Dissipative Ifhas'és of Entangled Quantum Matter

* Trapped-ion quantum computer platform
* Fault tolerant quantum error correction building blocks
* Single spin heat engine

e Qutlook



Atomic ions in radiofrequency traps

Tight harmonic

Few-body to confinement

. High-fidelity state readout
mesoscopic systems

High-fidelity gate
operations

Engineered
dissipation
Long qubit lifetimes

Quantum control of

harmonic oscillator

degrees of freedom



Group of Rainer Blatt, Universitat Innsbruck

“Traditional” approach:

* Staticion string

* 3D harmonic confinement

» Static & ponderomotive potentials

* Spin/spin coupling via collective modes
* Laser addressing

Scalability limits:

* Crystal stability

e Spatial crowding
e Spectral crowding
e Addressing range
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electrode

a) Linear ion traps Universitat Innsbruck ion traps

“‘Divide et impera“

b) Segmented linear

7 muItiIayer traps Universitat Mainz ~ ETH Zurich
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Original proposal:
Kielpinsky et al., Nature 417, 709 (2002

UGP, FSK, “Quantum Computing Experiments with Cold Trapped lons”,
in Quantum Information: From Foundations to Quantum Technology Applications,
Bruss, Leuchs (eds.), Wiley VCH (2016)



* Reconfigurable QB register

e 1D architecture

* Laser-driven gates @ laser interaction zone
\V \"}‘\*/

e Shuttling operations: transport, swap rotate,
split/merge

* Motion: axial / Gates: radial

V. Kaushal et al., ,,Shuttling-based trapped-ion quantum information processing”,
AVS Quantum Science 2 (1), 014101

e
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Requirements:

* QB Cooling / readout / reset
* Gates: Single QB, two QB
* QB memory integrity

e Shuttling



397 nm

AP W
)

UGP et al., J. Phys. B 42 154013 (2009)

Requirements:

» State preparation

* Single Qubit rotations

* Two-Qubit entangling gates
e State readout

* Reset
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Collective vibrations of two ions:

®oe® @ 80 & o

axial axial radial radial
COM STR CoMm ROCK

Spin-selective optical dipole force

CC Frequency difference tuned to

Trap axis COM mode:

—00 ,

-equal oscillating force on the
two ions required

R2 -only even parity states excited

D. Leibfried et al., Nature 422, 412 (2002)
P.J. Lee etal., J. Opt. B. 7, 371 (2005)

Q/ t ® Re o

Phase gate unitary:

e 00 0
R 0 10 0
G=10 01 0
0 00 e?
CNOT:
G R,(-1t/2)
- H - - H




* Current setup achieves coherence times on the order of 2 sec
* Simple 2-layer Mu-Metal chamber
* Requires additional active compensation

e Limited by B-field noise

jus o s L us Spin
2 | Waittime t/2 " _ Waittimet/2 | 2 || readout
XY

Coherence

Wait time ¢ (s)

T. Ruster et al., Appl. Phys. B, 122(10) (2016)
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O\ } shuttle

l} dwell
-/ r

shuttle
@ Modulation of excitation with

dwell time indicates excitation

@ Precise control required

A. Walther et al., PRL 109, 080501 (2012)

10 +

Mean phonon number (n)

0.1

Residual motion
deteriorates
gate fidelities:

0.2

04 06 08 1 12 14
Dwell time (ps)

Geometric phase
disperses with phonon#




Ongoing work on 7 QB topological error correction code

Fault-tolerant syndrome extraction from 4 QB plaquette 5

Parity measurement based on 2 qubit gates

Flag qubit detects hook error

w/ Markus Muller
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A. Bermudez et al., Phys. Rev. X 7, 041061 (2017)
A. Rodriguez-Blanco, PRX Quantum 2, 020304 (2021)
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6 ion FTR - Syndrome
I avg. contrast: 86.62 %
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J. Hilder et al., to be published






Spin degree of freedom Harmonic oscillator degree of freedom

* Full quantum control « Control via electric fields, optical forces
* Operation fidelities > 99.5% or coherent spin-motion couping

* Thermal states via optical pumping o e Ground state intialization
* |deal quantum measurement » State reconstruction

* Long coherence time ~2s



A=21 2.7 MHz

Lin perp lin
optical lattice:
Alternating,
spin dependent
ac Stark shift

A =280 nm Resonant excitation of axial oscillation, but:
e Equivalent to Otto cycle
* Fluctuations



Working principle of four-stroke spin heat engine:

Spin % working agent:
Effective Zeeman energy
corresponds to
inverse ,Volume”

(wz + Ag(2)) (6,) x 1/V

Spin temperature:

(6.) = —tanh(hw’ [2kgT)

Q

Q(l) W (2)
T—.—--.., S
o O

Isochoric  Isentropic  Isochoric Isentropic
heating expansion cooling  compression



tHE

‘alt rnating )P u_
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Optical Dipole Force
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initialization operation analysis

a g Fit to model Q function
e Displacement
* Sqgueezing
* Thermal excitation

Scan phase space by varying:

* Delay of 15t kick w.r.t. HE operation
- arga

e Kick amplitude
— abs a
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Start from oscillator ground state

Deposited energy and ergotropy increase

Ergotropy falls short of energy because of
fluctuations

Rough agreement with simulations,
ergotropy falls short because of technical

imperfections

Work fluctuations exceed unitary limit

D. v. Lindenfels et al., PRL 123, 080602 (2019)



Heat leak detection beyond 2nd law: Fault tolerant QEC:

C _m__-_ Efficient FT encoding into [0); of the 7-qubit color code

Dangerous error propagation Verification stage
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| Henao, R Uzdin, N Katz, arXiv:1908.08968
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w/ Raam Uzdin, HUJI

* Improve hardware capabilities

Minimal instance purifcation transition: e Full Stack QC

* FT-QEC building blocks

Bath Ancilas —| & [— * Full QEC cycles
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UMZ PRA 100, 062307 (2019) FZ)
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