Introduction and Overview (Preskills Notes)

Quantum Error Correction

Fundamental -

Problem - “-"‘Q

Quantum States are fragile,
especially when entangled

Quantum Computation ®

% Cannot tolerate dissipation

* Destroys superposition
and entanglement

Whattodo? Error Correction!
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Controlled-NOT (CNOT)  Truth Table

Circuit maps logical basis states as
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(Control) ol| O o)
flip T iff C=1 o|L 1
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Quantum Circuit for joint measurement

C

{105, 115}
yields C®T

T A

Measurement

CNOT mgl_as. CNOT
C|T C| T C|T C|T
O |0 OO0 6|0 010
1|1 é 1[0 q> 110 » 111
O|1 0|1 Ol1 o |1
110 1141 111 110

/\
r N\

T=0 iff same
T =+ ¢ iff different

Full circuit to obtain Error Syndrome
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% iff qubit flip, binary address = (aoez,xeagj
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Geometric illustration

En

Shor’s 9-bit code

% Combines flip/phase error correction

% Corrects one flip or phase error

General principle of error correction What about non-Unitary errors?
. . . . . >
* Encode p logical qubits in n physical qubits. 16 = 165 I
e. g., decay
% Valid Logical States form 2P-dimensional 15— L0
. . [0
subspace £, (code space) in n-qubit
(2"-dimensional) Hilbert space £, Problem: Errors not displaced into
orthogonal subspaces
% Errors displace system into orthogonal Solution:  ”Quantum jump codes”,
(distinguishable) subspaces. monitors the environment

Other kinds of errors?
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Summary of essential ideas

1. Errors are digitized by measurement

PR iy | PR

Clciaciiace 1 PN N A4 e lem

e dh maaaddad o

3. Errors are local, information is encode
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% Many codes w/varying redundancy,
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Quantum Hardware

Physical Implementation is
Extremely demanding !

Requirements

1

2.

. Storage: Quantum memory.

Gates: We put computation U; together
from 1 and 2-qubit operations.

Readout: Method to measure qubits.

No coupling to environment
to avoid decoherence & errors

. Isolation:

Precision: Gates, readouts must be
highly accurate

Inherent Contradictions

2. Gates VS 4. Isolation

1 1

coupling between no coupling to
qubits environment

To build a Quantum Computer
-

Choose, find or invent a system
with acceptable tradeoffs
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Inherent Contradictions

2. Gates VS 4. Isolation

1 1

coupling between no coupling to
qubits environment

To build a Quantum Computer
-

Choose, find or invent a system
with acceptable tradeoffs

lon Trap Quantum Computing

First to demonstrate a Quantum Gate

% Qubit is encoded in the electronic
ground state of an atomic ion

le>

Raman
coupling

1927 R
19> _L -

10>

% Early design with a few ions in trap
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Inherent Contradictions

2. Gates VS 4. Isolation

1 1

coupling between no coupling to
qubits environment

To build a Quantum Computer
-

Choose, find or invent a system
with acceptable tradeoffs

lon Trap Quantum Computing

First to demonstrate a Quantum Gate

% Qubit is encoded in the electronic
ground state of an atomic ion

le>

Raman
coupling

1927 R
19> _Jé. -

10>

* Newer design with many ions in large trap

/ \
15 um
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lon Trap Quantum Computing

First to demonstrate a Quantum Gate

% Qubit is encoded in the electronic
ground state of an atomic ion

le?

Raman
coupling

Q22 e
194> _L -

10>

* Newer design with many ions in large trap

/ \
15 um

Requirements
1. Storage: 10s-100s coherence time

Use collective vibrations as
“quantum bus”

2. Gates:

le>
3. Readout: Fluorescence /
“bright” —— IQ\Q
“dark” 1%0

Cirac & Zoller: 5 laser pulses =

CNOT gate between any
2 ions in linear array

Wineland: 3 laser pulses enough for CNOT

Use this example serves
as conceptual template
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Requirements
1. Storage: 10s-100s coherence time

Use collective vibrations as
“quantum bus”

2. Gates:

le>

3. Readout: Fluorescence /\j{
“bright” —— |l59)
“dark” 194>

Cirac & Zoller: 5 laser pulses #

CNOT gate between any
2 ions in linear array

Wineland: 3 laser pulses enough for CNOT

Use this example serves
as conceptual template

—ion trap
convention
%WW (0°3,1:1)
center-of-mass mode
Is quantum bus
CNOT input-output map:

TRET I fi>=10%>
”’cT ) - ["o l'> M‘ ',7 - m’ 1’1’

does nothing swaps [, 0.7, 1T.1.>

Notation for quantum states: |n, ¢ G*')

ne «vibrational quantum number

2 (¥ o

G ,0 ¢ spinstates of Cand Tions

10
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—ion trap
convention
f‘mf} (0°3,1:1)
center-of-mass mode
Is quantum bus
CNOT input-output map:

TARET I i o=
llc‘f 2[00 199,92 18 1>

does nothing swaps [1, 0.7, .15

Notation for quantum states: |n ¢ G/*')

ne «vibrational quantum number

2 (¥ o

G ,0 ¢ spinstates of Cand Tions

Notation: |n g% ¢/*'>

—ion trap
convention
%WW (0°3,1:0)
center-of-mass mode
Is quantum bus
Energy Level diagram:
111D
lot1)
Lipn 141> 1110
Il 041> lot>
} 1Li>
lods> %
t ¥ 1 phonon
Cpe ~ Gy Cpse ~ MH2-

11
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CNOT input-output map:

2 —ion trap
convention
Fod g g
c } T
center-of-mass mode
Is quantum bus
Energy Level diagram:
171D
[ot1)
—-=
Lo 141> 111
jodt> 1ot
! )
' 140>
lods> %
t ¥ 1 phonon
Cope ~ GHy- Cyse ~ MH2-

Notation: |n, ¢ ¢i*')>

(L2116
13,7 2 (.1

does nothing

1l 2= 0%
12,70 =10 1>
swaps (%, 0.7 19,15

/

Do this and nothing else!

Laser pulse sequence:
(1) mpulseon Cswaps [of, X )&= (1 1%
(2) mpulseonTswaps [1.4.>&>[1). 1.5

(3) mpulseonCswaps 10T X021, X:>

<
Performs CNOT Gate

Let us go through the process in detail !

- Clickthrough animantion follows -

12




Introduction and Overview (Preskills Notes)




Introduction and Overview (Preskills Notes)

(1) 1 pulseon Cswaps [of, X )&= (1 [
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(1) 1 pulseon Cswaps [of, X )&= (1 [

1111)
[ot1)
——=
1 Zgin [1\H> 'lﬂr)
} jod?> 101;,12
; 1146
loddd t

) 1 phonon

15
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(1) 1 pulseon Cswaps [of, X )&= (1 [

1111)

[ot1)

13mn 1,1 110>

vt oty -

' FRID
lodd> ¢

) 1 phonon

16
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(1) 1 pulseon Cswaps [of, X )&= (1 [

1111
[o™)
1 spin 144> 111>
} foy> lo‘);,[,_}
' 144>
lodsd t
F 4 1 phonon

17
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(1) 1 pulseon Cswaps [of, X )&= (1 [

1111)
lot
1 spin 141> 11>
} jod?> lo‘);,[,_}
flip C
' 146>
lods> )
F 4 1 phonon

18
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(1) 1 pulseon Cswaps [of, X )&= (1 [

1111)
[o™)
1 spin 114t> 111>
Tl lotyy
' 146>
lodd> t
F 4 1 phonon

19
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(1) 1 pulseon Cswaps [of, X )&= (1 [

1111
lot
1 spin 141> 111D
Tl lotyy
} 11885
lod> t
F 4 1 phonon

(2) mpulseonTswaps [14.4.><>[1). 1.5

1111
[ot)
1 spin
fli ll* > 111
;p 041> ot
} 1Lil>
lods> %

20




Introduction and Overview (Preskills Notes)

(1) 1 pulseon Cswaps [of, X )&= (1 [

1111
lot
1 spin 141> 111D
Tl lotyy
} 11885
lod> t
F 4 1 phonon

(2) mpulseonTswaps [14.4.><>[1). 1.5

1111
lot)
1 spin
fli l1*?> 1114>
v Totg> \\
} 1Lil>
lods> %

21
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(1) 1 pulseon Cswaps [of, X )&= (1 [

1111
lot
1 spin 141> 111D
Tl lotyy
} 11885
lod> t
F 4 1 phonon

(2) mpulseonTswaps [14.4.><>[1). 1.5

1111
lot)
1 spin
fli l1*?> 1114>
v Totg> \\
} 1Lil>
lods> %

22
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(1) 1 pulseon Cswaps [of, X )&= (1 [

1111
lot
1 spin 141> 111D
Tl lotyy
} 11885
lod> t
F 4 1 phonon

(2) mpulseonTswaps [14.4.><>[1). 1.5

1111
lot)
1 spin
H 141> 111
v Totg> \\
'\ n B 144>
lods> %

23
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(1) 1 pulseon Cswaps [of, X )&= (1 [

1111
lot
1 spin 141> 111D
Tl lotyy
} 11885
lod> t
F 4 1 phonon

(2) mpulseonTswaps [14.4.><>[1). 1.5

111D
lot)
1 spin
a 14t> 111>
v Totg> \\
NanuIse
} 1Lil>
lods> %

24
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(1) 1 pulseon Cswaps [of, X )&= (1 [

1111
lot
1 spin 141> 111D
Tl lotyy
} 11885
lod> t
F 4 1 phonon

(2) mpulseonTswaps [14.4.><>[1). 1.5

1111
[ot)
1 spin
fli ll* > 111
;p 041> ot
} 1Lil>
lods> %

25
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(1) 1 pulseon Cswaps [of, X )&= (1 [

1111
lot
1 spin 141> 111D
Tl lotyy
} 11885
lod> t
F 4 1 phonon

(3) mpulseonCswaps 107 X221, X:>

(2) mpulseonTswaps [14.4.><>[1). 1.5

1111
lot)
1 spin
fli l1*?> 111>
;P 041> 1ot
} 1Lil>
lods> %

26
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(1) 1 pulseon Cswaps [of, X )&= (1 [

1111
lot
1 spin 141> 111D
Tl lotyy
} 11885
lod> t
F 4 1 phonon

(3) mpulseonCswaps 107 X221, X:>
111D

[o™)

1 spin
| I1*T> 1113>
fl
i? lod?>  lot>

¥
lods> %

¥ 1 phonon

(2) mpulseonTswaps [14.4.><>[1). 1.5

1111
[ot)
1 spin
fli ll* > 111
;p 041> ot
} 1Lil>
lods> %

27
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(1) 1 pulseon Cswaps [of, X )&= (1 [

1111
lot
1 spin 141> 111D
Tl lotyy
} 11885
lod> t
F 4 1 phonon

(3) mpulseonCswaps 107 X221, X:>
111D

[oT1)

1 spin
| I1*T> 1113>
fl
i? lod?>  lotd>
+

¥
lods> %

¥ 1 phonon

(2) mpulseonTswaps [14.4.><>[1). 1.5

1111
[ot)
1 spin
fli H_* > 111
;p 041> ot
} 1Lil>
lods> %

28
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(1) 1 pulseon Cswaps [of, X )&= (1 [

1111
lot
1 spin 141> 111D
Tl lotyy
} 11885
lod> t
F 4 1 phonon

(3) mpulseonCswaps 107 X221, X:>

1111)
[oT1)
1fs|i;);n 141> 111>
i 08> ot
1Lil>
lodd> t
¥ 4 1 phonon

(2) mpulseonTswaps [14.4.><>[1). 1.5

1111
[ot)
1 spin
fli ll* > 111
;p 041> ot
} 1Lil>
lods> %

29
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(1) 1 pulseon Cswaps [of, X )&= (1 [

(3) mpulseonCswaps 107 X221, X:>

1171) 111D
o) - lot1) -
1 spin 14> 111D 1 spin 141> 111
up —_—— — flip 1 A
') ')
} jodt>  lot)> } 042>  loty>
¥ 111> 140>
lods> 4 lods> ¢
t ¥ 1 phonon ) 3} 1 phonon
(2) mpulseonTswaps [14.4.)&>[1),1.5 Result: CNOT

1111
o)
1 spin
fli llﬁ > 111
;p 04> lotg)> -
} 1Lil>
lods> %

30
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(1) 1 pulseon Cswaps [of, X )&= (1 [

(3) mpulseonCswaps 107 X221, X:>

1171) 111D
lot) _ lott)
1 spin 14> 111D 1 spin 141> 111
up ~ flip = -
Lo Ny T T Ll oty
} 111> ! 11885
lods> ' 3 lods> ¢
t ¥ 1 phonon ) 3} 1 phonon
(2) mpulseonTswaps [14.4.)&>[1),1.5 Result: CNOT
111D 111D
- ™ -
[ot) ot
1 spin > 11 1 spin \S\;v?:er:)e{_i 114> 111
} jod?> lotM> $ lod 01>
} 1Lil> ! 1Lil>
lodd> ) lodd> ¢
4 4 1 phonon & 4 1 phonon

31
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Result: CNOT
[111)
lot)
+
. Swapped
1fs"pp|n -> CNOT [1\”) ll'”)
i 08>  loty>
1100
lods> t
3 & 1 phonon

Note: The sequence (1) ->(2) -> (3) leaves
the spin and vibrational degrees of
freedom unentangled after the CNOT

Note: Todays lon Trap QC experiments
rely on much more sophisticated,
accurate, and robust gate protocols.
Examples: Molmer-Sorensen gate,
Geometric gates, etc...

32
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% Major challenges today — same as in 1998 !

% “Clock speed” set by vibrational freqs
microfabricated traps do better

% More ions -> harder to cool motion, harder
to individually address ions in linear trap.

% Scaling up to 1000’s of ions is an enormous
challenge

Scalable lon Trap Quantum Processor
— one vision

[WIm
Q‘

(AR AR N NN REN BN DR RN AN
e
Q
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NIST Group, Current as of 2023



Introduction and Overview (Preskills Notes)

Status: Many important milestones

achieved

% Entanglement of > 20 ions (2018)

* Highest gate & readout fidelities,
longest coherence times

% Error Correction, Fault Tolerance
proof of principle demonstrations

% Complex algorithms on few ions,
quantum simulations with > 50

% Research groups in academia,
National Labs, Industry

Some leading groups

NIST Quantinuum lonQ
Sandia NL Duke U

Many, many others

Some links to get started

Amazon Braket (lonQ, other Technologies)
https://aws.amazon.com/braket/

Quantinuum (lon Trap Quantum Computing

https://www.quantinuum.com
lonQ https://iong.com

NIST https://www.nist.gov/pml/time-and-
frequency-division/ion-storage

Challenge: Do a web search and look for
the largest GHZ state made in the lab

lGHa->=;r—LJ (100...00% +[11... 117)

Note: Whatis the fidelity of the state ?
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Neutral Atom based
Quantum Processors

Optical tweezer array Fluorescing atoms

% Large numbers of non-interacting qubits,
( =100) trapped in 2D or 3D arrays.

% Qubits interact when excited into Rydberg
states with large dipole moments

% Major advantage: Weak coupling to the
environment when not doing gates
® excellent quantum memory

% Favorite platform for quantum simulation
of quantum manybody physics

% BEC’s in optical lattices as analog
simulators of superconductivity,
qguantum magnetism and more

End 09-11-2023




