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Motivations

Understand and Design novel quantum material

One of the biggest challenge of modern condensed matter physics

High temperature superconductivity
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Motivations

Materials for quantum computer Youtube  
슈카월드



Motivations

Why it is difficult?

Many-body quantum problem is usually intractable with classical computers

a. Complex structures and lacks of experimental 
controllabilities 

b. Strong interactions and limits of perturbative 
approaches 

c. Even the simple model has no exact solution
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Fermi-Hubbard model



Motivations

Quantum complexity

Hilbert space scales with exponential with the particle number

e.g. spin-1/2 in a square 2D lattice.

|Ψ⟩ = c1 +c2 . . . + cN

Number of possible configuration 2N



Motivations

Fugaku (富岳)

State of the art ~ 40 spins (2D)

Adding SINGLE spin requires DOUBLING of the system

For N=300, 2300 : estimated number of protons in the universe



- Atoms/ions are identical and have long coherence

- Control of single and few particles

Single atom/ion Photons
S. HarocheD. Wineland

Atomic Molecular and Optical (AMO) physics 

Towards ultimate control of many-body quantum system

R. Feynman’s Vision

Build a quantum simulator that 
could imitate any quantum system

Motivations



Advantage(?)

Nature 667, 607 (2022)
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200 logical qubits: 
10x10 lattices and 
10 ℏJ−1

Advantage(?)



Ultracold atoms; Bose-Einstein condensation

BECs in optical lattices

Outline

Atomic quantum simulator — many-body localization

Atom-photon interactions



A. Einstein, 1924, 1925: Extended to a system with fixed massive Bose particles

100th anniversary of Bose-Einstein condensate

S. Bose, 1924: Derive the black-body radiation, notion of Bose statistics



Bose-Einstein condensate

n1/3λdB ∼ 1



Quantum statistics

Bose & Fermi statistics

Two different class of particles

x1 ↔ x2Under the exchange operator P = ± I

Ψ(x1, x2) = Ψ(x2, x1)Bosons

Ψ(x1, x2) = − Ψ(x2, x1)Fermions

Pauli’s blocking 
Two identical fermions cannot be the same quantum state



|1⟩

|0⟩

Quantum statistics

Counting number of possible configurations 

Two particles in a two-level system

If two particles are different (distinguishable) particles

Ω = 4



|1⟩

|0⟩

Quantum statistics

Counting number of possible configurations 

Two particles in a two-level system

If two particles are different (distinguishable) particles

What if the particles are identical particles?

For bosons, Ω = 3



|1⟩

|0⟩

Quantum statistics

Counting number of possible configurations 

Two particles in a two-level system

If two particles are different (distinguishable) particles

What if the particles are identical particles?

For fermions, Ω = 1



Bose-Einstein condensation

Counting number of possible configurations 

N-particles in a two-level system

|1⟩

|0⟩ Ω = 2N

Distinguishable 
(classical) particles

Number of particles 
in the excited state

E

N1 = p
p + 1 N

p = e−E/kBT

Ω = N + 1

Identical 

Bose particles

N1 = p
1 − p

− (N + 1)pN+1

1 − pN+1

N → ∞ The excited state occupation is saturated 

N1/N → 0!!



Bose-Einstein condensation

|0⟩

|1⟩

Saturation number of the excited state

Ne = ∫ dϵ
g(ϵ)

eβ(ϵ−μ) − 1
g(ϵ) ∝ ϵ1/2

= V
λ3

dB
ζ(1.5)

When total number of particles , 

remaining particles are occupied in the ground state 

N > Ne

Bose-Einstein condensation

Counting number of possible configurations 

N-particles in a infinite-level system

ncλ3
dB ≃ 2.612



The first Bose-Einstein condensation of Rubidium-87 atoms (1995)

Carl.E. WiemanEric A. Cornell Wolfgang Ketterle

Nobel prize in 2001



Atom-photon 
interactions



Light?

Electromagnetic wave propagating in a vacuum

(i) ∇ ⋅ E = 1
ϵ0

ρ = 0 (Gauss’s law)

(ii) ∇ ⋅ B = 0 (no name)

(iii) ∇ × E = − ∂B
∂t (Faraday’s law)

(iv) ∇ × B = μ0ϵ0
∂E
∂t

(Ampère’s law with 

 Maxwell’s correction)

∇2E = μ0ϵ0
∂2E
∂t2

∇2B = μ0ϵ0
∂2B
∂t2

c = 1
μ0ϵ0

≃ 2.99 × 108 m/s

Wave equation with velocity v
∂2f̃
∂z2 = 1

v2
∂2f̃
∂t2

Light 
is a form of energy 

has momentum,

and exerts forces.







Forces on neutral atoms

How can the light exert a force on a neutral atom?

F = q(E + v × B)

(2) Off-resonant light interaction

Conservative force

Induced dipole moment

(1) Near-resonant light interaction

Dissipative force

(absorption & emission)

|g⟩

|e⟩

|g⟩

|e⟩



Forces on neutral atoms

Dissipative (radiation pressure) force

z

Optical force

671 nm



Forces on neutral atoms

Dissipative (radiation pressure) force

z
• Absorption-emission cycle transforms 

momentum of 


• It occurs on the spontaneous decay time 
(rate =  )


• Force:

ℏk

Γ

F = Δp
ΔT

= Γℏk

Fmax = ℏk
2 Γ adec = F

m
∼ 106m /s2

An atom moving at 1 km/s can be stopped 
within 1 ms at a distance of 50 cm.

Optical force



Forces on neutral atoms

Application of the dissipative force: laser cooling

Slowing down atoms with near resonant light

Laser-2Laser-1

|e⟩

|g⟩
⃗v

Q: Should we apply blue-detuned or red-detuned light to slow down the atom ?
ωL > ω0 ωL < ω0

Moving atoms towards the laser see higher frequency

More scattering from the laser-2 than laser-1: Red detuned light will work



Forces on neutral atoms

Application of the dissipative force: trapping atoms

Optical molasses : applying the optical force along  x,y,z directions





Forces on neutral atoms

Classical model of atoms under oscillating electric field

E
U = − p ⋅ E

m
d2x
dt2 + mγ

dx
dt

+ mω2
0 x = qE0 cos ωt

(ω < ω0)p//E
p// − E (ω > ω0)



Forces on neutral atoms

Quantum mechanical treatment (perturbation theory)

μz = − e⟨Ψ(t) |z |Ψ(t)⟩ |Ψ(t)⟩ ≃ e−iEgt/ℏ |g⟩ + ∑
n≠g

c(1)
n e−iEnt/ℏ |n⟩

⃗μ (t) = 2e2

ℏ ∑
n≠g

|⟨n |z |g⟩ |2 ωng

ω2ng − ω2 E cos ωt

ΔE = − ⃗μ (t) ⋅ E(t)

ΔE = − e2 |E |2

ℏ ∑
n≠g

|⟨n |z |g⟩ |2 ωng

ω2ng − ω2

Time-averaging interaction energy becomes

∝ cos2(ωt)

ΔE ∝ 1
ω − ωng



Attractive potential

Repulsive potential

Forces on neutral atoms

Quantum mechanical treatment (perturbation theory)

|g⟩

|e⟩

ℏωeg ℏω

(Red-detuned laser)

|g⟩

|e⟩

ℏωeg ℏω

(Blue-detuned laser)

F = − ∇Estark



Forces on neutral atoms

Fundamental building blocks of atom-based quantum computer

Cat Video Made 
with Atoms

https://physics.aps.org/articles/v18/148
https://physics.aps.org/articles/v18/148


Forces on neutral atoms

Fundamental building blocks of atom-based quantum computer



Experimental Pathway to Bose-Einstein 
condensation 



Bose-Einstein condensation

Pathways towards the atomic BEC

Temperature

De
ns

ity

400 K300 µK100 nK



Bose-Einstein condensation

v ∼ 1 km/s Laser light

Reservoir Collimator

Effusive 
atomic beam

First stage: generating atomic source and slow them down



Bose-Einstein condensation

Collect high density atoms in a vacuum chamber
Boiling up the atoms from metallic state



Bose-Einstein condensation

Overview of the BEC machine



Bose-Einstein condensation

Overview of the BEC machine

Step 1: Laser cooling of the atoms and trap them in the main chamber

Number of atoms: 

Temperature: 

Density: 

Phase spece density: 

N ∼ 109 − 1010

T ∼ 300 μK
n ∼ 1012/cm3

nλ3 ∼ 10−5 − 10−6



Bose-Einstein condensation

Trapping and cooling atoms in magnetic trap
Evaporation cooling



Bose-Einstein condensation

Evaporation cooling in a trapped gas



Bose-Einstein condensation

Evaporation cooling in a trapped gas



Bose-Einstein condensation

Evaporation cooling in a trapped gas



Bose-Einstein condensation

Trapping and cooling atoms in magnetic trap
Quadrupole magnetic trap

Low-field seeking state can 
be trapped at the center !! 



Bose-Einstein condensation

Quadrupole trap of neutral atoms

In the low-field regime, the trapping potential 
to F=1 state

Ramping up the magnetic field, only  state are trapped|F = 1,mF = − 1⟩

V(r) = − μ ⋅ B ∝ − mFBq x2 + y2 + 4z2
(y,z)=(0,0)

mF = − 1

mF = 0

mF = 1

x

V(x)



Bose-Einstein condensation

Evaporation cooling in a quadrupole magnetic trap

Key idea of the evaporation cooling is to selectively remove atoms with high energy

(y,z)=(0,0)

mF = − 1

mF = 0

mF = 1

x

V(x)

We can manipulate the spin state of the atoms !!



Bose-Einstein condensation

mF = − 1

mF = 0

mF = 1

Evaporation cooling in a quadrupole magnetic trap

Applying RF to induce spin flip 

|mF = − 1⟩ → |mF = 0⟩ → |mF = − 1⟩

V(x)

x
“RF” knife to remove the high energy atoms !!



Bose-Einstein condensation

mF = − 1

mF = 0

mF = 1

Evaporation cooling in a quadrupole magnetic trap

Applying RF to induce spin flip 

|mF = − 1⟩ → |mF = 0⟩ → |mF = − 1⟩

V(x)

x
“RF” knife to remove the high energy atoms !!

Sweep the frequency from high to low,

we can selectively remove high energetic atoms 



Bose-Einstein condensation

Phys.Rev.Lett. 74. 5202 (1995)



Bose-Einstein condensation



Bose-Einstein condensation

Non-adiabatic spin flip loss & heating

⃗v

R

Questions:

For a moving atoms, what would be trapping conditions?

A: Atomic spin state should follow the field direction



Bose-Einstein condensation

Non-adiabatic spin flip loss & heating

⃗v

R

v/R ≪ ωL
Atoms remain in the trap!!



Bose-Einstein condensation

Non-adiabatic spin flip loss & heating

⃗v

Near the trap center, 

the adiabaticity condition breaks down !!!



Bose-Einstein condensation

z=0 plane

mF = − 1

mF = 0

mF = 1

Non-adiabatic spin flip loss & heating

Atom loss at the trap center

: low energy atoms are lost

: short lifetime & heating occurs

Γ = ℏ
m (

μBq

kBT )
2



Bose-Einstein condensation



Bose-Einstein condensation

How to overcome this difficulty?

- Design a new trap without such zero-field (D. Pritchard, R. Hulet)

- Try a new idea (E. Cornell, C. Wieman, W. Ketterle)



Time-orbiting trap

Rotating the constant 
magnetic field in xy-plane

⃗B = Bq(x, y,0) + ⃗B TOP(t)

⃗B TOP(t) = B0(cos ω0t, sin ω0t,0)Zero-field center

Bose-Einstein condensation



Time-orbiting trap

Rotating the constant 
magnetic field in xy-plane

⃗B = Bq(x, y,0) + ⃗B TOP(t)

⃗B TOP(t) = B0(cos ω0t, sin ω0t,0)

When the rotating frequency is much faster than the trapping 
frequency, the atoms would see averaged potential

Zero-field center

Bose-Einstein condensation



Bose-Einstein condensation



Bose-Einstein condensation

After further evaporation cooling 



Bose-Einstein condensation

Non-adiabatic spin flip loss & heating

One can also use blue-detuned 
laser to plug this hole !!



Bose-Einstein condensation



Bose-Einstein condensation

How to probe the BEC?

: With sufficient time-of-flight, the image reveals its momentum distributions



Bose-Einstein condensation



Significance of achieving BEC



Superfluids of atomic gases

Superflow: persistent mass flow without resistance

Discovery of the zero-resistance by Kamerlingh Onnes (1911)

Superfluid of Helium by Kamerlingh Onnes (1938)

Phenomenological explanation by L. Landau J. Phys. (USSR) 5, 71 (1941).

BCS theory of the superconductor (1957)



Superfluids of atomic gases

Classical fluid Superfluid

Top view



Vortices in quantum fluids

Phys. Rev. Lett. 43, 214 (1979).

Helium-4 Superconductors

Rev. Mod. Phys. 76, 975 (2004)



Probing the superfluidity

Superfluids of atomic gases

J.R. Abo-Shaeer et al., Science 292, 476 (2001) 
J. Choi et al., Phys. Rev.  Lett. 111, 245301 (2013)





Phase coherence of atoms

Macroscopic occupation 
of a single state

Ψ(x1, x2, . . . , xN)

= eiθ N



Application of atomic BEC

Glimpse idea of what crazy people are doing now



Glimpse idea of what crazy people are doing now

Application of atomic BEC

Interferometer in optics Atom interferometer

Interrogation time (sensitivity) is limited by the expansion time



Application of atomic BEC

Expansion of the BEC under micro-gravity



Glimpse idea of what crazy people are doing now

: Atom interferometer in a space for measuring GRAVITATIONAL WAVE

(2011)

Application of atomic BEC




