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BEC Physicists \Win the
2001 Nobel Prize!

Eric Cornell

Wolfgang Ketterle




Bose-Einstein condensation ( C) ]

At low temperature, the lowest energy state is
occupied by the macroscopic number of bosons.

thermal de Broglie length ~ interatomic distance

A i h
dB = 2= MEgT

MIT



at JILA  science 269, 198 (1995)




. BEC of atomic gases |

1995 8Rb — JILA (Science 269, 198)

i — Rice (PRL 75, 1687; 78, 985)
28Ng, — MIT  (PRL 75, 3969)

1998 'H — MIT  (PRL 81, 3811)

2001 8Rb — JILA  (PRL 85, 1795)
ie* — France (Science 292, 461)
41K  — Firenze (Science 294, 1320)

Laser cooling (~ 100 pK)
4

Evaporative cooling (~ 1 pK)
L
BEC



Principle of
Laser Cooling

laser atom laser
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Principle of
Evaporative Cooling
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BEC of atomic gases ! |

R $TRb, 2Na, 7Li, 'H, $Rb, *He, ¥K
FSv T BRIV, RSV
RE: pK ~nK

JRTF#L: =107

RFEHFE: n~10"/cm? .

S KeEE :  |a| ~1nm

na® ~ 107°
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| Theory of BEC | i'

Hamiltonian
e ™
. . b .
H = /der(r) (_ZT?‘;?,_V + ngp(r)) b(r)
+ [ drde P R U — (e )br)
o /.
interaction
2
Ulr —r') = sl (r—r')  a:swave scattering length

m
trap potential

TTe -
T/irap(r) = E[‘«"*’E(mz + y2) iz wjzﬁ}

Gross-Pitaevskii equation (mean-field approx.)
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BEC experiments I

e Interference between two BECs
MIT (Science 275, 637 (1997))

e Collective excitation
MIT (PRL 81, 500 (1998))

e Atom laser

MIT (PRL 78, 582 (1997))  Max Planck (PRL 82, 3008 (1999))




Bosonic Stimulation in the Formation of a
Bose-Einstein Condensate

H.-J. Miesner, D. M. Stamper-Kum, M. R. Andrews,
D. 5. Durfee, S. Inouye, W. Ketterle

Science 271 [00§ (199%2)
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Measurement of the

spatial coherence of a trapped
Bose gas at the phase transition
I. Bloch, T. W. Himsch & T. Essiager

Sekiion Physik, Ludwig-Maximilians-Uriversitity, Schellingstrasse 4717,

D-80799 Munich, Germany, & The Max-Planck-Tnsting fier Quanterapiik,
D-85748 Garching, Germany

Figure 1 Interference pattern of matter-wave beams ernittad from v spatially separated
Tegions of a rapped Bose gas. a-¢, The ahsorption images show the spatial distibution
of the gutput beams for three different temparatures in f2lse colours, For 2 temperature
well below the eritical temperaiie T, the Spatialy uniform phasa of the condensate
resuits in 3 high-contrast inlerferance patten {a). Whan the temperature is Increased to
[ust below T, the contrast of the interferenca patlern is reduced [b), and i vanishes

r Me= —i

E
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L
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Figure 2 Measurement of the spatial conarance of a Irapped Bose—Einstein condensate,
A radio-wave field with two frequency components (red lines) transfers magnelicaly
frapped atoms (m = —1) into untregped states 7% = 0). Twe matter wave beams {graan
lines} arg ermitted from spatially separated locations in the trap, thereby effectivaly farming
aooubie siit. Tha mammemmmmwgmiwwmmmmwpmmmn
infarference pattem can be ohsenved. A high contrast s detectad if the trapped fas is
spatially coherent over both 5t regions. The harmonic potential for the Urgpoed state and
the Einear potertial for the wrirapped state are modified by the mean field of the
condensate [l fnes),

Nature 403 |[b¢ (2000)

(L) x

completely for temperatures above T, (c). Each of the images nas a size of 06 mmx 2 mm,
ﬂeﬁequerwdﬁermbaﬂmmﬂwhnmmmm‘me radio-wave figid was
1,000 Hr, which comesponds Io a 5t separaticn of 455 nm. The plots next 2 the images
Show 21 -pum-wite werlical cuts through the cantres of tha absorption images. The
harizontal axes of the plots show e optical densities. We obtain the visibilities ¥ [ using
equation (1) b fit the data,
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Figure 4 Spatial correlation function of 3 trapped Bose gas. The Fringe visiilty i
measured a5 & function of =it separation for tempesatures above and balow the critical
temparature T, Thi white cirdes and white souanes show the meamremeants for herms)
gases at emperstures of 450 K and 290 1K, respectively. (o prepare a thermal gas at a
Temperature of 280 nk we reduced the number of 2toms in the trap to 10%. The grey data
points (310 1K) and the Dlack data points [250 nK) are the reslits obtainad for
temparatures below T, where the visibity decays 1o a nonwene value due ko the iong-
range phase coherence of the condensate fraction. The dezay of the vilhility shows 2
longer tail than wolkd be expected for e comespondng de Sroglie wavakngth of the
thermal fraction. Both data sets are fitted with a gaussian function 2nd an affset: For the
temnerature of 310 nk the last 11 data noirts 2 alen fitted with 2 funclan oronartioral o



MPQ Microtrap: Atomic Conveyer Belt 1/2 m—3>

BEC in the Microtrap

MPQ Magnetic Microtrap Project

On 12 June 2001,

a Bose-Einstein condensate of 87Rb atoms
was born in a microtrap.
(Atoms are trapped in the |[F=2,m.=2>-state}

absorption images after 20 ms of free expansion

(the small cloud to the right of the main condensate stems from atoms
that undergo a spin-flip to the m=1 state when the magnetic field is shut off)

The Way to Bose-Einstein
Condensation in a Magnetic
' Microtrap

- MOT with external
:  quadrupole coils:
O et ie e
within 8 s. o
MOT with miniaturized
quadrupole field:
~1 Ain the
—+|-a—0.05 mm CEMOT 2 quadrupole wire
: j i ; (blue)
latfe-wira { + hmmenews
: magnetic field of 3 G

Transfer 3 x 10°
] atone into the
Microtrap  magnetic trap:
f 1 ~ 2A in the Ioffe-wire

(red) + homogeneous
~ fieldof 8 G.
Compress the

Microtrap magnetic trap
file:/ /C:¥Documents%20and%20Settings¥saito¥My%20Documents¥MPQ%20Microtra... 2001/10/05

wires for further use
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Bose-Einstein condensationon a
microelectronic chip
W. Himsel, P. Hommeoff, T. W. Bansch & J. Reichal

Mazx-Planck-Tnstitut fiir Quansenoptik and Sektion Physik der
Ludwig=-Moximilians-Universitat, Schellingser. 4, D-80799 Miincher, Germany
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T T T T = 1
-1

0 10 1 2
x {mmj) z{mm)

Figure 1 The chip and the magnetic potentials that & creates. a, Layout of te lithegraphic
ok wires on the substrate. The insat shows the relevant pert of the conductor pattarn, &,
Iy, dys and by create the variows magnetic pelentials for rapping (=ee b) and transport, a3
descrined In the main text, & is used only during trap kading intermediate MOT sten?).
b, Potentials creatad by 3 wire current f; = 2 A for two different vaiues of the external
bias fieit, (B, = 0, B, = BG) (dashed lines) and (8, = 1.94G, £, = 55 G} (solld lineg).

Natuve I3 498 (2000)

Figure 2 Vacuum system. Becauss of the efficient evaporation in the chip trap, this very
simple set-up is sufficient to achieve Bose—Einstaln condensation (BEC). The substrate is
mauntad facing dowmatangs, S0 that the atom cloud meay be reeasad 1 expand i free fall
(tme-of-Night analysis).

Fgura 5 Transport of & BEC on the 'magnetic conveyor belt’. a, Superposad absorption
nages taken 2t fixed time intervals during transport. The distance betwesn the first and
lastimage & 1.6 mem, tha transport tme is 100 ms, The line of sight s parallel fo the yads
{zae Fig. 1); the dofed fine marks the edga of the subetrate. b, Time-of-flight images of
the atom cloud after releasa at Be final positon, exnibiting the bimedal structure
characteristic of a BEC. The maximem expansion tme ibottom image) is 19.3 ms.

http * // www mpg mp3 /~jay
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Observation of Vortex Lattices

in Bose-Einstein Condensates
J. R. Abo-Shacer, C. Raman, . M. Vogels, W. Ketterle

& 4. Formation and
cay of a vortex lat-
& The condensate
& rotated for 400 ms
d then equilibrated
the stationary mag-
tic trap for varous
Id times. {A) 25 ms,
1100 ms, (C) 200 ms,
| 500 ms, (E) 15, [F)
% {G) 10 5, and {H)
5. The decreasi
¢ of the doud in '[rEI?
{H refleas a de-
az2 in atom number
t to inelastic colli-
ns. The field of view
=1 mm by 1.15 mm.

Fig. 5. Vortex lattices with de-
fects. In {A), the lattice has a
dislocation near the center of
the condensate. In (B), there is a
defect reminiscent of a grain
beundary.
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FIG. 4. Centrifugal effects on a rotating condansate.
Shown is the observed radial size of the condensate versus
vortex number. The condensate size was determined from a
parabolic fit to the time-of-Might distribution after 41.5 ms.
(bye) Comparison of a non-rotating condensate (Rigr = 570
pm) and one with 160 vortices. Radial in-situ phase contrast
imaging of a condensate at rest (d) and in rotation at a fre
quency of 75 Hz (e}, showing the modified aspect ratio, The
length of the condensate in (d) was 200 .

C.Raman ot f Cone - mar /010623



contracts, whereas the Fermi gas exhibits only subtle changes in size, At

Observation of Fermi Pressure
in a Gas of Trapped Atoms

Andrew G. Truscott, Kevin E. Strecker, William |. McAlexander,*
Guthrie B. Partridge, Randall G. Hulet?

T -240 ni

Science 29|

i RS

Ty = 0.25

Fig. 1. Two-dimensional false-color images of both "Li and ®Li clouds. At T/T, = 1.0, the two clouds
are approximately the same size, but as the atoms are coaled further, to T,fTEr 0,56, the Bose gas
AT

= 0.25, the size

difference between the two gases is clearly discernable. At this temperature the Li image displays
distortions due to high cptical density. However, these distortions are present only in the radial
direction and do not affect the measurements. The fitted numbers of “Li and ®Li atoms, A, and N,

and the fitted temperatures are as follows: For the u

rsat, N, o= 24 X 105 N, —E.TX‘-IO"

and T = 810 nk; for the middle set. N, = 1.7 X 10°, N, = 13>< 0% and T = 511} nk; and for
the lower set, N, = 2.2 % 107, N, = 1. 4x 105, and T = 240 nK. The probe detuning s a parameter
of the fits but is constrained to \rzry by no maore than its uncertainty of =3 MHz. The fits result
in typical redl.u:ed-x values of ~1.0. The uncertainties in number and temperature are due mainlky
te the uncertainties in the fit and are roughly estimated by finding the point at which the
reduced-x? increases by 20%. The resulting uncertainties are 5% in temperature and 15% in
number. Other sources of uncertainty are relatively insignificant. The size of each displayed image
is 1.00 mm in the horizontal a=is and Q.17 mm in the vertical axis.
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Fig. 2. Comparison of *Li and "Li atom doud adal profiles. The red squares

01 0.2 a3

Axial Profile {mm)
o FLi, and

the Black circles 1o UL {A) Data From the top image of Fig 1, comespending to TIT, = 1.0 and TIT,
The

= 1.5 (B) Data from the lower
fits to the data are shawn as solid
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addition, wa estimate an uncertainty of 3% in the determinamion of



BEC with attractive interactions I

Li, ®Rb

attractive interaction

Attractive BEC can be metastable.

Kinetic energy x r’

Potential energy o 72
Interaction energy oc —r~3

BEC

effective potential

Nlal

< 0.57 (theory)
@ho

S 0.46 (experiment)

J. L. Roberts et al., PRL 86, 4211 (2001)
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Direct observation of growth and

collapse of a Bose~Einstein
condensate with attractive
interactions

Jordan M. Gerton®, Dmitry Strekalov* {, lonut Prodan®
& Randall G, Hulet*

Figure 4 Fhase-conirast images. These images were sefected from Ihass used to
constnict Fig. 3a. The upper image coraspands to data immediately after the dump pulse
10 ns), the midds imane 1o the peak of condansate growth [450 ms), 2nd the lower imags
to the fist collapsz (550 ms). The fitled values of My are 40, 1,230 and 230 atoms for he
upper, middie and lowsr images, respectively. The displayed images resull from angle-
averaging the actual images about the probe faser propagation aws and the: signal height
i proportional to 172 column densty of the atom cloud integraten along s direction”.
The imiage area corresponds bo @ square of sdas A5 . A mowee of the growlh and
collapse was produced using regresentative fime-ardersd images from the data ot Fig. 3a,
and is available for iewing at bitp:fatomeon. rice. edwioollapse. imi.
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Figure 3 Condensats growth and collapse dynamizs. Fach dats point is. the: mean of five
miasuraments for the same delay e fallawing In ligitt pulse, and e emarbars are the
standdrg deviation of the mezn. a, A is reduced o ~ 100 stoms using the twa-photon
ligind pulge. The recuction in M after Be first poak al 450 ms is 2 direct manifesiation of
ooltapse. b, The condensate is anly partially dumpsd in arder i speed i the initia:
growth. Subsequent masima and minima are observed o3 the as continues to undergo
gromith and collapse s whils evoiving lowards thermal equilibinm. e, The light puilse
dhuration i increased, so tat e condensels is dumpad compietety. o within the
exparimental resalution. We note: the slow tum-on of growth and the subisanuent
SAUrALG in the growth wale (sse texd). For @ and ¢, there is 8 3-5 delay foliwang the
MHCTOwWEVE guenci puise hafore the light pulse; wheveas in b, the delay is 55,
Addiionally, fot a and e, 4= 7 2 1) % 30" atoms 20d T'= (170 + 15) 0K invmediately
beafora the light putse. while for b, N = (1.0 + 0.1} 22 10° atoms and T = (200 = 20§ ok,
For each indidual image, he stEtstcal wcening in My 1S —E0 A0ms. while e
systematiz uncertzinty, dorinated by uncetainties in the imaging system, is =201




Feshbach Resonance in Ultracold Atom Collisions

Can adjust a !
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Since a can be adjusted, the condensate mean-field

energy can be tuned to any desired value.
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Stable > Rb Bose-Einstein Condensates with Widely Tunable Interactions

S.L. Cornish, N.R. Claussen, J. L. Roberts, E. A. Coroell,* and C. E. Wieman
HLA, National Institute of Standards and Technology, and the Department of Physics, University of Colorade,
Boulder, Colprade 80309-0440
(Received 7 April 2000)

Bose-Einstein condensation has been achieved in a magnetically trapped sample of ¥Rl atoms. Long-
lived condensates of up to 10° atoms have been produced by using a magnetic-field-induced Feshbach
resonance 10 reverse the sign of the scattering length. This system provides new opportunities for the
study of condensate physics. The varation of the scattering length near the resonance has been used o
magnetically tune the condensate self-interaction energy over a wide range, extending from strong repul-
sive to large attractive interactions, When the interactions were switched from repulsive to attractive, the
condensate shrank to below our resolution limit, and after ~35 ms emitted a burst of high-energy atoms,

PRL 85 1795 (2000)

.
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FIG. 1. Scattering length in units of the Bohr radius (ag) 2s a RS N e
function of the magnetic field. The data are derived from the S e A iy
condensate widths., The solid line illustrates the expected shape st 7 ",
of the Feshbach resonance using 2 peak position and resonance | T
width consistent with our previous measurements [4,18]. For e :
reference, the shape of the full resonance has been included in [ (g} 1
the inset. =i e B
i e
o e

0 50 100
Herizontal Position (um)

FIG. 3 (color). False color images and horizontal cross sec-
tions of the condensate column density for various magnetic
ficlds. The condensate number was varied to maintain an opti-
cal depth {OD) of ~1.5, The magnetic field values are (a) B =
165.2 G, (b) B = 1623 G, (c) B — 158.4 G, (d) B = 1572 G,
and (&) B = 156.4 (G.



10,000 atoms
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like supernova:
ecollapse
scxplosion
*cold remnanat

“Bosenova’”

Exactly where and

when collapse/explosion?
Why burst energy and #?
Why remnant remains?

4000 atom burst
I ~ 80 nK




Dynamics of collapsing and exploding
Bose-Einstein condensates

Eiizabeth A. Donley*, Neil R. Claussen*, Simen L Cornish*, Jacob L. Roberis*, Eric A, Cormell* ¢ & Carl E. Wieman*

* [ILA, Campus Bax 440, and Depdrtment of Physics, Campus Bax 350, University of Colorado, Bowlder, Colorado 803089, LS4
¥ Cruanesum Physics Division, National Istitute of Stawdards and Technology, JILA A231, Boulder, Colerade 50309, USA

Noture #12 296 (2001)

a t=fyy F= e * Tiad2

Pre-Collapse Condensate

Post-Collapse Remnant
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Figure 3 Aburst focus. 8, Conceptual liustration of a radial DUrs fcEs. §. i3 the lime 8t

which tha burst is generated and T, is the radial trap period, b, An image of a radal burst

focus taken 33.5ms after a jump from &, = 0 o —30a foer M, = 10,000, - R&Mﬁa_ht
T2 = 28.6 ms, which indicates that the burst ocourred 4.9(5) ms after the jump. The

aial enengy digtribution for this burst comesponded o an effective lemperature of 62 nk, e B

Tha Image is 60 > 310 pm, ¢, Radially averaged oross-gaction of b with a gaussian fitto B o Cf urs f
the burst enangy distribution. Tha central 100 wm wars ascluded fram the fit to avoid

distortion in the fit due to the condensate remmant (¢ = 9 pm) and the thermal cloud M o i

for = 17 ). The latter i present in the pre-collapse sample due to the finite L35y
temparatura, and appears to be unaffected by the collapss. The dashed line Indlcates the ,?
fit 1o this initial thermal component, We nota the offset Datwean the cantres of the burst

and the rermnant, This offset varies from shot to shot by an ameunt comparable to the

offset shown.



Dynamics of collapsing and exploding
Bose-Einstein condensates

| Elizabeth A. Donley*, Neil R. Claussen*, Simon L Cormish*, Jaceh L Reberts®, Eric A. Cornell* ¢ & Carl E. Wieman"

| “JiLA, Campus Rox 440, and Department of Physics, Campues Box 390, University of Colorado, Boulder, Colorade 80309, LI5A
T Quantum Physics Division, National Institete of Standards and Technology, JILA A231, Bowdder, Colorado 80309, USA
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constant !dm
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T gooien AME)

Figure 1 An example of 3 ramp applied to the scattering length &, and a plot of the
condensate numiber ATversus lime after a jump [0 3 negalive scaltering length, &, A
typical &f) sequence. & = 0.529 Aisthe Bohr radius. The scattering length Is [umped at
t=01In0.1ms from e 10 Zyags, Where the BEC evolvas W 3 HMe .. The Neld is
carefully controlied 50 that magnetc-field noise translates into fuctuations in S 00
the arder of 0.1 & in magnitude. The collapsa is then intarrupted with a femp 10 e,
and the field is ramped in 5 ms 12 2 large positive scattering length which makes the BEC
expand. After 7.5 ms of additional expansion, the frap is umed off in 0.1 ms, and 1.8 ms
later the density distribution ks probed using destructive absorption imaging with a 40-ps
laser pulse (ndicated by the vertical bar). The incraase in & MM A 10 Bupam 1% f21 100
rapld to allow for the BEC to expand adisbatically. On the contrary, the smaller the BEC
before expansion, the larger the cloud at the moment of imaging. Thus we can reagily infar
e ralative size of the Dulk of tha BEC just before the jumnp & sy The density of the
expanded BEC is so low that the rapid transit of the Feshbach rescrance pale™ during
the trap turn-off and the subsequent lime spent &t magnetic field 8§ = 0 (2 = = 400a,)
bath hawva a negligible effecl. b, The number of atoms remaining in the BEC ve5US Tas
A Gy = — 308, Wi gbsarved 2 defaved and abrupt onset of ks, The solid fne js a
fit o an exponential with 2 best-fit value of £y, = 3.7(5) ms for the delay.

Natuve 212 298 (zool )

w J‘c_.-t < a3y
a b c
d e f

Fgure 5 Jet images for a series af 14, values far the conditions of Fig. 1h. The evolution
times were 2, 3, 4, 6, 8 and 10 ms ifrom a tof). Bach Imana ks 150 »2 255 wm, The bar
indicates the optica] depth scale. An expansion 10 Sy, = +250a, was applied, so the
jets are langer than for the quantitative measurements explained in the text, The jels were
longest (Ihat ks, most energetic) and sontained the most stoms at values of gy, for which
e slope of the loss curve (Fig. 10} was greatest. A tiny jet is baraly visible for

Foare ™ 2 (), which ig 1.7 mg Deforg Luap.- The images also show how the number
of condensate alorms decreases with ime. The time from the application of a, ., unfil e
avnuisition of the Images was fhed at 5.2 ms.




Results of our simulations

H. Saito and M. Ueda, PRL 86, 1406 (2001); PRA 63, 043601 (2001); cond-mat/0107248

Condensate decay Burst refocus
fcollapse : : ' ;
1 ¢#oo ) |wpmk| 2

300;1[1‘1

axial direction
120um

radial direction

Jet formation

(a) (b)
radial
axial
Lexpand=3.6 mg 3.6 ms 5.5 ms

sensitivity increased
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Physical interpretation of

The atoms rapidly accu-
mulate at the center of the
trap due to the attractive

interaction.

When the central density
becomes large, the three-
body recombination loss

dominates.

The loss of atoms
decreases the centripetal

force, and the atoms are

ejected outwards due to .

the uncertainty principle.

The inward flow of the
atoms again replenishes
the central density.

intermittent implosion

density

A%



The Gross-Pitaevskii equation with |
losses

The mean-field approximation is applicable.

~ Gross-Pitaevskii equation with losses ——

So ] Rt dmh’a, , ,
lhg = {—%V +Hrap(r)]w+ 2 |’¢’| w
shi(Ks. o K, 4)
i e 1y
+5 (0l + i) v
b iy
K,, K3 — loss-rate coefficients of two- and

three-body inelastic collisions



Shell Formation of Collapsing
SRb BEC

NU =5 x 10*

t=0 =98 t1=73

t=7.9 =85 t=8.8 t=9.1

t=9.3 t=9.6 t=99 t=102 [ms]



Pattern formation in

axisymmetric traps

pancake cigar-shape
Wy fwy =+/8 w,fw, =0.3

from z axis

from x axis T




