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1. Introduction

Figure 1 Overview of neutral atomic and molecular coaling andtrapping. The energy
scale spans 12 orders of magnitude in kinetic energy £ of atomic motion, expressed
Intemperature units T'= Elk; [k isthe Boltamann constant). The length scale shaws
the corresponding de Broglie wavelength A = fifp (fris the Planck constart), where
momentum = (2mE )2, The line to quide the eye is calculated using the mass of
the *a atam for m. Typical atomic dimensions are on the order of 14, = 0.0529nm,
the Bohr radius of the H atorn, whereas Bose-Einstein condensates can have
dimensions on the order of 100 wm. The figure alsa indicates typical arders of

T =LEkp
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requires a dissipafive process to remove kinetic enerqy; whereas trapping requires a
spatially dependent force to act on the atoms: Laser cooling™? typically redthes
lanietic energies Below: 1. mi, where &, Tis smalier thin neural inewidths; afd o o ™
atoms an be confined in a magneto-optical trap or optical trap..The latter uses a
spatially dependent light shift attnbutable to a laser field to create atrapping

potential for atoms.:Similarly;'a standing-wave light fieldl an produce a periodic
notential in space called an optical lattice® with indvidual lattice.£alls spaced by. .

42 where A, is the wavslannth of the Jases that makes thelattice. 4tome whess.
maanetic Zeeman shift decreases with decreasing field strennth.can be tranpedina.
rewiun of soace with a magnetic field minimurn. Evaporative cooling® of trapoed

AtoTs can aramatizaky lower tha femparaiu e ana reach tnz hmt or quanium
deqeneracy, wherethe phase space density e, defined as the number of particles

i per cubic therral ge Brochie waveienoll, 15 of orcer undy. if he elcme sre tiosons,

then Bose-Einstein condensation occurs when p reaches the cntical value of 2.6
(ref. 6; and see review in this issue by Anglin and Ketterle, pages 211-218).
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1.1. BEC of ideal gas 7L 6L

Bosans Fermions
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iners and loners, Near absolute zero, identical bosons pile into the least energetic quantum
ate let) whereas identicalfermions stack into low-energy states one by one.



1.2. BEC In dilute gas

Laser cooling
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Observing condensate

|. Expand cloud.
2. “Shadow snapshot”.

Destroys conden



C. E. Wieman and E. A. Cornell, Science 269, 198 (1995).

). The condensate in B and C is clearly ellipti
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2. Superfluidity

2.1. Coherence

W. Ketterle, Science 275, 637 (1997).

SHQPL“CS condensates
VAL 1N TY\GLO_‘:‘he‘{“{ el F‘(le. ld s G:L"LQI
( Fav DFR‘F&.SDV\QV\":-} L{E)L\-I-




HOME SITE HELP SEROUT SEARTH Qﬁb

MOBEL | PHYSICS cHEMISTEY | mepicine | LiTeraTure | reace | Economics
= LAUREATES ARTICLES EDUCATI OMH&AL
The Nobel Prize in Physics 2001 @4) (BALE) (B¥)
To the left, Large condensates and interference patterns
Ketterle’s first

Sntarfernes . Wczlfgag Ketterle came t::: the MEISSEIChLJSEttS Institute

dlﬁ‘erEHt all-call atn::-m SDdIL.IrTI and publl5hed h|5 BEC
results four months after Comell and Wieman, but with

a condensate containing some hundreds of times more
atoms. In an interference experiment he showed that

all the atoms really were linked in a single wave of

D LB s | i s BT M T, A W S e D i e e R :ﬂ‘w"‘""—""""'"';l"'“ﬁ -
and then causing these to expand into each other, he
could observe distinct interference patterns — rather
like what happens when two stones are thrown into
still water at the same time. The interference pattern
would not have formed unless the matter waves were

T

coherent.

1wce pattern between two The interfers

ndensates resembles that expanding co

owing two stones into still formed by th
water.
Contents:

| — Atoms in unison | Particles or Waves? Both! | Cold... | ...colder... | ...coldest! | Large | Imbroductior

; and interference patterns | The atomic laser | Further reading | Credits | condensate:

erials from the 2001 Nobel Poster for Physics Based on ma

Version of the Nobel Poster from the Royal Swedish Academy of Sciences Web Adapted

SITE FEEDBACK CONTACT TELL A FRIEMD

The Official Web Site of The NMobel Foundation
sary 14, 2004 Copyright@© 2004 The Nobel Foundation Last modified Jan



W.M. Liu, B. Wu, Q. Niu,

Nonlinear effects in Interference
of Bose-Einstein condensates,

Phys. Rev. Lett. 84, 2294 (2000).
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Many-body Hamiltonian

2
H :Idrw+(r)—§—m 2+V,, w(r)

+ %Idrdr W) eV (r-r)w(r)e(r)

The mean field theory

W(r,t)=d(r,t)+W¥(rt)

Gross-Pitaevskii equation




Gross-Pitaevskil equation

1h—® = - +V,_,
ot 2m m
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Long time solution
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Theoretical explanation

Fringe position

K., =+2,/E = _2V+n—1 2V,

gl

Central fringe

=k -k, =4V, 2)”

x/t | k=x/t

FIG. . Evolution of two BECs (g =2,dy = 12,00 = 1).
The scaled packets at {a} ¢ =3, (b) + =9, and (c) t = 54.
(d) (k) in Eq. (4).




Experimental prediction:

1. Energy level 2. Many wave packets

= — — =
—_ = - = = -
A = i [ ol _—
— — - — -
(= 3 - - 3
= e - 4 = -
— = - = —
1 = d o E =
—2 o E= ] —m -0 el 20 a0 = 20
= =
o — o |- — o |— — o
o< .. =. Mhe prertaential=s. thhae acrmnarees lewel=_. =auricd thhe laewral= ar £
Mmooy amul==iaor wwoasn o pooanclkkhaet=s wwoitlha @z =rmmmmall scparsmticra. f I laare=s <
s prarabticoori. arnc (o thrrese Ciou=s=sioarn wwoawse pachkat=. The =soalicd laes el
liTe=s ouare accouwurate murmerical resualt=s wwhile thhe dortecd lirte=s @
Aarmmalwrical result= Thiar covrmmaprari=socsra. Note that the acncress laewrael= 1
(=3 e mmagmnmniatficed b = et osr ol Loz the & lew el =s=paciragsx 1= thae
= == =moapr S o e A= e e e gy o iyt e e e

Ratio of level width to level spacing

5kn — 5E — Ze—zﬁW(En)
A E




W.D. Li, X.J. Zhou, Y.Q. Wang, J.Q. Liang, W.M. Liu,

Time evolution of relative phase
In two-component Bose-Einstein
condensates with a coupling drive,

Phys. Rev. A64, 015602 (2001).
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2.2. Josephson effect

M.A. Kasevich, Science 298, 1363 (2002).
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Quantum tunneling

W.M. Liu, W.B. Fan, W.M. Zheng, J.Q. Liang, S.T. Chuil,

Quantum tunneling of
Bose-Einstein condensates
In optical lattices under gravity,

Phys. Rev. Lett. 88, 170408 (2002).
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Potential energy and Bloch bands

Landau-Zener tunneling

_ Barrier between lattices is low

Localized level between lattices is coupling

Miniband

Adiabatic approximation

Tunneling between delocalized states in different Bloch bands



Tilted bands and WS ladders

V. A Filted bands and WS
. L= ..' :- |- r l_- : ..-:_ !_. :__I-_- e I_ :_ ;

w pemie o

Wannier-Stark tunneling

An external field

Wavefunction of miniband is localization
Miniband is divided into discrete level
Wannier-Stark ladder

Tunneling between localized states in different individual
wells—Wannier-Stark localized states



Temperature dependence

_hwg

hWO 432Vmax kgT
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At high temperature:
Arrhenius law



At intermediate temperature:
Thermally assisted tunneling

T = hw,
T2mk,
Crossover temperature T = 257nK
U (x,y) =2.1E,

At low temperature:
Pure quantum tunneling



Tharmally
Advh larbed Turinaling
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FIG. 1. The temperature dependence of the decay rate I'(T)
for *'Rb atoms with Yale experimental parameters A = 850 nm,

-

Uilx,y) = 2.1Eg, where Ep = =5 is the recoil energy.
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2.3. Soliton

L. Khaykovich et al., Science 296, 1290 (2002).

Fige. 1. Experimental setup for solitomn produsc—
Tiormn.. “Li atormnms are ewvaporatively cooled ime a
Ioffe-Prhnitchard magn=tic trap amd tramnsfermeaed
inNnto a crossed optical dipole trap in state | £
L 1 wwhere thhey Bose Ccondense. Maormet—
i Twniimnz of the scatterimngeze lemcsctth o posimne e,
Feroy, arnd meaative valuss s performmeeaed weith the
i prareckhy coals [ PO) . Swwnitchiimne o the vertical
trappins=s beam |"'-..-"E:] .aI.L-::r-..'-..-E pr-::-p.:-g..:-ltn::-r-l ofF a
e e g N g et I e Y e T f 1




L. Khaykovich et al., Science 296, 1290 (2002).
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Z\W. Xle, Z.X. Cao, E.I. Kats, W.M. Liu,

Nonlinear dynamics
of dipolar Bose-Einstein condensate
In optical lattice,

Phys. Rev. A 71, 025601 (2005).
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L. Li, B.A. Malomed, D. Mihalache, W.M. Liu,

Exact soliton-on-plane-wave
solutions for two-component
Bose-Einstein condensates,

Phys. Rev. E 73, 066610 (2006).



2.4. VVortex and Abrikosov lattices

J. R. Abo-Shaeer et al., Science 292, 476 (2001).
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Su perfl uid ity L. Pitaevskii et al., Science 298, 2144 (2002).
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Figure 4 Signature of stperfuidityin  Bose-condensed cloud™ The condensate and — densiy (colour coded nred), turmeled through the potental peaks and oscilatedin
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3. Quantum phase transition

Superfluid
Mott insulator

Insulator + disorder = Bose glass
Insulator + weak disorder = Anderson glass

Berezinskii—Kosterlitz—Thouless transation



M. Greiner et al., Nature 415, 39 (2002)
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Cold atoms in optical lattices. (Top) Cold

atoms in a periodic optical potential localize near
the potential minima. The atoms can tunnel to
neighboring sites with hopping amplitude J.
Atoms on the same site repel each other accord-
ing to the onsite interaction U, For weak lattices
(/== U], the atoms form a superfluid (BEC) with
atoms delocalized over many lattice sites. With
increasing laser intensity (j == U), the atoms
form a Mott insulator state in which atoms are
locked at individual lattice sites (3). (Bottom)
Experimental signatures of the superfluid-Mott
insulator transition (4). In the superfluid {rear),
the atoms show an interference pattern, which
disappears in the Mott phase (front). [Right)
Entangling atoms in a lattice. Depending on their
internal state, atoms collide with neighboring
atoms when the potential holding atoms in one
state is moved while the potential holding atoms
in the other state is kept stationary (717, 72).



J.J. Liang, J.Q. Liang, W.M. LlIu,

Quantum phase transition
of condensed bosons in optical lattices,

Phys. Rev. A68, 043605 (2003).
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Z\W. Xie, W.M. Lliu,

Superfluid—Mott insulator transition
of dipolar bosons in an optical lattice,

Phys. Rev. A70, 045602 (2004).
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G.P. Zheng, J.Q. Liang, W.M. Liu,

Phase diagram of
two-species Bose-Einstein condensates
INn an optical lattice

Phys. Rev. A71, 053608 (2005)
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P.B. He, Q. Sun, S.Q. Shen, W. M. Lliu,

Magnetic quantum phase transition of
cold atoms In optical lattice,

Phys. Rev. A 76, 043618 (2007).






A.C. Ji, X.C. Xie, W. M. Lliu,

Magnetic dynamics of polarized light In
arrays of microcavities,

Phys. Rev. Lett. 99, 183602 (2007).









4. Strong correlated system

4.1. Strong Interacting system
4.2. Strong correlated system

4.3. Quantum Hall effect



BEC near Feshbach resonance
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Fig. 1. Illustration of a Feshbach-resonant atomic collision. Two atoms, with a hyperfine state indicated by the arrow,
collide and form a long-lived molecule with a different spin arrangement, which ultimately decays again into two atoms.



4.1. Strong interacting system

S. Inouye et al., Nature 392, 151 (1998).
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Z. X. Llang, Z. D. Zhang, W. M. LlIu,

Dynamics of a bright soliton
IN Bose-Einstein condensates

with time-dependent atomic scattering length
In an expulsive parabolic potential,

Phys. Rev. Lett. 74, 050402 (2005).
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Figure 1: The dvnamics of Feshbach resonance managed soli-
ton in the expulsive parabolic potential given by Eq. (5).
The parameters are given as follows:A = 2 « 1077, g5 = 0,25,

A L. A 2.4, ko NS
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soliton and the background given by Eq. (13). The range of
time is: (a) and (b) t=[0, 5], (c) t=[20, 25]. The parameters
are given as follows: A =002, go = 1. As = 4.5, (a) A- =0 .
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4.2. Strong correlated bosonic system




4.3. Quantum Hall Effect

1985, Quantum Hall Effect, Nobel Prize
IN Physics

1998, Fraction Quantum Hall Effect,
Nobel Prize in Physics

2003, Spin Hall Effect



5. Spinor BEC J. Stenger, Nature 396, 345 (1998).
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separation

Fig. 21. Probing spinor condensates. After release from the elongated op-
tical trap, the trapped spinor condensate expands primarily radially while
maintaining the axial hyperfine distribution. A magnetic field gradient is
then used to separate out the different components while preserving their
shape. A subsequent absorption probe reveals the spatial and hyperfine
distributions in the trap. From Ref. 53.



Evolution time in the trap
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Z\W. Xie, W.P. Zhang, S.T. Chui, W.M. Liu,

Magnetic solitons of
spinor Bose-Einstein condensates

In optical lattice,

Phys. Rev. A69, 053609 (2004).



Z.D.Li, P.B.He, L.LI,J.Q. Liang, W.M. Liu,

Soliton collision of
spinor Bose-Einstein condensates

In optical lattice,

Phys. Rev. A71, 053608 (2005).



L.Li, Z.D. Li, B. A. Malomed, D. Mihalache, W. M. Liu,

Exact soliton solutions and
nonlinear modulation instability
In spinor Bose-Einstein condensates,

Phys. Rev. A 72, 033611 (2005).



6. Boson-Fermion mixture

6.1. Collapse of attractive BEC
6.2. Collapse of Fermi gas

6.3. Boson-Fermion mixture



6.1. Collapse of attractive BEC

C.E. Wieman, Nature 412, 295 (2001).
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6.2. Collapse of Fermi gas

M. Inguscio, Science 297, 2240 (2001).
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6.3. Boson - Fermion mixture
R.G. Hulet, Science 291, 2570 (2001).




/. BEC — BCS crossover
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8. Spin polarized fermi gas

Sarma

(interior gap pairing)

Fulde-Ferrell-
Larkin-Ovchinnikov
(FFLO)

Figure 1| Changing shape. a. A homogeneous BCS

state of an unequal numberofspin-upand spin-
itom s, such as that prepared by Zwierlein (S F)




M.W. Zwierlein et al., Science 311, 492 (2006)
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M.W. Zwierlein et al., Nature 442, 54 (2006)
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G.B. Partridge et al., Science 311, 503 (2006)
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0. I\/Iagnon BEC Science 298, 760 (2002).
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9 . 2 . EXC | tO n B EC Science 300, 1871 (2003).
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9.3. Superflow In Solid Helium

M. Chan, Science 305, 1941 (2004).

Fig. 1. Torsional oscillators: The cylindrical _ | Torsion cell

drive and detection electrodes are coupled  Be-CU forsion rod with helium in annulus
c@pacitively to the two planar electrodes

attached as fins on the two sides of the D=0.4mm

cylindrical torsion cell. Oscillation of the _ L \

J"'__E =" ?-'\.u.'n II JOSE FT a0 A hm -

Cerl -
e L . AN . TR - PR i L L = ) "

| E "-' _'-_. iy { s o L T i
Ly . WAy T e o e o el e [centro —‘l' ;
b8 | L A | i < wwaelaREs G Betend & = r"."1' ] |-||7"|"'-. ’ .

lock-in amplifier to keep the osdilation in

resonance. The outside diameter, width, /rl

o w5 ﬁm‘ﬁm‘ﬁdﬁﬁ"ﬂ' " ey e 1)y | : o
Tk T T0 T T T T MR TR S———

5 mim, respectively. ThE me::harlcai anlitj;

\ : / factor of the osallator is 2 = 107, allowing

e T the determination of| the resocnant period

‘_'"ll_"l_ i'” 'll’-f L _' : . '_ | to 0.2 ns out of a resonant period of 1 ms.

STl A ide di i i

DI Ihe ouside dormeer, vid andheght ol Derer
T, c:el.l wr[h the barrier are 1 15 mm, 1 1 m
al i and 5 mm, respectively. The mechani
es e quality factor and period precision vall

orsion cell. are similar to those of the barrier-free



20 - o
- : Normal
= Supersolid solid
= 40 S
@ 4 -
= Mormal
'-,.II B el __ i =
K Lo i
| -
. ! =0 —
1 :
" .
| . Superfluid
S N . 0 SR : .
£ 1 = & .02 0.04 0. 0.2 O

o T
id and solid helium. Fig. 4. Phase diagram of ligL



10. Application
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10.1. Atom laser
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10.2. Atom clock
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10.3. Atom interferometer (microgravity)
M. A. Kasevich, Science 298, 1363 (2002)




10.3. Interferometer
J. Denschlag et al., Science 287, 97 (2000).

Figge. 1. (A “Aritime a phase step aontoa the corm-
densate. A far-detunmned unmiformm light pulse
projects a mask (a razor blade)) onto thhe com-
densate. Becauses of thie Light shift, this imprimnts
a prhase distribution that is proportional to thhe
Lizcht imntensity distributicrn. & lens (Nmot shows

i wused to image the razor blade onto the
Ccomndensate. The mask im [(B) writes a phase
stripe onto the condensate. The mask in (L)

mprimts an azimuouthally wvarying phase patterm
That cam be used to Create wvortices.



10.4. Waveguides science 298, 1363 (2002)
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10.5. BEC on chip  nature 413, 498 (2001).
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10.6. Quantum tweezers (loading single atom)
Nature 411, 1024 (2001); Science 293, 278 (2001); Phys. Rev. Lett. 89, 070401 (2002).
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10.7. Information storage

C. Liu et al., Nature 409, 490 (2001).
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10.8. Quantum computer and entanglement
Nature 409, 63 (2001).

104}

i 4 = 12 15 210
il

Figure 1 Raduction in the sgueezing parametar E‘_'. A fast &/ 2 pulse bebtweaen two inbaeral
states s applied to all atoms in the condensate. The subsequent free evoluton with time
results in a strong squeezing of the total spin. The angle & 1s chosan such that Eﬁ =
minimal. The solid line shows the results of a numeancal integration (see teext). Far
numearnical comraniencea wea have assumed a sphencally symmetnc potential iy —

M 2. The parameters are a_J/d, = 6 = 10~ %, a, = 2a,, — a_, and N = 107,
The dashed curve shows the squeazing obtainaed from the hamiltonian &, = fixJ2. The
parametar v is chosen such that the mduction of {4, yobtained from the solutioninref. 7 is

consistant with the resuits atreft. 11.



10.9. Four-wave mixing

L. Deng et al., Nature 398, 218 (1999).
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10.10. Reducing light speed
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10.11. Superradiance

S. Inouye et al., Science 285, 571 (1999).
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10.12. Supernova

S.L. Cornish et al., Phys. Rev. Lett. 85, 1795 (2000).
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11. Outlook

11.1. Importance and applications

11.2. Future topics
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11.2. Future topics

W. Ketterle, Nature 416, 211 (2002)
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