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Figure 1 ( lef t ) . Energy level diagram for vibrational states 
in a harmonic oscillator potential. Elastic collisions distribute 
atoms among the energy levels for a supersaturated gas. Par

ticles in the ground state stimulate collisions that 
create more ground state particles in analogy with an 

inverted lasing medium. 

In 1924 Satyendra Nath Bose, while con
templating backbody radiation, postulat
ed that the probabi l i ty of a photon 
undergoing a transition into a given state 

would be enhanced by one plus the number 
of photons already occupying that state. In 1925 Albert 
Einstein, who strongly 
endorsed the work of 
Bose, realized that if the 
number of particles 
obeying Bose statistics 
was held fixed, then as 
the temperature of the 
sample drops the parti
cles would separate into 
two fractions. One frac
tion condenses into the 
lowest available quan
tum energy state and 
the other is distributed 
thermally forming a 
saturated, ideal Bose 
gas.1 Einstein showed 
that the saturated Bose 
gas contains 2.6 parti
cles inside a cube with 
sides equal to the aver
age de Broglie wave
length of the thermal 
distribution (i.e., the 
phase-space density is 
2.6). If the temperature 
is reduced, de Broglie 
waves are forced to 
overlap and the result
ing identity crisis gives 
rise to the condensed 
fraction. Because the 
condensed particles 
have the smallest physi
cally allowed energy for 
the given external (har
monic) potential, they 
also occupy the smallest 
volume about the zero 
energy point. Hence, 
one expects to observe a 
tiny, dense sample of 
atoms surrounded by a 

diffuse thermal cloud of higher energy atoms (see the 
central image of Fig. 5). 

By 1927 it was understood that all particles have a 

Figure 2. Explanation of the TOP trap. The quadrupole trap 
potential is in the form of a cone. The TOP is formed by spinning 
the cone about a noncentral axis. Particles are then trapped in a 
time-averaged harmonic potential centered about the axis of rota
tion. Particles with sufficient energy to reach the orbiting conical 

point are flipped out of the trap during evaporation. 

quantum property called spin. Those particles with 
integer values of spin are called bosons and follow Bose 
statistics described above. Particles with half integer 
spin, 1/2, 3/2, 5/2 . . ., called fermions, follow the fer-
mi-Dirac statistics, which allow only a single fermion to 
occupy a quantum state in accordance with the Pauli 

exclusion principle. 
Electrons, protons, neu
trons, and 6Li are exam
ples of fermions. Pho
tons, hydrogen atoms 
(two spin 1/2 particles), 
7Li, and 8 7Rb are exam
ples of bosons. 

The condensation 
process can be envi
sioned with the help of 
Figure 1. Let us imagine 
that a supersaturated 
gas is confined by a 
spherically symmetric 
harmonic oscillator 
potential . The quan
tized energy levels are 
evenly spaced by hv, 
where v is the frequency 
of oscil lation for an 
atom in the potential. 
Two particles can 
exchange energy during 
a collision with one par
ticle moving down the 
energy ladder and the 
other particle moving 
up an equal number of 
levels. According to 
Bose statistics, the rate 
of collisions that leave 
one particle in the 
ground state are 
enhanced by one plus 
the number of particles 
in the ground state. In a 
sense, particles in the 
ground state stimulate 
further transitions into 
that state analogous to 
the stimulated emission 
of photons into the las

ing mode of a cavity surrounding an inverted medium, 
and the population of the ground state quickly builds. 

There is, in fact, a strong analogy between the 

24 O p t i c s & P h o t o n i c s N e w s / A p r i l 1 9 9 6 

1047-6938/96/2/0023/05-$0010.00 © Optical Society of America 

B o s e - E i n s t e i n C o n d e n s a t i o n 



Bose-Einstein condensation experiments and the gener
ation of coherent light in a laser. Both require the 
macroscopic population of bosons in a given mode of a 
resonant cavity. Significantly, for the laser, the coherent 
output is not produced merely by filtering an incoher
ent source to select a very small band of frequencies. 
Instead, the lasing 
mechanism concen
trates the photons to 
have an almost unique 
energy by the process of 
stimulated emission 
into the lasing mode. 
This feeding of bosons 
into one mode is a 
property shared by the 
Bose-Einstein conden
sation (BEC) experi
ments. For dilute sam
ples, where collisions in 
the condensate do not 
play an important role, 
the condensed atoms 
have a very small band 
of energies around the 
zero point energy of the 
trap. This would allow 
for the possibility of a 
very bright or single 
mode source of atoms 
with many applications. 
A second important 
property of the laser is 
the strong phase rela
tion between the gener
ated field at points that 
are separated by large 
distances (i.e., the 
coherence length). This 
is due to a very slow dif
fusion of the phase in 
the lasing cavity. This 
also would be observed 
in the case of Bose-Ein
stein condensation if a 
directional output cou
pler for the ground state 
of the trapping potential could be designed. 

As with laser light, interferometry provides a clear 
measurement of the coherence properties of matter 
waves. The demonstration of matter-wave interferome
try for electrons, neutrons, and various atomic species 

Figure 3. Trapping apparatus. A glass cell contains about 
1 0 - 1 1 Torr of 8 7 R b . The green coils carry opposite currents and 

provide a quadrupole field for both the MOT and TOP trap. Two pairs 
of Helmholtz coils (shown in blue) are driven at 7.5 KHz with a 90° 

phase shift to provide the uniform rotating field for the 
TOP magnetic trap. 

F igure 4. CCD image of atoms trapped in the TOP. 
In thermal equilibrium, the atoms are more tightly confined in 
the vertical direction. These atoms have been evaporatively 

cooled to 1.2 µK from their initial temperature of 90 µK. 

has relied on the interference of the wave function for a 
single particle that may take two possible paths. For 
fermions, this is the best that can be attained. The out
put from a condensate experiment with bosons would 
allow the coherence length of the source to have many 
atoms, and consequently, the interference would no 

longer be due to a single 
particle effect. This 
would lead to an enor
mous increase in the 
phase shift sensitivity in 
the interferometer. In 
the case of atoms, unlike 
photons, one must con
sider the collisions in 
the condensate, which 
introduce an intrinsic 
nonlinearity and disturb 
the phase of the field. It 
remains to be seen 
whether this will present 
an insurmountable 
problem for realization 
of a true coherent atom
ic source. 

Work toward BEC in 
a weakly interacting gas 
began 15 years ago at 
MIT in the laboratories 
of Tom Greytak and 
Dan Kleppner. 2 Spin-
polarized atomic hydro
gen, which is known to 
remain a gas down to 
absolute zero tempera
ture, was introduced 
into a piston-like con
tainer lined with a thin 
film of superfluid heli
um at a temperature of 
a few hundred mil l i-
kelvin, and then com
pressed isothermally. 
The ultimate densities 
were limited to a value 
far below that necessary 
for BEC by hydrogen 

sticking to the helium-lined walls where dimers could 
then form. Later experiments avoided this problem by 
spatially confining the atoms at the minimum of an 
external magnetic field. While magnetic trapping pre
vented atoms from reaching the walls of the vessel, it 
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F igure 5. Velocity distributions for atoms near, at, and below the BEC phase tran
sition. The left sample is at a temperature of 170 nK. The middle image, at 90 µK, 
shows a low velocity spike (1 /2 mm s - 1 ) in the center, which is the expanding con

densate. The right image is a pure expanding condensate. 

also thermally isolated the atoms from their surround
ings, making isothermal compression impossible. To 
cool magnetically trapped atoms, Hess proposed evapo
rative cooling in 1986.3 At their best, these experiments 
achieved a phase space density a factor of four short of 
that needed for BEC, the densities being limited by 
intratrap collisional loss processes.4 

The summer of 1995 witnessed dramatic progress 
with three groups reporting evidence for BEC. 5 - 7 These 
experiments drew heavily from recent advances in mag
neto-optic trapping and laser cooling (see OPN, July 
1993, p. 8). A magneto-optic trap (MOT) optically traps 
and precools a sample of atoms by use of an external 
magnetic field to regulate the scattering forces from 
three counterpropagating, orthogonal pairs of laser 
beams. For example, the MOT used in the experiments 
conducted at the University of Colorado and the Joint 
Institute for Laboratory Astrophysics (JILA), produced 
an optically precooled sample of 107 atoms of 8 7Rb at a 
density of 1011 cm - 3 and a temperature of about 20 µK 
(after exposure to pure optical molasses). This sample 
has a phase space density 10 -6 of that required for BEC. 
Hence, as in the hydrogen experiments, the sample must 
then be transferred from the MOT to a conservative 
magnetic trapping potential so that evaporative cooling 
can be performed. 

We now focus on the first observation of BEC, which 

was a collaborative effort between the laboratories of 
Eric Cornell and Carl Wieman at JILA.5 

Evaporative cooling in conservative trapping potentials 
At high temperatures, particles in thermal equilibrium 
have their energies distributed according to the well-
known Maxwell-Boltzmann distribution. Suppose we 
denote the average energy per particle by <E> and selec
tively remove those particles with energy greater than 
2(E). For particles confined by an external potential, 
this can be accomplished by removal of particles with a 
large potential energy at the edge of the sample. The 
ensemble will restore thermal equilibrium through 
elastic binary collisions that repopulate the high ener
gy tail of the Boltzmann distribution. However, after 
rethermalization the average energy per particle is less 
than <E> because the sacrificed particles removed more 
than their fair share of energy from the ensemble, giv
ing net cooling. 

Rethermalization takes a finite amount of time dur
ing which various loss processes can be operating. In 
the JILA experiments, conducted in ultrahigh vacuum, 
room temperature atoms in the background eject cold 
atoms from the magnetic trap, steadily reducing the 
phase-space density. For atoms in a harmonic oscilla
tor potential, the rethermalizing rate must be at least 
30 times larger than the total loss rate or the back-
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ground loss will limit the phase space density to well 
below the BEC transition point. 

Magnetic trapping and the time-averaged orbiting 
potential 
It is well known that valence electrons give rise to an 
atomic magnetic dipole moment µ for an alkali atom. 
The interaction energy of this dipole with an external 
magnetic field B is given by E= -µ B cos(9), where 6 is 
the angle between the dipole and the field. An atomic 
dipole prepared in a quantized angular state precesses 
about the direction of the magnetic field while main
taining a constant value of θ. If θ is near 180° then the 
interaction energy increases with increasing field 
strength. Atoms prepared in such a state feel a force 
toward lower magnetic fields and thus, these "weak field 
seekers" can be trapped at the point of minimum mag
nitude of a magnetic field. 

The simplest example of a magnetic trap is the 
spherical quadrupole trap formed by two parallel coils 
carrying opposite current, giving a magnetic field zero 
at the center. This configuration is convenient because it 
is also required for the MOT and because it provides the 
tightest possible confinement for a given power dissipa
tion in the coils. The magnetic field magnitude increases 
linearly away from the zero point, which results in a 
potential of the form of a three-dimensional cone (see 
Fig. 2, p. 24). However, the magnetic field abruptly flips 
direction at the center, causing atoms passing through it 
to be "spin flipped" into an untrapped state. This forms 
a leak at the tip of the conical potential and spells cer
tain disaster for evaporative cooling.8 

One solution to this problem, devised by Eric Cor
nell (JILA), is to add a uniform, rotating magnetic field, 
deflecting the magnetic zero of the quadrupole field 
into a circular orbit.8 The atoms feel an attractive force 
toward the orbiting zero point, which averages to zero 
for high orbital frequencies, leaving the atoms trapped 
at the center of the orbit. In essence, the rotating field 
blurs out the sharp tip of the conical potential, leaving a 
time-averaged orbiting potential (TOP) that exhibits a 
harmonic central restoring force (see Fig. 2 ) . 8 An 
important property of the TOP is that the spring con
stant in plane of the orbiting zero is eight times smaller 
than in the axial (vertical) direction. Furthermore, 
atoms with sufficient energy to reach the vicinity of the 
orbiting hole are flipped out of the trap, providing a 
convenient mechanism for removal of the high-energy 
atoms in evaporative cooling. As the sample cools and 
shrinks in size, the magnitude of the rotating field is 
reduced allowing the orbiting hole to continue nibbling 
at the outer edges of the sample, and continuing the 
evaporation process. 

Experimental procedure 
Figure 3 (page 25) shows the trapping apparatus. Atoms 
are first collected by the MOT and then are transferred 
to the magnetic TOP. After evaporation, the sample is 
probed destructively with a short flash of resonant light. 
The atoms scatter light out of the laser, casting a shadow 

onto the beam profile, which is then imaged onto a CCD 
array giving two-dimensional information on the optical 
depth of the sample. Knowledge of the trap spring con
stants, combined with the root-mean-square width of 
the cooled sample, gives the sample temperature. Figure 
4 (page 25) shows a typical image of a sample of atoms 
in the TOP. Samples cooled to near the BEC transition 
are smaller than the optical resolution of the probing 
diagnostics and are allowed to expand ballistically for 60 
ms before probing. This results in a time-of-flight mea
surement of the sample's velocity distribution. 

Results and discussion 
Figure 5 shows three time-of-flight images of the sam
ple's velocity distribution for atoms just above, at, and 
well past the BEC phase transition point. The sample 
temperature was about 90 µK at the start of evaporation 
and was cooled down to 170 nK (nanokelvin) in the first 
image. In the second image of Figure 5 the sample tem
perature is estimated at 90 µK, and a sudden collection 
of particles around zero velocity is observed. The aver
age velocity of these atoms is only about 1/2 mm s - 1 , 
which is very near the expected value for the ground 
state of a harmonic oscillator with a 20 Hz oscillation 
frequency (this is to be compared with their room tem
perature starting point, which is as fast as bullets). 
Hence, we conclude that the central peak is the result of 
a macroscopic population (about 2,000 atoms) of the 
ground state. 

Also notice that a contour of the left image—and 
also of the green pedestal in the central image—is 
round, indicating an isotropic velocity distribution. This 
is precisely what is expected for those atoms in thermal 
equilibrium. However, the central peaks in the second 
and third images (a bare expanding condensate) are 
shaped like a shark's fin, indicating that these atoms 
have a larger vertical spread of velocities. This is a direct 
consequence of Heisenberg's uncertainty principle. 
Because the trap confines the atoms more tightly in the 
vertical dimension, there must be a corresponding 
increase in the momentum uncertainty. These images 
represent the first observation of a macroscopically 
occupied, self-diffracting coherent matter wave. 

Future directions 
Immediate experiments are aimed at producing larger 
samples of Bose condensates in shorter times. Major 
improvements along this line have already been demon
strated by Ketterle and colleagues,6 who have produced 
condensates with 5 X 105 atoms after seven seconds of 
evaporation. 

Later experiments will then focus on the role of 
interparticle interactions that make the Bose gas non-
ideal. In particular, there are suggestions that the attrac
tive or repulsive nature of these interactions can even be 
controlled with ambient magnetic fields. 

Particularly interesting is the investigation of the 
coherence properties and its dependence on the number 
of atoms in the condensate. A practical realization of a 
matter-wave laser Continued on page 51 
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long chain protein molecules cross
link and become weakly bonded, 
trapping water to form a colloidal 
gel. 

To prepare gelatin optics, bring 
clean water to a boil and mix clear, 
unflavored gelatin triple strength 
(use only 2/3 cup of water for each 
packet). Mix thoroughly in a clear 
glass container until no undissolved 
gelatin is visible (about 5 minutes); 
then use a spoon to scoop away 
bubbles on the surface. Next, slowly 
pour the solution into a clean, flat-
bottomed glass tray or bowl (e.g., a 
casserole dish or serving tray) to 
form a layer about 10-15 mm thick. 
Place the solution in a level spot in a 
refrigerator, and wait for a couple of 
hours while it forms a gel with a 
firm, rubbery consistency. Then you 
can remove the gel from the tray 
and cut it into prisms, cylindrical 
lenses, long strips, and other inter
esting shapes using a pen knife and 
drafting tools. Experiment with dif
ferent ways of forming gelatin 
optics. It may be helpful to use a 
spoon, spatula, or knife to remove a 
strip of gelatin from the edge of the 
tray and then use your fingers to 
pull out a large sheet of the gel 
before cutting it into various shapes. 

Instead of cutting shapes from a 
sheet, you may wish to try pouring 
the gelatin solution into small 
molds with the desired shapes. With 
several gel shapes handy, conduct 
some experiments. 

Use a small helium-neon laser or 
a laser pointer to demonstrate 
refraction, and trace the rays inside 
these optics. Estimate the index of 
refraction of the gel using nothing 
more than a laser and a protractor. 
Total internal refraction is easy to 
demonstrate with a right angle 
prism (see Fig. 1). 

Create a gelatin "fiber" wave
guide by cutting a long strip of gel 
and bending it into a wiggly curve 
(see Fig. 2). Launch a laser into the 
end of this strip to demonstrate 
light piping by total internal refrac
tion; the beam will be seen to prop
agate along the strip by multiple 
internal reflections. Demonstrate a 
"fiber coupler" by bringing a sec
ond strip in contact with the first 
strip near one of the reflections; the 
reflection can be frustrated so that 
the beam couples into the second 
strip. 

Last, but by no means least, find 
a white light source and illuminate a 
fat strip of gel placed between two 
polarizers. Rotate the polarizers, and 
notice that the gel is birefringent 
(not surprising, given the long chain 
molecule structure of gelatin). Try 
bending and squeezing the gelatin 
strip to see beautiful color patterns 
resulting from stress-induced bire
fringence (see "After Image," page 
64). 

Be sure to recruit some "young 
scientists" for these experiments, 
and have plenty of fun! 

Footnotes 
1. Knox Unflavored Gelatine For Recipes, (Knox 

Gelatine Inc., Englewood Cliffs, N.J.). 
2. For more details about gelatin, see the sec

tion by P.I. Rose in Chap. 2 of The Theory of 
the Photographic Process, 4th ed., T. H. 
James, ed. (Macmillan, N.Y., 1977), pp. 
51-67. 

Michael E. Knotts, OPN contributing editor, is 
postdoctoral research fellow in the School of 
Physics, Georgia Tech, Atlanta, Ga. 

Bose-Einstein Condensation 
Continued from page 27 
would enhance greatly the bright
ness of atomic sources for atom 
interferometry and atom optics in 
much the same way as the develop
ment of the laser did for optics. 
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