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Figure 1: Schematic illustration of a
gas at high and low temperatures.
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When atoms
become waves

Scientific developments have lead to the reali-
zation of ultracold temperatures, where our
preconceived ideas and intuition about atoms
need to be revised. Pierre Meystre discusses
how atoms should be thought of as waves, ei-
ther individual ones as in the emerging field of
»atom optics“, or collective ones as in Bose-
Einstein condensations and ,,atom lasers*“.

The scales of temperature

that we are used to, be they Cel-

sius or Fahrenheit, find their ori-

gin in phenomena and percep-

tions from everyday life. For in-
stance, 0" Celsius is defined by
the melting point of ice, and
100" Celsius corresponds to the
boiling point of water. Similarly,
0" Fahrenheit is the freezing
point of saturated salt water, and
100" Fahrenheit is the approxi-
mate human body temperature.

Toward Absolute Zero

While these temperature
scales are of undeniable use,
physicists have found it impor-
tant to introduce a different
scale, the Kelvin (or absolute)
scale. The reason that this is
meaningful is that from its micro-
scopic definition, it is quite clear
that there is an absolute lowest
possible temperature. In the Kel-
vin scale, it is called absolute ze-
ro, T =0 K. This temperature is
known to be roughly equal to -
273.15° Celsius. Measured in
the Kelvin temperature scale,
room temperature is of the order
of 300 degrees.

The existence of an absolute
zero is a simple consequence of
the definition of temperature. To
see how this works, let us back-
track for a moment and consider
a closed container filled with a
sample of gas, for instance Oxy-
gen. If it were possible to ob-
serve the individual molecules
forming this gas under a micro-
scope, one would notice that
they move in random directions
at velocities that are different for
all particles in the sample, and
rather large at room tempera-
ture, of the order of several hun-
dreds of meters per second. This
is illustrated in Fig. 1. Indeed, if
one were to measure all individu-
al velocities and average them,
one would find that this average
is equal to zero, or, in the form of
an equation, (v) = 0. This is be-
cause the direction of motion of
the molecules is random, so that
they are as likely to move, say, to
the right as to the left.

If, on the other hand, one
were to average the square v? of
these velocities, one would obvi-
ously find a result larger than ze-
ro, (vz) > 0, as follows from the
fact that the square of a real
number is always positive, and
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the average of positive numbers
is itself positive. The only case
when (v*) can be equal to zero is
when all individual velocities are
themselves equal to zero. Now,
as it turns out, the absolute tem-
perature T of a sample is propor-
tional to this quantity (vz)

where kg is Boltzmann's con-
stant. In other words, T is a
measure of the velocity fluctua-
tions in the sample. There are
some constants appearing as
proportionality factors in the re-
lationship between T and (v2),
but they need not concern us
here, except for the fact that
they are positive. We see, then,
that the absolute temperature
must by definition be larger than
zero, and in addition, that if T=0,
then all particles in the sample
must be at rest.

With these general consider-
ations in mind, let us then turn
to Fig. 2, which sets the stage
for our discussion. This figure is
a logarithmic scale of absolute
temperatures, where the tem-
perature is decreased by a fac-
tor of 10 from one point to the
next lower one. 5000 K is as
good a place as any to start.
This is roughly the temperature
at the surface of the sun. De-
creasing this temperature by a
factor of hundred or so (two or-
ders of magnitude in physics jar-
gon), we reach much more
friendly temperatures, of the or-
der of 300 to 400 K. This is the
range of temperatures we are
most familiar with, and where al-
most all life as we know it takes
place, between the boiling and
freezing points of water. As hu-
man, we are very sensitive to
very small variations of temper-
atures in that range. A one or
two degrees change in our body
temperature and we feel very
uncomfortable, a few tens of de-
grees change in the outside
temperature and we switch from
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Figure 2: The Kelvin temperature scale

air conditioning to heating our
houses.

Moving to lower tempera-
tures, below the freezing point of
water, an interesting place to
stop is about 70 K. This is the
freezing point of Nitrogen, and al-
so the regime where the phenom-
enon of ,high temperature” su-
perconductivity was recently
demonstrated. | put ,high tem-
perature” in quotation marks
here, because it may sound
somewhat paradoxical that tem-
peratures nearly 200 degrees be-
low the freezing point of water
should be considered ,high”. But
indeed, such temperatures are
downright balmy in the strange
world of low-temperature phys-
ics.

Another two of orders of mag-
nitude down the temperature
scale leads us to a few degrees
Kelvin, the domain of traditional
low-temperature physics. Such
temperatures are associated
with phenomena such as super-
conductivity and superfluidity.
These are manifestations of
quantum physics quite foreign to
our everyday experience, where
electric conductors lose all re-

sistance, fluids climb on walls,
etc. Alas, we won't have time to
stop in this fascinating place,
but must move on to even lower
temperatures, and to a world
which was experimentally inac-
cessible until just a few years
ago. Thanks to advances in cool-
ing techniques, it is now possible
to cool atomic systems to one .
millionth of a degree Kelvin, and
even lower. At these extreme
temperatures, the world is an ut-
terly strange place where our
everyday's common sense is
useless, gquantum physics rules
with its counterintuitive laws,
and atoms behave as waves.

But before proceeding, let as
pause for a moment and reflect
on how far we have traveled.
Room temperature is about 300
K, and we are now at about a
hundredth of a millionth of a de-
gree. These are ten orders of
magnitude, or a factor of ten bil-
lions, below room temperature.
Ten orders of magnitude are very
hard to fathom: but it might be
helpful to note that a tenth of a
billionth of the Munich-Los Ange-
les distance is about 1 mm! If
room temperature corresponded
to Los Angeles and 0 K to Mu-
nich, our trip down the tempera-
ture scale would have taken us
to within 1 mm of our goal.

Partit:les and waves

The world in which we live is
governed by the laws of classical
physics. The underlying quantum
laws, while always present in
principle, are completely
masked by the velocity and other
thermal fluctuations that we
have mentioned earlier, and
which are invariably present at
normal room temperatures. From
this point of view, temperature
may be thought of as a source of
noise which washes out the frag-
ile effects of quantum physics.
There are of course notable ex-
ceptions, and indeed a number of
quantum devices have changed
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our lives in profound ways in the
last few decades. Important ex-
amples are the transistor and the
laser, which are at the heart of
the information revolution. But in
these devices, great care must
be taken to control the detrimen-
tal effects of thermal fluctua-
tions, which rapidly mask and de-
stroy the subtle interference ef-
fects which are the hallmark of
guantum physics. In contrast,
thermal noise is completely ab-
sent from the ultracold world,
where quantum dynamics and
the ,paradoxes” associated with
it become fully apparent.

One of the most unsettling as-
pects of quantum mechanics
may well be the so-called wave-
particle duality. We are all famil-
iar with the notions of waves and
particles. We have observed wa-
ter waves since throwing pebb-
les in ponds as children, and we
have learned in high-school that
sound and light also consist of
waves. Waves are characterized
by a wavelength and a frequen-
cy: the wavelength is the dis-
tance between two crests of the
wave, and the frequency is the
number of crests that an obser-
ver at rest sees passing in front
of his eyes every second. Light
waves have very short wave-
lengths, of the order of a mil-
lionth of a meter or less, and very
high frequencies, of the order of
100 000 billions per second. The
frequency v and wavelength & of
light are always related (in vacu-
um) by the simple relation A=c /v,
where c is the speed of light, ¢ =
300 000 km/ sec. Blue light con-
sists of waves of higher frequen-
cy and shorter wavelength than
green light, and similarly green
light consists of waves of higher
frequency and shorter wave-
length than red light.

In contrast, we like to think of
atoms, electrons, etc. as parti-
cles, somewhat like tiny little
balls®. And as we do for marbles
or tennis balls, we describe parti-
cles in terms of their velocity v
and their kinetic energy E, the
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energy and velocity being relat-
ed by the well-know expression

E=MVZ/2,

where M is the mass of the parti-
cle?. Actually, physicists like to
use the particle momentum p =
Mv instead of its velocity, be-
cause as we shall see, this is a
more fundamental and useful
quantity.

One of the most profound re-
volutions brought about by quan-
tum mechanics is that it does
away with the distinction bet-
ween particles and waves. The
first blow to classical physics
was given by Einstein, who pro-
posed in his explanation of the
photoelectric effect that it would
be useful to think of light as
made out of massless particles,
to which an energy and a mo-
mentum should be associated
according to the relations

E = hv,
and
p=h/A.

A few years later, de Broglie
went one step further and pro-
posed that electrons, and for
that matter all massive parti-
cles, should likewise be thought
of as waves of wavelength A gi-
ven by

A=h/p.

This wavelength is now re-
ferred to as the de Broglie wave-
length. In these equations, the
fundamental constant his called
Planck’'s constant. The consider-
able intuition of Einstein and de
Broglie eventually lead to the de-
velopment of modern quantum
mechanics and quantum electro-
dynamics by Heisenberg, Schro-
dinger, Dirac and many others. It
is not the place here to go into
these developments. Rather, it
will be sufficient to emphasize
that in quantum mechanics, the
distinction between particles
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and waves loses much of its sig-
nificance. Depending upon the
situation at hand, it is useful to
think of light as made of parti-
cles (now called photons) and of
matter as particles, or of both
matter and light as waves, or any
other combination.

Which brings us to the title of
this article...

To understand why it is so
useful to think of ultracold atoms
as waves, let us relate their de
Broglie wavelength A to tempe-
ratures. This is easily done.

We have seen that the tem-
perature of a sample is propor-
tional to its mean squared velo-
city (v2>, or, as a result of the pro-
portionality between velocity
and momentum, to its ‘mean
squared momentum (p?). Since
the de Broglie wavelength is it-
self inversely proportional to p,
we find that the (thermal) de
Broglie wavelength of a sample
is inversely proportional to the
square root of its temperature,

Ao —
T

Therefore, the colder the sam-
ple, the larger its de Broglie
wavelength. Figure 3 shows the
de Broglie wavelength of a typi-
cal atom as a function of its tem-
perature. At room temperature,
it is very small, of the order of a
tenth of a billionth of a meter, or
an Angstrom. It is impossible to
observe an object of this size
with visible light, because light
cannot resolve details much
smaller than its own wavelength,
which is thousands of times
larger in the present case! To im-
age an atom in such detail one
would need instead to use an X-
ray source. Unfortunately X-ray
photons carry so much energy
that they would instantly destroy
the atoms they are meant to im-
age. This is why at room temper-
ature, the wave nature of atoms
is normally irrelevant, and it is
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De Broglie Wavelength
and Temperature
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Figure 3: Correspondence between
Kelvin temperature and the thermal de
Broglie wavelength of a typical atom.

most useful to think of them as
particles.3

But as temperatures are low-
ered toward the ultracold regime
of a millionth of a degree Kelvin
or less, the thermal atomic de
Broglie wavelength becomes
very large, so large as to be com-
parable to, or even larger than
the wavelength of visible light.
Visible light can impinge on
atoms without destroying them.
Optical and atomic physicists
have over the years developed
exceedingly sophisticated meth-
ods to control the way light inter-
acts with atoms, and have in the
process gained a detailed under-
standing of their interaction. It is
readily possible to apply this un-
derstanding to the preparation,
manipulation, and imaging of at-
oms in that ultracold regime
where the distance between
crests of the ,matter waves" is
comparable to the distance be-
tween crests of the optical
waves, and where their wave na-
ture can therefore be observed
directly. And instead of conven-
tional optics, one can now study
.atom optics” and its applica-
tions. In complete analogy with
optics, they go from the develop-
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ment of atom optical elements,
atom mirrors and lenses, etc. to
atomic imaging and to novel de-
vices such as ,atom lasers.”

Laser cooling

We have indicated in the pre-
ceding section that visible light
provides a perfect tool to pre-
pare, manipulate, and detect
matter waves. We now discuss
how light also provides a power-
ful and inexpensive tool to cool
atoms to extremely low tempera-
tures, using technigues general-
ly called laser cooling. In order to
understand how this works, it is
necessary to review some of the
basic elements of the way light
and atoms interact.

1. Atom-light interaction

While it would be far beyond
the scope of this article to de-
scribe the theory of light-matter
interactions, it will be necessary
in order to proceed to introduce
a few of its most basic elements,

Atoms consist of a rather
heavy nucleus formed of neu-
trons and protons surrounded by
a cloud of much lighter electrons
that move on ,orbitals" of pre-
scribed energy. Normally, the
electrons occupy the orbits with
the lowest possible energy. But
when an atom is irradiated by
light it can absorb a photon,
whereby an electron is promoted
from a ,low*“ orbit of energy E4 to
a ,higher” orbit of energy Es. Si-
multaneously the light intensity
is decreased since one photon
has been absorbed.

All physical interactions must
proceed in such a way that two
fundamental conservation laws
are satisfied,

- conservation of energy,

— conservation of momentum.

Atom-Light Interaction
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Figure 4: Schematic representations of
absorption, stimulated emission and spon-
taneous emission of light by an atom.

The law of conservation of en-
ergy implies that the difference
in energy E,—E4 between the ini-
tial and final electron orbits must
equal the energy hu of the ab-
sorbed photon,

E.'Z_El:hU'

Conservation of momentum
furthermore implies that when
absorbing a photon of momen-
tum h/A, the atom must gain a
momentum

Ap =M Av = h/A.

In other words, its velocity un-
dergoes a kick h/Ma along the
direction the absorbed photon
came from. This is illustrated in
Fig. 4.

In addition to absorbing light,
Fig. 4 also illustrates how an
atom can also emit light as an
electron jumps down from a high
orbit of energy E>to alower orbit
of energy E;. There are two ways
in which this can happen, spon-
taneous and stimulated emis-
sion. In the first case, a photon
of energy

h'U=E2—E1
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is emitted in a random direction,
without any apparent outside
help to trigger the emission. Be-
cause of momentum conserva-
tion, the atom experiences a
kick in momentum by the
amount MAv = h/A in the direc-
tion opposite to the direction of
photon emission. This recoil is
similar to the recoil experienced
by a gun when shooting a bullet.

In contrast to spontaneous

emission, which can happen
without any light initially
present, stimulated emission,

the reverse mechanism of ab-
sorption, requires the presence
of a light beam. In this process, a
photon is emitted in the direc-
tion of that light beam, with an
atomic recoil Ap in the opposite
direction. As a result of this pro-
cess the number of photons, or in
other words the intensity of the
light beam, is increased. This
mechanism is at the heart of
Light Amplification by Stimula-
ted Emission of Radiation, or LA-
SER action, which we shall re-
turn to at the end of this article.

2. Doppler cooling

Armed with this basic under-
standing of atom-light interac-
tions, we can now discuss the
simplest form of laser cooling,
Doppler cooling. We proceed by
first considering an atom initially
at rest, and irradiate it with two
laser beams, one from the right
and the other from the left, see
Fig. 5. The frequency v of this
light is chosen in such a way that
the corresponding photon fre-
quency hu is less than the ener-
gy difference E, — E; between
the electronic orbitals we are
considering. Because it is not
possible then to absorb a photon
and promote an atom from the
low-energy to the higher-energy
orbital in an energy-conserving
way, i. e. with hv = E5 - E4, the
absorption of light by the atom is
impossible — or, strictly speak-
ing, very unlikely — and nothing
happens.
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Suppose now that instead of
being at rest, the atom is moving
at some velocity v toward one of
the light beams, and away from
the other. To that atom, the fre-
quency of the light beam it is
moving toward appears higher,
the light seems ,more blue”. In
contrast, the atom perceives the
frequency of the light it is moving
away from as lower, or ,more
red“. This is a simple conse-
quence of the Doppler effect,
which we are all familiar with
from listening to fire trucks pas-
sing by on the street. When they
move toward us, the pitch of
their siren is higher (higher fre-
quencies) than when they move
away from us (lower frequencies).

This same Doppler effect also
happens with light, the frequen-
cy shift perceived by the moving
atom being proportional to its ve-
locity. As a result, the apparent
energy of the photons in the
beam the atom is running
against will be closer from £, —
E,. and energy conservation can
now be more nearly satisfied
when one photon is absorbed
from the beam. Hence, the ab-
sorption of these photons be-
comes possible, with a concomi-
tant velocity kick in the direction
of the light beam and a slowing
down of the atom. In contrast,
the apparent photon energy in
the beam propagating in the
same direction as the atoms is
even further from E, - E4 than for
atoms at rest, hence, the atom is
even more unlikely than before
to absorb light from that beam.

As a result of this imbalance
between the absorption of pho-
tons coming from the left and
from the right, the velocity of the
atom is reduced. The same argu-
ment can be made if the atom is
initially moving in the other di-
rection, except that the roles of
the two laser beams are re-
versed. Hence no matter which
direction the atom is moving in,
it will be slowed down and
cooled as a result of its interac-
tion with the light beams.
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Doppler Cooling
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Figure 5: Schematics of Doppler
cooling. See text for details.

While it might appear that
this technigue of Doppler cool-
ing, perhaps with some improve-
ments, could be used to com-
pletely stop atoms, this turns out
not to be the case. This is bhe-
cause we ignored the effects of
spontaneous emission. As we
have seen, in this process an
atom emits a photon in a random
direction, with a concomitant
kick in atomic velocity in the op-
posite direction. These random
velocity kicks correspond exact-
ly to what we saw to be a non-ze-
ro temperature in the preceding
section. This shows that sponta-
neous emission is actually a
source of heating, which turns
out to limit the temperatures
that can be reached via Doppler
cooling to about a thousandth of
a degree Kelvin, the so-called
Doppler limit. To go past this li-
mit, it is necessary to somehow
circumvent the detrimental ef-
fects of spontaneous emission.

3. Below the Doppler limit

The optical method of choice
to cool an atomic sample below
the Doppler limit is called Sisy-
phus cooling. To understand how
this works requires a more de-
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tailed understanding of light-
atom interactions than can be
given here. For our purposes, it is
sufficient to note that by a clever
choice of electronic orbits and
laser beam arrangements, it is
possible to force the atoms to
move in much the same way as
marbles on a corrugated roof.
But the trick here is that there
are two such ,roofs“, and the
atoms can jump from one to the
other at essentially no cost, but
only if they are located near
maxima of the surface, see Fig.
6. As a result, the atoms are
forced to always move ,uphill”,
very much like Sisyphus of the
Greek legend. In the process,
they lose most of their energy,
and wind up with a mean squared
velocity (v2) = h?/A2, which cor-
responds to the so-called recoil
temperature

iz ._"’i -
2k MA

This temperature is of the or-
der of a millionth of a degree Kel-
vin for typical alkali atoms such
as Sodium.

The fact that the wavelength
A of light appears in this equation
provides one with a hint about
what limits the temperatures
that can be achieved via Sisy-
phus cooling: it is the light shi-
ning on the atoms! When it
comes to atomic cooling, light is
both an atom's best friend and
its worth enemy. To go past the
recoil limit, it turns out to be ne-
cessary to develop cooling meth-
ods where the atoms are no long-
er subject to the detrimental
heating effects of light. Several
optical methods achieving this
goal have been developed, rely-
ing on subtle quantum effects
such as the existence of so-
called dark atomic states,
which are atomic states that
remain unperturbed by light.
But another method, evapora-
tive cooling, has proved more
successful so far in achieving
relatively high atomic densities

Sisyphus Cooling

Transitions mostly near tops of hills

Cooling down to “recoil temperature”

T~ 10%K

Figure 6: Schematics of Sisyphus
cooling. See text for details.

at extremely low

tures.

tempera-

4. Evaporative cooling

In contrast to the cooling
mechanisms that we have dis-
cussed so far, evaporative cool-
ing is quite familiar from every-
day life. Indeed, anybody who
has ever had a cup of coffee or
tea has witnessed the effects of
evaporative cooling: as time
goes on, coffee cools down as
the warm molecules escape from
the cup, and the remaining ones
.rethermalize® at a lower tem-
perature. The evaporative cool-
ing of an atomic sample works in
much the same way, except that
the temperatures involved are of
course much lower.

We have seen that in an atom-
ic sample at non-zero tempera-
ture, the various particles move
around at more or less random
velocities, the sample's temper-
ature being proportional to (V9.
Now, high-velocity particles can
clearly more easily escape from
a trap, being it a coffee cup or
one of the magnetic traps that
are used in modern experiments
to contain atoms. Once the fast

atoms have escaped, the mean
squared velocity of the remain-
ing sample is lower, hence so is
its temperature. If one keeps the
escape process going by gradu-
ally reducing the depth of the
trap, as illustrated in Fig. 7, at-
oms with lower and lower veloci-
ties will be able to escape, and
the temperature of the remaining .
sample will keep decreasing. Ac-
cording to this scheme, one
should be able to reduce the tem-
perature of the sample to arbi-
trarily low temperatures. Of
course, there are several
catches, the most important one
being that one wants to still have
a sufficient atomic density avail-
able when the desired tempera-
ture has been reached. In addi-
tion, collisions, which are essen-
tial in reestablishing a thermal
equilibrium in the sample each
time the fast particles escape,
become less and less frequent
as the sample becomes colder
and more rarified, so that the
cooling can stop altogether if
things are not just right. But ex-
perimentalists have found clever
ways around these difficulties,
at least for alkali atoms such as
Sodium and Rubidium. The tech-
nique of evaporative cooling has
proved extraordinarily success-

Below the Recoil Limit -
Evaporative Cooling

1. Initial Temperalure
Tinltial

|

2. Release high
energy atoms

I 3. Goliisions thermalize
remaining atoms at

Toaw = Tinitssl

! 4. Lower hole

5. Release high
enargy atoms

Figure 7: Schematics of evaporative
cooling. See text for discussion.
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ful in reaching the exceedingly
low temperatures, of the order of
a billionth of a degree Kelvin, at
which the guantum effects we
turn to next manifest them-
selves.

Atoms as waves

1. Atomic diffraction

We have mentioned that the
de Broglie wavelength of atoms
becomes longer, the lower their
temperature. For temperatures
of the order of a millionth to a
billionth of a degree Kelvin, this
wavelength becomes compara
ble to, or even longer than an
optical wavelength. In that limit,
the wave nature of atoms be-
comes particularly easy to ob-
serve in the laboratory.

To see how one such experi-
ment works, consider a situation
where a light beam is shined on a
beam of ultracold atoms, as illus-
trated in Fig. 8. We assume here
that the energy huv of the pho-
tons is equal to the energy differ-
ence E, — E; between the elec-
tronic orbitals of interest, in con-
trast to the situation of Doppler
cooling discussed earlier, so that
a very cold atom can easily ab-
sorb a photon without having to
rely on the Doppler effect. An
atom with an electron on a low
orbital of energy £; can there-
fore absorb a photon, thereby be-
ing promoted to the higher orbit-
al of energy E,, and receiving a
kick in momentum Ap = h/A, or,
stated otherwise, a kick in ve-
locity Av = h/MAi. From that in-
stant on the atom, instead of
moving perpendicularly to the
light beam, slightly changes its
direction of motion... except that
guantum mechanics does not
give us any way to know exactly
when the absorption event oc-
curs, only the probability that it
occurs at a given time. Hence all
we know, really, is that the atom
will keep going straight with
some probability Ppokjex. and
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will move at some angle with an-
other well-prescribed probability
Pick- More precisely — and this
point is of fundamental impor-
tance — what the laws of quan-
tum mechanics allow us to deter-
mine is the so-called probability
amplitudes for ,no-kicks* and
.kicks“. Probability amplitudes
are often described by the Greek
letter i, vis. Wno-kick and Wiick in
the present case.

Quantum mechanics also pro-
vides us with a set of rules that
describe how probability ampli-
tudes evolve and are to be re-
combined, much like probability
theory teaches us how to com-
bine the probabilities of various
alternatives in a stochastic pro-
cess. For our present purpose, it
is sufficient to note that proba-
bility amplitudes are analogous
to the partial waves that we ob-
serve, say, when we throw peb-
bles in water. Each pebble is the
source of a small wavelet which
propagates in circles away from
the pebble. When two wavelets
meet, they interfere and typical-
ly produce a complicated inter-
ference pattern at the surface of
the pond. The partial atomic
Waves Yoouick and iy, can be
thought of in much the same way
as these partial waves, the ,peb-
ble* initiating the wavelet .,
being the absorption of a photon
by the atom.

We can easily see what hap-
pens at later times to the partial
wave iy.4 Either the atomic
electron remains in the orbital of
energy E,, or it returns to the
lower orbital via stimulated emis-
sion of a photon. In that case,
the atom will suffer a momentum
kick — h/4, so that it will wind up
moving again perpendicularly to
the light beam, see Fig. 8.4 We
conclude, then, that as a result
of successive absorption and
stimulated emission events, the
atom finds itself in a combination
of partial waves of the form y,,
wick @nd 04, @and its velocity has
two components, one perpendic-
ular to the laser beam, and the

Diffraction of Atoms by Light -
Running Wave

Light Beam
t
//

<

Figure 8: Velocity of an atom as it
successively absorbs and emit light
from a running wave.

other at a small angle from it.
Quantum mechanics indeed al-
lows such a curious object as an
atom .moving with two veloci-
ties at a time!“ Fig. 9illustrates
this behavior: as a function of the
time the atom interacts with
light, and the probability that it
moves with one or the other ve-
locity oscillates, with significant
time intervals where ,the atom
moves with two velocities.”

The situation becomes even
more interesting if instead of in-

Figure 9: Probability for an atom to
move perpendicularly to the light beam,
or at an angle from it, as a function of
time. (Time is labeled y in the figure.)
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teracting with just one light
beam, the atom interacts with
two counter-propagating lasers,
see Fig. 10. The electron can
still be excited by absorbing a
photon, but since that photon
can be provided either by the left
or the right propagating beam,
the atom can be given a velocity
kick in either direction, Av =1 h/
ML Let us label y; and ¢ 4 the
partial waves corresponding to
these two alternatives. The ex-
cited electron can then fall back
to its lower orbital via the stimu-
lated emission of a photon into
either of the two laser beams,
thereby receiving a velocity kick
in the direction opposite to the
beam involved. Hence, the par-
tial wave 1y, for example,
evolves into the sum of a partial
wave yp perpendicular to the le-
ser beams and of a partial wave
o With velocity 2h/MJ,

Y1—> Yo+ ¥
Similarly,

Y1 Yo + Y2

Diffraction of Atoms by Light -
Standing Waves

X 7/

INTERFERENCES !
Diffraction Grating for Atoms

Figure 10: Velocity of an atom as it
successively absorbs and emit light
from a standing wave, the
superposition of two counter-
propagating running waves.

The important point of these
two equations is that the atom
can evolve back into the partial
wave g via two different paths.
This is very much like the exam-
ple of water waves produced by
throwing two pebbles in the
pond. When the two partial
waves reach the same point they
interfere, leading to the compli-
cated pattern of crests we men-
tioned earlier. The same thing
happens with de Broglie waves:
Their superposition leads to com-
plicated quantum interference
patterns in the total matter wave
W=y2+ Y g +ypo+yy+yo. And
the situation becomes more and
more complicated as subse-
quent absorption and stimulated
emission events take place. Tak-
ing into account the fact that ac-
cording to the laws of quantum
mechanics, the probability to
find the atom at a given position
is given by the square of the ab-
solute value of y evaluated at
that location, yields as a func-
tion of time to the density pat-
tern shown in Fig. 11.

2. Atom optics

The reader familiar with clas-
sical optics will have realized
from the previous discussion
that the motion of an atom inter-
acting with two counter-propa-
gating laser fields is completely
analogous to the diffraction of
light by a mechanical grating.
The correspondence between
the two situations has lead phys-
icists to introduce the new field
of atom optics, which is exactly
the same as optics, except that
electromagnetic waves are re-
placed by de Broglie matter
waves.

It would be unfair to give the
impression that this idea finds
its origin in atomic physics: mat-
ter-wave optics was first devel-
oped for electrons and for neu-
trons. However, the fact that
electrons are charged particles
makes it somewhat cumbersome
to work with them, and neutron

Figure 11: Probabilities for various
atomic velocities as a function of time
(labeled y) for an atom absorbing and
emitting light from and into a standing
wave.

sources require access to reac-
tors, which are not readily availa-
ble. In contrast, atomic sources
are easy to come by, the cooling
of atoms is, as we have seen, rel-
atively straightforward, and in
addition, the internal electronic
structure of the atoms provides
one with considerably more flexi-
bility than is the case with elec-
trons and neutrons.®

Atom optics is rapidly devel-
oping into a mature subfield of
atomic physics and quantum op-
tics. Basic atom optical ele-
ments such as atomic mirrors,
atomic beam splitters, atomic
gratings, etc. have been demon-
strated. These elements can
consist either of mechanical na-
nostructures or of optical fields.
This latter method relies on the
use of the mechanical effects of
light on atoms that we have just
outlined. A particularly fascinat-
ing aspect of atom optics is that
it completely reverses the roles
of light and matter from the usu-
al situation: in conventional op-
tics one manipulates the propa-
gation of light with mechanical
devices such as mirrors, lenses,
and so on. In atom optics, the
roles of matter and light are in-
terchanged: the propagation of
matter waves is maodified and
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controlled by the use of optical
devices such as matter wave
mirrors, lenses, etc. We shall
see in the next section how the
analogy between conventional
and matter-waves optics can be
carried out even further to study
nonlinear atom optics and ,atom
lasers”, which are the matter
waves analog of optical lasers.

Q-l'l;mtum statistics

We have mentioned repeated-
ly that at ultra-low temperatures
the de Broglie wavelength A of
atoms becomes extremely large.
What this means, roughly speak-
ing, is that the atoms become
+huge”, or more precisely strong-
ly delocalized. Returning once
more to the water waves analo-
gy, we realize that it is meaning-
less to even define the wave-
length A of waves if the distance
between crests is larger than the
dimensions of the pond, which
must be at least several A before
this makes sense. By analogy, it
is reasonable to say that the
.size* of the atomic wave is at
least several de Broglie wave-
lengths A.° What this means in
practice is that atoms begin to
feel that they are not isolated,
even at low densities. It is as if
the atoms had long tentacles
that allow them to probe their en-
vironment and notice the pres-
ence of other atoms. When this
happens, yet another law of
quantum mechanics starts to
take effect, the law of quantum
statistics.

According to quantum me-
chanics, all particles belong to
one of two kinds, bosons or fer-
mions, after the scientists who
first introduced them, S. N. Bose
and E. Fermi. The major differ-
ence between bosons and fermi-
ons is that fermions are subject
to the Pauli exclusion principle,
while bosons are not. Put in
simple terms, this means that no
two fermions can be in the same
state at the same time, while
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bosons do not suffer such a re-
striction. On the contrary, they
have a tendency to accumulate
in the same state. Fermions are
.Jepelled” by each other, while
bosons are ,attracted” under the
effect of the so-called ,ex-
change force” sketched in Fig.
12. As we shall now see, this
leads to spectacular conse-
quences in the case of bosons.

1. Bose-Einstein condensation

We have seen in the discus-
sion of evaporative cooling that
as the depth of the atomic trap is
lowered, atoms with high veloci-
ty escape and the remaining
ones rethermalize at a lower
temperature. Their de Broglie
wavelength A increases, and
they start to feel the presence of
their neighbors. One of two
things can then happen, depend-
ing upon whether the atoms are
bosons or fermions: Fermions
start to ,repel” each other so as
to make sure that no two of them
are in the same state. Bosons,
on the other hand, begin to ,at-
tract” each other, attempting to
all occupy the same state, in the
present example the lowest en-
ergy state of the trap. At abso-
lute zero temperature, all atoms
eventually .condense” into that
state. This is the phenomenon of
Bose-Einstein condensation,
which was already predicted by
Einstein. Bose-Einstein conden-
sation was first observed in an
isotope of Helium called 4He by
P. L. Kapitza as early as 1938, at
a temperature of about 2.17 K.
In 1971, another form of Bose-
Einstein condensation was ob-
served in the He isotope, at a
much lower temperature of a few
milliKelvin.

In both cases, though, the
densities required to achieve
condensation were rather high,
corresponding to liquid densi-
ties. In contrast, ultra-low tem-
peratures in the sub-microKelvin
range lead to the onset of quan-
tum statistical effects at much
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lower densities, a billionth or so
of liquid density. One advantage
of working at such low densities
is that the atoms in the sample
interact only weakly with each
other. While the dynamics of lig-
uids is dominated by frequent
collisions that can involve many
partners, collisions in rarified
gases are very seldom, and typi-
cally involve two collision part-
ners only. From this point of view,
the low density, weakly interact-
ing systems that can be generat-
ed at ultra-low temperatures are
much ,cleaner” and easier to un-
derstand. In addition, while the
fraction of condensate in quan-
tum liquids such as “He is al-
ways very small, of the order of a
few percent, it is possible to put
practically the entirety of the
sample in the condensate state
at low densities. This is of con-
siderable advantage for applica-
tions such as ,atom lasers.”

Fig. 13 illustrates the transi-
tion of an ultracold atomic sys-
tem from a conventional gasto a
Bose-Einstein condensate as its
temperature is decreased. The
three pictures, obtained by the
group of W. Ketterle at MIT,
show the velocity distribution in
the atomic sample, along two di-
rections in the sample and for
three different temperatures.
They are color-coded in such a
way that blue corresponds to a

Fermi Particles:
® No two particles can be in same state

Bose Particles:
@ Particles like to be in same state

Fermions

e e e ol
“Repel”

Bosons

_EEN

“Attract”

Quantum Mechanical "Exchange Force"

Figure 12: lllustration of the quantum
mechanical .exchange force“.
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Figure 13: Bose condensation of a Sodium sample as Its temperature is decreased.
(Courtesy W. Ketterle, MIT)

low density — few atoms have the
corresponding velocity — and red
to a high density — many atoms
have the corresponding velocity.
Zero velocity is at the center of
the pictures. The right picture
corresponds to a relatively high
temperature, above the transi-
tion from ,normal” gas to con-
densate. Here, the velocity dis-
tribution is quite broad, with a
smooth distribution decreasing
from the maximum at v = O. For
lower temperatures, illustrated
in the middle picture, the shape
of the velocity distribution under-
goes a qualitative change. The
velocity distribution comprises
now two distinct contributions, a
broad one quite similar to that of
the preceding case, and superim-
posed to it a sharply peaked one,
also centered at v = 0. This con-
tribution corresponds to the frac-
tion of atoms that form a conden-
sate at the bottom of the trap, or
more precisely in the lowest en-
ergy level of the trap. In the left
picture, which corresponds to
the lowest temperature, the
broad distribution has all but dis-
appeared, all atoms finding
themselves in the condensate.

All atoms in the condensate
are in the same quantum me-
chanical state. They have com-
pletely lost their individual iden-
tity and can no longer be distin-
guished from one another, even
in principle. As such, the conden-
sate can be thought of as form-
ing a new state of matter, a
quantum gas behaving as a mac-
roscopic system of a million or so
atoms, all evolving in a coherent
way. The condensate forms a sin-
gle quantum mechanical entity:
to describe it mathematically, it
is not necessary to keep track of
the individual wavelets y of the
atoms forming the condensate.
Rather, it is sufficient to de-
scribe the whole condensate as
one wavelet, which is often la-
beled with the Greek letter ¥,
the upper case version of . The
behavior of the atoms at ex-
tremely low temperatures is tru-
ly and remarkably simple: a sin-
gle function, rather than millions
of them — one for each atom - is
required for their description.

In many ways, it is possible to
think of a condensate as a ,mac-
roscopic atom“ which can be

split and recombined in much the
same way single atoms were
split and recombined in atom op-
tics. For instance, it is possible
to cut a condensate into two
parts, using a laser beam as a
.knife*, and to later on recom-
bine the two parts. The two con-
densates behave as waves, very
much like ultracold atoms, and
their wavelets ¥ and ¥, when
recombined, form an interfer-
ence pattern as illustrated in Fig.
14. Such interference patterns
are a clear and unambiguous
proof of the macroscopic coher-
ence of Bose-Einstein conden-
sates.

2. Atom lasers

We have established that ul-
tra-cold atoms do behave as
waves, and in addition, that at
high enough density they lose
their individuality, condense into
a single state and act ,as one* -
provided that they are bosonic.
As it turns out, a very similar sit-
uation occurs with light. In the
particle picture, light consists of
photons, which are bosons fully
characterized by their momen-
tum p and energy E. One can
then ask whether it is possible to
bring a large number of photons
into a single quantum state, i.e.
to force them to all have the
same energy and momentum,
thereby losing their individuality.
The answer to that question is
.yes": this is precisely what is
achieved in a laser. We have hint-
ed earlier at the way lasers work:
Atoms with an electron in a high
orbit of energy E, emit a photon
via stimulated emission, with the
same energy E = E5 - E; and mo-
mentum p as the photons induc-
ing the emission. As a result, the
photon number is increased by
one.

Stimulated emission is the
more likely, the larger the
number of photons of energy E
and momentum p already pres-
ent. This is very much like the
.attraction” of atomic bosons in-
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Matter Wave Interference of
Two Bose-Einstein Condensates

Figure 14:
Matter-wave
interference of
two Bose
condensates.
(Courtesy W.
Ketterle, MIT)

MIT Sodium Trap
November 1898

to a given quantum state, which
is proportional to the number of
atoms already in that state as
we have seen. In both cases, this
behavior is an unavoidable con-
sequence of quantum statistics,
sometimes called Bose enhance-
ment.

In conventional sources such
as light bulbs, the number of pho-
tons of a given energy and mo
mentum is always very small, be-
cause photons are emitted in all
possible directions, that is, with
all possible momenta. In that
case Bose enhancement is negli-
gible. An essential ingredient of
a laser must be a device where
the number of photons of a given
momentum and energy can
somehow become larger than
one. This is achieved by using an
.optical resonator”, which is a
.photon trap® where only pho-
tons of very specific momenta
and energies can be stored. The
basic elements of a laser are
therefore a .pumping mecha-
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nism*“ that excites electrons into
a high orbit of energy E, from
which they can fall to a lower or-
bit of energy by stimulated emis-
sion, an optical resonator that
can store photons of the appro-
priate energy and momentum,
and a mechanism to extract
some of the light from the reso-
nator in the form of a useful co-
herent light beam.

These considerations natural-
ly lead one to wonder whether it
is possible to build an ,atom la-
ser,” a device that generates a
coherent beam of atoms in a sin-
gle quantum state. Our previous
discussion makes it clear that by
achieving Bose-Einstein conden-
sation, this goal is already al-
most achieved: Bose enhance-
ment leads to the creation of a
macroscopic population of
atoms in the lowest energy state
of the atomic trap, much like a
macroscopic population of pho-
tons of energy E and momentum
p is created in a laser cavity. An
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outcoupling mechanism to pro-
duce a useful coherent atomic
beam outside the trap has also
recently been demonstrated.
Fig. 15 shows the pulsed coher-
ent atomic beam emitted by this

first, still somewhat primitive
.atom laser”,
Despite the analogies we

have emphasized so far, there
seem to be important distinc-
tions between Bose-Einstein
condensation and optical lasers:
Most importantly perhaps, la-
sers rely on stimulated emission,
that is, they need atoms to oper-
ate. In contrast, Bose-Einstein
condensation does not rely on
the presence of light, the atoms
do the job by themselves. Or do
they ?.....

The atom laser at 200 Hz
repetition rate

( field of view 2.5 mm x 5.0 mm )

Figure 15: Pulsed output from the MIT
atom laser (Courtesy W. Ketterle, MIT)
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The reason why lasers depend
on atoms for their operation is
that photons do not interact with
each other: Two beams of light
can cross without influencing
each other's trajectory. Atoms
are needed to change this state
of affairs and to modify the fre-
quency and direction of propaga-
tion of light. The situation is of
course different for atoms. They
do collide, and two beams of
atoms cannot cross without in-
fluencing each other. As it turns
out, is this simple difference
which makes it possible to pro-
duce an ,atom laser” without the
help of light.... But then again,
this is not quite correct, because
at the most fundamental level,
the reason atoms collide is that
they communicate via electro-
magnetic (optical) interactions.
It's just that we are so familiar
with the idea of collisions that
we don't usually think of them in
these terms. So, atoms do need
light after all, and as was the
case earlier for atom optics,
there is indeed a complete role
reversal between atoms and
light when going from a conven-
tional laser to an .atom laser”.

Conclusion and outlook

The goal of this paper was to
discuss how at ultracold temper-
atures our preconceived ideas
and intuition about atoms need
to be revised. Atoms behave as
waves, either individual ones as

Pierre
Meystre

in atom optics, or collective ones
as in Bose-Einstein condensation
and in atom lasers. In the last
few years, considerable ad-
vances have been made in learn-
ing how to generate, propagate
and manipulate these waves.
Progress is swift, and it may al-
ready be time to start thinking
about applications. In particular,
it is now quite clear that a practi-
cal atom laser is only a few years
away, if that much. The possible
uses of such a coherent atomic
beam are difficult to assess, as
most laser applications were not
immediately and obviously ap-
parent. After all, who would have
predicted in the early 1960's
that the widest application of la-
sers would be in compact disk
audio systems? While clear and
obvious applications of atom la-
sers will include precision nano-
fabrication and atom holography,
the most interesting ones will
probably come as surprises. It
will be exciting indeed to follow
the development of this field and
to see whether atom lasers will
have a technological impact
comparable to that of conven-
tional lasers.
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1 Actually, we visualize atoms as tight-
ly bound groups of particles, one of
them forming the nucleus and the
others being electrons orbiting
around it somewhat like planets or-
hit around the sun.

2 We use boldfaced letters to indicate
vectors, i.e. quantities characterized
by a length and a direction. Examples
of vector guantities are velocity and
momentum. Normal letters are used
for the length of vectors and for sca
lar quantities such as the mass M
and the temperature T. For instance,
the length of the vector pis p.

3 By using carefully prepared atomic
beams, it is actually possible to di-
rectly observe the wave nature of at-
oms at room temperature. To a large
extent, such experiments are equiv-
alent to considering atomic beams
that are extremely cold in just one
dimension.

4  We neglect for simplicity the effects
of spontaneous emission in the
present discussion.

5 At the extremely low energies we
are considering here, neutrons can
be considered for all practical pur-
poses as elementary particles with
no internal structure.

6 The idea of an .atomic size” is used
very losely here. Strictly speaking,
the size of the atom is always the
same, independently of its tempera
ture. The ,size* we are refering to
here is the size of the wave packet y
that describes the atom in quantum
mechanics.
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