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Bose-Einstein Condensation

A Bose-Einstein condensate is a state of a dilute gas, sometimes also called fifth state of matter, of weakly
interacting bosons (i.e., particles with integer spin) confined by an external potential and cooled down to
temperatures very near to the absolute zero. At low enough temperatures the system undergoes a transition
to a state with a large fraction of the bosons occupying the lowest energy level, corresponding to a zero
momentum state, at which quantum effects become apparent on a macroscopic scale.

In 1924, the indian physicist Satyendra Nath Bose was working on the quantum statistics of light quanta
(nowadays called photons) but he had troubles getting people to accept his ideas. He sent his results to
Albert Einstein, who realised of the importance of his work and he translated and sent Bose’s paper for
publication [1]. Einstein extended the description for massive particles and he found out that something
very unusual was supposed to happen at very low temperatures [2]. It was not until 1995, after decades of
huge efforts seeking for the experimental evidence, that the first realization of the Bose-Einstein condensate
of a gas of around two thousand 87Rb atoms cooled down to 170 nanokelvin (nK) was made by Eric Cornell,
Carl Wieman and co-workers at the University of Colorado at Boulder [3]. Four months later, the group led
by Wolfgang Ketterle at MIT created a condensate of 23Na with a hundred times more atoms [4], allowing
him to observe important effects such as quantum mechanical interference between different condensates [5].

Figure 1: (a) Satyendra Nath Bose and Albert Einstein, whose theoretical work predicted that something
extraordinary would happen if temperature was lowered enough for a dilute gas of bosons. (b) Seven decades
later, in 1995, BEC was first realized experimentally and (from left to right) Eric Cornell, Wolfgang Ketterle
and Carl Wieman were awarded with the 2001 Nobel Prize in Physics for this achievement.

These quantum gases are very dilute. The particle density at the center of such a condensed atomic
cloud is around 1013-1015 cm−3. On the contrary, the density of molecules in air at room temperature and
atmospheric pressure is about 1019 cm−3, while in liquids and solids the density of atoms is of the order of
1022 cm−3. Finally, the density of nucleons at the atomic nuclei is of the order of 1038 cm−3. To observe
quantum phenomena in such low-density system as a dilute gas, the temperature must be of the order of
10−5 K or less.

But how to cool down these gases to such a low temperature? And the most important question, what
does it mean the transition itself to a Bose-Einstein condensate?

First, the scientific meaning of temperature needs to be understood. This is a measure of the energy
content of matter. The colder the molecules are, the smaller is their velocity and their energy. Cooling an
object means extracting energy from it and depositing somewhere else. How is this done for an atomic cloud?
Usually, the atoms to be condensed are coming out from an oven and are subjected first to laser cooling
[6]. A counterpropagating laser photon is absorbed by the atom, and reemitted later in another direction.
The color of the scattered photon is slightly shifted to blue by the Doppler effect, and since total energy
must be conserved, this extra energy gained by the scattered photon is extracted from the atomic motion,
resulting that atoms slow down. What is wanted is that atoms absorb photons preferentially in the forward



direction, so that the momentum kick of the photon slows down their motion. In order to make atoms
to absorb counterpropagating photons, laser light is detuned to the red of the atomic resonance. Doppler
shift brings it to resonance for forward photons enhancing light absorption and takes it even further from
resonance for backward photons. Then, the subsequent emission of a photon occurs at random angles and
after several absorption-emission cycles atomic motion is considerably reduced. The laser cooling techniques
were developed by Steven Chu, Claude Cohen-Tannoudji and William D. Philips and they were awarded
with the 1997 Nobel Prize in Physics for it.

Figure 2: Experimental set up for cooling atoms to Bose-Einstein condensation. The argon ion laser beam
exerts a repulsive force on the atoms that avoids atoms being scaped from the center, where magnetic field
vanishes and spin flip of atoms is allowed. The rf selectively flips the spins of the most energetic atoms for
evaporative cooling.

At this point, the atomic cloud is ready to be trapped by a magnetic field. Atomic species with an
unpaired electron and therefore with magnetic moment are chosen for this reason. The atoms are confined
in a magnetic cage with invisible walls formed by magnetic fields. However, a last step is needed to achieve
a phase transition to a BEC. This further cooling is done by evaporating the most energetic atoms from
the system, those that can reach regions with higher magnetic fields than the colder atoms. Atoms get into
resonance with radio waves at those high magnetic fields and they fly away and scape from the trap after
flipping their spin.

At low temperatures, the wave behaviour and the quantum mechanical nature of atoms starts to be
apparent. After evaporative cooling, critical temperature for transition, of the order of 1µK, is reached
and the wave functions of the bosonic particles start to spatially overlap, forming a coherent matter wave
that comprises all particles in the ground state of the system, corresponding to a zero-momentum state,
as depicted in Figure 3. The key concept here is the indistiguishability of particles and hence the concrete
statistics followed by those in the frame of quantum mechanics, which allows all bosons to occupy the same
quantum level in contrast to the case of fermions. The behaviour of atoms becomes collective and all the
particles can be described in terms of a macroscopic wave function. An analogy to this phase transition
from disordered to coherent matter is the step from incoherent light to laser light. What we are left with,
the BEC, is the coldest portion of matter ever existing and the best lab at which we can investigate about
quantum phenomena of atomic and optical physics.
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Figure 3: On the left, the behaviour of a dilute gas of bosons is drawn for different temperature conditions.
On the right, absorption profiles of the atomic cloud at different temperatures are shown. The cloud casts a
shadow (pictured in the upper part) and since the magnetic fields are precisely known, the size of the cloud
is an absolute measure for atoms’ energy and temperature.

The discovery and realization of the BEC is one of the most remarkable landmarks in the history of physics.
The nature of the phenomenon was not completely understood even by Bose and Einstein and since it was
created 15 years ago it has been subjected to an intense and ongoing research that continues nowadays.
Current research of BEC includes the study of superfluidity and quantized vortices, which are sometimes
used as a model for black holes and related phenomena.

A significant finding about the properties of the BEC was made in 1999, when light pulses propagating
through a condensate were slowed down to 17 metres per second, owed to the increased density in the
ultracold atomic gas [7], by a group led by Lene Hau Vestergaard at Harvard. This could have a number
of practical consequences, such as sending data, sound and pictures with less power and space or creating
new types of laser projection systems and night vision cameras. A further step was done in this aspect when
Hau and co-workers showed that the slow light pulses could be “stopped” and stored in a Bose-Einstein
condensate and subsequently revived from a different condensate [8] transferring information through the
conversion of the optical pulse into a travelling matter wave.

Very recently, in 2010, a new major achievement has been done by physicists at the University of Bonn,
where they have developed a Bose-Einstein condensate consisting of photons [9], named later as super-photon.
Photons, which are also bosons by virtue of their integer spin equal to one, are kind of odd particles for this
experiment since they are massless, and it was believed that they were not able to form a condensate. At
low temperatures, photons dissapear in the cavity instead of occupying the cavity ground state, since they
have a vanishing chemical potential and this means that their number is not conserved. The condensation
does not consist, of course, in stopping and slowing down individual photons but in keeping them in a beam
bouncing back and forth in a cavity with mirrors. Photons are cooled down in terms of their black body
radiation temperature due to the absorption-emission processes they suffer with molecules at the reflective
surface. This leds to a completely new source of light that would allow to produce lasers that generate very
short wavelength light (in the UV or X-ray range) that nowadays are impossible. Impotant advances in the
area of the chip design could be done out of this novel phenomena, allowing to etch very fine structures in
semiconductors.
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Even if some future application seem to be very promising, we are still far from using the properties of the
BEC in our daily life. If we want to ask ourselves what is BEC good for, the answer is that we do not know
yet. We know too little about it. Moreover, there are some engineering problems that need to be fixed first,
since such a condensate is incredibly fragile and physicist are only making very small quantities of it, just
some millions of atoms. Many of these features have been improved since the first condensate was created
and ongoing research shows that the control over the production of BEC is getting better and better.

Still, that does not mean it will be useful for anything in the future, but the similarity between BEC and
laser light suggests that it probably will be. As all photons in a laser are exactly the same, we can control
laser light much better than the conventional light from bulbs. The Bose-Einstein condensate shares this
same peculiarity with the laser light. All the atoms in the condensate are exactly the same, so this means
we have much better control over them, as long the Heisenberg uncertainty principle allows us. It was not
until twenty years after the invention of the laser that people started to realize how lasers could be useful.
Nowadays, we cannot understand everyday actions without the laser. They are everywhere and are used in
the scientific research, industry and day-to-day applications. We will have to wait some years until we see
how BEC gets used outside of the research lab, but its novel as well unusual properties invite to think that
its role in the future applications can be wide and considerable, while the many unanswered questions leave
still the door opened for new discoveries and phenomena that cannot be reached yet by our imagination.

What is the nano aspect of the BEC?

Bose-Einstein condensation is not a nano concept by itself. It just shows the quantum mechanical nature
of the atoms condensed to a one hundred micron size cloud. If there is something remarkable about the nano
regime, that should be the temperature of the condensate, which can be of the order of tens or hundreds of
nanokelvin. There is nothing to do about design of patterns with sizes in the nanoscale that are of the order
of the Fermi wavelength as it is done in semiconductor physics or nanotechnology, enhancing the observation
of quantum phenomena. In this case, the Fermi wavelength is increased even further than the nanoscale and
a system of the size of hundreds of microns shows itself to be strongly coherent and owner of clear quantum
mechanical properties.

The lack of nanometer sized structures is compensated by the extremelly low temperatures in order to
reach the quantum behaviour of the system, the really interesting part of the issue. However, the system
does show confinement, since a complex and combined set-up containing mainly lasers and magnetic fields
is used to trap the atomic cloud and drive it to the phase transition. Actually, this confinement can be
developed further and further playing with the magnetic and electric fields at which the cloud is subjected.
This can create potentials for the atoms in which areas of the space are restricted for the atoms. So, the
possibility to confine atoms into effectively one or two dimensions is opened, and option for these systems
to undergo a transition to a BEC has been studied [10].

In the same way, the discovery of the Bose-Einstein condensate of photons opens the way of news sources
of light that can improve the present techniques in nanotechnology and nanoscience. As we know too little
things about the characteristics of this odd fifth state of matter, we will need to wait some years to be sure
about the possibilities of useful applications and the impact in the technology of this promising new science
related to the ultracold atomic gases.
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