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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
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Google’s chip Is based on superconducting qubits, a technology that
requires intense cooling, which could be a limiting factor in scaling up. |
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cooling so many qubits to the required temperature — close to absolute
zero — would be hard or impossible
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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.
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Motivations

State of the art ~ 40 spins (2D)

Adding SINGLE spin requires DOUBLING of the system

For N=300, 2°" : estimated number of protons in the universe



Motivations

Atomic Molecular and Optical (AMO) physics

- Control of single and few particles

- Atoms/ions are identical and have long coherence

D.Wineland | S. Haroche
Single atom/ion Photons

( )
R. Feynman’s Vision

Build a quantum simulator that

could imitate any quantum system
— _




Advantage(?)

Perspective

Practical quantum advantage in quantum
simulation

Nature 667, 607 (2022)




Advantage(?)
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Outline

Ultracold atoms; Bose-Einstein condensation

Atom-photon interactions

BECs in optical lattices

Atomic quantum simulator — many-body localization



100th anniversary of Bose-Einstein condensate

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

B 8Tvidv hv

T exp(hv/k,T)-1

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

1925.

SITZUNGSBERICHTE
DER PREUSSISCHEN

AKADEMIE DER WISSENSCHAFTEN.

Sitzung der physikalisch-mathematischen Klasse vom 8. Januar.

Quantentheorie des einatomigen idealen Gases.
Zweite Abhandlung.

Von A. EKINSTEIN.




Bose-Einstein condensate

High
il I e Temperature T:
f thermal velocity v
N density d3
e ~ 7 Y ‘Billiard balls”
Low
55 de\,% % ZZ Temperature T:
VAV De Broglie wavelength

LZ -\/L J\P/ % }aB=h/mv = T-1/2

"Wave packets”
T=Terit:
(B:osz-Einstein
ondensation
e < n'3l s~ 1

"Matter wave overlap”

T=0:
Pure Bose
condensate

"Glant matter wave”




Quantum statistics

Bose & Fermi statistics

Two different class of particles

Under the exchange operator .Xl <> x2 P=+]

Bosons T(xl,xz) — lP(Xz, Xl)
Fermions ‘P(xl,xz) — — \P(Xz, Xl)

Pauli’s blocking

Two identical fermions cannot be the same quantum state



Quantum statistics

Counting number of possible configurations
Two particles in a two-level system

If two particles are different (distinguishable) particles ‘ ‘
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Quantum statistics

Counting number of possible configurations
Two particles in a two-level system

If two particles are different (distinguishable) particles ‘ ‘

1) ——

- - &

0) 99 @ @O —
For bosons, Q — 3

What if the particles are identical particles?




Quantum statistics

Counting number of possible configurations
Two particles in a two-level system

If two particles are different (distinguishable) particles ‘ ‘

1) ——

- - &

0) 00 @ @ —
For fermions, Q — 1

What if the particles are identical particles?




Bose-Einstein condensation

Counting number of possible configurations

N-particles in a two-level system

1 Distinguishable |dentical
‘ > . (classical) particles Bose particles

£
0) Q =2V Q=N+1
Number of particles A7 — P N N — P (N + 1)pN+1
In the excited state I p+ 1 = 1 —p 1 _pN+1

— —E/k,T
P=¢""  N,IN = 0!!

N — o0

The excited state occupation is saturated



Bose-Einstein condensation

Counting number of possible configurations

N-particles in a infinite-level system

— ) N J g 86 s@ee”
10) ePle—p) — 1

v 3
/1 —(1.5) —>n A, ~2.612

Saturation number of the excited state

Bose-Einstein condensation

When total number of particles N > N,
remaining particles are occupied in the ground state



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

AN A
Eric A. Cornell



PHYSICS TEXTBOOK

Claude Cohen-Tannoudji, WILEY-VCH
Jacques Dupont-Roc, Gilbert Grynberg

Atom-Photon
Atom-photon Interactions

Basic Processes and Applications

interactions




Light?

Electromagnetic wave propagating in a vacuum

1
1 V.-E=—p=0 (Gauss’s law) ) 62E
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is a form of energy

has momentum,

and exerts forces.
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Nucleus warms and

Gas coma begins to form begins to sublimate.
around nucleus when comet 0
is about 5 AU from Sun.

Tail forms, pushed out
by solar wind and
radiation; distance is
now about 1 AU.

Larger particles
(not visible) are y Solar heating diminishes; coma
unaffected by B A and tail disappear between
sunlight. .o 3 and 5 AU from Sun.

/ Tall points away from Sun.

Dust tail is Plasma tail is swept
pushed by sunlight. back by solar wind.




Forces on neutral atoms

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

F = ¢(E + v X B)

Dissipative force Conservative force
(1) Near-resonant light interaction (2) Off-resonant light interaction
e) | |
—— 13 -

Unpolarized

Polarized

(absorption & emission) Induced dipole moment




Forces on neutral atoms

Dissipative (radiation pressure) force

> Z
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Forces on neutral atoms

Dissipative (radiation pressure) force

> Z
* Absorption-emission cycle transforms
/\ﬂﬂ/\,’ é momentum of 7k

* |t occurs on the spontaneous decay time

(rate=1")
Optical force I:> F ] Ap .
e Force: F =—— =
AT
% F
j\N\‘ Fmax — ﬁr — ay,, =— ~ 10%m/s?
) m

N Z’) > An atom moving at 1 km/s can be stopped

within 1 ms at a distance of 50 cm.



Forces on neutral atoms

Application of the dissipative force: laser cooling

Slowing down atoms with near resonant light

Laser-1 Laser-2

<l

| g)

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

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

o A%
SLING
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a

Atom cloud in
optical molasses







Forces on neutral atoms

Classical model of atoms under oscillating electric field

Electron
XA

E
e _ Y | kspring
s ® 3 v
b 4 o . d’x dx 2 T
mﬁ + myz + MmwjXx = qL,Ccos wt
Unpolarized Polarized
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Forces on neutral atoms

Quantum mechanical treatment (perturbation theory)
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Forces on neutral atoms

Quantum mechanical treatment (perturbation theory)

(Red-detuned laser) (Blue-detuned laser)
[e) [e)
hw,, T . ha,, how
lg) = "l , &)
F=- VEstark
A
/
0>0
Repulsive potential
e T <0
Attractive potential




Forces on neutral atoms

Fundamental building blocks of atom-based quantum computer

' =

CD

C
ﬂ
dichroic
mirror ‘
-

DMD

light pattern

y4 (780 nm)
yL
objective
@0 (NA0.6)

“ reservoir

(pancake trap)

Absorption
light (767 nm)

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

Article

A quantum processor based on coherent
transport of entangled atom arrays
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Experimental Pathway to Bose-Einstein

condensation



Bose-Einstein condensation

Pathways towards the atomic BEC
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Bose-Einstein condensation

First stage: generating atomic source and slow them down

Effusive
atomic beam

v~ 1 km/s Laser light

Reservoir Collimator



Bose-Einstein condensation

Collect high density atoms in a vacuum chamber

Boiling up the atoms from metallic state

Vapor Pressure (torr)

102 :
10°°
10*
107 -
10°°
107

108 -

|
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-50

50 100 150

Temperature (°C)




Bose-Einstein condensation

Overview of the BEC machine

1.7m
= - >
X
i Y [ ] Zeeman Trapping Beam
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Bose-Einstein condensation

Overview of the BEC machine

1.7m
< — >
X
i Y [ ] Zeeman Trapping Beam
lon Pump (45 L/s) Slower
z/l g . H
B _—] l Dﬁ”" R
E < — e41mm ’ lon Pump (75 LJs)
C p E I = Ti-sublimation Pump
8838 2= T~
315°C F o 1b
260C ] l ] H T ,,
210C lon Pump(75 L/s) TraFlflaping Beam
A ug Beam

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

Number of atoms: N ~ 10” — 100
Temperature: T ~ 300 uK

Density: n ~ 10'%/cm?

Phase spece density: nA> ~ 107> — 107°




Bose-Einstein condensation

Trapping and cooling atoms in magnetic trap

Evaporation cooling h q

Atoms
inside the trap

'
4

Tré_'pping \
potential




Bose-Einstein condensation

Evaporation cooling in a trapped gas

2.5} ,
| 1, = 1ImK
2.0} ~ §
1.5} i
1.0} N
0.5| N B >4kpT
T/ .. Remove ~ 4% of the atoms
/ | \\\~~ m
- — e S Velocity(—)
0.5 1.0 1.5 s



Bose-Einstein condensation

Evaporation cooling in a trapped gas

3 T) = 0.844mK
2.0}
1.5

1.0}

0.5}

L A ——

~~. m
: e : Velocity( —)
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Bose-Einstein condensation

Evaporation cooling in a trapped gas

4 TlO = 100 ,LLK
3.
2l |\
1 .
N m
e ~ Velocity(—)
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Bose-Einstein condensation

Trapping and cooling atoms in magnetic trap

Quadrupole magnetic trap

--= (2,1
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Magnetic field (T)



Bose-Einstein condensation

Quadrupole trap of neutral atoms

T D

s B%_(\' (%.4,-2%)

——

i

V(x)

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

V(r) = —pt - B o — mpBn/x2 +y? + 422 =1

(v,2)=(0,0)

Ramping up the magnetic field, only | F' = 1,m, = — 1) state are trapped



Bose-Einstein condensation

Evaporation cooling in a quadrupole magnetic trap

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

_ V(x)

17 = 0.844mK

m
Velocity( —)

0.5 1.0 15 s

We can manipulate the spin state of the atoms !!

(v,2)=(0,0)




Bose-Einstein condensation

Evaporation cooling in a quadrupole magnetic trap

V(x)

my = — 1 mp=—1) = |mp=0) > |mp=—1)

Applying RF to induce spin flip

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

X




Bose-Einstein condensation

Evaporation cooling in a quadrupole magnetic trap

V(x)
my = — 1 mp=—1) = |mp=0) > [my =~ 1)

O

Applying RF to induce spin flip

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

X

Sweep the frequency from high to low,
we can selectively remove high energetic atoms




Bose-Einstein condensation

VOLUME 74, NUMBER 26 EEYS @A i RuB NI TESSNAl T ERUS 26 JUNE 1995

Evaporative Cooling of Sodium Atoms

Kendall B. Davis, Marc-Oliver Mewes, Michael A. Joffe, Michael R. Andrews, and Wolfgang Ketterle

Department of Physics and Research Laboratory of Electronics, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139
(Received 28 December 1994)

We have observed evaporative cooling of magnetically trapped sodium atoms. A novel technique, rf
induced evaporation, was used to reduce the temperature by a factor of 12 and increase the phase space
density by more than 2 orders of magnitude. The elastic collision cross section of cold sodium atoms
in the F = 1, mr = —1 hyperfine state was determined to be 6 X 1072 cm?, which implies a positive

value of the scattering length.

Phys.Rev.Lett. 74. 5202 (1995)
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Bose-Einstein condensation

Non-adiabatic spin flip loss & heating

£ € =K (ug @)

|

\L<l

[

R
e > o

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

/\%/

=K (ug @)

VIR < wy

Atoms remain in the trap!!




Bose-Einstein condensation

Non-adiabatic spin flip loss & heating

£ =K (ug @)

t
T}

, > 2

—> |

¥
Near the trap center,

the adiabaticity condition breaks down !!!



Bose-Einstein condensation

Non-adiabatic spin flip loss & heating

z=0 plane

mrp = — 1 Atom loss at the trap center
. low energy atoms are lost

: short lifetime & heating occurs




Bose-Einstein condensation

VOLUME 74, NUMBER 26 EEYS @A i RuB NI TESSNAl T ERUS 26 JUNE 1995

The current limitation of our evaporative cooling is
an observed increased trap loss for small atom clouds.
For the coldest temperatures achieved, the trapping time
decreases from 30 s to a few seconds. This i1s most
probably due to Majorana flops, nonadiabatic transitions
to an untrapped state which happen in the center of the
trap near the zero of the magnetic field. It may be shown
that this loss rate i1s proportional to the ratio of the area of
the “nonadiabatic” region around the center to the cross-
sectional area of the cloud. From a Landau-Zener model
we estimate the lifetime to be 500d” (in seconds), where
d 1s the cloud diameter in mm. The observed decrease in
trapping time for cloud sizes of 100 um is in qualitative
agreement with this model.




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)



Bose-Einstein condensation

Time-orbiting trap

/\ — —>
B = Bq(xa y,O) + BTOP(t)

oA

,-' " Rotating the constant
' magnetic field in xy-plane

e >

Zero-field center | ™. B'rop(t) = By(cos wyt, sin wyt,0)
. ."




Bose-Einstein condensation

Time-orbiting trap

B = Bq(xa y,O) + B TOP(t)

. * Rotating the constant

magnetlc field in xy-plane
Zero-field center | ™. B 7O P(t) = By(cos wyt, sin wyt,0)

When the rotating frequency is much faster than the trapping

frequency, the atoms would see averaged potential
1



Bose-Einstein condensation

VOLUME 74, NUMBER 17 PHYSICAL REVIEW LETTERS 24 APRIL 1995

Stable, Tightly Confining Magnetic Trap for Evaporative Cooling of Neutral Atoms

Wolfgang Petrich,* Michael H. Anderson, Jason R. Ensher, and Eric A. Cornell’

Joint Institute for Laboratory Astrophysics, National Institute of Standards and Technology and University of Colorado,

and Physics Department, University of Colorado, Boulder, Colorado 80309-0440
(Received 14 November 1994; revised manuscript received 27 February 1995)
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Bose-Einstein condensation

VOLUME 74, NUMBER 17 PHYSICAL REVIEW LETTERS 24 APRIL 1995

Stable, Tightly Confining Magnetic Trap for Evaporative Cooling of Neutral Atoms

Wolfgang Petrich,* Michael H. Anderson, Jason R. Ensher, and Eric A. Cornell’

Joint Institute for Laboratory Astrophysics, National Institute of Standards and Technology and University of Colorado,

and Physics Department, University off Colorado, Boulder, Colorado 80309-0440
(Received 14 November 1994; revis¢d manuscript received 27 February 1995)

After further evaporation cooling

Observation of Bose-Einstein Condensation
in a Dilute Atomic Vapor

M. H. Anderson, J. R. Ensher, M. R. Matthews, C. E. Wieman,*
E. A. Cornell

A Bose-Einstein condensate was produced in a vapor of rubidium-87 atoms that was
confined by magnetic fields and evaporatively cooled. The condensate fraction first
appeared near a temperature of 170 nanokelvin and a number density of 2.5 X 1072 per
cubic centimeter and could be preserved for more than 15 seconds. Three primary
signatures of Bose-Einstein condensation were seen. (i) On top of a broad thermal velocity
distribution, a narrow peak appeared that was centered at zero velocity. (ii) The fraction
of the atoms that were in this low-velocity peak increased abruptly as the sample tem-
perature was lowered. (iii) The peak exhibited a nonthermal, anisotropic velocity distri-
bution expected of the minimum-energy quantum state of the magnetic trap in contrast
to the isotropic, thermal velocity distribution observed in the broad uncondensed fraction.

OUIENCE s VOIL 7069 ¢ I3 Uy 1995
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Bose-Einstein condensation
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Bose-Einstein condensation

How to probe the BEC?

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

(a) BEC CCD Chip
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Bose-Einstein condensation

Atom density
(arb. units)
T

Radial position (mm)



Significance of achieving BEC
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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)
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Superfluids of atomic gases

Classical fluid Superfluid

Top view




Vortices in quantum fluids

Helium-4 Superconductors

camera
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Phys. Rev. Lett. 43, 214 (1979). Rev. Mod. Phys. 76, 975 (2004)



Superfluids of atomic gases

Probing the superfluidity

J.R.Abo-Shaeer et al., Science 292,476 (2001)
.Choi et al., S. Rev. Lett. ,
Ch l., Phys. Rev. Lett. I 11,245301 (2013
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Phase coherence of atoms

Interference @ MIT, 1997



Application of atomic BEC

Glimpse idea of what crazy people are doing now

Article

Observation of Bose-Einstein condensates
inan Earth-orbiting researchlab
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Application of atomic BEC

Glimpse idea of what crazy people are doing now

Interferometer in optics Atom interferometer
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Interrogation time (sensitivity) is limited by the expansion time



Application of atomic BEC

Expansion of the BEC under micro-gravity
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Application of atomic BEC

Glimpse idea of what OPENING THE WINDOW ON GRAVITATIONAL WAVES

A range of new detectors — some being built, some just early proposals —
should be able to spot gravitational waves of wildly different frequencies from

what researchers can see today.
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