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What are we going to talk about:
BEC and Nonlinear Atom Optics

Nobel Prize Winners
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Facts about BEC

Atom cooling

Atom trapping

Condensates and diagnostics
Coherence and excitations
Nonlinear Atom Optics
Lattices

Feshbach Resonance

. Solitons and Vorteces

_ 10. Spinor condensates
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NARODOWA STRATEGIA SPOINOSCI

E INNOWACYJNA UNIA EUROPEJSKA
EUROPEJSKI FUNDUSZ

* 1925 Theory of condensation

* 1938 Superfluid helium discovery
* 1941 Landau theory

* 1980 Cooling - breaking mK limit
* 1995 BEC in neutral gas observed
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Lost identity

What is Bose-Einstein condensation (BEC)?
High
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density d-°
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Cooling of Neutral Atoms

1. Doppler cooling

2. Sisyphus cooling
3. Whatever else cooling

3. Evaporative cooling !!!!

Doppler cooling

DIRECTION
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Sisyphus cooling

Magnetic trapping and evaporative cooling
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Evaporative cooling
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Magneto-optical trap

Zeeman Shift in Cs 6P
B = Ax

ML=1

> Narodowe

.~ 44 Laboratorium
444l Technologii

4/ Kwantowych



INNOWACYJNA UNIA EUROPEJSKA **
GOSPODARKA EUROPEJSKI FUNDUSZ

i " ROZWOJU REGIONALNEGO
NARODOWA STRATEGIA SPOJNOSCI

Condenssate at last

CCD Array
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Free expansion

Absorption 100% | I N

(W.Ketterle)

Interference

0o I S 100
Brrie ity (srbitrary units)

(W.Keterle, Science 1997)
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FIG. 1. In the unpermibed trap, contours of equipetertial in i)

the tranmerse plane ae symmetic (solid line). To diive the e

m = (} excitation {a) we apply & weak harmenic modulstion condensate in a 132 Hz (radial) tsp. Afterwaud, the fieely
e e i i the T b T s e e g evalving response of the condensate shows tadial oscillations.

b i el p al =pling T, Also observed is a sympathetic response of the axial width,

m = Zduve (b} breaks axial symmetry with elliptical contours approximately 180" ont of phase. The frequercy of the

which rotawe a1 #,f? The amplide of pertuchation is shawn excitation is determined flom a sine wave fit o the fealy

exaggerated for clarity, oscillating clond widths. Bach data point wepresents a single

destiuctive condensate measuiement

(C.E. Wieman, E.A. Cornell ‘96)

FIG. 2. We apply & weak m = 0 diive to an N = 4500

Atom laser gallery  5%%s 1 mm

MIT ‘97 Munich ‘99 Yale ‘98  NIST ‘99
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Condensate Splitting

Cundcm e ( El) .
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FIG. 3. Optical depth images of cordensates which were first
adiabatically expanded and then Bragg diffracted.  (a), {b),
fc), fd), and fe) ate images taken 56 ms after Bragg pulses
with frequency differences of &/2+ = (3,98, 200, 300, and
—98 kHz, espectively. () is an image where spontanecus
FIG. 1. Bxpevimental accangement of the laser bears (a) and emission ccourred using & single laser beam. The width of

pautial tansition diagiam (b) for ath order Bragg diffraction the field of view is 2.3 mm X .5 mm
The parabolss comespond to the P2/2M kinetic energy

(W.D. Philips, 1999)

Nonlinear Optics versus BEC

Puls propagation
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Four Wave Mixing

(W.D. Phillips,
Nature, 1999)

Atomic Amplifier

Amplification of light
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Amplifier

Ketterle (Nature, 1999)

Supperradiant Rayleigh scattering

Light . 100%'

» V
. Atoms

Laser
beam

(W. Ketterle,
Science 1999)
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Connections to other fields

Superfluid “‘He,
rotating bucket:

- @O
\

R. E. Packard
Phys. Rev. Lett. 43, 214 (1979)

E. J. Yarmchuk, M. J. V. Gordon,

Type -I1 superconductors

Dilute gas BEC

JILA

MIT

ENS
Oxford

(W. Ketterle, Science 2001)
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How to observe vortex

1%

FI1G. 2. Expected fringe pattern of a Bose-Einstein condensate
initizlly splitted into two parts and undergoing a free expansion
phase. Figure (a] is without a vortex and (bc] are with a vortex. For
[b), close to our experimental conditions, the fringe spacing a, is
equal to 3% pom, and it is equal to the separation of the vortex cores
after expansion |r,—7}|. (c] same as [b), with a fringe spacing x,
=13 am=[r;—r}|F3 (this fringe spacing is oo small 1 be de- ol e ol 2 ! -
tected in our expenment.al setup). For (b] and (c], the relative phase f\:;u::’n;l(_li‘zfxnﬁ;ngz‘ 3@};‘2;:(-530 !:Iin(nhg-c;i:fi"g
of the two condensates is . =2a 154 Hz (d). The pattens (b 2nd (c) were reconded with the

same initial conditions, and the change in the interference pattern
results from & change in the relative phase of the two parts of the
condensate

FIG. 4. Intecference pattern messured in the m=-+2 channel
with no (a), one (b] and (), and several (d) vortices. For these

J. Dalibard, 2001

10 ms

1ms 2ms T ms
F o d
— | — e
—_— E

Fig. 3. Exparimental (A to E) and theorstical (F to J) images of the integrated BEC density for
Warious timas after we imprinted & phase stap of ~71.5%r on the top half of the condensats with &
1-ps pulse. The measured numbsr of atoms in the condensats was 1.7 (03] % 108 and this valus
was used in the calculations. A positive density disturbance mowved rapidly in the +x directicn, and
& dark seliten moved cppositaly at significantly less than the spesd of scund. Becauss the imaging
pulse [2F) is destructive, ssch image shows a differsnt BEC, The width of aach fame is 70 pm.

X

.

(Phillips, Science 1999)
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Controlling interactions
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» Interactions are characterized by the
s-wave scattering length, a

» a depends sensitively on the depth of the potential
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Bose Nova

£= by =ty + Trg 2
a c

Burst focus

Averaged Optical Depth

Position {Mm}

(E.A. Cornell, C.E. Wieman, Nature 2001)

Sympathetic cooling

(a) k)

FIG. 3(colory. Two 475 pm by 475 pm falsecolor absorp-  FIG. 2(color). A false-color absouption image (475 jm b%
tion images of |2,2) atoms. (a) A cloud of mwo ovelapping 675 pm) showing condensates of both |2, % (lefty and |1, — |
cordensates illnminated so that only the |2, %) state atoms are fright} states that weve created simultaneously by syrmpathetic
visible. The condensate (white, ted, and yellow) is shifted up- cu_)lmg. T_he condensates ave separated because the trap
walds relative to the center of the thermal uncordensed cloud — @%L8 was tilted 40 miad to produce & component of _the
{green, blue, and purple) due 1o interactions with the 1, =13 gravitational force along the weak spring constant direction.
condensate (|1, — 1} atoms not visible) (b) A cloud of puee The ”on_cmder’*d paits of the clouds (puiple and dak blue)
12,7 stoms cooled 1o a compatable temperame as in (a). The still overlap. The shape of both of the condenzates is a function

e ? 5 : X of expansion time, but the difference in their ellipticities
:J;:f;;:n:loligsgmde exthe.cye goung tioughutfie.sente et both reflects the fact that they have different initial confinements and

therefore expand at different rates. The inset shows a vertical
trace through the cloud on the left. The dotted line is o guide
the eve in distinguishing the broad thermal background fiom
the nartow condensate peak.

(E.A. Cornell, C.E. Wieman 1997)
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Quantum degeneracy

Velocity distbutions ~Eg
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Eric Cornell

Eric Cornell received the 2001 Nobel Prize in
Physics for his currently a JILA Fellow, a staff
member at NIST (Boulder), and Adjoint Professor in
the Physics Department at the University of
Colorado at Boulder

Cornell was co-leader of the research team that was the first to observe a Bosse-
Einstein condensate of magnetically trapped atoms in June, 1995. This team has,
since then, significantly contributed to the understanding of the geometric,
thermodynamic, and mechanical properties of cold-atom Bose-Einstein
condensates. Cornell recived his BS degree from Stanford University and, in 1990,
his Ph.D from MIT Past awards include the Stratton Award (1995), the Carl Zeiss
Award (1996), the Fritz London Prize(1996), the LI Rabi Prize (1997), and the
King Faisal International Prize (1997)
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Wolfgang Ketterle

Wolfgang Ketterle received the 2001 Nobel Prize for Physics for
his contributions to the understanding of Bose-Einstein
condensates. Since 1995, Ketterle and his group have developed
novel techniques for probing condensates such as non-destructive
imaging and optical trapping; have pioneered methods for better
condensate confinement; and have studied important BEC topics
such as condensate formation and manipulation.

BN 4
Ketterle received his diploma thesis from the Technical Univ. of Munich in 1982,
working on theoretical solid-state physics. Under the direction of Professor
Herbert Walther at the University of Munich, he received his PhD in 1986,
studying experimental molecular spectroscopy. His postdoctoral work included
laser spectroscopy of molecules at the Max-Planck Institute for Quantum Optics
in and Combustion diagnostics in Geidelberg. In 1990, he joined Professor David
Pritchard's group in RLE as a postdoctoral associate. Ketterle was appointed to
the MIT faculty in the Department of Physics as an assistant professor in 1993,
and his promotion to full professor was recently announced.

Carl Wieman

Carl Wieman received the 2001 Nobel Prize in
Physics for his work on cold-atom Bose-Einstein
condensation. Wieman is currently Professor of
Physics at the University of Colorado aswell as a
JILA Fellow.

Wieman's research has involved the use of lasers and atoms to explore fundamental
problems in physics. His group has carried out a variety of precise laser-
spectroscopy measurements including the most accurate measurements of parity
nonconservation in atoms. He also has investigate the physics of ultracold atoms.
In collaboration with Eric Cornell, Wieman developed the cooling techniques that
allowed them to create the first Bose-Einstein condensate in an atomic vapor. Much
of Wieman's recent research has involved the study of condensate properties and
improved ways to create and study condensates. He also continues to investigate
novel techniques for improved optical trapping and cooling of atoms.
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