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Motivation

• Bialkali molecules in the ground state have 
a large permanent electric dipole moment

    ex. RbCs d=1.25 Debye Vint = d2 1� 3cos2⇥
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Contact
interaction

• Quantum computation with trapped polar 
molecules

PRL, 88, 067901 (2002)

52Cr BEC_PRL, 101, 080401 (2008)

• Ultracold chemistry and precision measurement
• Molecules clocks
• Electric dipole moment (EDM) measurement

Nature 473, 493 (2011), Phys. Rev. A 84, 042504 (2011)

http://www.nature.com/nature/journal/v473/n7348/full/nature10104.html
http://www.nature.com/nature/journal/v473/n7348/full/nature10104.html
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Introduction

• Photostop
• Magnetic decelerator
• Stark decelerator

• RbCs
• YbCs

Cryogenic
sources

Trapping and
sympathetic cooling 

Coherently controlled
molecule array

Bringing molecules
to rest

Associate 
ultracold atoms

• Helium buffer-gas • 7Li, Rb
• Microwave cavity trap
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Helium buffer-gas cooling
YbF, T:3K d=1017 cm-3

LiH, CaF, SO, OH
Stark decelerator (Electric)
LiH brought to rest
removed 50% of Ekin of CaF
Sympathetic cooling
7Li and 87Rb 
Li in magnetic trap (300µK), overlap with LiH from Stark decelerator (50mK) ->5mK after 0.6s
try cool Li using rf evaporation

RbCs, CsYb Mixture
Zeeman decelerator (Magnetic)
PhotoStop
Theory
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MMQA_MicroKelvin Molecules in a Quantum Array
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Outline 
Observation of Feshbach resonances in ultracold 87Rb and 133Cs mixtures at high magnetic field

• Bose-Einstein condensations (BECs)
- 87Rb BEC in a combined magnetic and optical trap

- 133Cs BEC in a crossed dipole trap

- A quantum degenerate Bose mixture of 87Rb and 133Cs

• Feshbach molecules
- The formation background and method

- 87Rb133Cs Feshbach resonance measurement

• Stimulate Raman adiabatic passage (STIRAP)
- a two-photon scheme transfers the Feshbach molecules into the rovibronic ground state

• Summary



Feshbach molecules:
6Li (Innsbruck, Rice, Lab kaslter-Brassel, MIT 03-05), 7Li (Rice 02, 09), 23Na (MIT 98-99), 39K(Florence 07), 
40K(JILA 03-04), 85Rb(JILA 03), 87Rb(MPI 02-04), 133Cs (Stanford, Innsbruck 04, 09), 52Cr (Stuttgart 05)
6Li23Na (MIT 04)
6Li40K (Innsbruch 08)
6Li87Rb (Tubingen, British Columbia(Canada) 08)
7Li87Rb (Tubingen 09)
39K87Rb (Florence 08)
40K87Rb (Florence 08)
41K87Rb (Florence 08)
85Rb87Rb (JILA 06)
87Rb133Cs (Innsbruck, Durham 09 11)
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Laser cooling & Feshbach resonance

Alkali 
metals

Alkaline 
earth metals

Noble Gases Lanthanide Others

Li Mg He Dy Cr

Na Ca Ne Er Ag

K Sr Ar Tm Cd

Rb Ra Kr Yb Hg

Cs Ba Xe Al

Fr

Atoms in which laser cooling has been demonstrated1:

1(Steele, J. Vac. Sci. Technol. B 28, C6F1 (2010)) 
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RbCs is one of the stability of quantum gases of alkali-metal dimers
ex.
XY+XY→X2+Y2
XY+XY→X+XY2 or X2Y+Y

PRA, 81, 060703(R) (2010)

Laser cooling & Feshbach resonance
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Cooling Process

Optical dipole trap loaded by
reducing field gradient

Atoms collected in MOT Evaporation in 
quadrupole trap

Load magnetic quadrupole trap

Levitated dipole trap

Final evaporation Apply a magnetic 
gradient to tilt the trap

and

Reduce the beam intensity
to lower the trap depth

RF
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Review

Pyramid Chamber

Vacuum System

40ls-1 Ion
Pump

55ls-1 Ion
Pump

Pyramid MOT
Cold Atom Source

Two-species
 MOT

- Cold-atomic beams source is created by Pyramid MOT.
- >9x108 87Rb & 4x108 133Cs can be obtained by science 

MOT.
- The optical potential is produced by two laser beams with 

waists of 70 µm and wavelength 1550nm from a 30 Watt 
IPG ELR-30-LP-SF
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• Atoms are transferred into |1,+1> from |1,-1> by adiabatic rapid passage.
• A 26 x 26 mm square coil of 3 turns are driven to create an RF Filed at 1.5 MHz. A bias 

field of 22.4 G is then switched on to cross the RF Zeeman resonance at 2.1 G.  
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87Rb BEC in a levitated crossed dipole trap

J. Phys. B: At. Mol. Phys. 17 (1984) 4169-4178



Carsten Klempt Thesis

• Atoms are transferred into |1,+1> from |1,-1> by adiabatic rapid passage.
• A 26 x 26 mm square coil of 3 turns are driven to create an RF Filed at 1.5 MHz. A bias 

field of 22.4 G is then switched on to cross the RF Zeeman resonance at 2.1 G.  
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87Rb BEC in a levitated crossed dipole trap

J. Phys. B: At. Mol. Phys. 17 (1984) 4169-4178
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87Rb BEC in a levitated crossed dipole trap

J. Phys. B: At. Mol. Phys. 17 (1984) 4169-4178

• Atoms are transferred into |1,+1> from |1,-1> by adiabatic rapid passage.
• A 26 x 26 mm square coil of 3 turns are driven to create an RF Filed at 1.5 MHz. A bias 

field of 22.4 G is then switched on to cross the RF Zeeman resonance at 2.1 G.  
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87Rb BEC in a levitated crossed dipole trap
• The phase-space density trajectory to BEC of 87Rb (|1,+1>) in the 

cross dipole trap. NBEC = 1 x 106

• Control the depth of the levitated crossed dipole trap by 
manipulating the magnetic field gradient. 
C. Chin, Phys. Rev. A, 78, 011604(R), 2008

• Sympathetic cooling of different spin states in the levitated cross 
dipole trap by a tilting potential. The inset shows the vertical 
cross-section through the potential minimum for a beam power of  
0.45 W and a magnetic field gradient of 13 G/cm.

• Application of the experiment to sympathetic cooling of 133Cs. The 
dipole trap potential corresponds to 100 mW in each beam, a 
magnetic field gradient of 38 G/cm and a bias field of 22.4 G.

Eur. Phys. J. D ((DOI: 10.1140/epjd/e2011-10720-5))
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87Rb BEC in a levitated crossed dipole trap

Eur. Phys. J. D ((DOI: 10.1140/epjd/e2011-10720-5))
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87Rb BEC in a levitated crossed dipole trap
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87Rb BEC in a levitated crossed dipole trap

Eur. Phys. J. D ((DOI: 10.1140/epjd/e2011-10720-5))
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133Cs BEC in the cross-dipole trap
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133Cs BEC in the cross-dipole trap
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133Cs BEC in the cross-dipole trap

γ = 2.5(2)
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133Cs BEC in the cross-dipole trap

γ = 5.6(3)

γ = 2.5(2)
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133Cs BEC in the cross-dipole trap

γ = 5.6(3)

γ = 2.5(2)

To avoid the interspecies loss 
and optimise the transfer of 
133Cs, lower RF frequency or a 
resonant light to  remove all 87 

Rb. The resulting loading is 
highly efficient with ~50% of 
133Cs transferred into dipole 
trap. This is double the atoms 
number loaded compared to 
87Rb absence case. 
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133Cs BEC in the cross-dipole trap
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Cs BEC window

Optimising the magnetic field:

BEC window
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Toward Dual BEC

87Rb

133Cs

133Cs

87Rb

1) The calculated polarisabilities in atomic unit are ~  572 a03 for 133Cs and 
~ 425 a03 for 87Rb at 1550 nm. Phys. Rev. A, 73, 022505, 2006.

2) A strong interspecies loss after loading into the levitated dipole trap.
-τCs= 0.8(1) s, τRb= 4(1) & 70(10) s.
-τRb= 0.9(2) s, τCs= 2(1) & 10(3) s.

lower 3 body loss by reduce the peak density
- change to a larger beam waist
- decompress trap

Ṅ

N
= �L⇥n2⇤ , L3 = nlC

�
m

a4

Phys. Rev. A 84 011603(R) (2011)

Eur. Phys. J. D (DOI: 10.1140/epjd/e2011-20015-6)

http://pra.aps.org/abstract/PRA/v84/i1/e011603
http://pra.aps.org/abstract/PRA/v84/i1/e011603
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133Cs->

� =
gRbCs

gRbgCs
> 1, gij = 2��2aij(

mi + mj

mimj
)

Immiscible quantum degenerate mixture:
the relative strength of the atomic interactions 

               
                 Phys.Rev. A, 65, 063614, 2002

In our case, B = 22.4 G, aRb = 100a0 and aCs = 
280a0, the observation of immiscibility require aRbCs 
> 165a0. aRbCs = 650a0 (J. Hustson, private communication 2011) 

Phys. Rev. A 84 011603(R) (2011)

Eur. Phys. J. D (DOI: 10.1140/epjd/e2011-20015-6)

http://pra.aps.org/abstract/PRA/v84/i1/e011603
http://pra.aps.org/abstract/PRA/v84/i1/e011603
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II. EXPERIMENTAL RESULTS

A. Condensates of 87Rb and 85Rb

The condensate of 87Rb(|f = 1,mf = �1i) and
85Rb(|f = 2,mf = �2i) was created in an extremely
elongated dipole trap by taking 87Rb as coolant which
cool down 85Rb sympathetically[1]. Papp et al. tuned
the Feshbach resonance to change the scattering length
of 85Rb, then the mixture could be miscible or immisci-
ble in this experiment. Moreover, the experimental result
shows that the dual-species condensate may fail to form
if the particle number of one component is too large at
the start of evaporation(right column of FIG. 1). The ax-
ial(radial) trapping frequency is 2⇡⇥ 2.9Hz(2⇡⇥ 130Hz)
for 85Rb, and the axial trapping frequency for 87Rb is
2⇡ ⇥ 2.6Hz due to the di↵erence of magnetic moment.
The scattering lengths are a87 = 99a0, a87�85 = 213a0
and a85 is tuned by Feshbach resonance where a0 is Born
radius. For positive interspecies interaction, they define a
parameter � ⌘ (a87a85/a287�85)�1 to verify the conden-
sates to be miscible if � > 0, or immiscible if � < 0[3].
Beside the small gravitational sag which comes from the
misalignment of the dipole-trapped laser(FIG. 1) makes
the trapping centers of both species uncoincided, the de-
tail of the e✏uence of misalignment is discussed in section
V A.

B. Condensates of 87Rb and 133Cs

The first experiment which cool down 87Rb(|f =
1,mf = +1i) and 133Cs(|f = 3,mf = +3i) to be conden-
sates simultaneously in a trap was achieved by Cornish’s
group[2], instead of [6] which Rb and Cs were cooled
down in the di↵erent trap at the end of evaporation. As
well as [1], 133Cs is cooled down by 87Rb sympatheitcally,
and both species are loaded in a cigar-shaped trap and
can be regarded as quasi-one dimensional system. The
axial(radial) trapping frequencies for 87Rb and 133Cs are
2⇡⇥ 3.89Hz(2⇡⇥ 3.89Hz) and 2⇡⇥ 4.66Hz(2⇡⇥ 3.89Hz)
which is got by measuring the intensity of trapping field,
respectively.

The experimental result shows that there are three dif-
ferent phase(FIG. 3 in [2]) which depends on the particle
numbers of both species: phase I: ball(Rb) and shell(Cs),
phase II: ball(Cs) and shell(Rb) and phase III: asymmet-
rically separated. If the particle number of Cs(Rb) is
much larger than the Rb(Cs) then it would be phase
I(II), if the particle number of both species are similar
then it would be phase III. This behavior is failed to
achieve by imaginary-time propagation. There are only
phase III to be the groundstate, however SGPEs can sim-
ulate the result and find that phase I and phase II are
the meta-state during the cooling process. At the end of
simulation, there would be phase III or only one survived
species. The scattering length of Cs is 280a0, however we
do not sure the interspecies-interacting strength which

could be pretty strong. We get good SPGPE numerical
result when aRb�Cs = 550a0[? ].

III. FORMALISM OF SPGPE FOR DUAL
SPECIES CONDENSATE

To simulate the dynamical procedure of condensation,
we employ the SPGPE[4] to the dual-species case. The
formalism of SGPE for dual-species BEC is

@ i

@t
= P{�i

h̄
Ĥi

GP i+
�i

kBT

⇣
µi � Ĥi

GP

⌘
 i+

dŴi

dt
} (1)

for i = 1, 2, where dŴi/dt denotes the complex-valued
white noise associated with the condensate growth and P
is the projection operator which restricts the dynamics of
the condensates in the lower energy region (i.e. below the
cuto↵ energy). The growth rate �i corresponds to two-
body collisions between condensate and noncondensate
atoms whereby particle transfer can take place, T and
µi are final temperature of condensate and the chemical
potential respectively. And the hamiltonian Ĥi

GP is

Ĥi
GP = � h̄2

2mi
r2 + Vi(r) + gii| i|2 + g12| 3�i|2 (2)

The external potentials in the experiments are con-
sidered as harmonic trap, Vi = 0.5mi!

2
i (z

2 + �2i r
2)

with the aspected ratio �i ⌧ 1. The e↵ective
1D interaction can be obtained gij = 2h̄(mi +
mj)!1mimj�ri�rj/mimj(mi�ri + mj)�rj The growth
rates are treated as fitting parameters as [4] trying to fit
the experimental phenomena, the details are discussed
in section V. We considerThe initial condition of each
species are Gaussian-random distribution which are al-
lowed Bose distribution with a initial chemical potential
and initial temperature[4].

IV. FRAGMENTATION OF CONDENSATE

According to the Onsager criterion, the condensate is
said to be fragmented when there are more than main-
populated eigenstate of the one-particle density matrix.
The one-body density matrix at a given certain time is
calculated by the subensemble via short-time averaging
individual trajectories under ergodic hypothesis[4],

⇢i(t) =
1

�t

Z t+�t/2

t��t/2
dt0

| i(t0)i h i(t0)|
Tr(| i(t0)i h i(t0)|)

(3)

where �t is a short range of time which supposes to be
shorter than the correlation time of condensate, and the
eigenvalue of the normalizing one-body density matrix
of each component represents the fraction of condensate.
The correlation time is estimated by the correlation func-
tion of time

Ci(t) = h ⇤
i (z, t

0) i(z, t
0 + t)i (4)
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cool down 85Rb sympathetically[1]. Papp et al. tuned
the Feshbach resonance to change the scattering length
of 85Rb, then the mixture could be miscible or immisci-
ble in this experiment. Moreover, the experimental result
shows that the dual-species condensate may fail to form
if the particle number of one component is too large at
the start of evaporation(right column of FIG. 1). The ax-
ial(radial) trapping frequency is 2⇡⇥ 2.9Hz(2⇡⇥ 130Hz)
for 85Rb, and the axial trapping frequency for 87Rb is
2⇡ ⇥ 2.6Hz due to the di↵erence of magnetic moment.
The scattering lengths are a87 = 99a0, a87�85 = 213a0
and a85 is tuned by Feshbach resonance where a0 is Born
radius. For positive interspecies interaction, they define a
parameter � ⌘ (a87a85/a287�85)�1 to verify the conden-
sates to be miscible if � > 0, or immiscible if � < 0[3].
Beside the small gravitational sag which comes from the
misalignment of the dipole-trapped laser(FIG. 1) makes
the trapping centers of both species uncoincided, the de-
tail of the e✏uence of misalignment is discussed in section
V A.

B. Condensates of 87Rb and 133Cs

The first experiment which cool down 87Rb(|f =
1,mf = +1i) and 133Cs(|f = 3,mf = +3i) to be conden-
sates simultaneously in a trap was achieved by Cornish’s
group[2], instead of [6] which Rb and Cs were cooled
down in the di↵erent trap at the end of evaporation. As
well as [1], 133Cs is cooled down by 87Rb sympatheitcally,
and both species are loaded in a cigar-shaped trap and
can be regarded as quasi-one dimensional system. The
axial(radial) trapping frequencies for 87Rb and 133Cs are
2⇡⇥ 3.89Hz(2⇡⇥ 3.89Hz) and 2⇡⇥ 4.66Hz(2⇡⇥ 3.89Hz)
which is got by measuring the intensity of trapping field,
respectively.

The experimental result shows that there are three dif-
ferent phase(FIG. 3 in [2]) which depends on the particle
numbers of both species: phase I: ball(Rb) and shell(Cs),
phase II: ball(Cs) and shell(Rb) and phase III: asymmet-
rically separated. If the particle number of Cs(Rb) is
much larger than the Rb(Cs) then it would be phase
I(II), if the particle number of both species are similar
then it would be phase III. This behavior is failed to
achieve by imaginary-time propagation. There are only
phase III to be the groundstate, however SGPEs can sim-
ulate the result and find that phase I and phase II are
the meta-state during the cooling process. At the end of
simulation, there would be phase III or only one survived
species. The scattering length of Cs is 280a0, however we
do not sure the interspecies-interacting strength which

could be pretty strong. We get good SPGPE numerical
result when aRb�Cs = 550a0[? ].

III. FORMALISM OF SPGPE FOR DUAL
SPECIES CONDENSATE

To simulate the dynamical procedure of condensation,
we employ the SPGPE[4] to the dual-species case. The
formalism of SGPE for dual-species BEC is
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for i = 1, 2, where dŴi/dt denotes the complex-valued
white noise associated with the condensate growth and P
is the projection operator which restricts the dynamics of
the condensates in the lower energy region (i.e. below the
cuto↵ energy). The growth rate �i corresponds to two-
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with the aspected ratio �i ⌧ 1. The e↵ective
1D interaction can be obtained gij = 2h̄(mi +
mj)!1mimj�ri�rj/mimj(mi�ri + mj)�rj The growth
rates are treated as fitting parameters as [4] trying to fit
the experimental phenomena, the details are discussed
in section V. We considerThe initial condition of each
species are Gaussian-random distribution which are al-
lowed Bose distribution with a initial chemical potential
and initial temperature[4].

IV. FRAGMENTATION OF CONDENSATE

According to the Onsager criterion, the condensate is
said to be fragmented when there are more than main-
populated eigenstate of the one-particle density matrix.
The one-body density matrix at a given certain time is
calculated by the subensemble via short-time averaging
individual trajectories under ergodic hypothesis[4],
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where �t is a short range of time which supposes to be
shorter than the correlation time of condensate, and the
eigenvalue of the normalizing one-body density matrix
of each component represents the fraction of condensate.
The correlation time is estimated by the correlation func-
tion of time
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85Rb(|f = 2,mf = �2i) was created in an extremely
elongated dipole trap by taking 87Rb as coolant which
cool down 85Rb sympathetically[1]. Papp et al. tuned
the Feshbach resonance to change the scattering length
of 85Rb, then the mixture could be miscible or immisci-
ble in this experiment. Moreover, the experimental result
shows that the dual-species condensate may fail to form
if the particle number of one component is too large at
the start of evaporation(right column of FIG. 1). The ax-
ial(radial) trapping frequency is 2⇡⇥ 2.9Hz(2⇡⇥ 130Hz)
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2⇡ ⇥ 2.6Hz due to the di↵erence of magnetic moment.
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and a85 is tuned by Feshbach resonance where a0 is Born
radius. For positive interspecies interaction, they define a
parameter � ⌘ (a87a85/a287�85)�1 to verify the conden-
sates to be miscible if � > 0, or immiscible if � < 0[3].
Beside the small gravitational sag which comes from the
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the trapping centers of both species uncoincided, the de-
tail of the e✏uence of misalignment is discussed in section
V A.

B. Condensates of 87Rb and 133Cs
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1,mf = +1i) and 133Cs(|f = 3,mf = +3i) to be conden-
sates simultaneously in a trap was achieved by Cornish’s
group[2], instead of [6] which Rb and Cs were cooled
down in the di↵erent trap at the end of evaporation. As
well as [1], 133Cs is cooled down by 87Rb sympatheitcally,
and both species are loaded in a cigar-shaped trap and
can be regarded as quasi-one dimensional system. The
axial(radial) trapping frequencies for 87Rb and 133Cs are
2⇡⇥ 3.89Hz(2⇡⇥ 3.89Hz) and 2⇡⇥ 4.66Hz(2⇡⇥ 3.89Hz)
which is got by measuring the intensity of trapping field,
respectively.
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ferent phase(FIG. 3 in [2]) which depends on the particle
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rically separated. If the particle number of Cs(Rb) is
much larger than the Rb(Cs) then it would be phase
I(II), if the particle number of both species are similar
then it would be phase III. This behavior is failed to
achieve by imaginary-time propagation. There are only
phase III to be the groundstate, however SGPEs can sim-
ulate the result and find that phase I and phase II are
the meta-state during the cooling process. At the end of
simulation, there would be phase III or only one survived
species. The scattering length of Cs is 280a0, however we
do not sure the interspecies-interacting strength which

could be pretty strong. We get good SPGPE numerical
result when aRb�Cs = 550a0[? ].
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1D interaction can be obtained gij = 2h̄(mi +
mj)!1mimj�ri�rj/mimj(mi�ri + mj)�rj The growth
rates are treated as fitting parameters as [4] trying to fit
the experimental phenomena, the details are discussed
in section V. We considerThe initial condition of each
species are Gaussian-random distribution which are al-
lowed Bose distribution with a initial chemical potential
and initial temperature[4].
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According to the Onsager criterion, the condensate is
said to be fragmented when there are more than main-
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individual trajectories under ergodic hypothesis[4],

⇢i(t) =
1

�t

Z t+�t/2

t��t/2
dt0

| i(t0)i h i(t0)|
Tr(| i(t0)i h i(t0)|)

(3)

where �t is a short range of time which supposes to be
shorter than the correlation time of condensate, and the
eigenvalue of the normalizing one-body density matrix
of each component represents the fraction of condensate.
The correlation time is estimated by the correlation func-
tion of time

Ci(t) = h ⇤
i (z, t

0) i(z, t
0 + t)i (4)

2

II. EXPERIMENTAL RESULTS

A. Condensates of 87Rb and 85Rb

The condensate of 87Rb(|f = 1,mf = �1i) and
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cool down 85Rb sympathetically[1]. Papp et al. tuned
the Feshbach resonance to change the scattering length
of 85Rb, then the mixture could be miscible or immisci-
ble in this experiment. Moreover, the experimental result
shows that the dual-species condensate may fail to form
if the particle number of one component is too large at
the start of evaporation(right column of FIG. 1). The ax-
ial(radial) trapping frequency is 2⇡⇥ 2.9Hz(2⇡⇥ 130Hz)
for 85Rb, and the axial trapping frequency for 87Rb is
2⇡ ⇥ 2.6Hz due to the di↵erence of magnetic moment.
The scattering lengths are a87 = 99a0, a87�85 = 213a0
and a85 is tuned by Feshbach resonance where a0 is Born
radius. For positive interspecies interaction, they define a
parameter � ⌘ (a87a85/a287�85)�1 to verify the conden-
sates to be miscible if � > 0, or immiscible if � < 0[3].
Beside the small gravitational sag which comes from the
misalignment of the dipole-trapped laser(FIG. 1) makes
the trapping centers of both species uncoincided, the de-
tail of the e✏uence of misalignment is discussed in section
V A.

B. Condensates of 87Rb and 133Cs

The first experiment which cool down 87Rb(|f =
1,mf = +1i) and 133Cs(|f = 3,mf = +3i) to be conden-
sates simultaneously in a trap was achieved by Cornish’s
group[2], instead of [6] which Rb and Cs were cooled
down in the di↵erent trap at the end of evaporation. As
well as [1], 133Cs is cooled down by 87Rb sympatheitcally,
and both species are loaded in a cigar-shaped trap and
can be regarded as quasi-one dimensional system. The
axial(radial) trapping frequencies for 87Rb and 133Cs are
2⇡⇥ 3.89Hz(2⇡⇥ 3.89Hz) and 2⇡⇥ 4.66Hz(2⇡⇥ 3.89Hz)
which is got by measuring the intensity of trapping field,
respectively.

The experimental result shows that there are three dif-
ferent phase(FIG. 3 in [2]) which depends on the particle
numbers of both species: phase I: ball(Rb) and shell(Cs),
phase II: ball(Cs) and shell(Rb) and phase III: asymmet-
rically separated. If the particle number of Cs(Rb) is
much larger than the Rb(Cs) then it would be phase
I(II), if the particle number of both species are similar
then it would be phase III. This behavior is failed to
achieve by imaginary-time propagation. There are only
phase III to be the groundstate, however SGPEs can sim-
ulate the result and find that phase I and phase II are
the meta-state during the cooling process. At the end of
simulation, there would be phase III or only one survived
species. The scattering length of Cs is 280a0, however we
do not sure the interspecies-interacting strength which

could be pretty strong. We get good SPGPE numerical
result when aRb�Cs = 550a0[? ].

III. FORMALISM OF SPGPE FOR DUAL
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To simulate the dynamical procedure of condensation,
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white noise associated with the condensate growth and P
is the projection operator which restricts the dynamics of
the condensates in the lower energy region (i.e. below the
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with the aspected ratio �i ⌧ 1. The e↵ective
1D interaction can be obtained gij = 2h̄(mi +
mj)!1mimj�ri�rj/mimj(mi�ri + mj)�rj The growth
rates are treated as fitting parameters as [4] trying to fit
the experimental phenomena, the details are discussed
in section V. We considerThe initial condition of each
species are Gaussian-random distribution which are al-
lowed Bose distribution with a initial chemical potential
and initial temperature[4].

IV. FRAGMENTATION OF CONDENSATE

According to the Onsager criterion, the condensate is
said to be fragmented when there are more than main-
populated eigenstate of the one-particle density matrix.
The one-body density matrix at a given certain time is
calculated by the subensemble via short-time averaging
individual trajectories under ergodic hypothesis[4],
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II. EXPERIMENTAL RESULTS

A. Condensates of 87Rb and 85Rb

The condensate of 87Rb(|f = 1,mf = �1i) and
85Rb(|f = 2,mf = �2i) was created in an extremely
elongated dipole trap by taking 87Rb as coolant which
cool down 85Rb sympathetically[1]. Papp et al. tuned
the Feshbach resonance to change the scattering length
of 85Rb, then the mixture could be miscible or immisci-
ble in this experiment. Moreover, the experimental result
shows that the dual-species condensate may fail to form
if the particle number of one component is too large at
the start of evaporation(right column of FIG. 1). The ax-
ial(radial) trapping frequency is 2⇡⇥ 2.9Hz(2⇡⇥ 130Hz)
for 85Rb, and the axial trapping frequency for 87Rb is
2⇡ ⇥ 2.6Hz due to the di↵erence of magnetic moment.
The scattering lengths are a87 = 99a0, a87�85 = 213a0
and a85 is tuned by Feshbach resonance where a0 is Born
radius. For positive interspecies interaction, they define a
parameter � ⌘ (a87a85/a287�85)�1 to verify the conden-
sates to be miscible if � > 0, or immiscible if � < 0[3].
Beside the small gravitational sag which comes from the
misalignment of the dipole-trapped laser(FIG. 1) makes
the trapping centers of both species uncoincided, the de-
tail of the e✏uence of misalignment is discussed in section
V A.

B. Condensates of 87Rb and 133Cs

The first experiment which cool down 87Rb(|f =
1,mf = +1i) and 133Cs(|f = 3,mf = +3i) to be conden-
sates simultaneously in a trap was achieved by Cornish’s
group[2], instead of [6] which Rb and Cs were cooled
down in the di↵erent trap at the end of evaporation. As
well as [1], 133Cs is cooled down by 87Rb sympatheitcally,
and both species are loaded in a cigar-shaped trap and
can be regarded as quasi-one dimensional system. The
axial(radial) trapping frequencies for 87Rb and 133Cs are
2⇡⇥ 3.89Hz(2⇡⇥ 3.89Hz) and 2⇡⇥ 4.66Hz(2⇡⇥ 3.89Hz)
which is got by measuring the intensity of trapping field,
respectively.

The experimental result shows that there are three dif-
ferent phase(FIG. 3 in [2]) which depends on the particle
numbers of both species: phase I: ball(Rb) and shell(Cs),
phase II: ball(Cs) and shell(Rb) and phase III: asymmet-
rically separated. If the particle number of Cs(Rb) is
much larger than the Rb(Cs) then it would be phase
I(II), if the particle number of both species are similar
then it would be phase III. This behavior is failed to
achieve by imaginary-time propagation. There are only
phase III to be the groundstate, however SGPEs can sim-
ulate the result and find that phase I and phase II are
the meta-state during the cooling process. At the end of
simulation, there would be phase III or only one survived
species. The scattering length of Cs is 280a0, however we
do not sure the interspecies-interacting strength which

could be pretty strong. We get good SPGPE numerical
result when aRb�Cs = 550a0[? ].

III. FORMALISM OF SPGPE FOR DUAL
SPECIES CONDENSATE

To simulate the dynamical procedure of condensation,
we employ the SPGPE[4] to the dual-species case. The
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white noise associated with the condensate growth and P
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with the aspected ratio �i ⌧ 1. The e↵ective
1D interaction can be obtained gij = 2h̄(mi +
mj)!1mimj�ri�rj/mimj(mi�ri + mj)�rj The growth
rates are treated as fitting parameters as [4] trying to fit
the experimental phenomena, the details are discussed
in section V. We considerThe initial condition of each
species are Gaussian-random distribution which are al-
lowed Bose distribution with a initial chemical potential
and initial temperature[4].

IV. FRAGMENTATION OF CONDENSATE

According to the Onsager criterion, the condensate is
said to be fragmented when there are more than main-
populated eigenstate of the one-particle density matrix.
The one-body density matrix at a given certain time is
calculated by the subensemble via short-time averaging
individual trajectories under ergodic hypothesis[4],
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According to the Onsager criterion, the condensate is
said to be fragmented when there are more than main-
populated eigenstate of the one-particle density matrix.
The one-body density matrix at a given certain time is
calculated by the subensemble via short-time averaging
individual trajectories under ergodic hypothesis[4],

⇢i(t) =
1

�t

Z t+�t/2

t��t/2
dt0

| i(t0)i h i(t0)|
Tr(| i(t0)i h i(t0)|)

(3)

where �t is a short range of time which supposes to be
shorter than the correlation time of condensate, and the
eigenvalue of the normalizing one-body density matrix
of each component represents the fraction of condensate.
The correlation time is estimated by the correlation func-
tion of time

Ci(t) = h ⇤
i (z, t

0) i(z, t
0 + t)i (4)

87Rb->
133Cs->

5thDec, 2011 NTHUPHYS

stochastic projected Gross-Pitaevskii equation 
NTUE L. K. Liu and Prof. S. C. Gou
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Feshbach resonances:

C. Chin, Rev. Mod. Phys. 82, 1225-1286 (2010)
F. Ferlaino et al.,  arXiv: 0809.3920 (2009)

Feshbach resonances
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Feshbach resonances

Position of Last Bound State:
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Feshbach resonances

Position of Last Bound State:
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Feshbach resonances

Position of Last Bound State:
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Cs Feshbach resonances (6 – 50 G)

Optimising the magnetic field:

BEC window
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Working at High Magnetic Fields

Cs evaporation at high fields:

Preliminary Data
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Working at High Magnetic Fields

Cs evaporation at high fields:

Preliminary Data
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Working at High Magnetic Fields

Cs evaporation at high fields:

Preliminary Data
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Toward Dual BEC

87Rb

133Cs

133Cs

87Rb

1) The calculated polarisabilities in atomic unit are ~  572 a03 for 133Cs and 
~ 425 a03 for 87Rb at 1550 nm. Phys. Rev. A, 73, 022505, 2006.

2) A strong interspecies loss after loading into the levitated dipole trap.
-τCs= 0.8(1) s, τRb= 4(1) & 70(10) s.
-τRb= 0.9(2) s, τCs= 2(1) & 10(3) s.

lower 3 body loss by reduce the peak density
- change to a larger beam waist
- decompress trap

Ṅ

N
= �L⇥n2⇤ , L3 = nlC

�
m

a4

87Rb->
133Cs->

� =
gRbCs

gRbgCs
> 1, gij = 2��2aij(

mi + mj

mimj
)

Immiscible quantum degenerate mixture:
the relative strength of the atomic interactions 

               
                 Phys.Rev. A, 65, 063614, 2002

In our case, B = 22.4 G, aRb = 100a0 and aCs = 
280a0, the observation of immiscibility require aRbCs 
> 165a0. aRbCs = 650a0 (J. Hutson, private communication 2011) 

Phys. Rev. A 84 011603(R) (2011)

http://pra.aps.org/abstract/PRA/v84/i1/e011603
http://pra.aps.org/abstract/PRA/v84/i1/e011603
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RbCs Feshbach Resonance
87RbCs Feshbach resonances

Preliminary Data
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RbCs Feshbach Resonance
87RbCs Feshbach resonances
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RbCs Feshbach Resonance

Peak densities of 87Rb and 133Cs are 1.6(1) x 1012 cm-3 and 3.1(4) x 1011 cm-3.

The mixture contains 3.0(3) x 105 87Rb and 2.6(4) x 104 133Cs at 0.32(1) µK
- the temperature is  well below the p-wave threshold (kB x 56 µK based upon C6, Phys. Revs A 59, 390, 1999)
- The presented Feshbach spectrum near 180 G is measured by evolving the mixture at a specific 

homogeneous magnetic field for 5 sec and each data point corresponds to an average of 3-5 
measurements.

87RbCs Feshbach resonances

Preliminary Data
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87RbCs Feshbach resonances

Position: 181.55(2) G
Width:     0.45(7) G

Position: 197.095(4) G
Width:     0.09(1) G

Theor. pos.:
Zero crossing:  1125.4   G
Pole:  1116.46 G

J. Hutson,  private communication (2011)

Theor. pos.:
181.65 G

Theor. pos.:
197.067 G

RbCs Feshbach Resonance
Preliminary Data
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87RbCs Feshbach resonances

Theor. pos.:
Zero crossing:  1125.4   G
Pole:  1116.46 G

J. Hutson,  private communication (2011)

RbCs Feshbach Resonance

Innsbruck Durham

Phys. Rev. A 79 042718 (2009)
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87RbCs Feshbach resonances

Theor. pos.:
Zero crossing:  1125.4   G
Pole:  1116.46 G

J. Hutson,  private communication (2011)

RbCs Feshbach Resonance

Innsbruck Durham
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Stimulate Raman adiabatic passage (STIRAP)

Phys. Chem. Chem. Phys. 13 18926 (2011)

X1Σ+

a3Σ+

Feshbach
Molecule

Free
Atoms

Magneto-association

Stimulated Raman
Adiabatic Passage

Deeply Bound Molecule

~1569nm

~980nm

c3Σ+

B1Π

5P1/2

5P3/2

Rb:

5S1/2
5S1/2

Cs:

6S1/2

6S1/2

6P1/2

6P3/2

5S1/2 6S1/2

W. C. Stwalley
Eur. Phys. J. D 31, 221 (2004)

http://pra.aps.org/abstract/PRA/v84/i1/e011603
http://pra.aps.org/abstract/PRA/v84/i1/e011603


5thDec, 2011 NTHUPHYS

Stimulate Raman adiabatic passage (STIRAP)

FWHM: 270 kHz
FSR: 750 MHz
Finesse: ~ 3000

Zerodur spacerPiezo

Mirrors (99.91 % reflectivity)

Stainless steel mount

Phys. Chem. Chem. Phys. 13 18926 (2011)
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W. C. Stwalley
Eur. Phys. J. D 31, 221 (2004)

http://pra.aps.org/abstract/PRA/v84/i1/e011603
http://pra.aps.org/abstract/PRA/v84/i1/e011603
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Summary
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