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Ultracold atoms 

T = 1 µK~ 10 nK
Coldest systems in the universe !!
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Very pure & dilute



Bosons (7Li, 23Na, 39K, 41K,…)     Fermions (6Li, 40K, 173Yb, …)
J. Phys. B: At. Mol. Opt. Phys. 44 (2011) 115307 V Gokhroo et al

Figure 1. Hyperfine energy level diagram of D2 transition in 39K and 40K.

and 40K are 34 and 30 µK respectively and among the lowest
achieved in similar 3D MOTs. This contrasts sharply with the
typical temperatures of 1–2 mK for 39K MOTs without special
sub-Doppler protocols.

This paper is organized as follows: peculiarities in
the laser cooling mechanism for the fermionic and bosonic
isotopes of potassium are briefly described in section 2. The
experimental set-up is described in section 3, which consists
of the compact vacuum assembly and the optical set-up. The
experimental protocol to deep cool the potassium isotopes and
the characterization of the 3D MOT are described in section 4
followed by conclusions in section 5.

2. Laser cooling mechanism for the fermionic and
bosonic isotopes of potassium

The hyperfine level structures of the fermionic and bosonic
isotopes of potassium are very different from each other,
leading to large differences in their laser cooling. Among all
of the alkali atoms only potassium and lithium have relatively
stable fermionic isotopes. In the case of potassium, the natural
abundance of fermionic isotope is very low (40K is 0.012%).
40K has the advantage of having larger excited state hyperfine
level spacing as compared to lithium and an inverted hyperfine
structure due to its negative nuclear magnetic moment (I = 4),
see figure 1. Due to the above facts, the cooling transition
(F = 9/2 to F′ = 11/2) can be red detuned without the
interference of other excited levels. This leads to a lower
temperature of 40K (200 µK) than 6Li (mK) in MOTs. In
40K, cooling below the Doppler limit temperature (TD =
145 µK) is done using a standard sub-Doppler technique with
low intensity and a large red detuned cooling laser [14]. Final
temperature attainable by sub-Doppler cooling in 40K is down
to 30 µK.

The laser cooling mechanism for 39K [15] becomes
very different from other alkali atoms because of the small
hyperfine splittings of the 42P3/2 excited state which are
only a few times the natural line width ! (6.2 MHz),
see figure 1. In order to avoid unwanted transitions and
to capture a large number of atoms we need to keep
the cooling frequency below all of the hyperfine levels
of 42P3/2 [16]. Then the cooling transition F = 2
to F′ = 3 is far from being selectively excited since F′ = 1,2
states are also excited with similar rates. This results in a fast
depletion of the F = 2 ground state towards the F = 1 ground
state. Hence a high intensity repump light is required to pump
them back to the F = 2 state. Keeping the strong repump laser
at the resonance will create heating due to resonance scattering.
To avoid this the repump laser is also kept below all of the
42P3/2 hyperfine levels, see figure 1. Due to its high intensity
and large red detuning, the repump beam acts like a cooling
beam and distinction between cooling (ω1) and repumping
(ω2) is a mere convention. If we keep both lasers red detuned
by an amount larger than the whole hyperfine structure of
the excited states as in figure 1 with high intensity, we end
up trapping atoms with low density and high temperature
(>1 mK) as sub-Doppler forces are suppressed [17]. The
other possibility is to keep the cooling frequency near to
(≈ ! red detuned) F = 2 to F′ = 3 transitions with low
intensity. In this configuration, we can recover some usual
characteristics of sub-Doppler cooling, but the velocity capture
range becomes very small in this regime. Hence this scheme
also does not provide a good starting condition.

The theoretical model for the laser cooling of 39K is
discussed in [16]. In this paper two different regimes are
considered for the cooling of 39K. In the first regime, both
frequencies ω1 and ω2 are detuned to red with respect to
the whole excited state hyperfine structure leading to a large
velocity capture range which helps to efficiently load the atoms
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Gokhroo, et.al., (2011)

Ø Statistics & internal d.o.f by atomic species and isotopes
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Cubic lattice

Cubic lattice

Array of 1D gases

Bloch Nat. Phys. (2005)

Ø Statistics & internal d.o.f by atomic species and isotopes

Ø Control of parameters
Ø Spatial geometry

High controllability of ultracold atoms

Highly controllable systems
Ideal ground to study universal physics near resonance
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40K
Feshbach resonance → Interaction

Regol and Jin, PRL (2003)

strongweak



Universalities near resonances
V(r)

r

r0 r0 << λT, lmean, |a|
Resonant regime

r0 → 0

(λT ~ T-1/2, lmean ~ n-1/d)

Independent of details of V(r)
Universal !!

→ Unitary Fermi gas, Efimov effect, …
Regal & Jin, PRL (2003)

ü Ultracold atoms ü Neutrons

|a|/r0 ≈ 18

ü 4He atoms

|a|/r0 ≈ 20

E.g. S-wave resonance in 3D
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1D bosons near
an even-wave resonance

1D fermions near
an odd-wave resonance

Granger & Blume, 
PRL (2004).

1D systems near resonances

Olshanii, PRL (1998)

3D gases Fermions near
a p-wave resonance

Bosons near
an s-wave resonance

Confined to 1D

Bose-Fermi
correspondence

Girardeau & Olshanii, PRA (2004).

Regularized differential :

Lieb & Liniger, Phys. Rev. (1963).

VF (x) = �2aF
m

�0(x)D̃x
<latexit sha1_base64="t6LfOCWBsnTFtSJYRa1ixBVDxqI="></latexit>

6/19



Bose-Fermi correspondence (1)

Hard-core bosons Free fermions

VF (x) = 0
<latexit sha1_base64="dEb1yX3nLC0uq5bq/D/C1QqXxFA="></latexit>

Correspondences of

Thermodynamics Density correlations in cord. space

! +1
<latexit sha1_base64="kQ6494C0F1T2xfCu2jiyNYKAPJI="></latexit>

A =
Y

i<j

sgn(xij)

Girardeau, J. Math. Phys. (1960),

 B(x1, · · · , xN ) = A F (x1, · · · , xN )
<latexit sha1_base64="dVdiLP4o1+ytVn7QjC3jGZMrXGA="></latexit><latexit sha1_base64="dVdiLP4o1+ytVn7QjC3jGZMrXGA="></latexit><latexit sha1_base64="dVdiLP4o1+ytVn7QjC3jGZMrXGA="></latexit>

EB = EF = E
<latexit sha1_base64="RJ+AxR49XJtXUddDeNH/w9TtDhQ="></latexit><latexit sha1_base64="RJ+AxR49XJtXUddDeNH/w9TtDhQ="></latexit><latexit sha1_base64="RJ+AxR49XJtXUddDeNH/w9TtDhQ="></latexit>

Bose-Fermi mapping
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Bose-Fermi correspondence (2)
Bosons

Correspondences of

Thermodynamics Density correlations in cord. space

A =
Y

i<j

sgn(xij)

Girardeau, J. Math. Phys. (1960),

 B(x1, · · · , xN ) = A F (x1, · · · , xN )
<latexit sha1_base64="dVdiLP4o1+ytVn7QjC3jGZMrXGA="></latexit><latexit sha1_base64="dVdiLP4o1+ytVn7QjC3jGZMrXGA="></latexit><latexit sha1_base64="dVdiLP4o1+ytVn7QjC3jGZMrXGA="></latexit>

EB = EF = E
<latexit sha1_base64="RJ+AxR49XJtXUddDeNH/w9TtDhQ="></latexit><latexit sha1_base64="RJ+AxR49XJtXUddDeNH/w9TtDhQ="></latexit><latexit sha1_base64="RJ+AxR49XJtXUddDeNH/w9TtDhQ="></latexit>

Bose-Fermi mappingBose Fermi

FermionsaB = aF = a
<latexit sha1_base64="BCkHr1KVOw0DjmE5FxEEpktuIfA="></latexit>

Cheon & Shigehara, PRL (1999);
Girardeau & Olshanii, PRA (2004).

VF (x) = �2aF
m

�0(x)D̃x
<latexit sha1_base64="t6LfOCWBsnTFtSJYRa1ixBVDxqI="></latexit>

| B |2 = | F |2
<latexit sha1_base64="LAj8KHFe3Sbwehsgg6iB1aiCsSM="></latexit>
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Universal relations

Tan, Ann. Phys. (2008).

1D bosons near
an even-wave resonance

1D fermions near
an odd-wave resonance

Purpose of our study

How does similarity and difference appear
in universal properties b/w bosons & fermions ??

r0 << λT, n-1, |a| 

ü Exact constraints for any (a, T, n)
ü Characterized by quantities called “contact(s)”

10/19



Universal relations for bosons

ü Tail of momentum distribution (MD):

r0 << k-1 << λT, n-1, |a|

Olshanii & Dunjko, PRL (2003).

Few-body d.o.f → short-range scale

λT, n-1

k-1

Contribution from
2 particles at short range

~k-1

Probability of
“2-body contact”
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Universal relations for bosons

2-body contact C2

ü Tail of momentum distribution (MD):

ü Energy relation (ER): 

Valiente, Europhys. Lett. (2012).

ü Adiabatic relation:

Lieb & Liniger, Phys. Rev. (1963).

Olshanii & Dunjko, PRL (2003).

r0 << k-1 << λT, n-1, |a|
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Comparison b/w bosons & fermions

3-body contact C3

ü Tail of MD 
(r0 << k-1 << λT, n-1, |a|):

ü Adiabatic relation:

ü ER: 

⇢B(k) =
4C2

a2k4
+O(1/k5)

<latexit sha1_base64="UL1wjoDPw6SUOUxkdCwitiHcmHw="></latexit>

(boson)

(boson & fermion)

(boson)

(fermion)

(fermion)
Cui, PRA (2016)

YS, Tan, & Nishida 
PRA (2018)

RG analysis in QFT !!
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19/19Summary

1D bosons near
an even-wave resonance

1D fermions near
an odd-wave resonance

Bose-Fermi
correspondence

ü Universal relations are 
1.  Exact constraint for any parameters
2. Characterized by C2 & C3, which are identical 

b/w bosons & fermions

Bose Fermi


