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Double BEC 

PRL, 1996

PRL, 1998

4

a12

1.8 nm

3.6 nm

0nm

Miscibility



Double BEC

Alkalis: 

Two hyperfine levels of same species: 87Rb, 39K… 

Different isotopes: 87Rb-85Rb, K39-K41…

Different elements: Rb-K, Rb-Cs, Na-Rb, Na-K…

Alkali + alkali earth 

Rb-Sr, Cs-Yb…

Others

Also many theoretical investigations

PRL, 1997
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Mean-field theory

Two-body interaction:

𝑔𝑖𝑗 =
2𝜋ℏ2𝑎𝑖𝑗

𝜇
with μ the reduced mass

𝑔12

repulsiveattractive

𝑔22𝑔11

Immiscible
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𝑔12 > 𝑔11𝑔22

Collapse

𝑔12 < − 𝑔11𝑔22

For single BEC with a < 0:

Collapse when 

𝑁 > 𝑁𝑐 ≈ 𝑎ℎ𝑜/|𝑎|

Donley et al., Nature 412, 295 (2001)



Beyond mean-field effects
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The Lee-Huang-Yang correction: single species

𝐸

𝑉
=
1

2
𝑔𝑛2(1 +

128

15 𝜋
𝑛𝑎3 +⋯)

𝑛𝑎3 is usually small: 

~10-5 for typical 87Rb BECs

N. Navon et al. Phys. Rev. Lett. 107, 135301 (2011)

LHY, Phys. Rev. 106, 1135–1145 (1957)

Typically, the system is 

dominated by the mean-field 

interaction. 

Strong interaction is needed to 

observe the LHY contribution
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Equation of state of the homogeneous Bose gas expressed
as the normalized pressure h as a function of the gas

parameter ν.



The Lee-Huang-Yang correction: double BEC

Petrov, PRL 115, 155302 (2015)
𝜀 = 𝜀𝑀𝐹 + 𝜀𝐿𝐻𝑌

𝜀𝑀𝐹 =
1

2
𝑔11𝑛1

2 + 𝑔22𝑛2
2 + 𝑔12𝑛1𝑛2 ∝ 𝒏𝟐

𝜀𝐿𝐻𝑌 =
8 𝑚1

Τ3 2

15𝜋2ℏ3
𝑓(

𝑚2

𝑚1
,
𝑔12
2

𝑔11𝑔22
,
𝑔22𝑛2
𝑔11𝑛1

) 𝑔11𝑛1
𝟓
𝟐 ∝ 𝒏𝟓/𝟐

For the special case

with the same m, gii and n: 

𝜀𝑀𝐹 =
1

4
𝑛2𝛿𝑔 ∝ 𝒏𝟐

𝜀𝐿𝐻𝑌 =
8𝑚1

Τ3 2

15𝜋2
𝑓( 1,

𝑔12
2

𝑔2
, 1) 𝑔𝑛

𝟓
𝟐∝ 𝒏𝟓/𝟐

𝒂𝒕𝒕𝒓𝒂𝒄𝒕𝒊𝒗𝒆 𝒇𝒐𝒓 𝛿𝑔<0

𝒓𝒆𝒑𝒖𝒍𝒊𝒔𝒗𝒆
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For 𝑔12<0
𝛿𝑔 = 𝑔12 + 𝑔11𝑔22



Quantum liquid droplet

Ferrier-Barbut and Pfau, 
Science 359, 274–275 (2018)
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Phase diagram for double BEC

𝑔12

repulsiveattractive

𝑔22𝑔11

Immiscible

Droplet

Gas phase

The droplet is “self-bound”:

no size expansion in free space
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𝑔12 > 𝑔11𝑔22𝑔12 < − 𝑔11𝑔22



Experimental observation

|𝐹 = 1, ۧ𝑚𝐹 = 0 and |𝐹 = 1, ۧ𝑚𝐹 = 1 of 39K

Cabrera et al., Science 359, 301–304 (2018)

Semeghini et al., PRL, 120, 235301 (2018)

Also in single Dy and Er BECs

with magnetic dipole-dipole 

interaction:

T. Pfau and F. Ferlaino groups
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Phys. Rev. Research 1, 033155 (2019)
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The setup

A small MOT of Na with ~ 5106 atom
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1. Single chamber; UV LIAD assisted loading

of both Na and Rb to obtain 20 s lifetime

2. Magnets for up to 1200 G with < 10 mG resolution

3. Microwave and RF manipulation of atoms’ spins

4. Hybrid quadrupole + optical trap for evaporation



Double BEC
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Up to 4x105 atoms each; but immiscible

𝑎𝑅𝑏87 = 100.4𝑎0

𝑎𝑁𝑎 = 54.5𝑎0

𝑎𝑁𝑎𝑅𝑏 = 66.7𝑎0

𝑔12 > 𝑔11𝑔22



Feshbach resonance
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𝑎𝑁𝑎𝑅𝑏 = 𝑎𝑏𝑔(1 −
Δ

𝐵 − 𝐵0
)

𝑎𝑏𝑔 = 66.7𝑎0
𝐵0 = 347.64 𝐺
Δ = 5.20 𝐺

Fudong Wang et al 2015 New J. Phys. 17 035003

347 G resonance between Na |1,1> and Rb |1,1>



Feshbach resonance recalibration
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Measuring Feshbach molecule 

binding energy by dissociation

| ۧ1,1

Eb

𝑎𝑁𝑎𝑅𝑏 = 𝑎𝑏𝑔(1 −
Δ

𝐵 − 𝐵0
)

𝑎𝑏𝑔 = 76.33𝑎0
𝐵0 = 347.648 𝐺
Δ = 4.255 𝐺

CC modelling by 

Jeremy Hutson 



Window of observation
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𝛿𝑔 < 0 when

𝑎𝑁𝑎𝑅𝑏 < −60 𝑎0
(𝐵 < 350.326 𝐺) Following Petrov, PRL 115, 155302 (2015)

𝑛𝑅𝑏 =
25𝜋

1024

1

𝑓2
1

𝑎𝑅𝑏
3

𝛿𝑔2

𝑔𝑅𝑏𝑔𝑁𝑎

𝑛𝑁𝑎 = 𝑛𝑅𝑏
𝑔𝑅𝑏
𝑔𝑁𝑎

≈
1

1.4
𝑛𝑅𝑏
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Experiment
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Time sequence High-field image

In a nearly spherical optical trap



First signal: BEC expansion
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2
                              1

2
 m

s

352.806 G

miscible double BEC

Na Rb



First signal: self-bound behavior
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2
                                     1

6
 m

s

Na 9 × 104 𝑎𝑡𝑜𝑚𝑠 Rb 3 × 104 𝑎𝑡𝑜𝑚𝑠



Improved imaging system
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Imaging | ۧ1,1 state atoms with better resolution

Rb Image

Na Image

Long working distance

objective with 0.28 N.A.

Achieved resolution: 

~1 μm (rms Gaussian width)

Magnification: ~15
B

 ~
=

 3
5

0
G

Crossed ODT

CCD
Probe 

beam

OP beam

Partial transferring

Translating CCD

and probe with 

TOF



Magnetic field gradient compensation
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Na Rb Na Rb

Still not prefect: residue gradient ~100 mG/cm

Difference responses to magnetic response

87Rb: 0.837 MHz/G

23Na: 1.084 MHz/G



Na-Rb droplet in free space
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BEC

Droplet @ 349.851 G

Rb

Na

1                                     19 ms



Droplet lifetime and liquid to gas transition
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Droplet density: ~1015 cm-3 for both Na and Rb

3-body loss constants: 

𝐿3~8 × 10−30𝑐𝑚6𝑠−1 for 87Rb BEC

𝐿3~2 × 10−30𝑐𝑚6𝑠−1 for 23Na BEC

Also droplet requires number ratio:

NRb/NNa ~ 1.4

Fast loss is due to the interplay between the

two mechanisms



Liquid to gas transition

27

From standard 

Extended GPE

Extended GPE

+ B field gradient

Theory:

Yinfeng Ma and Xiaoling Cui



The gas phase expansion
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Release energies vs. 𝛿𝑔



Summary

• Droplet of Na-Rb observed

• Liquid to gas phase transition: extended GPE works reasonably well 

• A gas with dominating LHY energy
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Outlook: 

• Droplet in different dimension

• Droplet with large # of atoms: flat-top density

• Collective excitation of droplet 
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Thanks for your attention!
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