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Abstract

We have demonstrated that a suitably magnetised surface can be used to retroreflect cold atoms for applica-
tions in atom optics.  This has some advantages relative to evanescent wave mirrors because no light is in-
volved.  Multiple bounces of cold rubidium atoms have been observed for times up to one second in a cavity
formed by gravity and a 2 cm-diameter spherical mirror made from a flexible computer disk (“ floppy disk” ).
We have studied the dynamics of the atoms bouncing in this trap from several different heights up to
40.5 mm and we conclude that the atoms are reflected specularly and with reflectivity 1.01(3).  The per-
formance of this mirror is limited at present by colli sions with background gas and by unwanted harmonics
in the magnetisation of the surface.  This is the first in a series of papers concerning the use of magnetised
surfaces in atom optics.

1.  Introduction

Over the last few years it has become possible to
prepare extremely cold atomic vapours by means
of laser cooling and trapping [1].  This has gener-
ated a surge of interest in techniques for manipu-
lating atoms and has given birth to the field of
atom optics [2] in which atoms and their associ-
ated de Broglie waves can be made to display
many features of photon optics, including reflec-
tion, diffraction, and interference.
The first realisation of an atomic mirror utili sed
the strong optical dipole force in evanescent light
waves formed by the total internal reflection of a
laser beam at the glass vacuum interface of a
prism.  With blue detuning relative to atomic
resonance the dipole force is repulsive, and the
surface forms an atomic mirror [3], as was first
demonstrated with an atomic beam [4], and then
with cold atoms [5].  Cold atoms have also been
trapped for several bounces in a curved evanes-
cent wave mirror [6], known as a “gravity cavity”.
The potential reflecting the atoms from these mir-

rors is simply the light shift of the atomic ground
state, which is proportional to I / δ , where I is
the intensity of the light in the evanescent wave,
and 

�
 is the detuning.  One disadvantage of this

method is that atoms are heated by spontaneous
emission.  Since this imparts random momentum
to the atoms at a rate proportional to I / δ 2, the
effect can be reduced by choosing a suff iciently
large detuning, but at the expense of requiring
higher intensity.  It is possible to enhance the
evanescent wave intensity by means of a
waveguide on the prism surface [7,8], however,
this technique has not yet been demonstrated for a
curved mirror because it is diff icult to couple
light effectively into a waveguide on a curved
surface.
Following a suggestion by Opat et al [9] we were
able in 1995 to demonstrate a new kind of atomic
mirror based on the Zeeman interaction between a
ground-state atom and the field above a magnet-
ised strip of audio tape [10], and recently, Si-
dorov et al [11] have made a magneto-static mir-
ror based on the same principle, using a macro-
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scopic assembly of permanent magnets.  In both
cases the atoms bounced with high reflectivity,
but were quickly lost because of the thermal
spread of the atomic cloud.  We therefore pursued
the possibilit y of making a curved magnetic mir-
ror which could store atoms for long times with-
out the problem of momentum diffusion due to
spontaneous emission.  Much of the work pub-
li shed on evanescent wave reflectors can be ap-
plied to our magnetic mirror because both have an
exponential potential.
A short conference paper [12] recently announced
the observation in our laboratory of atom reflec-
tion from a curved, magnetised floppy disk [13].
This paper now provides the first full account of
our experiments to use a floppy disk as a mag-
netic mirror for the storage of cold atoms.

2.  Principles of the Magnetic Mirror

The idea of magnetic mirrors for neutral particles
was discussed long ago by Vladimirskii [14] in
the context of cold neutrons.  He pointed out that
a spatially alternating current sheet j kxcos( ) �z
produces a magnetic field whose magnitude B
decreases with the distance y from the surface as
exp( )−ky , and is independent of the transverse
position (x,z).  A neutron in the spin-up state will
be repelled from the current sheet provided that
its motion through the spatially varying field is
adiabatic.  The more recent discussion by Opat et
al [9] considers both electric and magnetic mir-
rors and suggests the possibilit y of reflecting or
diffracting atoms from the surface of a magnetic
recording medium.  We have been able to realise
this idea in the laboratory using the field pro-
duced by part of a floppy disk with sinusoidal
magnetisation M x= M kx0 cos( ) �  in the plane of
the disk.  In order to compute the field outside the
surface, one can replace the magnetisation by fic-
titious surface current densities j M= ∇ ×  on the
front and back surfaces of the thin magnetic
coating.  When the disk is full y magnetised, M0

is constant throughout the thickness b of the
coating, and M  is therefore equivalent to two op-
posing sinusoidally modulated current
sheets, j z= ±M kx0 cos( ) �  separated by b.  Hence
the magnitude of the field outside the disk is

B B e e B ekb ky ky= − =− − −1
2 0 1( ) max

(1)

where B M0 0 0= µ  is the remanence field.

An atom in the magnetic field has the magnetic
dipole interaction energy U = −µζB , where µζ  is

the projection of its magnetic moment onto the
field direction.  Provided the magnetic field
changes slowly enough (and it does for the cold
atoms in our experiments), the magnetic moment
follows the field adiabatically and the angle be-
tween them is constant.  In this adiabatic regime
the potential energy of the atom depends on the
field magnitude B, but not its direction.  Hence an
atom having negative µζ  experiences an expo-

nentially increasing repulsive potential −µζB  as

it adiabatically approaches the magnetic surface.
To give a sense of the energy scale, we remark
that a 15 G surface field is suff icient to reflect
rubidium atoms in the (5S1/2 F=3, mF=3) state
dropped from a height of 1 cm.

The operation of the mirror relies on atoms re-
maining in the desired magnetic sublevel as they
move through the inhomogeneous magnetic field.
The probabilit y for an atom to make a non-
adiabatic (Majorana) transition to another mag-
netic sublevel is greatest when the field seen by
the atom is small and rapidly changing.  We
guard against this by applying a weak uniform
‘holding’ f ield of ~100 mG 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 recording medium such as
audio tape or a floppy disk, the wavelength can
easily be as short as 10 � m (5kHz for a normal
audio cassette system), and the surface field will
typically exceed 100 G (and can be as much as
2 kG for certain audio tapes).  For atoms dropped
onto such a mirror, the reflecting potential is very
steep in comparison with the gravitational one
and the atom turns around in a very short dis-
tance.  For many purposes it is therefore suff i-
cient to regard this potential as a step at which the
atomic velocity is instantaneously reversed.

3.  The Floppy Disk Mirror

3.1.  Motivation

In a previous publication [10] we reported a nor-
mal-incidence atomic mirror based on the mag-
netic dipole force above a flat strip of audio tape.
We showed that regions where the tape was sinu-
soidally magnetised could reflect specularly and
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with high reflectivity provided the  atoms were in
suitable magnetic sublevels.  In between the re-
corded tracks no sine wave was recorded, and
there the tape behaved as a diffuse reflector.
When a ball of cold atoms was released from a
magneto-optical trap and allowed to fall onto the
mirror below, multiple bounces were observed
indicating that the mirror and gravity together
formed a kind of trap.  The main losses from this
cavity were due to the thermal spreading of the
atomic cloud - with no lateral confinement there
was nothing to stop the atoms from walking off
the mirror after a few bounces - and the diffuse
reflections from the regions between tracks.
These limitations can be removed by the use of a
concave mirror (to provide lateral confinement)
whose surface is completely covered by the sinu-
soidal signal.  Since the audio tape has a tendency
to curl and wrinkle when glued down it is not
suitable for making a curved reflector, whereas a
floppy disk has a large uniform area, and is rela-
tively thick (80 � m versus 12 � m for the audio
tape) which makes it quite easy to handle.
Moreover, it is easy to record over the whole sur-
face of a floppy disk.  For these reasons we chose
to use a floppy disk as the basis of our atomic
mirror in the experiments to be described.

3.2.  Physical properties

The magnetic properties of the 5.25 inch disk
used in this work (Sony MD-2D) are li sted in Ta-
ble 1.  The 700 G residual flux density together
with the 2.5 � m coating thickness can be substi-
tuted into Equation (1) to determine the field Bmax

at the surface of the disk.  For the 14 � m wave-
length of our recording one finds Bmax = 236G.
This is significantly weaker than the 1.1 kG sur-
face field for the metal audio tape (Denon HD-M)
used in our previous work [10], but it is still suf-
ficient to reflect polarised mF = 3 rubidium at-
oms dropped from heights up to 15 cm.

Table 1.  Manufacturer’s specifications for the Sony
MD-2D floppy disk used to make our magnetic mirror

Magnetic material � Fe2O3

Disk thickness 80 � m
Coating thickness 2.5 � m
Coercivity 290 Oe
Residual flux density 700 G

To make a mirror curved in both directions, it is
necessary to stretch the material.  A 25 mm di-

ameter circle was cut out of the disk and glued
with Torr Seal epoxy to a short section of stain-
less steel tubing.  When the tube is evacuated, the
disk becomes concave under the influence of at-
mospheric pressure.  It is then gently heated by
hot air (50-100� C) to relax the tension so that the
curvature is retained when the pressure difference
is removed (this has no effect on the magnetisa-
tion of the disk).  However, if the disk is subse-
quently reheated it becomes flat once again.
Consequently, one has to take care when baking
the vacuum system not to overheat the mirror.
It is simple to measure the radius of curvature
using an expanded He-Ne laser beam because the
surface of the disk is quite shiny.  With a 20 mm
diameter mirror we were able to set the radius of
curvature anywhere in the range 35→ ∞ mm.
We chose 70 mm for the experiments reported
here.

3.2.  Recording signals on the disk

A standard 5.25 inch double density floppy disk
drive (Qumetrack 142) records data on 40 circular
tracks, each 330 	 m wide, and spaced 530 	 m
apart radially.  (The more modern high-density
drives with narrower tracks are actually less suit-
able for our purpose because more tracks are re-
quired to cover the surface).  We were able to
eliminate the 200 	 m wide unrecorded strip be-
tween the tracks by modifying the drive circuit
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 earlier one, resulting in 80 adjacent 256 	 m
wide tracks.
The signal was written onto the disk by applying
a voltage directly across the record head and the
recorded pattern could be read back by means of
the same head, which generates an EMF propor-
tional to the derivative of the magnetisation.  At
low frequencies, the recorded pattern saturates
when the drive voltage is high enough, leaving a
square wave magnetisation on the disk which ap-
pears as a series of alternating spikes on play-
back.  However, at higher frequency the behav-
iour is somewhat different.  As the drive voltage
is increased the amplitude of the play-back signal
levels off but its shape remains approximately
sinusoidal.  The persistence at high frequency of
an approximately sinusoidal pattern even when
the disk is being driven into saturation is a conse-
quence of several factors [15] including the speed
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with which the disk surface moves through the
head relative to the period of the driving field,
and the range of the fringe fields around the head
relative to the wavelength of the recorded pattern.
Our magnetic mirror was made using a 100 kHz
signal of 2.75 V peak-to-peak amplitude to drive
the head.  At this level the peak of the magnetisa-
tion was saturated but the waveform played back
still appeared roughly sinusoidal.  We find that
the wavelength of the recording ranged from
11 
 m on the inner radius to 18 
 m at the outer
edge.

4.  Experiment

4.1.  Apparatus

Our experimental arrangement and the relevant
atomic levels are sketched in Figure 1.  Atoms of
85Rb are collected from vapour in a vacuum
chamber by a magneto-optic trap (MOT) [16,17].
The magnetic field gradient of the trap is made by
two 480-turn water-cooled coils of approximately

75 mm diameter, mounted outside the vacuum
chamber with a spacing of 170 mm.  These carry
a current of 4 A in the anti-Helmholtz configura-
tion to produce field gradients at the centre of
10 G cm-1 in the axial direction and 5 G cm-1

transversely.  The six laser beams of the trap con-
sist of three pairs of mutually orthogonal 1 mW
beams, each making an angle of ~55�  with the
vertical, which are retroreflected through quarter-
wave plates to produce the required circular po-
larisations.  Each beam is colli mated and aper-
tured to a diameter of 10 mm.  The trap laser is
tuned 10 MHz below the 3-4 hyperfine line of the
5 51 2 3 2S P/ /−  D2 transition at 780 nm, for which
the natural width is 6 MHz.  A weak repumping
laser beam is superimposed on the trapping
beams in order to return any F = 2 ground-state
atoms to the F = 3 ground state.  The trapping
and repumping beams are produced by two sepa-
rate grating-stabili sed, external-cavity diode la-
sers [18].  Rb vapour is supplied by a heated
source held in a side arm of the vacuum chamber.
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Figure 1.  Rubidium atoms are collected and cooled in a magneto-optic trap.  After being
released and optically pumped, they fall onto a magnetic mirror made from a sinusoidally
magnetised piece of a floppy disk.  Atoms reflected from the disk are recaptured by turning
on the trapping beams again and are detected by their fluorescence. The energy level dia-
gram shows the transitions used.
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The time constant for filli ng the trap can be var-
ied from 1 s up to 20 s by adjusting the tempera-
ture of the Rb source to control the pressure of
vapour in the chamber.  After turning on the trap,
we monitor the number of captured atoms by fo-
cusing the fluorescence of the atom cloud onto a
photo-diode.  When enough atoms have been
loaded, we lower the frequency of the trapping
light over a period of 2 ms to a detuning of �
30 MHz, where it remains for 1 ms in order to
cool the atoms.  Finally, the trapping light is rap-
idly switched off using an acousto-optic modula-
tor, and an electronic circuit drives the current in
the magnet coils to zero in 0.1 ms.

Once the atoms are released, we optically
pump them along the direction of the 100 mG
holding field to enhance the population of posi-
tive mF  sublevels in the F = 3 ground state.  The
pumping light, derived from the "trapping" diode
laser (still detuned to -30 MHz), is formed into a
pair of spatiall y filtered counter-propagating, op-
tical pumping beams, centred on the trap as
shown in Figure 1.  Each beam has a power of
order 25 
 W and a diameter of 6 mm.  When we
increase the duration of the optical pumping pulse
the number of atoms reflected from the magnetic
mirror increases at first, then reaches a maximum
and eventually decreases.  This is because the
recoil from spontaneous emissions eventually
increases the temperature of the atoms to a point
where the mirror is unable to contain the trans-
verse motion.  Typically we use a pulse length of
4 ms.  This adjustment needs to be redone each
day because the intensity of the optical pumping
light depends strongly on the alignment of the
laser beam with the spatial filter and because the
polarisation of the atoms in the MOT varies
somewhat with the alignment of the trapping
beams.
We have measured the temperature of atoms pre-
pared in this way to be 30 ± 5 
 K, using a time-
of-flight technique.  A CCD camera was used to
image the cold atom cloud and showed that its
initial diameter is less than 1 mm.

4.2.  Experimental procedure and results

In an experimental run we load approximately 107

atoms into the trap.  These are released, optically
pumped, and allowed to drop a few centimetres
onto the magnetic mirror.  The number of re-
flected atoms is measured after a chosen time
delay by turning on the trap for a period of 25 ms.

This is suff icient time to recapture cold atoms
that have bounced back into the laser beams, but
it is not enough to accumulate a significant num-
ber of thermal atoms from the Rb vapour.  The
fluorescence signal from the recaptured atoms is
monitored and compared with the original trap
fluorescence to find the fraction of atoms that are
recaptured.  For each time delay we averaged five
such measurements, and by varying the delay we
are able to determine the fraction of recaptured
atoms as a function of time.
The circles in Figure 2 show the fraction of re-
captured rubidium atoms as a function of the time
delay between release and recapture for four dif-
ferent drop heights h.  In curve (a), for which
h = 17.5 mm, seven or eight bounces are clearly
seen for times up to 900 ms.  This represents a
significant improvement on our audio tape results
[10], where 3 bounces up to 500 ms were ob-
served.  Curve (b) shows data up to a similar
time, but with fewer bounces, since the atoms are
dropped from a larger height of 25.5 mm.  One
also sees that the bounces become more clearly
resolved because the cloud is better able to leave
the region of the trapping laser beams.  This trend
continues in curves (c) and (d) for which
h = 32.5 mm and 40.5 mm.  In addition, the sig-
nal is seen 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-
flected and focused by a curved magnetised
floppy disk.
When we reversed the helicity of the optical
pumping light, thereby preparing the atoms in the
negative mF  states, the reflected atom signal was
very small - less than 0.04 at the peak of the first
bounce for a 17.5 mm drop height.  This confirms
that the reflectivity is indeed due to the magnetic
interaction between the atoms and the floppy
disk.  We also repeated the experiment without
any optical pumping light, and in that case the
reflected atom signal was five times smaller.
This is not entirely surprising because the atoms
in the MOT tend to be pumped into the negative
mF  states (with respect to the local magnetic
field) and the MOT field is turned off adiabati-
cally.  Thus it would seem that only about 20% of
the atoms in the MOT have mF > 0 .
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Figure 2.  Fraction of atoms recaptured as a function of time after their release from the
trap.  Curves (a), (b), (c) and (d) correspond to drop heights of 17.5, 25.5, 32.5 and 40.5
mm, respectively.  Circles show experimental results.  Dotted curves show computer simu-
lations without any corrugation of the reflecting surface.  Qualitative features are repro-
duced in this simulation but the � 2 is too high.  Full curves show computer simulations in-
cluding corrugation of the reflecting surface and have a satisfactory � 2.  In this fit, the li fe-
time for colli sional loss is �  = 224(15) ms, the reflectivity 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 understand the detailed form of the
data shown in Figure 2, we have developed a
computer simulation model.  A Monte Carlo
method is used to select the initial velocities and
positions of atoms as they are released.  The ve-

locity distribution corresponds to the measured
temperature of 30 � K, and a Gaussian spatial
distribution of FWHM 1 mm is assumed, corre-
sponding roughly to the cloud in our trap.  (In
fact, this cloud diameter is small enough that
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there is no significant finite size effect).  Balli stic
atomic trajectories are calculated as the atoms fall
under gravity.  The mirror is described by a
smooth spherical surface with radius of curvature
Rm = 70 mm and diameter 20 mm.  Owing to the

very short range of the potential (~2 � m), the in-
teraction is treated as a hard colli sion in which
each atom has a probabilit y R (the mirror reflec-
tivity) of rebounding elastically from the surface.
Atoms are counted as retrapped if they enter any
one of the trapping beams.  The geometrical lay-
out of the trapping beams, mirror and cold atom
source are all incorporated into the program.
For a realistic simulation of the experiment, three
more parameters are required in addition to the
reflectivity.  First, the loss of cold atoms due to
colli sions with hot background gas is included as
a steady attenuation exp( / )−t τ .  Second, the
incomplete optical pumping leaves a small frac-
tion 1− η  (approximately 0.2) of the atoms in
magnetic sublevels mF ≤ 0 that are not reflected,
and it is assumed that these are lost in the first
colli sion with the mirror.  Finally, we include a
constant background signal level, arising from
stray scattered light reaching the photo-diode.
The parameters of the theory were adjusted to fit
the four curves in Figure 2 by minimising the � 2

parameter.  Each curve was allowed its own opti-
cal pumping eff iciency �  because the optical
pumping beams had been adjusted before each
run, but the values of R and �  were applied glob-
ally.  After this fit, the simulation reproduced all
the qualitative features of the data as shown in
Figure 2.  This demonstrates that the atoms are
bouncing largely as expected, but it is also clear
that there are systematic discrepancies between
the model and the data.  Most notably, the troughs
between bounces in curves (b), (c), and (d) are
consistently too wide in the simulation, and in (c)
and (d) the peak heights are not so well repro-
duced.  Furthermore, the best � 2 is twice as large
as one could reasonably expect for a good fit.
We find that a satisfactory � 2 can be achieved by
allowing the spherical reflecting surface to be
slightly corrugated, producing a small spread in
the angle of reflection of the atoms.  Such a
spread is to be expected because the magnetisa-
tion of the surface is not a pure sine wave.  The
presence of higher harmonics in the magnetic
field alters the interaction between the atom and
the surface so that the equipotentials become cor-
rugated [9].  For example, a fraction f of second
harmonic content causes the direction of the

Stern-Gerlach force to vary by an angle
f e kxky− sin , where y  is the height above the
surface and k is the wavevector of the fundamen-
tal [9,19].  Atoms dropped from rest from a
height h above the mirror reach their turning
point at a height y0 where the magnetic potential

energy, − −µς B e ky
max

0 , is equal to the initial po-

tential energy of the atom, mgh.  Consequently
the direction of the Stern-Gerlach force at the
turning point varies by an angle of order
f mgh B/ maxµς , which is linear in the drop

height.  When the amplitude of the second har-
monic is 10% of the fundamental this angle
amounts to approximately 40 mrad for a drop
height of 40 mm.  It is also possible that the
physical roughness of the floppy disk makes an
additional contribution to the angular spread of
the reflected atoms.

Table 2.  The RMS angular variation of the reflecting
surface as a function of the height h from which the
atoms are dropped.  This is a measure both of the cor-
rugations due to harmonic distortion of the magnetisa-
tion and of the physical roughness of the surface.

Drop height h (mm) � �  (mrad)
17.5 24(3)
25.5 32(3)
32.5 36(3)
40.5 38(5)

Motivated by these arguments, we allowed the
spherical reflecting surface in our simulations to
have angular corrugation ϑ coskx  and adjusted
ϑ  as an additional fitting parameter for each of
the four curves.  This new degree of freedom im-
proved the fit substantiall y as shown in Figure 3
and yielded the fitting parameters,
τ = 224(15) ms, R = 101 3. ( ) , where the num-
bers in parentheses are the standard deviations.
The optical pumping eff iciency parameters �  are
of no particular interest, but we note that the val-
ues were between 77% and 89%, corresponding
within a factor of two to the scattering of ten
photons.  Finally, the fit gave the rms angular
variation due to corrugations of the surface,
∆ϑ ϑ= / 2 , for each drop heights as li sted in
Table 2.  We see that the angular variation does
indeed increase with drop height as one would
expect from harmonic distortion and we believe
that this is probably due to a second harmonic
amplitude of about 15%.  We have now started to
study the magnetic field of the mirror directly by
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means of magnetic force microscopy and we see
clear evidence of harmonic distortion at this level.
We have also begun to look at the surface topog-
raphy of the disk by atomic force microscopy.  It
is hoped that these studies will produce a quanti-
tative explanation of the mirror properties meas-
ured here and will allow us to assess how good
the optical quality of f loppy disk mirrors can ul-
timately be.  This will be the subject of the sec-
ond paper in this series.

4.3. Discussion of atom dynamics in the trap

The motion of atoms in the magnetic mirror
trap depends on their initial position and velocity
and on the size and radius of curvature Rm  of the
mirror.  For our small cold cloud of atoms re-
leased close to the optic axis, the Monte Carlo
simulations show that the trajectories belong to
two general classes according to whether the drop
height h is less than or greater than Rm / 2.  In the
first class (h < 35mm), more than 93% of the
atoms are contained indefinitely by the smooth
reflecting surface of 20 mm diameter which rep-

resents our mirror.  Those that are lost come from
the high transverse-velocity tail of the Maxwell -
Boltzmann distribution.  For most drop heights in
this range the atoms that walk off the mirror do so
in the first few bounces and this is the case for
runs (b) and (c) (h = 25.5 and 32.5 mm).  Fig-
ure 4(a) shows a typical trajectory for these at-
oms: the direction of the horizontal velocity is
reversed on the first bounce and the magnitude is
reduced.  The limiting case for this class is
h Rm= / 2, when the first bounce reverses the
horizontal velocity exactly and the atoms simply
retrace their paths.  Another special case within
this class of stable trajectories is that of
h Rm= / 4 for which the horizontal velocity is
reduced to zero by the first bounce.  In this case,
our simulation shows that the hot atoms leave the
trap anomalously slowly, and this motivated our
choice of h = 175. mm for run (a).  When
h Rm> / 2, the horizontal speed increases after
each bounce and the atoms quickly walk off the
mirror as shown in Figure 4(b).  Run (d) is of this
type.

(a) (b)

Figure 3.  Scale drawing showing typical stable and unstable trajectories with a 70 mm ra-
dius of curvature mirror.  (a) 25mm drop height.  After the first bounce the atom’s hori-
zontal velocity is reversed in direction and reduced in magnitude.  The subsequent motion
is confined.  (b) 45mm drop height.  The horizontal speed of the atom increases after each
bounce until the atom walks off the mirror surface.
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Some aspects of these numerical results are
elucidated by a simple analytical approximation
[20] which assumes that the initial transverse ve-
locity is much less than 2gh  and that the sur-
face of the reflector is parabolic.  Using this ap-
proach, Walli s et al have shown that when an
atom bounces on the mirror surface, successive
points of contact cover a circle of radius ρM

given by a rather complicated expression
(Equation 38 of reference [20]).  For a given ve-
locity this radius is practically constant when
h Rm< / 2.  For these drop heights, ρM  is smaller
than the 10 mm radius of our mirror for 93% of
the velocity distribution, and therefore most at-
oms follow stable trajectories.  By contrast, if h
exceeds Rm / 2, ρM  grows very rapidly so that
when h = 40.5 mm (our run (d)) a typical value is
28 mm.  The loss rate is then large and all the at-
oms eventually walk off the mirror.

Although this simple analytical picture pro-
vides some physical insight, the behaviour of at-
oms reflecting from a real surface is quite differ-
ent and still must be calculated numerically.  This
is because any transverse momentum kicks im-
parted by corrugations or other imperfections of
the mirror (including photon scattering in the case
of the evanescent wave) allow trapped atoms to
diffuse from the stable region of phase space to
the unstable one.  In our simulation this appears
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
should be made clear that this loss rate is far less
than the colli sional loss in our present experi-
ments.  Another manifestation of the corrugations
can be seen as a filli ng-in of the troughs between
bounces when one compares Figs. 2 and 3.  This
is due to an increase in the number of atoms near
the edge of the mirror, a region that is more eff i-
ciently recaptured by the laser beams because of
the geometry.  Finally, this diffusion makes the
difference between runs (c) and (d) less dramatic
than it would be in the ideal case because the at-
oms dropped from just below Rm / 2 are readily
destabilised by the corrugations.

4.4.  Comparison with audio tape and evanescent
wave mirrors

Previously [10], we studied the reflection of 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 reflectivity of the

magnetic mirror is essentially unity.  However, in
this case we have been able to cover the whole
surface with the magnetic pattern to make a prac-
tical device of high average reflectivity.  Curving
the mirror is also a significant advance: with a
transverse thermal velocity of some 7 cm/s
(30� K), the atoms quickly walk off a flat mirror,
but most of the atoms in the Maxwell -Boltzmann
distribution can be confined indefinitely by a per-
fect curved mirror to the extent that there are no
colli sions.  It is interesting to compare the coll i-
sional li fetimes for the trapped and free-falli ng
atoms in the two experiments.  In the audio tape
experiment, the trap li fetime was ~5 s and the
colli sional loss li fetime for the bouncing atoms
was 526 140

300
−
+ ms, whereas the corresponding fig-

ures for the floppy disk experiment were ~10 s
and 224(15) ms respectively.  With this doubling
of the trap li fetime one might have expected a
corresponding decrease in the colli sional loss,
and since that is the dominant loss for the present
experiment, one might have hoped for storage
times in excess of 1s for atoms bouncing on the
curved floppy disk mirror.  However, atoms in the
MOT are partly in the excited state, which makes
them particularly sensiti ve to the background
pressure of rubidium because of the resonance
interaction.  By contrast, the ground-state atoms
in free fall are very sensiti ve to the presence of
any background gas and have no particular sensi-
tivity to rubidium.  Thus the shorter colli sional
li fetime in the floppy disk experiment suggests
that the disk outgases more than the tape.  Since
this is the limiting factor in the storage time, we
plan in future experiments to try sealing the sur-
face by overcoating it with titanium [21].  Ac-
cording to our simulations, which incorporate the
corrugations of the reflecting surface, storage
times of tens of seconds may be possible if the
pressure loss can be eliminated.

A recent investigation of the evanescent
wave mirror [22] reveals that the atoms do not
reflect specularly unless the surface supporting
the evanescent wave is of extraordinaril y high
quality.  In order to reduce the transverse mo-
mentum spread to the level of a few photon re-
coils per bounce, it was necessary to achieve an
rms surface roughness of order 0.1 nm, which
imposes stringent limits on evanescent wave mir-
rors in atom optics experiments!  In this context,
it is interesting to consider how many photons
would have to be scattered by our rubidium atoms
to produce the angular spread per bounce meas-
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ured in our experiment.  For a drop height of
17.5 mm, the angular spread of the reflected at-
oms (twice that of the surface) is 48 mrad (see
Table 2).  This implies a transverse velocity of
2.8 cm/s or 5 times the photon recoil velocity.
Since the linearity of the magnetic recording can
certainly be improved, it seems li kely that the
floppy disk can compete effectively with evanes-
cent wave mirrors in this regard: the absence of
spontaneous emission is clearly an advantage.

The size of the evanescent wave mirrors
is typically 0.5 mm, governed by the need for suf-
ficient intensity.  By contrast, the magnetic mirror
described in our work here is an order of magni-
tude larger in diameter and there are no funda-
mental reasons why even larger mirrors with uni-
form reflectivity could not be fabricated.
The high specular reflectivity of the floppy disk
magnetic mirror leads us to conclude that it is a
promising development for atom optics.  How-
ever, we do not know to what extent the optical
quality of such a mirror will ultimately be limited
by the momentum diffusion due to corrugation of
the reflecting surface.  This question is now under
investigation in our laboratory and will be the
subject of a second paper in this series.
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