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Bose-Einstein Condensation (BEC) is the macroscopic occupation of
the ground-state of a system of bosons that occurs when the extent of the wave-
functions of the particles is comparable to the interparticle spacing. Although
predicted by Albert Einstein in 1924, BEC in a dilute system was observed
only recently in an atomic vapor of 8Rb by our group in 1995. This thesis
describes the first experiments to explore the properties of this new state of
matter. In early experiments, we studied how interparticle interactions mod-
ify the ground-state wavefunction and mean energy. We observed phonon-like
collective excitations of the condensate. We studied modes of different an-
gular momenta and energies. Our observations of how the characteristics of
the modes depend on interactions quantitatively supported the mean-field pic-
ture of the dilute BEC. Shortly thereafter, we developed thermometry and
calorimetry to study the ground-state fraction and mean energy of the Bose
gas as a function of temperature. The BEC transition temperature and the
temperature dependence of the ground-state fraction are in good agreement
with predictions for an ideal Bose gas. However, the measured mean energy is
larger than that of the ideal gas below the transition. We observe a distinct
change in the energy-temperature curve near the transition, which indicates a
sharp feature in the specific heat.

In an effort to produce larger condensates we constructed a double-

MOT apparatus that became the third-generation machine at JILA to observe



v

and study BEC. The new apparatus produces condensates five times more
quickly than the original experiment, increasing the number of atoms in the
condensate from several thousand to 1-2 million atoms. Using the improved
apparatus, we studied the TOP (time-averaged orbiting potential) magnetic
trap. An important, new observation is that the trap symmetry is affected by
the sag due to gravity, an effect which can be exploited to create very harmonic,
spherical potentials. We also measured a sharp decrease in trap lifetime for
bias fields below 1 G. The improved understanding of the TOP trap should

enable future interesting experiments with BEC.



I dedicate this thesis to my family, and especially to Mom.
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6.14 Lifetimes of Bose condensates in a TOP trap as a function of
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the frequency of the rotating bias field, for three different values
of the bias field. The solid circles are measured in a trap of 0.65
Gauss bias field, f, = 23 Hz and f, = 43 Hz. The solid squares
are measured in a trap with 0.59 Gauss bias field, f, = 36 Hz
and f, = 87 Hz. The empty triangles are measured in a trap
with 0.36 Gauss bias field, f, = 28 Hz and f, = 48 Hz. The

Larmor frequency is 700 kHz/Gauss. . . . . . .. .. ... ...

(a) Horizontal and vertical sizes, (b) number of atoms, and (c)
peak densities shown as a function of the vertical magnetic field
gradient 0B/0r, (= 20B/0r;,). The detuning was set to -44
MHz. The filled symbols in (b) and (c) represent the actual pa-
rameters of the cloud, and the open symbols are an estimate of
the fraction of atoms in the central feature and the peak densi-
ties connected to this estimated fraction (see text). The dashed
curves in (a) are a fit to an inverse-square-root dependence with
a forced ratio of +/2 between the radial and the axial sizes. Fig-

ure taken from Ref. [19]. . . . . ... ... ... .. ... ...

XXV



A.2 Properties of the central feature shown as a function of the total

B.1

number of atoms N collected in the trap. (a) The horizontal and
vertical sizes, (b) the number of atoms in the central feature Ny,
and (c) the peak densities are displayed. For these measurements
the detuning of the CMOT is -32 MHz, and the vertical magnetic
field gradient is 85 G/cm. The dashed line in (b) illustrates the
behavior if all atoms were in the central feature (N = N).

Note the apparent limit on the sizes and numbers of atoms in

the central feature for N > 2 x 107. Figure taken from Ref. [19].

(a) Lifetime 7 of the forced dark-spot trap (circles) vs the partial
pressure of 8’Rb, as compared to an ordinary MOT (crosses).
(Note: 1 Torr = 133 Pa.) (b) Number N of trapped atoms.
(c) The product N7. At the trap center the repumping light is
blocked by the shadow of a dark spot. Further forcing of the
population into the F' = 1 dark state is achieved by applying
light resonant with the 551 /3(F = 2) — 5P3/5(F' = 2) transition
onto the trapped atoms (see text). The fractional dark-state

population is > 0.97. Figure taken from Ref. [20]. . . . . . . ..
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C1

C.2

xxVvii

The magnetic field configuration (a) and the cylindrically sym-
metric potential (b) of a quadrupole trap. The magnetic field at
wyy for evaporation is shown schematically (b). The instanta-
neous horizontal field configuration of the TOP trap (c) is dis-
played together with the time-averaged, orbiting potential (d)
of this new type of trap. In both the quadrupole potential and
the TOP potential, an atom like 8"Rb is considered, which is
trapped in a state with the total angular momentum quantum
number F' = 1 and the magnetic quantum number m = —1.
Figure taken from Ref. [21]. . . . .. ... ... ... ... ...
The storage time of ' Rb atoms as a function of trapped cloud
size in the quadrupole and TOP traps. The fit to the quadrupole
data (dashed line) indicates the scaling law expected from losses
due to collisions with background gas and due to nonadiabatic
spin flips in the center of the quadrupole trap. Figure taken

from Ref. [21].. . . . . . ... . Lo



D.1

D.2

xxVviil

Schematic of the apparatus. Six laser beams intersect in a glass
cell, creating a magneto-optical trap (MOT). The cell is 2.5 cm
square by 12 cm long, and the beams are 1.5 cm in diameter. The
coils generating the fixed quadrupole and rotating transverse
components of the TOP trap magnetic fields are shown in green
and blue, respectively. The glass cell hangs down from a steel
chamber (not shown) containing a vacuum pump and rubidium
source. Also not shown are coils for injecting the rf magnetic
field for evaporation and the additional laser beams for imaging
and optically pumping the trapped atom sample. Figure taken
from Ref. [22].. . . . . .. ..o
False-color images display the velocity distribution of the cloud
(A) just before the appearance of the condensate, (B) just after
the appearance of the condensate, and (C) after further evapo-
ration has left a sample of nearly pure condensate. The circular
pattern of the noncondensate fraction (mostly yellow and green)
is an indication that the velocity distribution is isotropic, consis-
tent with thermal equilibrium. The condensate fraction (mostly
blue and white) is elliptical, indicative that it is a highly non-
thermal distribution. The elliptical pattern is in fact an image
of a single, macroscopically occupied quantum wave function.
The field of view of each image is 200 ym by 270 ym. The ob-
served horizontal width of the condensate is broadened by the

experimental resolution. Figure taken from Ref. [22]. . . . . ..



D.3

D4

Peak density at the center of the sample as a function of the final
depth of the evaporative cut, veyqp. As evaporation progresses
to smaller values of vy, the cloud shrinks and cools, causing
a modest increase in peak density until v,y reaches 4.23 MHz.
The discontinuity at 4.23 MHz indicates the first appearance of
the high-density condensate fraction as the cloud undergoes a
phase transition. When a value for veyqp of 4.1 MHz is reached,
nearly all the remaining atoms are in the condensate fraction.
Below 4.1 MHgz, the central density decreases, as the evaporative
“rf scalpel” begins to cut into the condensate itself. Each data
point is the average of several evaporative cycles, and the error
bars shown reflect only the scatter in the data. The temperature
of the cloud is a complicated but monotonic function of veyp.
At Veygp = 4.7 MHz, T = 1.6 pK, and for v, = 4.25 MHz,
T = 180 nK. Figure taken from Ref. [22]. . . . . . . .. ... ..
Horizontal sections taken through the velocity distribution at
progressively lower values of veyq, show the appearance of the

condensate fraction. Figure taken from Ref. [22]. . ... .. ..
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