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NANIDKELVIN OF THE NORTH

by S.H. Myrskog, J.K. Fox, and A.M. Sieinberg

inating and important new phenomena are
often discovered by studying systems under
treme conditions. Such extremes can arise in

violent environments, such as the most intense

laser beams, highest-temperatuire plasmas, and
highest-energy pattiele accelerators. However, the
eppesite end of the speetruin is alse eften a seuree for
Rew insights. The study ef materials at ultra-eold
temperatuies led te the
disesvery ek
superesndicivity 2nd
supertluidity. Experiments at
Iow light levels, whete &
single pheten is detected at 2 , )
time, reveal some ot the mest Dy the lowest
StHKIRG SHEEES IR UARIYM observed,
mechaiiics, and 2pbear 18 anks to las
gEBPﬂH%@_ plications iR
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In the past few years, an exciting new avenue to both
fundamental studiies and potentiall applications has
been opened up by the lowest temperatuies ever
observed, temperatuies achieved thanks to atomic
physices techniques known broadly as laser cooling.

1damemntall

In 1997 the Nobel prize in physics went to three of the
physicists who have been among the most influential
in developing and elucidating these tedhniques:
Steven Chu, Claude Cohen-Tannoudiji and

William D. Phillips. The prize was awarded for their
work in trapping and laser cooling of atoms to
temperatures on the scale of millionths of a degree
above absolute zero. Laser cooling, first proposed in
1975 by Hansch and Schawllow! and by Dehmelt and
Wineland®, makes it possible to achieve these
extremely low temperatutes within a fraction of a
second without any of the familiar but daunting
appatatus of low-tempetature physics. The cooling
and trapping are achieved using low-power lasers
sifnilat te these feund in laset peinters and CD
playets, aleng with simple SeaYGRagRets:

The progress toward colder and colder atoms reached
a climax in 1995 when the groups of Eric Cornell and
Carl Wieman at JILA and Wolfgang Ketterle at MIT
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applications has |
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succeeded in producing Bose-Einstein condensates
in alkali vapouns®*); they have since been followed
by about 20 other groups worldwiide. (Information
about these groups can be found at the website
http:// famcpphiyggasoucedusBl pbediienhl)) In a
condensatte, the atoms are cooled so far that their
wave nature becomes appareni, and the
quantuih-frtanical uncertainty in theik pesitions
causes them to “overlap”.
Combined with the strange
impllications of quantum
indistinguiishalbility, in a sort
of reversed counterpatt to
the Paulli exclusion principle,
this overlap causes the
trapped alkalli atoms to make
a phase transition into a state
whete all the millions of
aterns are described by a
single ground-state wave funetion. While
eeneeptually eguivalent o superfluidity in *He and
elesely related to supereond ity iR metals,
alkali-atem eondensates otfér Rew pessibilities fof
testing fundamenttal pRysical theeries and fer
studying the waveliike behavisur of matier. Drawing
analegies with eptical systems, it is new pessible to
make an 2i6M 1256, § MonoRMRIGRic Beam of Aoms
With Unprecedenied |HMinesity dnd coRerence. A
pulsed 218 |aser was first demonsitated By Ketierle
& 2l IR 1997 aRd severah greups have AGW
demensiated EORHAUBYS BF GHASI-CHNGAOHS
ButcouPiRE®. AlSMm 14sers May Rave many petential
appiicatiens, FFOm Righ-precision measurements {8
RaROBRIGRScale A8 i BgFQPM._ Reeenty, the first
ABAKiREar FEOM-Oikal SHeCt H% direet analegue ok
FOHE-Wave MiXiAg) Was observed.
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At the University of Toronto we have employed some
of the same techniques to produce what we believe to
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be the coldest atoms in Canada. Combining stamdard
laser cooling with a new apptoach called “deelta-kick
cooling”, we have cooled a sample of Rubidium down
to 700 nanoKelviin. At these low temperatunres, the
atoms have de Broglie wavelengths on the order of a
fieron, making many new studies of quantum
phenomena and “atom optics™ accessible. We plan on
using these cold atoms to study some of the
unreselved guestions remaining since the beginning
ef guantum mechaniics, focussing in partieular on
guestiens related te the ameunt ef time a tuAneling
Ao Spends in the ferbidden region®™. Mere
infermatieon abeut sur plans ean be found en ouf
website, Kt/ /heilies. physies i pesple/
taculty) a8phraim. Rtml.

Several other groups in Canada are also working on
laser cooling. At the National Research Coungiil, a
group in the Institute of National Mezsurement
Standards is using laser cooling to slow down Cesium
atoms and thus increase their storage time in the
faicrowave cavity of an atomic clock. Such tectwigues
have been shown capable of yielding the most
accurate elocks in existence, with accuracy at the 10
level®™. Infermation on this project can be found at
http:/ /Mmvvwitiec ca/f inns pamnah 98 f Frstit. At
TRIUMF, laser cooling and trapping is being used to
stere and study racdioactive isotopes generated in the
ISAC faeility™®. By studying the beta-decay of
trapped K and YK (iniviallly at test), and observing
the reesiling Auelei as welll as the beta partieles, the
researehers will be able te ditectly ebserve parity
vielatien, and perferm sensitive searehes for ReW
anfél@iﬁ’”;; this projeet is deseribed at

EEP: /1 INAMAMAL AR £5R YR ETOEREREY A At SSRp H ERAL.

COOLING WITH LASER LIGHT

While the appliications of lasers for heating, welding,
and cutting are relatively familiar, people are often
surprised to learn that lasers are also capable of
cegling. In order to understand how this is possible it
is important to understand what we mean by
temperature. In an ideal gas, the temperature is
simply a measure of the kinetic energy in the atoms'
or molecules’ random thermal motion. At room
temperature, air molecules zip around at hundreds of
metres per second. Using lasers, we can slow certain
atoms down to speeds on the order of a centimetie a
seeond, correspending to millienths (jiK) oF even
billienths (AK) ef a degree above abselute zero.
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When light is absorbed by matter, the optical energy
can be converted to heat, increasing the temperature.
In the case of isolated atoms, this conversion into
random motion occurs through the process of
spontaneous emission; after emitting a photon, the
atom recoils in a random direction. However, the
absorption of light also impatts momentur to the
atom, leading to the well-known effect of radiation
pressure. The photon momenturh of MHE/X)

corresponds to a velocity change of 6 mm/s for a
Rubidium atom interacting with a 780 nm photon. A
Rubidium atom illuminated wiith milliwatts of
neat-resonanit light may scatter millions of photons
per second, experiencing accelerations as large as
10° m/&. The principle of laser cooling is to harness
these huge accelerations, and constantly provide a
viseous force opposing each atom's motion. This is
accomplished by a careful tuning and alignment of a
Rumber ef 1aser beams.

A typical laser cooling apparatus consists of a vacuum
chamber where both trapping and cooling occur, three
pairs of
counter-
propagating
laser beams,
and a set of
magnetic
field coils, as
sketehed in
Figute 1. In
8uF lab, the
interaetion
fegien is
eentained
Withif &
sl glass
eell pumped
dewn te &
vaeutm
pressure of
abeut 10°
Tert. Laser
Beams aré
directed into the interaction region along each
co-ordinate axis. A pair of magnetiic field coils is
placed around the chamber and used to create a
quadrupolle field distribution with a strong gradient
near the centre of the vacuum chamber. The laser
bearms serve to cool the atoms, and when combined
with the magnetiic field they simultaneously trap

Fig.1 A schematic view of a typical
laser-cooling setup. Along each
co-ordinate axis there is a pair of
counter-propagating laser beams.
A pait of anti-Helmholltz coils is
placed along one axis to provide

spatial trapping of the atoms.
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hundreds of millions of atoms in a millimetre-sized
cloud. A picture of the apparatus in our lab is shown
in Figure 2.

as shown in Figure 3. In the reference frame of an
atom moving to the right, a laser beam travelling to
the left will be Doppler shifted to a highet frequency

whille a beam travelling to the right wiill be
shifted to a lower frequency. If both
beams are tuned slightly below resonance,
the blue-shifted photons are more likely to
be scattefed by the atom than the
fed-shifted photons, and this has the
desired effect. The atofn will
preferentially absotb phetens from the
Beam epposing its motien, thereby
deereasing its veleeity. 1A a 3D setip the
atefn expetiences a viseaus feree in any
direction it attempts to travel. The preeess
Ras earned the Rame opticall melasses due
t8 this visesus feree.

Fig.2 The experimental apparatus in place at the University of Toronto. The ultimate temperature this process can

The trapping region is located wiithin a glass cell partially
obscured by the optical mounts in the foreground. Three pairs of
one-inch-wide beams intersect in the centre of the cell. The
magnettic field coils are located to the left and the right of the
cell. The inserts on the right show progressive close-ups where
the trapping chamber can be seen along with a fluorescing doud

of trapped #toms.

The apparatus shown provides trapping and cooling
in all three directions, but the cooling process is
easiest to understand in one dimension. Consider a
two-level atom whiich has a laser beam incident on it.
The absorption of a photon from the beam will change
the mementur of the atom by hk in the direction of
the pheton that was absotbed. Having absorbed a
pheten, the atem must then re-emit the energy
threugh spentanesus emissien. The spontaneously
efnitted pheten is efitted in a randem direetion,
again ehRanging the Mementum ef the atem by the
Safme magRitude, bBut in a different diteetion. The
abserptien 8t N phetens frem a single 1aset beam

results in momentum change of N« . Since the
spontaneously emitted photons are emitted in ramdom
directions, their contributions average out to zero.

The trick to cooling is to use two cowmter-propagating
lasers, and to arrange matters such that an atom
moving in a given direction will always feel a force
opposing its motion. That is, the atom must
preferentially absorb oncoming photons rather than
those travelling along with it. This is possible thanks
to the Doppller shift, which may shift the relative
frequencies of two laser beams in opposite directions,

yield is limited by the trade-offf between

the viscous cooling force and the heating
due to spontaneous emission. Although
when a photon is spontaneouslly emitted
and the atom recoils in a random

direction, (Apf:@, the mean sguared

momenturn change <|Bpr> is nonzero, and this tends to

raise the temperature. The original proposal of
"Doppler molasses” predicted a minimum
temperature related to the resonance linewidth of the
atornic transition. This so-called Doppler temperature
is typically on the order of severall hundred
microKelvin. But when the first careful temperature
measurerents of optical molasses wete accamplished,
experirentiallists were shocked to find a violation of
Mutphy's Law: Experiment worked much better than
theoky and the temperatures of the atoms were

Fig.3 An atom travelling to the right with two
red-detuned beams incident upon it in opposite
directions. The left-going beam is Doppler
shifted to a higher frequemcy, closer to resonance,
while the right-going beam is shifted to a lower
frequency. The atom is them more likely to scatter
photons from the left-going beam, reducing the
velocity of the atom.
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discovered to be about a factor of 10 colder than
expegtee'™. One clue which helped lead to an
explanation of these effects was the strong
dependence of final temperature on laser polarisation,
implying that it was necessary to include the angular
momentur of the atoms in the theory. By taking into
account the full internall structure of the atoms it was
soon recognized that temperatures as low as several
mieroKelvin wete possible, limited only by the
mofentur of the |ast photon scattered during the
eeeling pieeess!™. The interference between twe
e6unter-propagating laser beams may produce &
optical field whose pelarisation veeter varies as a
funetien of pesitieh. 1A the se-ealled lin-perp-lin
esnfiguration, twe efthegenal linearly pelarised
beams ereate a “pelarisation gradient” whieh ean be
deseribed as twe standing waves eut of phase with
8ne anether, efe eéfﬁ?@%@@! ok Fighi-Rand &ireular
light and the sther of |efi-hand eireular light. Due e
the interaetion of the atem's aAgular mem@ﬁium with
the pelarised light, each Zseman sublevel of the
atemic grotRd state experiences & diffsrent poiential
€omposed oF & series of Rills and valleys. Uhder ihe
th EIFCUmStances, Sptical pu g H}E‘n % EQH SetUp &
HatieR IR which S‘ISPP@ Rd Mast of their HHE‘E
EiimBiH% these BEEBT&Q'I Rills (2Rd consequent]
18§1H% Retic ehe 2 8ALE {HS A18M feaches the
top Bk 2 Aill; it is 8 QH?EPHFB ! {8 8 diFterent
§F8HH9 stais; O 2 difer gB Bdh EHFVe, WhER IS
Hedenty daWh in 2 yalle l% & ?888%? 8

FS Sﬁ‘i 9@ ElimBIA ééﬁll? 8&‘& S§ V{I\Q ﬁqi? -
l w l
3

EB

0 spen
n spen
m r u L from whl. 1{
r u 1 O wil 1
lmm% a urne Eo{ o{om,w ere es{are
m ned to the bottom, wheéré he starte
over a a anms eep |osing ener unp
over al oms e osing ener unti
ey no enou ner 0 C|I any more
] on nou ener Cl1 n I
illS. nlS al one’more nterintuLilve etfec
ills. 1 at one more counterintuitive eftec
arlses —fo owesi Eem ératures, one mus{
arises,— to owest temperatures, o us
ac uai use aser peams,t'so that ffie hil[s are
actua us aser peams, sO.tha g 1 are
no Eo l:‘{l way, one can circumven e
ot to0 hi . way, one can circumvent tb
oppler ¢o0 E a gcon [nué coo |n unti. me
(0] er coo a conunue, cooll unti e
an as o Ro on momenta, andejravels a
om oton momen a, and travels a
ew cen lme 2 bar E2%
ew centimetres per secon

THE MAGNETO-OPTICAL TRAP

Although optiical molasses is capable of cooling a gas
of atoms, the two counter-propagating laser beams
create no preferred position, and therefore the atoms
are not trapped. Buffeted by the laser beams, they
slowly diffuseout of the interaction region. To
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spatially trap the atoms requires the addition of a
position-dependent force. One way to accomplish this
is to use the interaction of the polarised atoms with a
magnetiic field. If the current in one of a Helmholtz
pair of magnet coils is reversed, the fields created by
the two coils cancel out at one special point. The

resulting quadrupolle field B~ 2B’zz- B'sx- Byy

vanishes only at the origin, causing atoms at this peint
to behave differently from atoms elsewhere.

As atoms move away from the origin, they experience
a growing Zeeman shift, changing the energies of
their magnetiic sublevels. Some levels are shifted
closer into resonance with the red-detuned laser
beams, and others further away. By ajudicious choice
of laser polarisation, one can ensure that atoms which
stray from the centre will preferentially absorb
photons moving back towards the erigin. Thus in
addition to the velecity-damping accomplished
thanks te the Deppler shifts, a spatial restering feree
is ereated with the help of the Zeeman shift.
Depending u?@ﬂ the strength ef the magnetie fields,
the RumBRL SF atefs, and sther parameiers, the
trapped atem eloud ean fange iA size from 6ver &
eentimetre te Snly tens ot Miersns; the elodd in

Figure 2 is 8 the arder of 2 millimetre iR dizmeter.

Having cooled and trapped atoms, one requires a
method of measuring the resulting temperature.
Obviously, no standard thermometer can be brought
into contact with the few million atoms floating inside
a vacuum chamber to measure their temperature. The
most common temperature-measurement edhigues
rely on the fact that by temperatutre, we really mean
fMs momenturm. The measurerment is performed by
releasing the atom eloud for a fixed time #, and
subseguently taking a tifﬂ@=@f—ﬂi§h£ pieture of the

expanded eloud. The pietute is ebtained by applying a
15ms 21 ms

Fig.4 A series of atomic cloud images at different times
after release. At long times the size of the cloud
grows at a rate proportional to the thermal
velogity.
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short pulse of light and observing the "shadow" of the
cloud on a CCD camera, providing information on the
cloud size and the number of atoms contained. If a
sequence of images is acquired, the free ballistic
expansion of the cloud may be observed as in

Figure 4. By graphing the radius as a function of time,
the rms veloeity and hence the temperatuie may be
extracted (see Figure 5).

Expansion of cloud after release from molasses

Radtiys (nfm

5 10 15 20 25
Time out of moiasses (ms)

Fig.5 A graph showing the rms size of the atom
cloud as a function of the time after release
from the trap. The solid line is a fit to the
data points (circles), whiich yields a velocity
of 3 cm/s, corresponding to 9jK.

"DELTA-KICK” COOLING

Although the Sisyphus molasses can cool atoms down
to several microKelvin, this still leaves them with de
Broglie wavelengths significantly shorter than an
optical wavelength, and too short for many of the
most interesting appllications of laser cooling. There
are a numbes of techniques for moving beyond this
“reeoil limit” and achieving lower temperatuies, and
we have been studying one knowhn as “delta-kick
eooling”. The guadrupolle magnetic fields which
aleng with the eooling laser create the
fagneto-opiiical trap (MOT) can also be used to
further eoel the atoms. If the |aser bears are turied
off, the Magnetic Moments of the atems adiabatically
feliow the lgeal magnetie field as the atems meve
abeut. This each atefm sees a petential propertienal to
EE@ ??ﬁngHgﬁe ot the leeal magnelie field, wiieh Ras

& tofm

.B '= B2 22 )

near the centre of the coil pair, where z is the coils'
symmetry axis. The magnitude and the sign of the
potentiial depend on the Zeeman sublevel of the
atoms, but for a certain fraction of the atoms, the
magnetic field provides a conservative restoring force
(but no cooling); this force is the origin of the
magnetiic trap used In Bose condensation experiments.

In our experiment, we shut off the laser beams and
magnettic fields to allow the atoms to expand
ballistically. As they expand, a correlation develops
between position and mormentu: the fast atoms are
far from the origin, whille the slow atoms are near.
Appllying a brieff cutrent pulse to the coils exerts a
quick force, or impullse, on the atoms towatd the
eentre of the trap. If the strength of this impullse is
chosen propetly, it can be used to counteract the
fAotion of the atoms away from the ofigin. For
examplle, by enanging the sign of the cufrent iR ene of
the eeils, we ean produce a guadiriially varying
fagnetic field, and henee a guadiatiic potential. Like
any harmomic eseillater, this will exert a greater foree
B8R an atem the further the atem is from the eenire.
But the atems far from the eentre are precisely these
&i8MS With the Righest veleeities. For this reasen, &
“harmenic kiek” ean iR essence Bring all the algms
elose t8 zers velegity. This is 8 variant 6k 2 propesal
By Ammana and @BH%&%%%HM, whiich they {&rmed
delta-Kick e9eling since they eonsidered the limit iR
which the impuise is delivered iR aR RfiRitesimally

beam waist at lens
focal point of lens -_— -
@ - (X‘_“,—_“_‘—_

IZ—/ delta kick

-

e

Fig. 6 (a): A light beam’s waist is located at the focal
point of the lens. On passing through the lens,
the light becomes collimated, that is, no langer
expanding in the z direction. (b): A cloud of
atoms is expanding in the z direction with time.
After the delta kick, the atoms’ expansion is
stopped, and the atoms have been cooled.

LA PHYSIQUE AU CANADA juillet / aoGt 1999 153




FEATURE ARTICLE (INANOKELVIN...)

short time. As it happens, even for mon-harmonic
kicks such as the one suppllied by a quadrupalle field,
a significant amount of cooling can still be achieved.

An analogy to gaussian optics can help understand
the effect of a delta kick. Consider the following: a
source of light is located at the focal point of a lens.
The light that enters the lens wiill be eollimated along
the x direction as shown in Figure 6, If the power of
the lens is made stronger without moving the light
soukee, then the light that enters the lens willl eome to
a focus and then start to expand again, as in Figure 7.
On the ether hand, if the pewer is deereased, the
beam willl esntinue to expand. The delta kiek ean be
eonsidered as a 1ens for a eloud of atems. Instead of a
Beam of light expanding and then Being csllimated
aleng the x axis, the expanding eleud o atems is
esllimated in tife, meaning that the eloud radius
remains esnstant as a funetion et time.

Az initial atom deita kick

cloud size

Fig.7 A cloud of atoms which wete kicked too hard.
After going through a focus, the atoms now have
a greater velocity, thus a higher temperature

In our setup, the symmetry axis z of the quadrupole
coils is oriented along the horizonital. Because of
gravity, the atoms fall a smalll distance in y, the
vertical direction, between the time the MOT is turned
off and the appllication of the current pulse for the
delta-kick. The quadrupolle potential forms a distorted
eone, whose gradient in the z diteetion is twice a8
large as in the x and y ditections. As the atoms move
away from the erigin along y, the petential they see in
the x - 2 plane beeoines a parabollic eonie seetion, a6
éan be seen from a Taylor expansion of Eq. (1) for y »
Z. Asin an ideal harmoniie kiek, the atems feel a feree
(at 1east aleng the # direetion) propertional te their
distanee from the rigif: Fé == K8z

After free expansion lasting for a time tp the position
of each individuall atom in the cloud is given by

=2y >wihereewy isstheevednsdtyy off theeadesmimthge
z direction and z, is the initial position of the atom.
Thus an atom's velocity in the z direction after a time
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to» Zofw, isequal to  w. »((:r-sd)/kz _»ii, , and, like the

strength of the delta kick, is essentiallly propottional to
the distance from the origin. As a result, when the
delta kick is applied to the cloud, the fastest (hottest)
atoms are, appropiiately, given the greatest impuise.
If the impulse is matched to an atom’s momentum,
then the atom's motion should be stopped. If the
magneti coils are pulsed for a time &, then a dhange
in momentum of Am,=E,&=- Kz& isimmparted to
each atom. By adjusting the strength of the kick such
that K&t=m/t _, we can tmimg =l the atonms meearly tto

rest in the z-direction simultaneously, thus lowering
the one-dimensiomall temperatunre. (Due to the
pronounced anisotropy of the potential, the
temperatute in the x and y directions is not greatly
affected.) Figure 8 shows the effect of a
one-dimensional hatmanic force on atoms expanding
isotropicallly from the origin.

The factor by which a cloud of atoms can be cooled is
limited by the fact that all the atoms do not have the
same initial position z;. If they did, then their
velocities would be petfectly correlated with their
positions, and we could apply a kick whiich woulld be
appiopiiate for each veloeity class of atoms. Since
this is not the case, we have atoms at different
veloeities with equall Z cormponenits, 50 when we apply
the kiek, serme atoms get kieked toe strongly, while

ANV Y
NS M

v N T

Velocity vectors of atoms before and after the deita kick

Y |

Force vectors from delta kick

Fig.8 Atoms in the expanding cloud have velocity
components in all directions (the z direction is
horizontal here). After an ideal delta kick, whose
strength is shown in the bottom section for
different values of z, the z component of each
atom’s motion is stopped while the other velocity
componenits remain virtually unchanged.
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others are not kicked

strongly enough. Relative
to the ideal case, a typical
atom starting a distance r

an excess momentum lek
equal to - Kr& . Since the
ideal kiek strength

K8t-tnit / t[ , we see that we

can mitigate this effect by
simply using the langest
practical free-expansion
time t. In other words, the
longer we wait before
applying the kick, the more
strongly correlated the
atoms’ positions and
velocities become. As the
momenturm kick

Free Expansion (To=91K)

27ms

Time out of Molasses

=10 m/e? Kick etarte at 9 ma, ends at 12ma 700 nK (1.5 V)

Quadrupole Kick from from a Molasses

Fig.9 Result of delta kick on an atom cloud. There is a
high density of atoms around z = 0 appearing as a
thin dark sttipe. These are the atoms whose
velocities have been diminished by the kick, so at
later times, they are still near the origin. Atoms
unaffected by the kick expand as they would
during normal free expansion.

with the largest magnetic
quantum nurmber, m, = 3,
feel the greatest force and
form the thin stripe visible
in the figure. Atoms with
me = 0,1, 2 are not "kicked"”
as hard; atoms with mme=-1,
-2, -3 are actually
accelerated away from the
origin. These esmponents
taken as a wholle show ne
sign et eseling, and
esnstitute the larget, mere
rapidly expanding eloud in
Figure 9. Related effests
Rave been studied by
Mai@ehah & A, whe use 8
magneie field gradient to
iselate the different spin
states of affesly talling

experienced by an atom is
propoitional to z, the ratio
of the excess kick i.e, beyond the value necessary to
stop the atom) to the intended kick is equal to the
ratio of the uncertain initial position r to the expected
final position <wfjr 7 Since the intended kick alters

the momentum just enough to cancel out the initial

velocity =%V, ., we are left wiith a final welledity on

the order of In other words, If the atom

Yoors! s
cloud is allowed to expand by a factor of

N v pdpt [ before the kick is applied, the rms

momentum can be reduced by a factor of N, and the
temperature by a factor of NZ2. In this sense, delta-kick
cooling is the moral equivalent of adiabatiic expansion,
but the requirements on the speed of the process are
not as stringent.

After application of the delta kick, we allow the atoms
to resume their expansion, and we acquire images of
the atom cloud every 3 ms in order to measure the
final temperature. Figure 9 shows images of atoms
given a delta kick about 10 ms after being released
from optical molasses. It can be seen from the figure
that not all atoms are cooled by the kick. This is
because the cloud of atoms contains different
magnetiic sublevels, whiich are affected differently.
We are studying *Rb atoms in a ground hyperfine
state with total angular momentum F = 3. The atoms

3i8m cloud™

We analyse these images using the time-of-flight
method to determine the final temperature. Figure 10
shows the size of the atom cloud as a function of time,
before and after the kick. It also shows the width of
the cold, narrow stripe on the same scale, for several
different values of kick strength. The radius of the

atom cloud obeys the eguation r@wym&g;

Expansion Curwes for Kicks out of Molasses
i

E a6

§e o4

15 <10 -6 0 5§ 16 15 20 2%
Time after kick

(ms)

Fig. 10 Expansion curves for several values of
kick strength, and one for free
expansion (no kick). Smaller slopes in
expansion curves indicate lower
velocities and therefore temperatures.
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where r; is the initial cloud radius and v, is the root
mean square velocity of the atoms. The temperatures
as obtained from a fit of this form are shown in the
figure for the free expansion and for the delta kick
whiich attained the lowest temperature of 740 nK.,

This temperature is limited only by the length of time
for whiich we can cutrently allow the atoms to-exypand
freely; with an addiitionall potential suppoiting the
atoms against gravity, there would be ne fundamental
limitation at all. One surprise is that extrapolating the
740 AK expansioh eurve baek te the instant of the kiek
yields an initial size signifieantly smaller than the size
of the atern eloud at that mement. We de Ast yet have
a full understanding of this effect. 1t appeats that the
i = 3 atems (Whieh experienee the bulk of the
€86ling) have a different spatial distributien than the
rest of the atem eloyd. We hepe that further use ef
these delta-kieks for Stern-Gerach-like probes of &sid
&tem elouds willl shed mere light en the distribution
ok atems preduced By 1aser &961iRg:

Figure 11 shows the dependemnce of final temperature
on the expansion of the atom cloud, and confirms our
prediction that by waiting for the cloud size to
increase significantly, one can achieve substantial
cooling. As discussed eatlier, the delta kick acts like a
lens for atoms, and by using an overly strong current
pulse, we may actually “foeus” the atoms back
towards the origin. Expansion eufves are SROWh in
Figure 12 fer a variety of kiek strengths. 1t sheuld be
fneted that just as in gaussian beam opties, the Mmere

Final temperature vs
size increase at time of kick
0.7 .
0.6
0.5
0.4
" o8 .
0.2 .
0.1 .
0 -
1 1.5 2 25 3 35
RO,

Fig. 11 The ratio of the final temperature, T, to
the initial tempenrature, Tg, veesus the
ratio of the radius of the atom cloud
right before the kick, R(t), to the initial
cloud radius, Rg.
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tightly one attempts to focus the atoms, the higher
their temperature (the equivalent of an optical beam's
divergence angle) must be. A large, collimated atom
cloud corresponds to the lowest attainable
temperature.

ULTRACOLD ATOMS AND TUNNELING

Although by combining standard optiical molasses
with the new technique of "delta-kick cooling” we
have produced the coldest atoms in Canada, at
temperaturres corresponding roughly to the
momenturm of a single photon, by no means have we
teached the end of our journey. The thermal de
Broglie wavelength of our atoms has been increased
from Angstroms up to nearly a micron. This puts us
within striking range of being able to image an atom
eloud with reselution better than the Aom’'s
wavelength. If we ean deerease the mermentus by
anether faeter of 10, yielding wavelengths near 8
fRierens, we will be able te take pietures of an AOW's
guantum wavetunetion. Mete exeiting yet, the wave
Ratute ef the atef sheuld beesme évident at a

Expansion Curves for Kicks out of Magnetic Trap
1uhB
FiC
.84
-E w/ / r
) ~ //
3
.21 | S
"Focus” of atoms
(] 10. o 20 30 40 50
Time out of magnetic trap (ms)

Fig. 12 Expansion curves for non-ideal kicks.
In one case, size decreasing immediately
after the kick is the atomic analogue of a
lens focusing light. The atoms reach a
minimum radius, and then expand again
at a higher rate than that of free expan-
sien, signaling that they are actually
hetter after this kiek. The eurve for
which expansion dees fiet step, bit
merely keeps expanding at a slewer rate,
sighifies a kiek which was fiet &f@ﬂ%
ensugh. A free expansion is shewn fer
e6mparisen.
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directly observable level.

Consider an atom impinging on a narrow, repulsive
bartier. If the wavelength of the atom is comparable
to the barrier thickness, we should begin to observe
quantum tunneling. The entire atom, with its 37
protons, 48 or 50 neutrons, and 37 electrons, may
appear on the far side of the battier as a single unit.
New, an atom in an off-fesonant light field develops
an electric polarisation at the optieal fregueney. Fer
light tured abeve the resenance fregueney, the
respense 1ags behind the driving field by 180°, and
there is an energy eost assoeiated with this
eut-6f-phase pelarisation. THus the atem is f@Fell@d
By an intense, Blue-detuned light beam. We plan to
feeus a half-watt beam ef 770 AM light te a RaFFOW
stripe, abeut 5 Mmierons aeress. Steh 2 barrier AR
easily repel ultraceld atems, But snee the de Broglié
wavelengih reaches the mieron seale, (WRneling
Sheuld Begin te 8eetr- Better yet, the S-micron barrer
widih will 2llew us te diteetly image the BAFHEF
traversal. Not SRty will we Be abie t8 spaiially

distinguish IRcideRt From transmitied Aloms=
EveRIaNY, We pla 19 sty the sisrs WhiE they are
In the “fsnbidden Fepion” [1SeH™ 1.

How can we achieve such wavelengths,
corresponding to temperatures in the 10 nK range?
These temperatures are routinely achieved in
Bose-condensation experiments, but at a high cost—
99.9% of the atoms are typically lost in the evaporative
cooling process. How ean we avoid this sacrifice? We
take advantage of the fact that we are looking for a
one-dimensional effect. If we can reduce the
fAomenturn iR ene dimension by a faeter of 10,
leaving the atorms at iransuse temperatuies of several
faieroKelvin, our ene-dimensionall tunneling
experiment will beeemme feasible. One way te de this
is simply te welpertyseeé: the slewest atems from our
700 AK eleud. Ouk plan is te perferm this seleetion by
slewly sliding a battier threugh a magnetieally
trapped atem eloud as shewn iA Figure 183.

Any atoms with energies higher than the barrier
height will spill over the top, remaining trapped at the
bottom of the magnetiic welll. Lower-energy atoms, on
the other hand, will be adiabatiically swept up the side
of the potential, forming a cold, dense cloud held
between a magnetiic field gradient and the repulsive
light field. A beam much broader than the de Broglie

wavelength will initially be used, to prevent
tunneling, and once a cold sample is obtained, the
beam waist will be reduced to allow tunneling to
begin. This geometry has the useful side-effect that it
introduces a sharp cutoff in enetgy. Instead of a
smooth Boltzmann distribution, we will be able to
select only those atoms with less energy than the
barrier height, thus ensuring that all transmitted
atoms have in fact tunnellled through the barrief,
father than merely washing over it i a classieally
allowed fashien.

Fig. 13 This cartoon demomstrates our velocity-selection
proposal: by sliding a repulsive barrier through
our cloud of trapped atoms, we will transfer all
the low-energy atoms to an auxiliary trap above
the Gaussian batfier. Any atoms with higher
energy than this barrier will spill over,
remaining in the eentral trap. In the end, we will
be left with only the eoldest atoms if the
secondary tfap, and by adjusting the height and
wiidth of our batrier, wiill Be able to study
tunneling eut of this quasi-Beund state.

Quantum-nrexthanical simulations confirm the
viability of this procedure, suggesting that we can
retain up to about 5% of our atoms, and still reach
temperatures below 10 nK, i.e., wavelengths above
several microns. We even believe that we will be able
to observe the quantur natute of this
veloeity-selection process, placing a large fraction of
the atofis in the ground state of the auxiliary potential
welll formed by the |aser beam and the magnetic field
(see Figure 14). Observing the deeay of this auxiliary
trap due te tunReling will be a first step iR ouf
investigations of this still-mystifying preeess:
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1-D Simulation of Velocity Selection
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Fig. 14 These simulations show the wave function
of an atom initially at 1.3 pK, after a
repulsive gaussian barrier has been slid
through the attractive V-shaped trapping
potential. Two components are clearly
seen in the wave function: & "nmisy"”,
high-energy region at the bottom of the
trap, and asingle peak, corresponding to
the single quasi-bound state supported by
the 16 AK-deep well sandwiched between
the gaussian and the side of the trap.
Appreximately 5% of the oms af€in this
ultraesld state.

CONCLUSIONS

Using simple techniques combining lasers and
magnetiic fields, if is now straightforward to cool
atoms from room temperature down to the
microKelvin range. Applying concepts from first-year
physics, one can cool by another factor of ten into the
nanoKelvin range, and in the future we hope to
extend this result even further. One of the
femarkable features of such cold atoms is their
extremely long wavelength. Only very recently have
leng enough wavelengths been achieved that the
guahtui-nrehircal behaviour of wholle atoms ean
start to be ebserved threugh direet imaging. This
prornises to be afantastieally fruitful area for studying
deep guestions in guanturm mechamiis, aside from the
fhany prepesed applications of ultraceld atems in
fieids ranging from gravity-measurement to
semiesnductor lithegraphy. Beyend asimple
esntirmation ot atems' ability te tunhel dhrough
Bptical Barriers, we plan te study issues conearning
whether 2particie may be detected while tuAneling;
what Rappens {8 its eAsrgy when it is found te Be in
the elassically forbidden Fegisn; Rew 18Ag it spends
tFaversing that regien; and s6 FariRAR ™. We expect
that the same system may Be applied t8 stwaying
-'cgﬁsﬂfﬂm £Rag8s", &t the BauRdayy Between élassieal
4nd gHaRtum BeRaviouy, aAd BtREL strange and
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wonderful effects which occur when quantum objects
are subjected to time-dependenit potemtta ™. Like
many frontiers, the march to lower temperatures
pronniises to provide not only new discovetiies, but
beautiful vistas along the way.
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