Bogoliubov Excitation Spectrum

Small Fluctuations around condensate wave function...
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Observing Sound Wave Propagation in a BEC (1)

@  feg (b

FIG. 2(color). Observation of sound propagation in a conden-
sate by nondestructive rapid phase-contrast imaging. An image
was taken every 1.3 ms, beginning 1 ms after switching on the
argon ion laser. A power of 7 mW was used, just splitting
the condensate into two separated parts. Two pulses traveled
outward with the speed of sound. The condensate in the upper
sequence was 450 um long. The lower sequence was taken at
lower radial confinement and thus lower peak density. As a

from: M.R. Andrews et al. PR19, 553 (1997) result, the pulse propagation was slower.
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Observing Sound Waves (2)
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FIG. 4. Speed of sound versus condensate peak density. The
solid line is the speed of sound [Eq. (2)] using the maximum
cloud density [Eq. (4)] with no adjustable parameter. The error
bars show only the statistical error.
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FIG. 3. Vertical profiles through the images in the upper
sequence of Fig. 2.

from: M.R. Andrews et al. PR19, 553 (1997)
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2-Photon Bragg Spectroscopy

. TOF image of an Responce vs. A
n(_) excited condensate

from: N. Davidson (Weizmann Institute)
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Bogliubov Spectrum via Bragg Spectroscopy
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total momentum transferred for from: Steinhauer et al., PRB, 120407 (2002)

fixed k-vector and varying difference
frequency of Bragg beams.
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Excitation Spectrum - a Roadmap
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from: N. Davidson (Weizmann Institute)
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Superf3uid Flow

Superfluid flow Is characterized byi@te critical velocity
below which there is:

Flow without friction

Movement of an object thorugh
a superfluid without friction

o
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Superf3uid Flow in a Gaseous BEC

Scanning a focused blue detuned laser
beam thrugh a BEC
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Solitons

Are formstable solutions of a nonlinear wave equation!

Occur in Surface Water Waves, Optical Fibres (Nonlinear Optics), .... and BECOs

Surface wave soliton

First described by John Scott Russel (1802-1882)
In water canal.

Dispersion of wavepacket is cancelled by
non-linearity!
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Bright Solitons

%, W

o y(z,0)= 1 2o y(z )+ gly(z, 1) y(z,1)

For attractive interactions g<0 there is a a bright soliton soliton solution
to the time dependent GPE (in 1D).

Z' VU v oimva B ignot/

I
l (zt)= ngsech e e

¥Solitons propagate without changing shape
¥Stable when colliding with another soliton
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Solitons Experiment
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Figure 3 Comparison of the propagation of repulsive condensates with atomic solitons.
The images are obtained using destructive absorption imaging, with a probe laser detuned
27 MHz from resonance. The magnetic field is reduced to the desired value before

switching off the end caps (see text). The times given are the intervals between tuming off
the end caps and probing (the end caps are on for the { = 0 images). The axial dimension
of each image frame corresponds to 1.28 mm at the plane of the atoms. The amplitude of

Start with repulsive interactions
and rapidly tune to attractive interactions!

from: K. Strecker Nature 417, 150 (2002)

a<0

oscillation is ~370 um and the period is 310 ms. The a > 0 data correspond to 630 G,
for which a = 10a,, and the initial condensate number is ~3 X 10°. The a < 0 data
correspond to 547 G, for which @ == — 3a,,. The largest soliton signals correspond to
~-5,000 atoms per soliton, although significant image distortion limits the precision of
number measurement. The spatial resolution of ~10 wm is significantly greater than the
expected transverse dimension /, = 1.5 um.
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Solitons Experiment

Figure 4 Repulsive interactions between solitons. The three images show a soliton train
near the two tuming points and near the centre of oscillation. The spacing between
solitons is compressed at the turning points, and spread out at the centre of the oscillation.
A simple model based on strong, shori-range, repulsive forces between nearest-
neighbour solitons indicates that the separation between solitons oscillates at
approximately twice the trap frequency, in agreement with observations. The number of

from: K. Strecker Nature 417, 150 (2002)

S5ms

70 ms

150 ms

solitons varies from image to image because of shot 1o shot experimental variations, and
because of a very slow loss of soliton signal with time. As the axial length of a soliton is
expected to vary as 1/N {ref. 11), solitons with small numbers of atoms produce
particularly weak absorption signals, scaling as N'°. Trains with missing solitons are
frequently ocbserved, but it is not clear whether this is because of a slow loss of atoms, or
because of sudden loss of an individual soliton.
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Dark/Grey Solitons

A Solution of the GPE for g>0 is a dark/grey soliton.

%, h?
h=—y(z,0) = | —! 2y(z,0)+ gly(z.0)|*yw(z,1)
ot 2m
()4
infinite, homogeneous system F

Dark soliton (stationary), Grey soliton moving with velocity v

V V2 ” 2zt -
| (zt)= /ng i-+ 1— —tanh 1-— g '9not/ b
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Dark Solitons

1D harmonic trap

J

without interactions:
atoms in the state |n = 1)

V1(z) = zexp(—z?/2a?)

With repulsive interactions

Characteristic length scale

|¢ (a:)|2 associated with the interaction
4 1 % energy: healing length &
phase
i - E E _nz
3 —
nt §2
>r
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Producing a Dark Soliton

1 phase
Print a phase step as close as possible to : Y3

off resonant laser beam S ———

applied for a duration T
| |

v v v v v Vv
I Mask
—mmEr L D L e
\ y,

Y

dipole potential: U

evolution: exp(—iUT/h) ~

Result of this phase imprinting: 50-5
soliton + density wave 5
i
Becker et al, Nature Phys. 4 (2008) 496 80 -60 -40 -20 0 20 40 60 80

zZlum)
:N
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Fate of a Soliton

In a quasi 1D geometry : thermodynamical instability
acceleration and emission of phonons

10 ms lifetime (Hannover 1999) —— > 1 s (Hamburg 2008)

In a less constrained geometry: deformation of the nodal plane
(dynamical instability) and decay into vortex rings

NIST Gaithersburg (2000), JILA (2001)

1ms 2ms Sms /' ms 10ms

More on solitons: see also: A. Weller et al., Phys. Rev. Lett. 101, 130401 (2008)

o
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Rotating a Classical Fluid

Surfaceof the fluid is shaped like a
parabola
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Rotating a Quantum Fluid

e.g. Rotating bucket Below a critical angular velocity the
experiment in He I guantum fluid remains i®st.

:
| | Above a critical angular velocity one or
more singular lineappear in the fluid.

The circulationaround such singular lines
ISquantized

Thesevortex linescan be

detected vidrapping of
electronson thevortex cores!

Yarmchuk and Packard (1982)
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Quantization of Circulation

Dgflnlthn of | —  vdr
Circulation:
h
K= —Ab
m

The order parameter has to be single valued !

« > 11l=n.2"

-

h
K=n—
m

Circulation
guantized !

Velocity field of the
order parameter

Superfluid occupying
a multiply connected
region. Contour path
| within the
superfluid.
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Stirring a Bose-Einstein Condensate

. . . 1
Magnetic trapping potential: V' (r) = Em((x)f) X'+ Yy +wlz’

Use light beams to create a deformationVof

1 2 2 2 yv2
the potential that can be rotated ! ap () = Em(‘c’me AT +eyop F )

X,Y basis is rotated with an angular
velocity!.

Hamiltonian in the co-rotating frame

[

H rot = H -
\_
Vortex state

raises energy;  tex stat

lowers energy
LMU |

QL.
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Vortices as a Ground State of the New Hamiltonial

Neglect for simplicity the term in €

2 1
single-particle Hamiltonian in rotating frame: H = ;; -+ Emw2r2 — QL.
m
E/N
P eeeeeeees ideal gas

repulsive interactions

2hw
" w(ié) _e-(/\ +Y*)
> w(l—é) g (X + [Y) e‘(z\’zq-)’z)
! |
ground state 0

with one vortex
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Vortices In a Gaseous BEC

Vortex core size Is given 1
by thehealing length g = Jomna ~200nm

N

Too small to be imaged directly in the trap !

— Solution Use TOF expansion such that
2" all dimensions are expanded by a factfi + w2 72

K. W. Madison
et al. (2000)
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Abrikosov Vortex Arrays (1)

Phase diagram of vortex

nucleation
no 0/1 1 vortex multiple [turbulent|nc more
vortices vortices | pattern | atoms
il pol [ -
& J L/
147 199 172 210 /27 [Hz)
# of vortices: 0 1 8 12

Wednesday, November 25, 2009




Large Abrikosov Vortex Lattices

J. R. Abo-Shaeer et al. (2001)

Up to 150 vortices !
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More Vortices
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Even More...
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