upper chamber, and then
finite total width in time of the optical elements gives rise to cooled and allowed to fall into the lower chamber, where
diffraction that limits the behavior near focal points of the they were captured in a second MOT. This produced a useful
trajectories. This is a standard limitation of optical systemsflux of atoms for the experimerabout 4< 10" atoms per
but our experimental resolution is not fine enough to detecseg while ensuring a very low partial pressure of cesium in
it. The procedure of shifting the potential after each periodthe background gas in the lower chamber. Once the atoms
At introduces a further wave-optical effect. The wave func-were collected in the lower MOT, they were compressed by
tion of a reflected atom is divided into sections of durationreducing the intensity per laser beam in the MOT to 0.5
At, which implies, by the properties of the Fourier transformmW/cm?, and then cooled to 3.6:K during 20 ms by
(energy—time uncertainty relatipnthat the atom’s kinetic switching off the magnetic quadrupole field and sweeping
energy is ill-defined, having a spread of ordeE~#/At. the laser detuning té=—9I", wherel'/2r=5.2 MHz is the
This corresponds to a velocity spreAd =AE/Mv;, where  full width at half maximum(FWHM) of the cesium atomic
M is the atom’s mass. Comparing this to the “classical” transitiong=6S,,,, F=4—e=6P;,, F=5.
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Light for the experiment was produced by diode lasers. A
grating-stabilized master laser was locked to the cesium line i
by saturated absorption spectroscopy and used to injection-
lock two slaves, which provided light for both MOT’s. When
cooling the atoms, the laser detuning was changed by using a
magnetic field coil wound around the saturated absorption
cell to shift the frequencyby the Zeeman effertof the
saturated absorption feature to which the laser was servo-
locked. A further laser stabilized to a Cs cell produced re- Slave Diode
pumping light at theF ;=3—F.=4 frequency. We found 200 mW
that for the lower MOT to catch the slowvelocity
~3m/s atoms falling from the upper MOT, the intensity of giﬁj\%a;fgm Servo Loo
the repumping light could be an order of magnitude lower ’ <\I E
than the intensity required for the upper MOT to capture
atoms efficiently from the thermal vapor.

Light for the evanescent waw&EW) was provided by a FIG. 5. Mixing circuit used to generate the modulation of the
high-power(200 mW) diode laser, injection-locked by a dis- €vanescent wave.
tributed Bragg reflecto(DBR) diode laser. The high-power
beam passed through an acousto-optic modul&OM) fol- A general wavefornf(t) (0<f(t)<1), involving frequen-
lowed by a pair of elliptical apertures to remove stray light in cjas from dc up to a few MHz, is produced by a program-
the wings of the spatial profile. The polarization was ad-,aple  function generator(Stanford Research Systems
justed using waveplates, and the beam passed into a fus%ms, and sent to rf switctB. The outputs of the two

silica prism inside the vacuum chamber, where it underWenl‘.witches are then amplified and passed to a mixer, the output

total internal reflection at an angle of incidence of which is again amplified before being passed to the AOM.

0=58°*2°. The polarization was set to be linear in the . . . .

plane of reflection, which optimized the number of atomsThe Aé%)l\:/lrus.recelves e|theanoftfh|mgoth sggt&h:s O.Df’ al
reflected. Under these conditions the decay length of the evdire z sine waveA on, B off), or an Z signa
nescent wave is calculated to be modulated by the programmed wavefof(t) (both switches

on). This causes the EW intensity bg,., 0.1 54 OF

750 MHz

1 A I ma@(t) [with g(t)=(1-0.9f(t)], respectively, assuming a
e —————— 24 linear response of the system. The switching time for the
K 2a+/n%sifg—1 24 P y J

synthesiser-AOM system is of the order ofuk. This is of
the order of the bouncing time, of the atoms and well
below the required timét=6 us during which the mirror
where A\=852.1 nm is the laser wavelength in vacuum,Position is continuously varied. Therefore, this finite switch-
n=1.452 is the refractive index of fused silica at this wave-ing time should not introduce significant deviations of the
length. The uncertainty i arises mostly from the uncer- signal from the predictions obtained for an infinitely short
tainty in . We can deducec more accurately from our multiplication or division time of V(t) by the factor

=(0.19+0.01) wm, (25)

experiments, described below. Vmax! Vimin- This was confirmed by including the experimen-
The Gaussian laser beam was focused to a spot siZal switching time in the numerical calculations.
(1/€? intensity radiug of 400 .m at the total internal reflec- The evanescent wave “mirror for atoms” is positioned

tion, and the beam’s ellipticity was such that the illuminated~3.3 mm below the center of the lower MOT. It therefore
spot on the glass surface was circular. We measured a powtakes the freely falling atoms a tinTle=26 ms to reach the
of 100 mW in the laser beam before it entered the vacuunmirror surface. In general, our experimental procedure was to
system. manipulate the mirror so as to produce a sequence of optical
The frequency of the DBR laser, which sets the frequencyelements centered at tim&sand 3T. These are the times at
of the evanescent wave, was servo-locked to a transmissiomhich the center of the cloud of atoms arrives at the mirror
peak of a 10 cm Fabry-Perot etalon. The chosen transmissicgurface. After the third bounce the atoms are detected at
peak was set to be between one and two GHwas varied t=5T by switching on a probe laser beam positioned at vari-
for different experimenysabove theF =4—F,=5 atomic  able heightH above the surface of the mirror. The probe
transition. beam has a truncated Gaussian profile having a total width
To modulate the intensity of the evanescent wave, we00um. This width implies a temporal resolution of 0.8 ms
turned the acousto-optic modulator on and off. When it wador the detection of atomic arrival times in the probe. The
fully on, more than 90% of the transmitted light fell in the probe beam is modulated in frequency at 56 kHz, and made
first diffracted order from the AOM, which was blocked by near resonant with the =4—F.=5 atomic transtion. Its
the pinholes, thus reducing the EW intensity to less tharabsorption by the atoms is detected by a photodiode and
10% of its maximum value. This reduction is sufficient to lock-in amplifier. This time-of-flight signal gives information
guarantee that no atom can bounce on the mirror. To vary then the vertical distribution of the atoms after their interac-
intensity in a more general way, we used the circuit shown irtions with the time-dependent mirror. Data were accumu-
Fig. 5. An 80 MHz sine wave is produced by a voltage-lated over a period of several minutes by repeating the ex-
controlled oscillator and passed to rf switéh(see Fig. 5. perimental cycle.
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Our first experiment with the moving mirror was to pro- (mmy/s)
duce a constant velocity,, of the mirror surface, and thus

impart a velocity kick to the bouncing atoms in close anal-  FiG. 7. (a) Velocity spread FWHM) of atoms after reflection on
ogy with the action of a tennis racket. To produce the cona moving mirror, andb) corresponding peak height of the time-of-

stant velocity of the mirror, we program the function genera-light signal, as a function of mirror velocity. These results demon-

Vmirror

tor to produce an AOM output df,,,g(t) with strate the imperfections of the experimental setup. The major im-
1 perfection is believed to be a nonlinear response of the acousto-
g(t)=[eﬁ Trmine (26) optic modulator used to vary the evanescent wave power, rather

than the intrinsic limitations of the method.

where the square brackets denote the action of repeated res-
caling described at the end of Sec. [Fig. 3@]. In the of 1.4 ms in the time of flight after two bounces. Neither of
experiments the ratio 1/min was typically 2. The mirror wasthese three contributiorigitial pulse width, probe diameter,
pulsed “on” for two short pulses of duration 1 ms and 0.8 number of absorbed photgndepends on the intensity of the
ms, separated by 53 ms, to select a small range of atomievanescent waviel0,11].
velocities. In a calibration experiment, the the mirror was However, we find that the TOF signal depends on the
kept at constant intensityv(,=0) and the atomic time-of- properties of the modulated mirror. When the mirror velocity
flight (TOF) curve was recorded. Then the experiment wads increased, the width of the atomic velocity distribution
repeated using a modulated mirror in the second pulse, aridcreasedFig. 7(a)], while its height decreasd§ig. 7(b)].
the shift in arrival time of the atoms in the probe allowed The area of the velocity distribution also slightly decreases
their velocity change to be deduced. Figure 6 shows the obtby less than 50 Yetweerv ,=0 mm/s and),,=10 mm/s.
served velocity change of the reflected atoms, as a functiomhe spreading is much larger than that predicted by numeri-
of mirror velocityv ,= B/2k. We obtain a linear dependence cal calculations for an evanescent wave power proportional
as expected, and if we assume the “mirror law” to g(t) as given by Eq(26). We found that nonlinearities in
vi—v;=2v,,, the data allow us to deduce the valuethe response of our acousto-optic modulator could, in prin-
x~1=0.193+0.004 um, in agreement with the expectation ciple, be sufficient to account for this effect, since they lead
described in Sec. IV. to different effective accelerations at different times. The ex-

The pulse arriving in the probe laser beam 53 ms after theperimental response of the AOM is given in Fig. 8. A devia-
second mirror pulse had a temporal width of 1.3 ms if thetion from the calculated curve is noticeable when the trans-
second pulse was unmodulated. This is consistent with exmitted light has a high intensity, i.e., in the first 20% of the
pectations when the initial pulse widfi ms, probe beam time sequence. During this period, the effective velocity of
diameter, and vertical heating due to scattered photons atbe mirror can thus be reduced by a factor of up to three
taken into account: The probe beam had a width of about 200ompared to the expected value. The corresponding asym-
um, which gives rives to a TOF width of 0.7 ms for atomic metric broadening of the TOF signal is increased wbgn
velocities of 25 cm/s as used in the experiment. Photon scathcreases. The contribution of these nonlinearities could be
tering has to be considered as well. At a detuning of 2 GHzompensated for in future work by taking into account the
for the tennis experiments we expect about 0.26 scatteregsponse function when generating the synthesized function
photons per atom and bounce. There are two bounces befofét). As mentioned in Sec. lll, there is another loss and
the probing so that on average every second atom has lmoadening mechanism related to the fact that there are finite
chance to absorb a single photon from the evanescent wavgwitching times between the exponentials during which the
The recoil-induced velocity change amounts to 1.4% of theatoms undergo a large acceleration of inverse sign. This ef-
incident atomic speed and gives rise to a maximum variatiofiect is nonnegligible at mirror speeds abayg=1 cm/s but
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FIG. 8. Response of the acousto-optic modulator. The points F!G. 10. Time-of-flight signals demonstrating imaging. The
show the measured evanescent wave power as a function of time firves show the absorption of the probe beam as a function of time

a sample experiment, while the line is the variation required tof©F @1 unmodulated mirror@) and a mirror modulated so as to
produce a constant,,. produce a temporal leng{). When the lens is used, the image of

the object—consisting of two pulses separated by 3 ms—appears.

simulations show that it should be still too small to explain depended on the total duration of the lens, becoming worse
Fig. 7. Also, the slightly decelerating influence of the Van 55 the duration was increasétie duration of our temporal

der Waals force is much too small to come into play. lens corresponds to the diameter of a familiar spatial)lens
This implies that the resolution was limited by the nonlinear
B. Imaging with a time lens response mentioned in the preceding section rather than the

: : . finite width of the probe. For a lens of total duration 5 ms,
We demonstrate imaging by the time sequence shown Iﬂ1e two peaks were just resolved when they were separated

g'g' 9 [C];' trl?g.E\a(vb')].t TW.? shortt pu(;ses(ea%h t'crjt]: d_?rat'on by 1.3 ms. We use the criterion that the peaks are resolved
4 m3 of the Inténsity centered around & 1 pro- - \yhan g jocal minimum appears between them.

duce an “object,” that is, a distribution of times of reflection We can generate the atom optical equivalent of Billet's
on the mirror, since only atoms arriving when the EW is ONgpit lens[18] by programming the mirror to produce a set of
are reflected. We then cause the mirror to act as a lens cefspges during the second bounce of the atomic cloud. The
tered around=3T, with the acceleration chosen so as toyariation of the evanescent wave power for the case of two

form an image at the heigltt of the probe beant0.5 mm),  |enses is shown in Fig.(®. A total duration of 4.5 ms was
centered att=(4+1—2H/gT?)T=4.999T. We used divided into two sections, each containing a seperate lens
T=26.5 ms. programmed independently into the function generator. The
The function generator is programmed to prodd¢e)  expected motion of a selected atomic packet is shown in Fig.
such that the evanescent wave intensity varies,ag(t), 11. The experimental TOF curve, measured at iméT, is
where shown in Fig. 12, where we varied the number of lenses in
the second pulse from ofiEig. 12b)] up to five[Fig. 12f)],
g(t)=[e"a‘2]ﬁqin, (27)  while keeping the total pulse duration constant. Another
atom optical device — not demonstrated here but also easy
with a=—g/2. to generate — would be a Fresnel biprism consisting of a

Figure 10 shows the observed time-of-flight signals withmirror moving with positive velocity in the first half and
the mirror stationary during the second bounce and with thevith negative velocity in the second half of the second eva-
moving mirror acting as a lens. We find that the lens enablesescent wave puls@entered at timé=3T). Such multiple
us to form a true image of the two-peaked object. A series obptical compenents could be used for coherent beam split-
measurements using objects of different spacing confirmeting, though the coherence times involved are longer than
the expected 1:1 magnification within 10%. The resolutionthose of current atomic sources.

probe laser

time

FIG. 9. Time sequence used to demonstrate imaging of a two- FIG. 11. Time sequence used to demonstrate the realization of
pulse object. Billet's split lens.
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VI. CONCLUSION several times the recoil velocity associated with the light.

We have discussed the general idea of manipulating thghe segond Is the imaging of_a pulsed_source._ Nume_ncal
motion of particles using time-dependent optical element alculations show that the spatial resolution obtainable |s_0f
and shown than this can be a useful way of solving some of"€ Order of the decay length of the evanescent wave, which
the basic technological problems in the field of atom optics!S & fraction of a micrometer in our case, but the resolution in
such as imaging. The moving mirror method solves the gent_hese first experiments was limited by |mperfect|ons in the
eral problem of manipulating atomic motion along the direc-2Pparatus. The third effect demonstrated is the formation of
tion normal to the mirror surface in the case of a pulsedmultiple images of a point source using a set of temporal
source. It does not address the problem of imaging in théenses.
other (transversgdirections. However, for our experiments ~ The modulated mirror can also serve as a diagnostic tool
we do not, in fact, use a flat mirror, but one with a radius offor the analysis of an atomic source. By allowing two
curvature of 2 cnf11]. This means that if we were to drop bounces on lenses of different acceleration — corresponding
the atoms from around 1 cm above the mirror, while alsoto a strongly diverging lens followed by a converging one—a
moving the mirror to focus the vertical motion, then a com-simple microscope could be constructed, allowing one to
plete three-dimensional image of the atom source could bprobe detailed structure in the source. Alternatively, a pair of
reconstructed. short pulses can be used to select a small set of atomic tra-

We find that the potential produced by an evanescent lighjectories, which corresponds to selecting atoms originating
wave has two useful properties. First, it is produced by d@&om a small range of initial velocity and position. By mov-
light field and so can be varied rapidlgompared with mag- ing the center times of the pulses while repeating the experi-
netic fields and material obje¢tsSecond, its exponential mental cycle, one can map the complete distribution of the
form leads to a particularly simple analysis of the problem,atoms in the phase space of the vertical motidn,v,)
since a change in amplitude is equivalent to a spatial transspacé. We have built such a map, and deduced from it the
lation of the potential. A third property, the short decaytemperature and density in our MOT. In principle, correla-
length of the potential, is useful in that it ensures that thetions between velocity and position can be observed this
optical element is thin and in that it reduces the heating dugvay, although we did not find any at the limited resolution of
to scattered photons, but it also limits the time during whichthe measurements. By employing the methods of tomogra-
the potential can be changed continuously. phy [19-21], the complete initial Wigner function of the

We have experimentally demonstrated three basic effect@toms could be deduced.

The first is a simple velocity shift of an atomic beam by Finally, the modulated mirror can be used to investigate
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