AVA SCHOOL ON PRECISION STUDIES

e

Heidelberg University

University of Science and Technology of China




Temper

T in Kelvin

1012 e Quark-gloun plasma

107  p— Sun center

100 m==  Superconductors

Ultracold atoms




kT ~— == FEyin/h

Reveal quantum phenomena

AdeBroglie ) a  Particle spacing

T =10°K AdeBroglie~ 1071 m  Condense matter

T=10"8%K Adeproglie~107°m  Ultracold atoms






* Creating ultracold gases
* Interactions
* Exotic quantum matters

* Recent experiments: quantum simulations




* Creating ultracold gases




Laser cooling and trapping

Cooled atoms

Evaporative cooling

Atoms
inside the trap

Trapping \°?, *4o% y
potential ¢
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T =~ 10 uK v~10cm/s
Laser cooling N =~ 107 atoms

n~ 10 cm™3 a~ 10 um

T = 100 nK v~1mm/s

Evaporative cooling N ~ 106 atoms

n=1013 cm™3 a~1pum




> Momentum distribution

Imaging laser

Time of flight

Cross section
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% = 2T

Absorption imaging




Bose-Einstein condensate

JILA, 1995



optical depth

In our lab, Bose-Einstein condensate of Rubidium 87
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* Interactions




B Short-range interaction

Atoms interact by colliding with each other.

s-wave collisions dominate in ultracold gases




We can tune this interaction via Feshbach resonance
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I. Bloch, Rev. Mod. Phys. 80, 885 (2008).

A. Frisch, Nature 507, 475 (2014).



Enhance interactions by engineering trap potentials.

(a)

(b)

Strongly-correlated particles.

Bose-Hubbard model

H = —JZb;rbj + Zfiﬁ;‘ + %Uzﬁi(ﬁi - 1)
{i.j) i i

D. Jaksch, PRL 81, 3108 (1998).



Dipole-dipole interaction
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® Atoms with large magnetic dipoles, e.g. Cr, Er, Dy.
® Dipolar molecules, e.g. KRb, NaK.

® Rydberg atoms, excite atom to n~100 orbit.




oo .

Tunable parameters

® Temperature
® Interactions

® Elements

® Atomic density

® Spatial structure of atoms.

‘ Great platform for studying many-body physics
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* Exotic quantum matters




Precision m

One of the most precise frequency standards

Optical lattice clock

Excited state

~

\

Decay rate

Clock transition = 27 % 1 mHz

Ground state

For Sr, uncertainty 2 x 10718

arXiv:1906.06004v1
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Berezinski-Kosterlitz-Thouless transition Tomonaga-Luttinger liquid

Z. Hadzibabic, et al. Nature, 41 1118 (2006). B. Yang, et al. PRL, 119 165701 (2017).




Superfluidity

Vortex Lattices in Bose-Einstein Condensates

Science 292, 476-479 (2001)



M. G. Ries, et al. PRL, 114 230401 (2015).



Superfluid-Mott in

Matter wave interference

W. S. Bakr, et al. Science, 329 547 (2010).



Supersolid

Supersolid phase in dipolar Bose-Einstein condensates

L. Chomaz et al., Phys. Rev. X9, 021012 (2019).
L. Tanzi, et al., Nature. 574, 382 (2019).

M. Guo et al., Nature. 574, 386 (2019).




* Recent experiments: quantum simulations




» Cooling a quantum gas in optical lattices.

» High-fidelity Bell states.

» Quantum simulations of lattice gauge theory.
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Degenerated quantum gas Mott insulator

Strongly interacting

Hubbard Model

3 U Greiner, 2010

_ T . . Bloch, 2010 )
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» Evaporative cooling

Atoms
inside the trap

Trapping \*:, *.e"

potential

Lower T <> Slower thermalization

» Select low entropy regime

S/N <T/u
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» Reduce non-adiabaticity

A

Density

|

Intrinsic heating ~ Superexchange energy

Radius

D. C. McKay & B. DeMarco. Rep.Prog. Phys.

74, 054401 (2011).
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T.-L. Ho & Q. Zhou, arXiv:0911.5506v1

J. Bernier, et al. PRA 79, 061601R (2009)
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A. Mazurenko, et al. Nature 545, 462 (2017)




87Rb

As =767 nm
Ay = 1534 nm
d=3um

« Single layer of atoms

+ 2D superlattices Mott insulator

 in-situ imaging (N.A.=0.48)

B. Yang, et al. arXiv:1901.01146






Energy

Sample
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Density of states

g(E) =

Entropy
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Intrinsic heating = 0.025(2) kg
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Number of operations

Lattice sites in ROI

N = 10*
Probability of unity filling

P =0.992(1)




Previous results

Recent results
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Dai et al., Nature Physics 12, 783 (2016)

T=274(18) ms

o o

100

200

300
Time (ms)

400 500 600




Lifetime (s)

0 100 200 300
Lattice depth (Er)




, Tunneling
S o
T engl —— B

" e &
: ¢ ; g Superexchange hw,=4hw,
i ¢ : ¢ ‘ - |s)
¢ ¢
N | 3o
¢ - |t} + e |D)

(b)

\on/ wwww

Initialization State Detection




T T T T T
[ e - ®©
<
L
= —w©
—~
%)
- £
S
()]
£
I8 A=
E
2 N
e}
©
"l W1 i i
e 5 50 g B
VA I
; ~
150 sites
N «—
2 B
e b= r ! : =
=) B o © =
- (e»] o

YN uonelnjod ejeis




t, &
v,—\_/—
V2

State population N,

1.0

09|

0.1

0.0

TSt
e
= ++ |
e e sl
N
Ro& 8 12 48 )

Number of two-qubit gates

=)
0 a .

()] I

Gate fidelity F=0.993(1)




o~

. ~ 1t /-~ - A
Quantum Link model  Hquu =) [2 (WSIEHWH - H.c.) + mijg]
14

electric
odd even matter field
04O P 0 ¢O0 P 0 <¢0O-
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A A N U
Bose-Hubbard model  Hguv=>" [—J(b;bﬁl +He) + (R —1) +sjﬁj}
J

B. Yang, et al., arXiv:2003.08945




Quantum link model

electric
matter field
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@ Addressing odd sites

Remove atoms of odd sites
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* Creating ultracold gases
* Interactions
* Exotic quantum matters

* Recent experiments: quantum simulations

» Cooling a quantum gas
» Creation of Bell pairs

> Simulation of Quantum link model




