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MetastableMetastable heliumhelium
•• 2 2 33SS11 state: state: τ τ = = 8000 s, 8000 s, 

Laser cooling: Laser cooling: λλ==1083 nm1083 nm

•• 20 20 eVeV internal energy: single internal energy: single He*He*
atom detectionatom detection

•• Penning ionization: Penning ionization: HeHe++

( He* + He* ( He* + He* →→ He + HeHe + He+ + + e+ e── ))

•• 33He* He* fermionfermion and and 44He* He* bosonboson

•• Scattering lengths large and positive!Scattering lengths large and positive!

aa4444=+7.512 nm ; a=+7.512 nm ; a3434=+28.8 nm=+28.8 nm

He ground state:
1s2 1S0

He* metastable state:
1s2s 3S1

I=1/2I=1/2 I=0I=0
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MagnetoMagneto--optical trap (MOT) setupoptical trap (MOT) setup

impression by J. Mimpression by J. MccNamaraNamara

Loading and cooling of ~2 × 109 4He* 
atoms in ~1 second at T ~ 1 mK

(phase-space density ~10-7)
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Detection methodsDetection methods
He*, HeHe*, He++, absorption imaging, absorption imaging

to CCD camerato CCD camera

trap axistrap axis

TurboTurbo
Pump 1Pump 1

TurboTurbo
Pump 2Pump 2

UHV UHV 
chamberchamber

P ~ 10P ~ 10--1111 mbarmbar

HeHe++ MCP MCP (not visible)(not visible)

HeHe** MCPMCP
on translation stageon translation stage
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11--D Doppler cooling in magnetic trapD Doppler cooling in magnetic trap

Circularly polarized laser beam
along the z-axis at high (24 G) B0

Laser cooling in axial (z) direction:
(σ+- cycling transition)

Cooling in radial direction:
reabsorption of spontaneously 
emitted red-detuned photons 
(collisions, anharmonic mixing)

““cloverleafcloverleaf”” magnetic trapmagnetic trap

Successfully used to cool spin-polarized 3He* fermions (>1×109)

s-wave collisions are forbidden – Pauli principle 
Cooling in radial direction – reabsorption of scattered photons

222222

222
)( zmymxmrV zyxext ωωω ++= (ωx= ωy>> ωz)
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Characterization trapped He* cloudCharacterization trapped He* cloud
TimeTime--ofof--flight onflight on microchannelmicrochannel plate detector (MCP)plate detector (MCP)

2
2
1 gtss o −= •• MOTMOT :

T = 1 T = 1 mKmK, N = 1.0 , N = 1.0 ×× 101099

•• CloverleafCloverleaf, , after after 
1D Doppler cooling1D Doppler cooling::
T = 0.15 T = 0.15 mKmK, N = 6 , N = 6 ×× 101088

MOTMOT

17 cm

CloverleafCloverleaf
T=3T=3××TTDD ,,

PhasePhase--space density space density 
increase increase ~ 600~ 600

No atoms lost during Doppler No atoms lost during Doppler 
coolingcooling

tT=0 = 190 ms
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BEC reached after 15 s BEC reached after 15 s rfrf
(50 (50 –– 8 MHz) evaporative cooling ramp8 MHz) evaporative cooling ramp

M=+1M=+1

BEC also observed after 2 s BEC also observed after 2 s rfrf rampramp
(with less atoms)(with less atoms)
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Observation of BECObservation of BEC

TimeTime--ofof--flight:flight:
–– Number of atoms, NNumber of atoms, N00(BEC), N(BEC), Nthth

–– Temperature, TTemperature, T
–– Expansion in xExpansion in x--direction (vertical)direction (vertical)

Absorption imaging:Absorption imaging:
–– MCP calibration (MOT)MCP calibration (MOT)
–– Expansion in y,z planeExpansion in y,z plane

HeHe++ ions: nonions: non--destructivedestructive
–– Loss processesLoss processes
–– BEC formation and decayBEC formation and decay
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from fit from fit noncondensednoncondensed part:part: TTcc~2 ~2 µµK  K  and  and  NNTT

NN0 0 via via µµ or integralor integral Method 1:Method 1:

NN0 0 = integral of green = integral of green 
curve times MCP curve times MCP 
calibration (20% accuracy)µµ NN00

TT

calibration (20% accuracy)

maximum number maximum number 
deduced: deduced: NN00=1 x 10=1 x 1077

However: saturation of However: saturation of 
MCP for NMCP for N00 > 1 x 10> 1 x 1066

NN00 too smalltoo small
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Method 2Method 2 : N: N0 0 via chemical potentialvia chemical potential
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h µµ extracted from width of extracted from width of 
TOF signal (radial expansion TOF signal (radial expansion 
only!) gives only!) gives NN00 = = 5 x 105 x 1077

µµ NN00

TT

lengthscatteringa
potentialchemical
zyxho

−
−

=

µ

ωωωω 3

However: Absorption imaging However: Absorption imaging 
reveals anomalous expansion reveals anomalous expansion 
of the BEC as a result of too of the BEC as a result of too 
slow trap switchslow trap switch--off:   off:   
stretching in radial direction.stretching in radial direction.

NN00 too largetoo large

1.5 x 101.5 x 1077<N<N00< 4 x 10< 4 x 1077
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Decay of the condensate:Decay of the condensate:
the effect of atomic transferthe effect of atomic transfer

Model :Model :
P. Zin, A. Dragan, S. Charzynski, N. Herschbach, P. Tol,
W. Hogervorst, W. Vassen, J. Phys. B36, L149 (2003)

Assumption: Assumption: 
BEC + thermal cloud remain in BEC + thermal cloud remain in 
thermodynamic equilibrium during thermodynamic equilibrium during 
decaydecay

Output:   NOutput:   N00(t), N(t), Nthth(t), (t), T(tT(t))

Input:   NInput:   N00(0), N(0), Nthth(0), (0), ττ -- lifetime,lifetime,
ββ (two(two--), ), LL (three(three--body loss rate body loss rate 
constant)constant)

BEC is detected up to t=75 sBEC is detected up to t=75 s

(Cloud lifetime (Cloud lifetime ττ ~ 3 min)~ 3 min)

•• -- quasiquasi--pure BECpure BEC
-- NN00=N=Nth th (t=0)(t=0)

BEC lifetime BEC lifetime 
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Decay of the condensate:Decay of the condensate:
the effect of atomic transferthe effect of atomic transfer

Atoms lost from a condensate Atoms lost from a condensate 
are lost from the trap, or are lost from the trap, or 
transferred to the thermal transferred to the thermal 
cloud. cloud. 

The presence of a thermal The presence of a thermal 
cloud reduces the lifetime of a cloud reduces the lifetime of a 
BEC

Assumption: Assumption: 

only background gas collisionsonly background gas collisions

⎟
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Atomic transferAtomic transfer
simplest case: simplest case: nonnon--interactinginteracting bosons &bosons &

only background collisionsonly background collisions

Only background gas Only background gas 
collisions cause trap losscollisions cause trap loss

( )zyx ωωωε ++= h2
1

0 BEC decay depends on NBEC decay depends on NTT
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including twoincluding two-- and threeand three--body lossesbody losses

+ similar equation for total energy loss rate+ similar equation for total energy loss rate

ττ -- lifetimelifetime
χχ -- twotwo--body loss rate body loss rate 
ξξ -- threethree--body loss rate

Expressions for condensate and Expressions for condensate and 
thermal (thermal (noncondensatenoncondensate) part density ) part density 

are related!body loss rate are related!
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Decay of the condensate:Decay of the condensate:
the effect of atomic transferthe effect of atomic transfer

BEC is detected up to t=75 sBEC is detected up to t=75 s

(Cloud lifetime (Cloud lifetime ττ ~ 3 min)

For quasiFor quasi--pure BEC the model gives pure BEC the model gives 
decay without atomic transferdecay without atomic transfer
(upper curve)~ 3 min) (upper curve)

Estimated loss rate constants:Estimated loss rate constants:
ββ=2(1) =2(1) ××1010--1414 cmcm33/s/s
L=9(3) L=9(3) ××1010--2727 cmcm66/s

•• -- quasiquasi--pure BECpure BEC
-- NN00=N=Nth th (t=0)(t=0)

BEC lifetime BEC lifetime 

/s

Theoretical predictions:Theoretical predictions:
ββ=1=1××1010--1414 cmcm33/s/s
LL=2=2××1010--2727 cmcm66/s/s

P.O. P.O. FedichevFedichev et alet al., Phys. Rev. ., Phys. Rev. LettLett.  .  7777, 2921 (1996), 2921 (1996)
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RfRf output coupler output coupler –– pulsed atom laserpulsed atom laser
Repeating Repeating rfrf--sweepssweeps

250 MHz/s |B|250 MHz/s

B0

m=+1

m=0

ħωrf/2µBBECBEC

atoms in m=0 atoms in m=0 

mean field interactions mean field interactions 

determine pulse shapedetermine pulse shape
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