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Adaptive inelastic magnetic mirror for Bose-Einstein condensates

PHYSICAL REVIEW A, VOLUME 65, 031601R)

A. S. Arnold, C. MacCormick, and M. G. Boshier
Sussex Centre for Optical and Atomic Physics, University of Sussex, Brighton BN1 9QH, United Kingdom
(Received 28 March 2001; published 30 January 2002

We report the reflection and focusing of a Bose-Einstein condensate by a pulsed magnetic mirror. The mirror
is adaptive, inelastic, and has extremely high optical quality. Deviations from specularity are below 1 mrad rms
— almost an order of magnitude better than other atomic mirrors. The mirror has been used to realize the
atom-optical analog of a beam expander, producing an ultracold collimated fountain of matter waves. The
results of these experiments are in good agreement with simple theoretical models.
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A major aim of the field of atom optics is to build analogs d=20 mm from the atoms. Thus, as curvature in the mag-
of mirrors, lenses, and waveguides for manipulating cold atnetic field scales ad ™3, microscopic corrugations are dras-
oms and matter waves in applications ranging from high+ically reduced compared to mirrors in which atoms make a
resolution lithography to ultrasensitive atom interferometryclose @<100 wm) approach to the surface. Such corruga-
[1]. Almost all prior experiments in this area have used con+ions, and their optical analogs, presently limit the quality of
ventional laser-cooled atoms: cold atomic clouds have beeexisting atomic mirror$3,4,8,19 and so large-scale mirrors
reflected and focused by magnetic fields and the optical dimight provide an easier route to fully coherent atomic ma-
pole potentiall2—8], and cold atoms have been focused innipulation. Also, our mirror focuses the BEC in 3D, at least
both one[9] and threg[10] dimensions using pulsed mag- to some extent, with a single magnetic pulse, in contrast to
netic fields. However, since a gaseous Bose-Einstein condeprevious work with cold atoms which has either been re-
sate(BEC) [11] is the ultimate source of coherent atoms, it is stricted to 10{9] or required the judicious application of two
extremely important to develop high-quality atom-optical el- pulses[10].
ements that can be used to manipulate BECs. In spite of the In our experiment the magnetic mirror is formed by com-
intense theoretical interest in matter wave optics, the firsbining a horizontal loffe-PritcharfiL6] magnetic trap with a
experimental step in this direction came only recently, withuniform vertical magnetic fiel@8.. We use a coordinate sys-
the demonstration of a flat optical dipole force mirf@e]. tem where the symmetry axis of the trap is in #hdirection,

In this paper we show that a different kind of atomic gravity acts in the—y direction, and the origin is at the
mirror [13], based on pulsed magnetic fields3,14, can be  center of the magnetic trap. The total magnetic mirror field to
used to reflect and focus Bose condensates, and we demasecond order is then
strate that it has substantially higher optical quality than any
other atomic mirror. The mirror is also inelastic and it can ~ B(r)={0B,Bo}+B'{x,—y,0}+B"/2{ —xz,—yz,Z?
produce adjustable three-dimensio@D) focusing. These 2. o
attractive features allow us to realize a BEC “beam ex- —(x*y9)/2;. @

ander,” which produces an extremely cold, collimated bea , " . :
gf matter wavez. Finally, we show t¥1at the evolution of gll_'he parameterﬁo, B’, andB" are, respectively, the bias
BEC bouncing on the mirror is in good agreement with field, gradient, and curvature of the trap. One can show that

theory, and discuss the limitations of the most widely usedh® magnitude of this fieldFig. 1) is essentially parabolic in
theory of BEC expansion. the axial (2 direction, but hyperbolic in the offset radial

All magnetic atom-optical elements make use of thecoordinater=yx“+(y—yc)“ and thus effectively linear for
Stern-Gerlach potentidll = — uB experienced by an atom radii r>_\/§BO/B’._ Thg potgntlal closely approximates that
moving adiabatically in a magnetic field of magnitu@e ofahonzpntal cyll|n_dr|cal mirror. The co_ntrol flgﬂc allows
(with x being the component of the atomic magnetic mo-Us to shift the minimum of the potential vertically frogn
ment parallel to the field For weak-field seeking atoms, any
field for which B increases in the direction of the initial
atomic velocity will act as a simple mirror. If the atoms are 1
to be focused as well as reflected, ti@mmust in addition e
have positive curvature in the appropriate directions. Other §
desirable properties of a condensate mirror are equipotential =
surfaces sufficiently smooth to preserve coherence, and com- -1
patibility with the ultrahigh-vacuum environment of a typical
BEC apparatus. Since these conditions must all be satisfied
by the magnetic trap in which the condensate is formed, the
trap field itself provides an ideal starting point for the con-
struction of a mirror. It is particularly important here that all ~ FIG. 1. Contours of the total magnetic mirror and gravitational
magnetic elements in the trap are a relatively large distancpgotential for the casg.=1 mm.
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easily visualized. Since the gravitational potential energy is
much larger than the initial kinetic energy of the BEC, all
trajectories strike the mirror at an angle very close to verti-
cal. The reflected trajectories then cross the mirror axis at a
focal point~0.5R,, above the mirror surface, on their way
to turning points at heighlt. The BEC will be strongly fo-
cused through this focal point after each bounce, as can be
seen after the second bounce in Figa)2even though our
viewpoint is at an angle of 60° to tteaxis. In contrast, Fig.
FIG. 2. Sequences of experimental images taken at times 2(b) corresponds to the stable caRg,=5h.
=2,4,...,74 s forcontrol fields(a) B,=0 and (b) B.=70 G. A complete theoretical analysis of our experiment would
Each image in a sequence is 0.5 mm withe z’ direction and 2.0 require a numerical integration of the Gross-Pitaevskii equa-
mm high (they direction. For sequencéc) the control field isB;  tjon on a large mesh in-81 dimensions, a rather formidable
=0 during the first bounce, and the control field and pulse durationgsk. \We have therefore developed two simpler theoretical
during the second bounce are chosen to collimate and launch thedels of the bounce dynamics. The first extends the widely
BEC. The individual images in(c) have dimensions 0.5 used resul{18] that, in the Thomas-Fermi regime, a BEC
x2.7 mnf. confined in a time-dependent parabolic potentisr,t)
=(m/2)27_,0;(t)?r? has an atomic spatial distribution that
=0 to y.=B./B’, moving the center of curvature of the obeys the simple scaling law
mirror to y. and making the radius of curvature at a particu-
lar height—y below the trap center equal fot+y.. A con- Ng 3 rJ-2
densate falling under gravity can be reflected by a brief pulse n(r,t)=max NN 1- Z 2.2
4 . . . 1A 2A3 =1 AN
of the magnetic mirror field. During the pulse the atoms ex- 17
perience a potential that is weakly confining in thdirec-
tion, strongly confining(with strength dependent dB;) in
the x direction, and almost linear in thecoordinate. Linear d2\ (1)
variation of the potential with height results simply in a !
change in center-of-mass motidne., bouncing, whereas
the parabolic dependence in the two horizontal directions
focuses the condensate. Field pulses repeated at appropriate
intervals produce multiple reflections. \j(0)=1, and the initial Thomas-Fermi radii ar;. We
The BECH17] are produced by the route most commonly extend this with the resul[tl7] that if the potential is para-
used to date: laser cooling, magnetic trapping, and evapordpolic about the time-varying centeg(t) of the BEC, i.e., if
tive cooling. The magnetic trap has a bias field of 1 G, WithU(r,t):(m/2)2j3=le(t)2[rj— rcj(t)]z, then thesamescal-
measured axial and radial trapping frequencies 19f ing law applies for the BEC if one uses the magnetic curva-
=10 Hz and»,=223 Hz at a current ol ,,=220 A. tures acting at the condensate center. This model is very fast
Pure condensates are reproducibly obtained with more thato compute, and includes the effects of mean-field repulsion.
10° |F,mg)=]2,2) atoms. The atoms are imaged in absorp-In order to verify that this locally harmonic potential ap-
tion using an 8 us pulse of resonant light from a beam proximation is valid for our mirror, we developed a second
which propagates horizontally at an angle of 60° tozlagis = model, based on a Monte Carlo simulation. This model fol-
of the magnetic trap. We refer to the resulting horizontal axidows the classical trajectories of Z@toms with initial posi-
in our images ag’. The imaging system has a magnification tions and velocities randomly chosen to give the Thomas-
of 0.80(1). Fermi result for the free expansig&qg. (2)]. In this model
Figures Za) and 2b) are sequences showing reflection the mirror potential can be treated exactly, but atomic inter-
and focusing of the condensate by mirrors of small and largactions after the initial mean-field energy driven expansion
radii of curvature, respectively. The mirror was pulsed onare neglected. Both theoretical models make the reasonable
with 1,,,=155 A for 5 ms every 35 ms. This pulse duration approximation that diffraction is negligible, and both use
gives an elastic bounce for our magnetic acceleratioomeasured values of the parameters characterizing our mirror
uB’/m~6g. In these sequences we have suppressed a hoi{By,B’,B”,B.). To keep the computing time manageable,
zontal motion of the condensate, discussed below, to illusthe simulations use the magnetic field given by Eg.with
trate the bouncing more clearly and to focus attention on than extra term added to account for the second-order curva-
evolution of the condensate shape. ture in our control field. The acceleration produced by this
In Fig. 2(a) the BEC width grows rapidly because in this approximate field differs from the results of an accurate nu-
case the cavity formed by the magnetic mirror and gravity isnerical calculation for our coil geometry by less than 0.1%
unstable, meaning that the classical trajectories walk out obver the~1.5 mm radius region explored by the condensate
the cavity. Gravity cavities are unstable when the radius ofn the experiments reported here.
curvatureRr of the mirror is less than twice the release height Figure 3 shows that the Monte Carlo simulation is in ex-
h[8,19,24, and in Fig. 2a) the radius of curvature in they  cellent agreement with the experimental data of Fid).2
planeR,,=h~1.4 mm. The classical motion in this case is The horizontal motion seen hefand suppressed in Fig) 2
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FIG. 3. (a) Superimposed experimental images for tintes
=2,4,...,68 mshowing the full center-of-mass motion for a mir- o L L L L L L
ror with B,=70 G[i.e., Fig. 2b)]. The image is in the'y plane, 20 30 40 50 60 70 80
with size 2.2<1.9 mnft. (b) Monte Carlo simulation of the conden- time (ms)

sate evolution for the same conditions. ) ) ) .
FIG. 4. Circles show the experimentally determined BEC radii

arises because of a small tilt of the maanetic trap and b as a function of time for a condensate bouncing on a mirror with
9 P y=5h [Fig. 2(b)]. The light and bold curves show the predictions

cause the magnetic potential has an increasingly large slopoq? the Monte Carlo and Thomas-Fermi models, respectively. The

in the z direction asy decrease$F|g. D). This slope_ also two dashed curves show the corresponding predictions for the case
causes the condensate to .rOIate 'n_mp_lane dur'ng_ a_ of a mirror with rms roughness of 1 mrad. The total experimental
bounce. The Thomas-Fermi calculation yields very similargyor gue to exposure time, resolution, finite pixel size, and lensing

results, except the rotation of the condensate is not reprgojj s <2 um for radii R>60 um, which is negligible compared
duced because that model assumes a perfectly harmonic trag.the shot-to-shot statistical fluctuations.
The horizontal motion limited the number of bounces that we
could observe to two, which was sufficient for characterizingwill be important for modeling bouncing BECs over longer
the mirror. However, the horizontal motion could, if neces-times, and in these cases the extended Thomas-Fermi model
sary, be suppressed in future experiments. Since one finadgsay not be sufficiently accurate.
from Eq. (1) that the slope in the potential at a given height  Since the BEC dynamics are well described by the two
y is almost independent @, the slope could be compen- models, they can be used to quantify the optical quality of
sated at a particular bouncing height by simply tilting thethe mirror. The horizontal size of the bouncing condensate is
coils slightly. A better, although more complex, solution is a sensitive probe of mirror quality because any imperfections
rotating the magnetic trap by 45° about the trap axis andvill increase this dimension of the condensate on each
applying the control field in the direction, because in this bounce. We therefore modified the two simulations to add
geometry the potential surfaces at all positions below the traghe effects 6a 1 mrad rms mirror roughness to the conden-
center are horizontal for all values B, . sate on each bounce. The results are shown as dashed curves
To compare the experimental data with these modelin Fig. 4. The substantial discrepancy between these curves
quantitatively, we obtained condensate radii and rotatiorand the experimental data implies that any deviations from
anglesf (measured as shown in the inset to Figh¥ fitting specularity in the mirror are considerably less than 1 mrad.
the absorption images to a Thomas-Fermi column densityThis performance is better than the best published atomic
The extended Thomas-Fermi model gives these radii directlymirror data[3,4,15 by a factor of 5—-6, making this pulsed
For the Monte Carlo model, the radii are deduced from thanagnetic mirror the smoothest cold atom mirror to date. The
moments(y), (z'), {y?), (z'?), and({yz'). Figure 4 shows upper bound on roughness might be improved in future ex-
that the two models are both in good agreement with eacperiments by simply extending the observation time.
other and with the experimental data, confirming the validity In addition to extremely high optical quality, the mirror
of their respective approximations. The fitted valueg @ire  also has the useful properties of being adaptorengingB,
in reasonable agreement with the predictions of the Montehanges the focal lengtland inelastic(changing the pulse
Carlo model. duration changes the vertical impulse imparted to the BEC
The origin of the very small difference between the twoA second experiment was performed to explicitly take ad-
models was found by selectively suppressing possibleantage of these aspects of the mirror. We realized a BEC
mechanisms in the calculations. Removing the density*beam expander,” by first expanding the BEC by reflection
dependent term in the Thomas-Fermi calculation just beforérom a short radiusR,,=h) mirror, and then on the second
the first bounce has a negligible effect, confirming that inter+eflection launching22| and collimating it by a longer inter-
actions are not important after the initial ballistic expansion.action with a weakly focusing mirror. The results are shown
However, repeating the Monte Carlo simulation with the har-in Fig. 2(c). This process produces a low-density, ultracold,
monic potential used in the Thomas-Fermi calculation bringgondensate fountain, which might, e.g., be useful in atomic
the two models into complete agreement, indicating that thelocks. It can also be regarded as a demonstration of
difference between the models is due to nonparabolic terms-function-kick cooling[23].
in the mirror potential. Further numerical experiments Figure 4 shows that the evolution of a condensate re-
showed that the second-order term proportionalyis  flected by the magnetic mirror is well described by classical
mostly responsible. Although here the difference is small, ifphysics. This is in contrast to the reflection of condensates by
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light sheetd12], where the reflected condensate develops drap field is sufficiently well controlled to produce a conden-
complicated self-interference structure near the turning poingate in the first place, it seems very likely that the mirror will
of its trajectory. Fringes occur when the de Broglie wave-preserve coherence. Nevertheless, it would be desirable to
length of the condensate is large at positions where the clagtemonstrate this directly, e.g., by splitting a condensate co-
sical atomic trajectories cross, a condition that is never saterently and interfering the two reflections.
isfied for our mirror. Of course, in many atom-optical  In conclusion, we have demonstrated adjustable focusing
applications the absence of interference fringes is an advammnd reflection of a BEC from a pulsed magnetic mirror, and
tage. shown that the evolution of the reflected condensate is well
Our two theoretical models do suggest that nonclassicajescribed by simple theories. The mirror sets a limit better
evolution should be visible in they plane under certain by almost an order of magnitude for the optical quality of
conditions. In particular, for the cas®,,=h [Fig. 2@] the  atom-optical elements. Finally, we have used the adaptive
density and the “waist” size at the tight focus near Rg/2  and inelastic properties of the mirror to realize an atomic
point are respectively high enough and small enough that ththeam expander,” and used it to make an ultracold matter
effects of atomic interactions and diffraction might be vis-wave fountain.
ible. The condensate’s behavior near this tight waist provides
an extremely sensitive probe of the mirror quality, making it
interesting to image the condensate along the trap axis and We gratefully acknowledge valuable discussions with Ed
compare the results with a calculation using the time-Hinds. This work was supported by the U.K. EPSRC and the
dependent 3D Gross-Pitaevskii equation. Another topic fotJniversity of Sussex. A.S.A. was funded by the Common-
future investigation is the coherence of the mirror. Since thevealth Scholarship Commission.
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