
Lecture 5: More 
Superfluidity



Ketterle group webpage!
Andrews et al. Science 275, 637 (1997)



Imaging after TOF

probe light was only absorbed by a thin slice
of the cloud where the atoms were optically
pumped. Because high spatial resolution
was required from only the fraction of atoms
residing in the slice, a good signal-to-noise
ratio required condensates with millions of
atoms.

Interference between two Bose conden-
sates. In general, the pattern of interference
fringes differs for continuous and pulsed
sources. Two point-like monochromatic
continuous sources would produce curved
(hyperbolic) interference fringes. In con-
trast, two point-like pulsed sources show
straight interference fringes; if d is the sep-
aration between two point-like conden-
sates, then their relative speed at any point
in space is d/t, where t is the delay between
pulsing on the source (switching off the
trap) and observation. The fringe period is
the de Broglie wavelength l associated with
the relative motion of atoms with mass m,
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where h is Planck’s constant. The ampli-
tude and contrast of the interference pat-
tern depends on the overlap between the
two condensates.

The interference pattern of two conden-
sates after 40 ms time-of-flight is shown in
Fig. 2. A series of measurements with fringe
spacings of ;15 mm showed a contrast
varying between 20 and 40%. When the
imaging system was calibrated with a stan-
dard optical test pattern, we found ;40%
contrast at the same spatial frequency.
Hence, the contrast of the atomic interfer-
ence was between 50 and 100%. Because
the condensates are much larger than the
observed fringe spacing, they must have a
high degree of spatial coherence.

We observed that the fringe period be-
came smaller for larger powers of the argon
ion laser-light sheet (Fig. 3A). Larger power
increased the distance between the two
condensates (Fig. 1A). From phase-contrast
images, we determined the distance d be-
tween the density maxima of the two con-
densates versus argon ion laser power. The
fringe period versus maxima separation (Fig.
3B) is in reasonable agreement with the
prediction of Eq. 1, although this equation
strictly applies only to two point sources.
Wallis et al. (26) calculated the interfer-
ence pattern for two extended condensates
in a harmonic potential with a Gaussian
barrier. They concluded that Eq. 1 remains
valid for the central fringes if d is replaced
by the geometric mean of the separation of
the centers of mass and the distance be-
tween the density maxima of the two con-
densates. This prediction is also shown in
Fig. 3B. The agreement is satisfactory given
our experimental uncertainties in the deter-
mination of the maxima separations (;3
mm) and of the center-of-mass separations
(;20%). We conclude that the numerical
simulations for extended interacting con-
densates (26) are consistent with the ob-
served fringe periods.

We performed a series of tests to support
our interpretation of matter-wave interfer-
ence. To demonstrate that the fringe pattern
was caused by two condensates, we com-
pared it with the pattern from a single con-
densate (this is equivalent to performing a
double-slit experiment and covering one of
the slits). One condensate was illuminated
with a focused beam of weak resonant light
20 ms before release, causing it to disappear
almost completely as a result of optical
pumping to untrapped states and evapora-
tion after heating by photon recoil (Fig. 1B).

The resulting time-of-flight image did not
exhibit interference, and the profile of a
single expanded condensate matched one
side of the profile of a double condensate
(Fig. 4). The profile of a single expanded
condensate showed some coarse structure,
which most likely resulted from the nonpara-
bolic shape of the confining potential. We
found that the structure became more pro-
nounced when the focus of the argon ion
laser had some weak secondary intensity
maxima. In addition, the interference be-
tween two condensates disappeared when
the argon ion laser-light sheet was left on for

Fig. 2. Interference pattern of two
expanding condensates observed
after 40 ms time-of-flight, for two
different powers of the argon ion
laser-light sheet (raw-data images).
The fringe periods were 20 and 15
mm, the powers were 3 and 5 mW,
and the maximum absorptions
were 90 and 50%, respectively, for
the left and right images. The fields
of view are 1.1 mm horizontally by
0.5 mm vertically. The horizontal
widths are compressed fourfold,
which enhances the effect of fringe
curvature. For the determination of
fringe spacing, the dark central
fringe on the left was excluded.

Fig. 3. (A) Fringe period versus power in the argon
ion laser-light sheet. (B) Fringe period versus ob-
served spacing between the density maxima of
the two condensates. The solid line is the depen-
dence given by Eq. 1, and the dashed line is the
theoretical prediction of (26) incorporating a con-
stant center-of-mass separation of 96 mm, ne-
glecting the small variation (610%) with laser
power.

Fig. 4. Comparison between time-of-flight images
for a single and double condensate, showing ver-
tical profiles through time-of-flight pictures similar
to Fig. 2. The solid line is a profile of two interfering
condensates, and the dotted line is the profile of a
single condensate, both released from the same
double-well potential (argon ion laser power, 14
mW; fringe period, 13 mm; time of flight, 40 ms).
The profiles were horizontally integrated over 450
mm. The dashed profile was multiplied by a factor
of 1.5 to account for fewer atoms in the single
condensate, most likely the result of loss during
elimination of the second half.
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Slice through the middle: !
!
interference appears with 2 BECs (solid line) !
!
not with single BEC (dashed line)!
!
Each BEC has a definite number of particles 
hence indefinite phase: !
why is there interference? !
!
We do not know which BEC the atom being 
imaged came from => detection scheme 
makes relative particle number indefinite



Wave function of  a “quantized vortex”

-15 -10 -5 0 5 10 15

0.0

0.2

0.4

0.6

0.8

1.0

r/�

�
[r]
/�

[�
]

⇠

2⇡



Quantized Vortices
Abo-Shaeer et al, Science 292, 476 (2001)!
!
Superfluid was stirred by blue-detuned !
laser beams — appearance of quantized 
vortices!
!
stir, equilibrate, TOF imaging



Phase of  quantized vortex

Ketterle website!
Inouye et al, PRL 87, 080402 (2001)



Phase of  quantized vortex

Ketterle website!
Inouye et al, PRL 87, 080402 (2001)



Sakharov modes
 Worked on cosmic rays!
 Assigned to work on H-bomb (to get a flat)!
 One of the central architects of the Soviet bomb!
 Cosmology of the early universe!

 Baryon asymmetry (why more matter than anti-matter)!
 Origin of density fluctuations!

 Activism for human rights !
 Nobel peace prize (1975): "In a convincing manner Sakharov has 
emphasized that Man's inviolable rights provide the only safe 
foundation for genuine and enduring international cooperation.”!
 Placed under “internal exile” in Gorky!
 Rehabilitated by Gorbochev 1986



Sakharov oscillations in quenched superfluid
Hung et al, Science 341, 1213 (2013).!
!

Laser cool Cs atoms in 2D “pancake” trap  !
Quench interaction strength with Feshbach resonance!

Coherent excitation of k and -k modes  
(we just did this for quench from interacting to non-
interacting regime)!

After evolution we see a sonic horizon: !
Oscillations of the structure factor for short wave-
length modes

position

time

sonic cone

short wavelength!
waves can interfere

long wavelength!
waves cannot interfere



Sakharov oscillations early universe vs. UCA


