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Abstract

We have demonstrated that a suitably magnetised surface ca be used to retrorefled cold atoms for applica-
tionsin atom optics. This has sme alvantages relative to evanescent wave mirrors because no light is in-
volved. Multiple bources of cold rubidium atoms have been olserved for times up to ore secondin a cavity
formed by gravity and a2 cm-diameter sphericd mirror made from aflexible computer disk (“floppy disk”).
We have studied the dynamics of the @oms bourting in this trap from severa different heights up to
40.5mm and we onclude that the doms are refleded speaularly and with refledivity 1.01(3). The per-
formance of this mirror is limited at present by colli sions with badgroundgas and by unwanted harmonics
in the magnetisation d the surface Thisis the first in a series of papers concerning the use of magnetised

surfaces in atom optics.

1. Introduction

Over the last few yeas it has become posgble to
prepare extremely cold atomic vapous by means
of laser codling andtrapping [1]. This has gener-
ated a surge of interest in techniques for manipu-
lating atoms and hes given hirth to the field of
atom optics [2] in which atoms and their asoci-
ated de Broglie waves can be made to display
many feaures of phaon ogics, including reflec-
tion, diffraction, and intderence.

The first redisation d an atomic mirror utili sed
the strong opticd dipde forcein evanescent light
waves formed by the total internal refledion d a
laser bean at the glass vaauum interface of a
prism. With blue detuning relative to atomic
resonance the dipde force is repulsive, and the
surfaceforms an atomic mirror [3], as was first
demonstrated with an atomic beam [4], and then
with cold atoms [5]. Cold atoms have dso been
trapped for several bources in a arved evanes-
cent wave miror [6], known as a “gravity cavity”.
The potential refleding the aoms from these mir-

rorsis smply the light shift of the aomic ground
state, which is propationa to | /d, where | is
the intensity of the light in the evanescent wave,
and & is the detuning. One disadvantage of this
method is that atoms are heaed by sportaneous
emisson. Since this imparts randam momentum
to the @oms at a rate propartiona to | / 67, the
effed can be reduced by choasing a sufficiently
large detuning, bu at the expense of requiring
higher intensity. It is passble to enhance the
evanescent wave intensity by means of a
waveguide on the prism surface[7,8], however,
this tednique has not yet been demonstrated for a
curved mirror because it is difficult to coupe
light effedively into a waveguide on a airved
surface.

Following a suggestion by Opat et al [9] we were
ablein 1995to demonstrate anew kind d atomic
mirror based onthe Zeaman interadion ketween a
groundstate gom and the field above amagnet-
ised strip of audio tape [10], and recantly, Si-
dorov et al [11] have made amagneto-static mir-
ror based onthe same principle, using a maao-



scopic asembly of permanent magnets. In bah
cases the aoms bourced with high refledivity,
but were quickly lost because of the thermal
spread of the aomic doud. We therefore pursued
the posgbility of making a aurved magnetic mir-
ror which could store @oms for long times with-
out the problem of momentum diffusion dwe to
sportaneous emisson. Much o the work pub-
lished on evanescent wave refledors can be -
plied to our magnetic mirror becaise bath have an
exponential ptential.

A short conference paper [12] recantly annourced
the observation in ou laboratory of atom reflec-
tion from a aurved, magnetised floppy disk [13].
This paper now provides the first full acourt of
our experiments to use afloppy disk as a mag-
netic mirror for the storage of cold atoms.

2. Principles of the Magnetic Mirror

The ideaof magnetic mirrors for neutral particles
was discussed long ago by Vladimirskii [14] in
the mntext of cold neutrons. He pointed ou that
a spatialy alternating current shed j cos(kx)z
produces a magnetic field whose magnitude B
deaeases with the distance y from the surface &
exp(—ky), and is independent of the transverse
paosition (X,2). A neutronin the spin-up state will
be repelled from the airrent shed provided that
its motion through the spatially varying field is
adiabatic. The more recent discusgon by Opat et
al [9] considers both eledric and magnetic mir-
rors and suggests the posshility of refleding or
diffrading atoms from the surfaceof a magnetic
recording medium. We have been able to redise
this idea in the laboratory using the field pro-
duced by part of a floppy disk with sinusoidal
magnetisation M =M, cos(kx)X in the plane of
the disk. In order to compute the field ouside the
surface ore can replacethe magnetisation by fic-
titious aurface arrent densities j=0xM onthe

front and badk surfaces of the thin magnetic
coating. When the disk is fully magnetised, M,

is constant throughou the thickness b of the
coating, and M is therefore eguivalent to two op-
posing sinusoidally moduated current
sheds,j = +M, cos(kx)Z separated by b. Hence
the magnitude of the field tside the disk is

B=1iB(1-€*)e"=8_,¢" @

whereB, =pu,M, is theremanence field.

An atom in the magnetic field has the magnetic
dipoe interadion energy U = -1, B, where |, is

the projedion d its magnetic moment onto the
field dredion. Provided the magnetic field
changes dowly enouwgh (and it does for the mld
atoms in ou experiments), the magnetic moment
follows the field adiabaticdly and the aigle be-
tween them is constant. In this adiabatic regime
the patential energy of the aom depends on the
field magnitude B, bu nat its diredion. Hence a
atom having negative [, experiences an expo-

nentially increasing repulsive potential —|1,B as

it adiabaticdly approaches the magnetic surface
To give asense of the energy scde, we remark
that a 15G surfacefield is aufficient to reflea
rubidium atoms in the (5Sy, F=3, m=3) state
dropped from a height of dm.

The operation d the mirror relies on atoms re-
maining in the desired magnetic sublevel as they
move through the inhamogeneous magnetic field.
The probability for an atom to make a non
adiabatic (Mgorana) transition to another mag-
netic sublevel is greaest when the field seen by
the @om is snal and rapidly changing. We
guard against this by applying a wea uniform
‘halding’ field of ~100mG along the z-axis (in
the plane of the disk but perpendicular to the
magnetisation), which prevents the total field
from going to zero at any point.

If the magnetic mirror is made using a
standard commercial recrding medium such as
audio tape or a floppy disk, the wavelength can
eaily be & dort as 10um (5kHz for a normal
audio cassette system), and the surfacefield will
typicdly excead 100G (and can be @& much as
2 kG for certain audio tapes). For atoms dropped
onto such amirror, the refleding potentia is very
stegp in comparison with the gravitational one
and the @om turns around in a very short dis-
tance For many purpaoses it is therefore suffi-
cient to regard this patential as a step at which the
atomic velocity is instantaneously reversed.

3. The Floppy Disk Mirror

3.1. Motivation

In a previous pulication [10] we reported a nor-
mal-incidence d@omic mirror based on the mag-
netic dipole force dove aflat strip of audio tape.
We showed that regions where the tape was snu-
soidally magnetised could reflea speaularly and



with high refledivity provided the d@oms werein
suitable magnetic sublevels. In between the re-
corded tradks no sine wave was recrded, and
there the tape behaved as a diffuse refledor.
When a ball of cold atoms was released from a
magneto-opticd trap and allowed to fall onto the
mirror below, multiple bources were observed
indicating that the mirror and gravity together
formed akind d trap. The main losses from this
cavity were due to the thermal spreading of the
atomic doud - with nolateral confinement there
was nothing to stop the aoms from walking off
the mirror after a few bources - and the diffuse
refledions from the regions between trads.
These limitations can be removed by the use of a
concave mirror (to provide lateral confinement)
whose surfaceis completely covered by the sinu-
soidal signal. Sincethe audio tape has a tendency
to curl and wrinkle when glued down it is not
suitable for making a arved refledor, whereas a
floppy disk has a large uniform areg and is rela-
tively thick (80 um versus 12um for the audio
tape) which makes it quite eay to hande.
Moreover, it is easy to record over the whole sur-
faceof afloppy disk. For these reasons we dhose
to use afloppy disk as the basis of our atomic
mirror in the &periments to be described.

3.2. Physical properties

The magnetic properties of the 5.25inch disk
used in thiswork (Sony MD-2D) are listed in Ta
ble 1. The 700G residua flux density together
with the 2.5um coating thickness can be substi-
tuted into Equation (1) to determine the field By
a the surfaceof the disk. For the 14 um wave-
length of our recording ore finds B, ,, =236G.

This is dgnificantly wedker than the 1.1kG sur-
facefield for the metal audio tape (Denon HD-M)
used in ou previous work [10], but it is gill suf-
ficient to reflea polarised m. =3 rubidium at-
oms dropped from heights up to &%.

Table 1. Manufadurer's edficaions for the Sony
MD-2D floppy disk used to make our greetic mirror

Magnetic material TFe03
Disk thickness 80um
Coating thickness 2.5um
Coercivity 2900e
Residual flux density 700 G

To make amirror curved in bah dredions, it is
necessry to stretch the material. A 25mm di-

ameter circle was cut out of the disk and glued
with Torr Sed epoxy to a short sedion d stain-
less sed tubing. When the tube is evaauated, the
disk beames concave under the influence of at-
mospheric presaure. It is then gently heaed by
haot air (50-100°C) to relax the tension so that the
curvature is retained when the presaure diff erence
is removed (this has no effed on the magnetisa-
tion d the disk). However, if the disk is qubse-
guently reheaed it bewmmes flat once aain.
Consequently, ore has to take cae when baking
the vacuum system not to overheat the mirror.
It is Smple to measure the radius of curvature
using an expanded He-Ne laser bean because the
surfaceof the disk is quite shiny. With a 20mm
diameter mirror we were ale to set the radius of
curvature anywhere in the range 35 — oo mm.
We diose 70mm for the experiments reported
here.

3.2. Recording signals on the disk

A standard 5.25inch doube density floppy disk
drive (Qumetradk 142 records data on 40circular
traks, ead 330pum wide, and spaced 530um
apart radialy. (The more modern high-density
drives with narrower tradks are acdualy less sit-
able for our purpose because more trads are re-
quired to cover the surfacg. We were &le to
eliminate the 200pum wide unrecorded strip be-
tween the tradks by modifying the drive arcuit
for the stepper motor, so that the recording head
moved in steps of half the usual size. In the
overlap region, the later signal completely erases
the ealier one, resulting in 80 adjacent 256 um
wide tracks.

The signal was written orto the disk by applying
a voltage diredly aadossthe record head and the
recorded pettern could be read badk by means of
the same head, which generates an EMF propar-
tional to the derivative of the magnetisation. At
low freguencies, the recorded pattern saturates
when the drive voltage is high enough, leaving a
square wave magnetisation onthe disk which ap-
peas as a series of aternating spikes on day-
badk. However, at higher frequency the behav-
iour is omewhat different. As the drive voltage
isincreased the anplitude of the play-bad signal
levels off but its dape remains approximately
sinusoidal. The persistence a high frequency of
an approximately sinusoidal pattern even when
the disk is being driven into saturationis a conse-
guence of several fadors [15] including the speed



with which the disk surface moves through the
hea relative to the period d the driving field,
and the range of the fringe fields aroundthe head

relative to the wavelength of the recorded pattern.

Our magnetic mirror was made using a 100kHz
signal of 2.75V peak-to-pe&k amplitude to drive
the head. At thislevel the pedk of the magnetisa-
tion was sturated bu the waveform played badk
still appeared roughly sinusoidal. We find that
the wavelength o the rerding ranged from
11um on the inner radius to 18um at the outer
edge.

4. Experiment

4.1. Apparatus

Our experimental arrangement and the relevant
atomic levels are sketched in Figure 1. Atoms of

%Rb are wlleded from vapou in a vaaum
chamber by a magneto-optic trap (MOT) [16,17].
The magnetic field gradient of the trap is made by
two 480turn water-cooled coil s of approximately

Trapping | Beams

75mm diameter, mourted ouside the vaauum
chamber with a spadng of 170mm. These cary
a airrent of 4 A in the ati-Helmhadtz configura-
tion to prodwe field gradients at the ceantre of
10Gcem™ in the aia diredion and 5Gcm®
transversely. The six laser beams of the trap con-
sist of three pairs of mutually orthogonal 1 mw
beams, eatr making an angle of ~55° with the
verticd, which are retrorefleded through quarter-
wave plates to produce the required circular po-
larisations. Eadh beam is collimated and aper-
tured to a diameter of 20mm. The trap laser is
tuned 10MHz below the 3-4 hyperfine line of the
5§,, —5P,, D2 transition at 780nm, for which

the natural width is 6 MHz. A wedk repumping
laser bean is superimposed on the trapping
beams in order to return any F =2 groundstate
atoms to the F =3 ground state. The trapping
and repumping beams are produced by two sepa-
rate grating-stabilised, external-cavity diode la-
sers [18]. Rb vapou is supdied by a heaed

source held in a side arm of the vacuum chamber.

5P3/2
1
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\ Light
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Figure 1. Rubidium atoms are wlleded and cooled in a magneto-optic trap. After being
released and opticdly pumped, they fall onto a magnetic mirror made from a sinusoidally
magnetised pieceof afloppy disk. Atomsrefleded from the disk are recaptured by turning
on the trapping beans again and are deteded by their fluorescence The energy level dia-

gram shows the transitions used.



The time constant for filli ng the trap can be var-
ied from 1 s up to 20s by adjusting the tempera-
ture of the Rb source to control the presaure of
vapou in the chamber. After turning on the trap,
we monitor the number of captured atoms by fo-
cusing the fluorescence of the aom cloud orio a
phao-diode. When enough atoms have been
loaded, we lower the frequency of the trapping
light over a period d 2ms to a detuning of —
30MHz, where it remains for 1 ms in order to
coadl the aoms. Finally, the trapping light is rap-
idly switched off using an acousto-optic modua-
tor, and an eledronic drcuit drives the airrent in
the magnet coils to zero in Ons.

Once the aoms are relessed, we opticdly

pump them aong the diredion o the 100mG
hading field to enhance the popuation d posi-
tive m. sublevelsin the F = 3 groundstate. The
pumping light, derived from the "trapping" diode
laser (still detuned to -30 MHz), is formed into a
pair of spatially filtered courter-propagating, op-
ticd pumping beams, centred on the trap as
shown in Figure 1. Eadh beam has a power of
order 25 uW and a diameter of 6 mm. When we
increase the duration d the opticd pumping pulse
the number of atoms refleded from the magnetic
mirror increases at first, then reades a maximum
and eventually deaeases. This is becaise the
rewil from sportaneous emissons eventualy
increases the temperature of the aoms to a point
where the mirror is unable to contain the trans-
verse motion. Typicdly we use apulse length of
4ms. This adjustment needs to be redore eat
day because the intensity of the optica pumping
light depends drongly on the dignment of the
laser beam with the spatial filter and because the
podarisation d the aoms in the MOT varies
somewhat with the dignment of the trapping
beams.
We have measured the temperature of atoms pre-
pared in this way to be 30+ 5 puK, using a time-
of-flight techniqgue. A CCD camera was used to
image the ld atom cloud and showed that its
initial diameter is less thanrim.

4.2. Experimental procedure and results

In an experimental run we load approximately 10
atoms into the trap. These ae released, ogicdly
pumped, and alowed to drop a few centimetres
onto the magnetic mirror. The number of re-
fleded atoms is measured after a dosen time
delay by turning on the trap for a period o 25ms.

This is aufficient time to recature @ld atoms
that have bourced bad into the laser beams, bu
it is nat enough to acaimulate asignificant num-
ber of therma atoms from the Rb vapou. The
fluorescence signal from the recatured atoms is
monitored and compared with the original trap
fluorescenceto find the fradion d atoms that are
recgtured. For ead time delay we averaged five
such measurements, and by varying the delay we
are dle to determine the fradion o recatured
atoms as a fustion of time.

The drcles in Figure 2 show the fradion d re-
captured rubidium atoms as afunction d the time
delay between relesse and recature for four dif-
ferent drop heights h. In curve (a), for which
h=17.5mm, seven ar eight bources are dealy
seen for times up to 900ms. This represents a
significant improvement on our audio tape results
[10], where 3 bourtes up to 500ms were ob-
served. Curve (b) shows data up to a similar
time, bu with fewer bources, sincethe goms are
dropped from a larger height of 25.5mm. One
also sees that the bources become more dealy
resolved because the doud s better able to leave
the region d the trapping laser beams. This trend
continues in curves (c) and (d) for which
h=325mm and 40.5mm. In addition, the sig-
nal is een to decay more rapidly for larger drop
heights, with a particularly strong attenuation
when we go from (c) to (d). These observations
are the first demonstration that atoms can be re-
fleded and focused by a aurved magnetised
floppy disk.

When we reversed the helicity of the opticd
pumping light, thereby preparing the gomsin the
negative m. states, the reflected atom signal was
very small - lessthan 0.04at the pe&k of the first
bourcefor a17.5mmdrop height. This confirms
that the refledivity isindeed due to the magnetic
interadion between the a@oms and the floppy
disk. We dso repeded the experiment withou
any opticd pumping light, and in that case the
refleded atom signal was five times snaler.
This is not entirely surprising because the @oms
in the MOT tend to be pumped into the negative
m. states (with resped to the locad magnetic
field) and the MOT field is turned of adiabati-
cdly. Thusit would seem that only about 20% of
the atoms in the MOT have,. >0.
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Figure 2. Fradion of atoms recegtured as a function of time dter their release from the
trap. Curves (a), (b), (c) and (d) correspond to drop heights of 17.5, 255, 325 and 405
mm, respedively. Circles sow experimental results. Dotted curves siow computer simu-
lations without any corrugation of the refleding surface Qualitative feaures are repro-
duced in this smulation but the %2 is too high. Full curves sow computer simulations in-
cluding corrugation of the refleding surface ad have asatisfadory y2 In this fit, the life-
time for collisional lossist = 224(15) ms, the refledivity is R=1.10(3) and the RMS an-
gular variations of the reflecting surface are given in table 2 for each drop height.

In order to uncerstand the detailed form of the
data shown in Figure 2, we have developed a
computer simulation model. A Monte Carlo
method is used to seled the initial velocities and
pasitions of atoms as they are released. The ve-

locity distribution corresponds to the measured
temperature of 30uK, and a Gausdan spatia
distribution & FWHM 1 mm is assumed, corre-
spondng roughly to the doud in ou trap. (In
fad, this cloud dameter is snall enough that



there is no significant finite size dfed). Ballistic
atomic trajedories are cdculated as the gaomsfall

under gravity. The mirror is described by a
smoath sphericd surfacewith radius of curvature
R, =70mm and dameter 20mm. Owing to the
very short range of the potential (~2 um), the in-
teradion is treaed as a hard collision in which
ead atom has a probability R (the mirror reflec-
tivity) of reboundng elasticdly from the surface
Atoms are counted as retrapped if they enter any
onre of the trapping beams. The geometricd lay-
out of the trapping beams, mirror and cold atom
source are all incorporated into thegnam.

For aredistic smulation d the experiment, three
more parameters are required in addition to the
refledivity. First, the loss of cold atoms due to
collisions with ha badkgroundgas is included as
a stealy attenuation exp(—t/ 7). Seoond, the
incomplete opticd pumping leaves a small frac-
tion 1-n (approximately 0.2) of the @oms in
magnetic sublevels m. < 0 that are nat refleded,
and it is asumed that these ae lost in the first
collision with the mirror. Finaly, we include a
constant badkground signal level, arising from
stray scattered light reaching the photo-diode.
The parameters of the theory were aljusted to fit
the four curves in Figure 2 by minimising the ¥
parameter. Ead curve was alowed its own oi-
cd pumping efficiency n becaise the opticd

pumping beans had been adjusted before eah
run, bu the values of R and 7 were gplied glob-
ally. After this fit, the simulation reproduced all

the qualitative fedures of the data & shown in
Figure 2. This demonstrates that the a@oms are
bourcing largely as expeded, bu it is aso clea
that there ae systematic discrepancies between
the model andthe data. Most notably, the troughs
between bources in curves (b), (c), and (d) are
consistently too wide in the simulation, and in ()
and (d) the pe& heights are not so well repro-
duced. Furthermore, the best % is twice @& large
as one could reasonably expect for a good fit.
We find that a satisfactory % can be adieved by
allowing the sphericd refleding surface to be
dlightly corrugated, producing a small spread in
the angle of refledion o the @&oms. Such a
sprea is to be expeded because the magnetisa-
tion d the surfaceis not a pure sine wave. The
presence of higher harmonics in the magnetic
field aters the interadion between the &om and
the surfaceso that the equipatentials become @r-
rugated [9]. For example, a fradion f of second
harmonic oontent causes the diredion d the

Stern-Gerlach force to vary by an angle
f e¥sinkx, where y is the height above the
surface ad k is the wavevedor of the fundamen-
tal [9,19]. Atoms dropped from rest from a
height h above the mirror read their turning
point at a height y, where the magnetic potential

energy, —H B, ", is equd to the initial po-
tential energy of the @om, mgh. Consequently
the diredion d the Stern-Gerlach force d the

turning point varies by an angle of order
fmgh/ u B, which is linea in the drop

height. When the amplitude of the second tar-
monic is 10% of the fundamental this angle
amourts to approximately 40mrad for a drop
height of 40mm. It is also possble that the
physicd roughness of the floppy disk makes an
additional contribution to the angular spread o
the eflected atoms.

Table 2. The RMS anguar variation of the refleding
surface & a function of the height h from which the
atoms are dropped. Thisis a measure both of the cor-
rugations due to harmonic distortion of the magnetisa-
tion and of the physical roughness of the surface.

Drop heighth (mm) AB (mrad)
17.5 24(3)
255 32(3)
325 36(3)
40.5 38(5)

Motivated by these aguments, we dlowed the
sphericd refleding surfacein ou simulations to
have agular corrugation & coskx and adjusted
J as an additional fitting parameter for eac of
the four curves. This new degreeof freedom im-
proved the fit substantially as iown in Figure 3
and vyielded the  fitting parameters,
T =22415 ms, R=1013), where the num-
bers in parentheses are the standard deviations.
The opticd pumping efficiency parameters 7 are
of no particular interest, but we note that the val-
ues were between 7”6 and 8%, correspondng
within a fador of two to the scatering of ten
phaons. Finaly, the fit gave the rms angular
variation dwe to corrugations of the surface
A9 =912, for eath drop feights as listed in
Table2. We seethat the angular variation daes
indeal increase with drop height as one would
exped from harmonic distortion and we believe
that this is probably due to a second harmonic
amplitude of abou 15%. We have now started to
study the magnetic field of the mirror diredly by



means of magnetic force microscopy and we see
clea evidenceof harmonic distortion at this level.
We have dso begunto look at the surfacetopog-
raphy of the disk by atomic force microscopy. It
is hoped that these studies will produce aquanti-
tative explanation d the mirror properties mess-
ured here and will alow us to asess how good
the opticd quality of floppy disk mirrors can u-
timately be. This will be the subjed of the sec-
ond paper in this series.

4.3. Discussion of atom dynamicsin the trap

The motion d atoms in the magnetic mirror
trap depends on their initial paosition and velocity
and onthe size and radius of curvature R, of the
mirror. For our small cold cloud d atoms re-
leased close to the optic ais, the Monte Carlo
simulations $ow that the tragjedories belong to
two general classes acmrding to whether the drop
height hislessthan or greaer than R, /2. Inthe
first class (h<35mm), more than 93% of the
atoms are mntained indefinitely by the smooth
refleding surfaceof 20 mm diameter which rep-

@

resents our mirror. Those that are lost come from
the high transverse-velocity tail of the Maxwell -
Boltzmann dstribution. For most drop teightsin
this range the aoms that walk off the mirror do so
in the first few bources and this is the case for
runs (b) and (c) (h=25.5and 32.5mm). Fig-
ure 4(a) shows a typicd trgjedory for these a-
oms. the diredion d the horizontal velocity is
reversed onthe first bource and the magnitude is
reduced. The limiting case for this class is
h=R,/2, when the first bource reverses the

horizontal velocity exadly and the aoms smply
retracetheir paths. Ancther spedal case within
this class of stable trgedories is that of
h=R,/4 for which the horizontal velocity is
reduced to zero by the first bource In this case,
our simulation shows that the hot atoms leave the
trap anomalously slowly, and this motivated ouw
choice of h=175mm for run (8. When
h>R,/2, the horizontal speed increases after
ead bource and the aoms quickly walk off the
mirror as shown in Figure 4(b). Run (d) is of this
type.

(b)

Figure 3. Scde drawing showing typicd stable and unstable trgjedories with a 70 mmra-
dius of curvature mirror. (a) 25mm drop height. After the first bounce the aom’s hori-
zontal velocity is reversed in diredion and reduced in magnitude. The subsequent motion
is confined. (b) 45mm drop height. The horizontal speed of the @om increases after eah
bounce until the atom walks off the mirror surface.



Some apeds of these numericd results are
elucidated by a simple analyticd approximation
[20] which assumes that the initial transverse ve-
locity is much lessthan /2gh and that the sur-

faceof the refledor is parabdic. Using this ap-
proach, Wallis et al have shown that when an
atom bources on the mirror surface successve
points of contad cover a drcle of radius p,,
given by a rather complicaed expresson
(Equation 38 of reference [20]). For a given ve-
locity this radius is pradicaly constant when
h<R,/2. For thesedrop heights, p,, is smaller

than the 10 mm radius of our mirror for 93% of
the velocity distribution, and therefore most at-
oms follow stable trajedories. By contrast, if h
exceas R, /2, p,, grows very rapidly so that

when h =40.5mm (our run (d)) atypicd value is
28mm. Thelossrate isthen large and al the &-
oms eventually walk off the mirror.

Althowgh this smple analyticd picture pro-
vides ome physicd insight, the behaviour of at-
oms refleding from a red surfaceis quite differ-
ent and still must be cdculated numericdly. This
is becaise awy transverse momentum kicks im-
parted by corrugations or other imperfedions of
the mirror (including phaon scatering in the case
of the evanescent wave) alow trapped atoms to
diffuse from the stable region d phase spaceto
the unstable one. In ou simulation this appeas
as a decay of the number of atoms in the trap
which persists even after the initial transient as-
sociated with the loss of hot atoms, although it
shoud be made dea that thislossrate is far less
than the collisional loss in ou present experi-
ments. Ancther manifestation d the arrugations
can be seen as afilling-in of the troughs between
bources when ore compares Figs. 2 and 3. This
is due to an increase in the number of atoms nea
the edge of the mirror, a region that is more dfi-
ciently recaptured by the laser beans because of
the geometry. Finaly, this diffusion makes the
difference between runs (c) and (d) lessdramatic
than it would be in the ided case becaise the &-
oms dropped from just below R, /2 are reaily

destabilised by the corrugations.

4.4. Comparison with audio tape and evanescent
wave mirrors

Previously [10], we studied the refledion d at-
oms from flat strips of sinusoidally magnetised
audio tape. With the floppy disk we find, as in
the case of audio tape, that the refledivity of the

magnetic mirror is esentially unity. However, in
this case we have been able to cover the whae
surfacewith the magnetic pattern to make aprac-
ticd device of high average refledivity. Curving
the mirror is also a significant advance with a
transverse therma velocity of some 7cmi/s
(30uK), the aoms quickly walk off a flat mirror,
but most of the @oms in the Maxwell-Boltzmann
distribution can be confined indefinitely by a per-
fed curved mirror to the extent that there ae no
collisions. It is interesting to compare the colli-
sional lifetimes for the trapped and freefaling
atoms in the two experiments. In the audio tape
experiment, the trap lifetime was ~5s and the
collisional loss lifetime for the bourcing atoms
was 52639 ms, whereas the mrrespondng fig-

ures for the floppy disk experiment were ~10s
and 22415) ms respedively. With this douHing
of the trap lifetime one might have expeded a
correspondng deaease in the collisional loss
and since that is the dominant lossfor the present
experiment, ore might have hoped for storage
times in excessof 1s for atoms bourcing on the
curved floppy disk mirror. However, atomsin the
MOT are partly in the excited state, which makes
them particularly sensitive to the badground
presaure of rubidium becaise of the resonance
interadion. By contrast, the groundstate g@oms
in freefall are very sensitive to the presence of
any badgroundgas and have no particular sensi-
tivity to rubidium. Thus the shorter colli sional
lifetime in the floppy disk experiment suggests
that the disk outgases more than the tape. Since
this is the limiting fador in the storage time, we
plan in future experiments to try seding the sur-
face by overcoating it with titanium [21]. Ac-
cording to ou simulations, which incorporate the
corrugations of the refleding surface storage
times of tens of seconds may be posdble if the
pressure loss can be eliminated.

A recent investigation d the evanescent
wave mirror [22] reveds that the aoms do nd
refled speaularly unless the surface suppating
the evanescent wave is of extraordinarily high
guality. In order to reduce the transverse mo-
mentum spreal to the level of a few phaon re-
coils per bource, it was necessary to achieve an
rms surface roughness of order 0.1nm, which
impases dringent limits on evanescent wave mir-
rors in atom optics experiments! In this context,
it is interesting to consider how many phaons
would have to be scatered by our rubidium atoms
to produce the angular spread per bource mess-



ured in ou experiment. For a drop height of
17.5mm, the angular spread of the refleced at-
oms (twice that of the surface is 48 mrad (see
Table2). This implies a transverse velocity of
2.8cm/s or 5 times the phaon reil velocity.
Since the lineaity of the magnetic recrding can
cetainly be improved, it seams likely that the
floppy disk can compete dfedively with evanes-
cent wave mirrors in this regard: the absence of
spontaneous emission is clearly an ativge.
The size of the evanescent wave mirrors
istypicdly 0.5mm, governed by the need for suf-
ficient intensity. By contrast, the magnetic mirror
described in ou work here is an order of magni-
tude larger in dameter and there ae no funda
mental reasons why even larger mirrors with uni-
form reflectivity could not be fabricated.
The high speaular refledivity of the floppy disk
magnetic mirror leads us to conclude that it is a
promising development for atom optics. How-
ever, we do nd know to what extent the opticd
quality of such amirror will ultimately be limited
by the momentum diffusion dte to corrugation o
the refleding surface This questionis now under
investigation in ou laboratory and will be the
subject of a second paper in this series.
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