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Wanted: More qubits and less error
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Wanted: More qubits and less error

Chemistry algorithm

106
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Q
0 Estimated needed logical gates: 10%°
g 104 M. Reiher et al. PNAS 114, 7555 (2017)
= Many improvements since 2017
- UMD, Sussex, Macquarie, Google, Microsoft, ..
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Scaling Hardware

Nature provided (AMO) Human crafted (CM)

« Every qubit is the same by nature  Every qubit is the same up to
«  Weak coupling to environment manufacturing defects

«  Challenges in control and confinement of ~ *  Stronger coupling to environment
large numbers * Able to “print” as many as can fit on a chip

Metallic conductors Current-carrying metallics Transparent conductors
® lon-trap electrodes ® B-field bias and gates ® Dielectric shielding
@ Thick metal; low RF loss @ High conductivity @ High conductivity, transmissivity .
® E-field noise from surface ® Power dissipation ® E-field noise from surface Exchange-only CNOT using the
SLEDGE quantum dot architecture
) Interlayer dielectrics
Optical modulators ® Electrical insulator,
@ Photonic circuit active modulation wavequide cladding
® Low optical loss; large electro-optic \ "= @ Low RF and optical loss
sficie . o . ;
coefncient 4 — @ E-field noise: electrical breakdown
® Loss; power dissipation; phase noise; N ==
2 i Interlayer electrical vias

CMOS compatibility
® Electrical connections

@ High aspect ratio; low resistivity

Electronics Loss; current-carrying capacity
® DACs, classical logic, detector circuitry

® Low noise; high speed: low power
® Voltage range; B-field noise; power dissipation

Single-photon detectors
® Qubit state readout
. i # High QE: low dark current
Optical waveguides ® Filtering: backaction on ions;

® Function ® Photonic L:lullvrl ;lm»m:‘ : CMOS compatibility L= = > - o
: routing in multiple materials > < - e
:?:;‘\Hz.'::ull;?:i :x:;;;;m:wN ® Low uiv‘\s: al Im\': high optical index - — > o (TS.MD‘hTRe?d
-oncerns to.addres! stical absorption B = APS March Meeting | :
¢ il)"(ltl(lfﬂﬂ(]] im'o:.» H;)m'- = i - Monday March 14, 2022 D I I e
e : .03 839.001
K.R. Brown, J. Chiaverini, J. M. Sage, and H. Haeffner = = PRATT SCHOOL of
4
Nat Rev Mater 6, 892—905 (2021). arXiv:2202.03605 ENGINEERING




[T

o
laigbiaiai me a0

WL -‘:.."-H---;--
ik 3 s
o LRI ﬁ:\_ﬂ_q_}




Superconducting qubits
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T.D. Ladd et al. Nature 464, 45 (2010)
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Krantz et al. Appl. Phys. Rev. 6, 021318 (2019)

MIT Oliver group
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lon Qubits

210 1o da
2y (or (3205
12 ) Fdaiy l_\:::::_._-i_l
Ug _'.'-?;h"
.‘. St et e
| 1) |'? Wiy
Harmm “D':.,/'_} '[t}l' 2 ‘-:‘—};.-H;:l
Stinpulated
Fanain =5 MH%—= QH» .
i @ MHz=GHz — Metastable qubit

~ 10 THz - optical qubit

81/2 ~10GHz — Ground qubit

Duke

OMG qubits. Allcock et al. Appl. Phys. Lett. 119, 214002 (2021) PRATE SCHOOL




Quantum Error Correction

A gquantum code defines
a subspace of Hilbert space
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Quantum Error Correction

A guantum code defines a
subspace of Hilbert space

A detectable error maps to an
orthogonal subspace

Duke
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Quantum Error Correction

A guantum code defines a
subspace of Hilbert space

A detectable error maps to an
orthogonal subspace

A correctable error can be
mapped back

Duke
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Quantum Error Correction Now

2 @ Measure qubit () Data qubit b ¢ 1.0

X KX XXX X=X -% .
2, =222, 2 4
8 I g 5 @ o E @ !
® G 2 0.5
® 222222, o Repetition code: 5 ]
& ) ( ) distance 3-11 E
- < —_— 4 5 ] —
® : Suﬁacecode% 3 0 1(;3 — 1(; =
7 2222272 . ’ 2
8 :L g Error rate (simultaneous)
® d 0 (L ) d) . Stabilizers: & XX A ZZ 3 XXXX .
Encoder Logical qubit XXX XXy Legical operations
chain Google Quantum Al Nature (2021)
a
l &% —
L. Egan et al. Nature (2021) ‘ Logi - .Sy'Q
 fas
a) Hook qubit error configuration o Unflagged circuits
‘ First flagged parallel circuit, {S/, 5/, 5/} Si, Ss. Se
11— & = — = I 1,2,3 —s¢ X
2 X X 2,3,4 X' X I
3 yX X 8,5,6 ——1——+—— X I I
i I 4,6,7 I
5 I — 10 s—{A] 0 0 +1
g — I S1y 82y Sa
7 I 1,23 —4 i d T
0) -{E L’[__{J»-/—. 0 S 2,3,4 I I I
0) b d ! i) +1 8§/ 3,5,6 IE T
|0) @ X =—{ A +1 5/ 4,6,7 3 I DI
‘- 0 {H}4++{7A 0 0 o
Step 2: Compare changes to
syndromes within a QEC cycle
5 6 7
Honeywell/Quantinuum C. Ryan-Anderson et al. Phys. Rev. X (2021) Yale P. Campagne-lbarcq et al., Nature (2021) Duke

PRATT SCHOOL of
ENGINEERING



Quantum Error Correction Tasks

Improved Memory

ﬁme (us) a Numba; of cat-code syndrome measurements b
(90 10 20 30 40 50 60 o = |
- _ g g = <
% I | : r : ,:31_2_;5'[,:'“--'—-.-___ . ¥
£ i MRS il T
= 09 @ | 1 )
2 < g I 5 i A A
£ 1 g 95 & Uncorraoted Fagk 0.1 srooding i-:_‘_?
- - © Data qubit avg. |_ . 2 Comacieds 2 ) &</
= e 5 qubit R.C. | == =
a 0.8}e 9qubitR.C. o o L4 :
o 1 2 3 4 5 6 7 8
Total repetition code cycles - k fimetis)
Kelly et al. Nature (2015) (Martinis UCSB) Ofek et al. Nature (2016) (Yale)

Improved Circuits

0)*"

Enc. |+) HQEC QEC

XX /77 Duke
QEC [— PRATT SCHOOL o/
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Stabilizer Code

« Stabilizer code [[n, k, d]]
— Codes defined as +1 subspace of (n-k) commuting Pauli operators
— n unencoded qubits
— k encoded qubits

— d minimal weight of Pauli operator on unencoded qubits that generates
a Pauli operator on the logical qubit

= 1./
— Y menaz
O zzz.2,  Xu=XoXsXs
Bravyi and Kitaev, arXiv (1998) D XinXle DU_ke

Bombin and Delgado, PRA (2007) T T oL -

ENGINEERING



Surface [9,1,3]

TTTTTTTTTTTTT
EEEEEEEEEEE



Codes from spin models —
L4y

— XX

. compass model
Ising model

$ \

compass codes

repetition code
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Codes Derivable from Compass Model

-

Compass

to

Surface
Bravyi and Kitaev, arXiv (1998)
Bombin and Delgado, PRA (2007)

W

Shor
Shor. PRA (1995)

ao

Bacon-Shor
Bacon, PRA (2006)
Aliferis and Cross, PRL (2007)

Many other codes
Li, Miller, Newman, Wu, KRB PRX (2019)

Duke
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Fault-Tolerance

* Principle for designing processes where the
correct answer is guaranteed if there are k or

less faults.

* Design code, circuit, and decoder for specific
fault set (Pauli errors)

» Limits operations (transversal + magic state)

* |f error corrected circuit improves performance,
you are below a threshold



Fault-Tolerance and Small Codes
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Tomita and Svore, Phys. Rev. A (2014)



Pattern Determined by Compass
Model

Correct order: For X stabilizers, group CNOTs by XX compass model bonds.
For Z stabilizers, group CNOTs by ZZ compass model bonds.



Single gubit syndrome checks are FT
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Gauges determine the circuit construction.

LI, Miller, KRB PRA (2018)

Li, Miller, Newman, Wu, KRB PRX (2019) all compass codes, no algorithm
Huang and KRB PRA (2020) algorithm (+ weighted union-find decoder)
Huang, Newman, and Brown PRA (2020) application to surface code

Duke

PRATT SCHOOL of
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Compass Codes Now!

X Meas.

m Pre Z Meas. Majority vote
PR Fi i Fi F;
3 T oosiy 0965(1) 0.085(1) 09963(4) 0.0037(1)
2 - W 0.033(1) 0.967(1) 0.0032(1) 0.9968(4)
4t ooz 0947(2) 0.053(1) 0.9919(6) 0.0081(1)
- W 0.051(1) 0.949(2) 0.0076(1) 0.9924(6)
5 T ossae 0936(2) 0.064(1) 0.9976(3) 0.0024(1)
E o W 0.072(1) 0.928(2) 0.0033(1) 0.9967(4)
. 0.917(2) 0.083(1) 0.9949(5) 0.0051(1)
6 _ 0806(2) ;g61) 0.914(2) 0.0056(1) 0.9944(5)
+ 0.869(2) 0.131(1) 0.9925(6) 0.0075(1)
T Z 0723(2) g1a0(1) 0.868(2) 0.0076(1) 0.9924(6)

[mZ%,1,m] Shor code
N Nguyen et al. (Linke group Duke)
Phys. Rev. Applied 16, 024057 (2021)

[4,1,2] or [4,2,2] UMD, ETH-Zurich, IBM, Sydney, Aachen 2017-2020
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[9,1,3] Heavy Hex
N. Sundaresan et al. (IBM)
arXiv:2203.07205

!
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1
£ ‘\ /,i %\EN", -
% / 7 AN N
B / 7 NN \ \
2 | -— 4 i”*—ﬁj S -
3 04[ i . W | | +
5 [ # | |
; 02} | | ] ‘
o | | | 4 4 A
ol : i e | A0 0 8 8 8
10" 10" Drive Flux § Coupling Readout Purcell Feed
Gate and measurement erors Qe Lines . Lines Elements . Resonators . Filters Lines

[9,1,3] Surface Code

S. Krinner, N. Lacroix et al. (Wallraff group ETH)
Nature 605, 669 (2022)

Y. Zhao et al. (USTC), PRL (2022)

Google [25,1,5] Nature (2023)
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lon chain quantum computer

Y-Junction

Memory Zone
Detection Zone

Logic Zone

e Sandia HOA-2

$3400 10.0kV 30.1mm x19 SE 3/30/2015

Quantum gates: Laser pulses on multiple ions Measurement: photon detection
amplitude, frequency, phase, pulse shape ion separation by trap electrodes

&)

IARPA EURIQA collaboration: Duke, Harris, ColdQuanta, AOSense
| Q NSF STAQ collaboration: Duke, U Maryland, Tufts, UC Berkeley, Chicago, U New Mexico
Duke

QsCouT DOE QSCOUT collaboration: Sandia, Duke, Tufts ENGINEERING



-
- k
P

\

_ -

" .
-
=,
.’""a. .

HOA 2.1.1 Chip Trap




DIUMD (now at Dufk
™ (and at home)




Bacon-Shor Experiment

) KXo X X2 X X X
@ ® 2N @
1 2 3
X O—— I
@ I . AVAVAYAYAYL
& :> % ® l:> (4 6) r:{)
11 6 ®
(®) 7 ZyZnZsZigZeZg
Of < 71
o = % ) )
9 —+ &
® Lc) @ \8/ @ Logical
(D) - = Encoder Logical Qubit X2 X3X5X6Xs X9 Operations

Egan, Debroy, Noel, Risinger, Zhu, Biswas, Newman, Li, Brown, Cetina, Monroe
Nature (2021), arXiv:2009.11482. UMD/Duke
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Bacon-Shor Experiment

Conditional
-------- Error

‘ Correction
dle Errors

Data

Logical Qubit
Qubits .

Syndrome
Qubits

Stabilizer Measurement

Duke

PRATT SCHOOL of
ENGINEERING




Preparation & Measurement

>® >® -
r___Q___r]EI'_______I # Faul-Tolersat Bacon-Shor allows for fault-tolerant
@i m L[] 2] . .
; - | preparation of X and Z eigenstates
OF ! ® (] .
3 : . L = without measurement due to Shor code
: : o structure.
@ ® +—{H] (]
OF E & ] . .
® i ; = We can generate logical magic states
o : — E creating a 9 qubit entangled states.
i S l & The process is not fault-tolerant but
l : - = necessary for universal computation.
®- | &—{H]

Duke

PRATT SCHOOL of
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FT Preparation & Measurement

Raw Correction Detection
0.4 - 0.08 0.04
0.3+ N +) 0.06 - 0.03 -
é 0.2 0}, b 0.04 - 0.02 -
a 0.14 > 0.02 0.01 -
7 oot-R M ____ S __ 0.00 ---l. ----ﬁ'.'—- 0.00 +- EEEES ST
"é ~0.1 - > ~0.02 - -0.01 -
a —0.2 - N DE 5 ~0.04 - ~0.02 -
i), 3 g |_>L -0.06 A =0.03 =
-0.4 ; . —0.08 1 . . -0.04 T T
NFT FT

| +> and |-> prepared by applying FT gate to |0>and |1>
Duke

PRATT SCHOOL of
ENGINEERING




Preparing other states

---------------------------

|

@ E Y(0) e (H—e—eo—IH! { Y16}
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direct FT continuous
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Comparison of preparations/gates

(Z1)

1.0
0 A 1-T
Bis. 1.00 1.00
0.95 0.99
0.0 + 0.90 0.98 1
0.85 0.97
=057 0.80 558
. 0.95 S
L% T T T T |:-|-K Detection FT — Detection
0 n/2 n 3n/2 2mn Direct Correction Direct ~ Correction
P Continuous Raw Continuous Raw

n/2 fault-tolerant gate error: 0.3%
encoded magic state prep error: 2%*

Duke

PRATT SCHOOL of
ENGINEERING




e
Stabilizer checks

@ (2) (3
Experiment: Encode [0),, introduce an error, map all 4 D
stabilizers onto syndrome qubits, measure globally OR HON MG
10, @ 5
W 2277 T e X X XXX
@ O, O

W 7.7 77770 Omm X,X:X: XX X0

Ancilla Population

©c o o o o =
o N A~ O 00 O
1 1 1 1

Z 9 Z 4 Z 2 X 7 Y9 Y7 Y8 X 3 Y3 Yl Y2 X ) Y6 Y4 Y5 )uke
Introduced Error | Egan et al. Nature (2021) ooy

NEERING




Fault-tolerant gadgets

Raw
---- Baseline
= OFT
B . !..—l'

Correction
— Baseline
-o— nFT
—o—FT

0 /2 m
)
Duke

PRATT SCHOOL of
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Reducing Correlated Errors

EM AFM
& o - 7 6 -5 -4 3 2 -1 0 1 2 3 4 5 6 7 5 o =
T CO0O0O00CO000D0DO00O0O0O0
(|010) + |101)) ® (|010) + |101)) = (]010) + [101))
]| 101 @] @] I=] 16
qubits stabilizers
©C 000 X 2% ) -Z%F
I i raw ¢ corrected ¢ detected | I raw ¢ corrected § detected I
B 1 2 1 Pt
Increase of encoded corrected lifetime by a factor of 4. % ‘ 2 . % )
Comparable to our single qubit life time. © osh +1 < os
In standard independent Pauli error model these codes should %" . %"
have the exact same behavior. > 0 b P
D. Debroy et al. Phys. Rev. Lett. (2021) arXiv:2105.05068 a = 2 "
See also Hu, Liang, Rengaswamy, Calderbank, arXiv:2011.00197 & b & b,
" 5 10 15 20 " 5 10 15 20
Time (ms) Time (ms)



A
Matching codes and decoders to

physical errors

6p1.'2 2 Ly — 6pn’p (@ 1o i®d=3
‘7’,‘ 4-\/-\/\ 1 ®@ d=5 ¢
10t @ d=7 /2
. ] ed= !
6s - 369 nm S 1®d=1 ( ’
Yb* (+ &) £ 102 { @ d=13 %
Bsns *S, —‘.—'\{ﬂ;" — % 107 - /
Bsn’p = 20
I'r Q) g
10-5
P P T,
1 ] ;
‘71‘ — i 3Po 10-6 D AN GLI. S L —
— 10°4 103 102 10!
1S |U> |1> F 1/2 Physical error probability, p
0 —_—
Conversion to erasure greatly
arXiv:2201.03540 Duke

PRATT SCHOOL of

Other ideas: XZZX codes, bias preserving cat codes, designer cluster states ENGINEERING



Erasure Conversion Trilogy

Rydberg atoms Superconducting qubits Trapped ions
B ——
|ge + eg) — > 12gy; <T;
lge—eg) S—<— v
<'Tl 5'[‘1

¥

18)

% (b) Ei

A. Kubica et al., arXiv:2208.05461

M. Kang, W.C. Campbell, KRB, arXiv:2210.15024

Y. Wu et al., Nat. Comm. 13, 4657 (2022)

Design qubits s.t. physical noise causes leakage outside the qubit in a detectible way
* Additional operations turn leaked state to f/2 in qubit subspace - erasure!

Duke

FRATT SCHOOL of
ENGINEERING




QEC Beyond Pauli Errors

Coherent Errors

7 """""""""""""""
~ ¢~ W Optimized
> | Unoptimized
Lo | 5 L
x +
?6' 4 -
g4l ﬁ
N More coherent
= D B .
e Feag M
¢ | T sels n
- 1 F -~ —

0 ‘ I i 1 — ~ -~ |

0 0.2 0.4 0.6 0.8 1
Unitarity

Not a problem for larger codes

Beale et al., PRL 2018

Not a problem if you try to fix it
Debroy, Li, Newman, Brown PRL 2019
Minimize with codespace

Debroy, Egan, et al. PRL 2021

Leakage Errors

| leak)

1)

10)

Leakage vs memory errors

Brown and KRB, PRA 2018, PRA 2019
Subsystem codes for leakage

Brown, Newman, KRB NJP 2019

Erasure Errors

<fg;} |erase)

1)

10)

Erasure errors
Kang, Campbell and KRB
arXiv:2210.15024

Duke
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QEC Now!

* Experiments have reached a point
where QEC is possible

* Designing hardware that enables
finite rate codes remains challenging

* QEC procedures tailored to physical
errors can reduce the overhead

* Fault-tolerant gate design for finite Taffxf}?v?'zalvégiﬁg;;e' Beverland

rate codes remains an open question 1000 qubits/logical qubit to

. 50 qubits/logical qubit
* Theory of fault tolerance is also aubits/logical qubi

transformi Ng Low overhead constructive codes
Panteleev and Kalachev, arXiv:2111.03654
Leverrier and Zemor, arXiv:2202.13641
Yamasaki and Koashi, arXiv:2207.08826 DUke
and more..... dynamic research area ENGINEERING




brownlab.pratt.duke.edu

@kenbrownguantum

EPOC
si/@
Institute for
% Robust Quantum
Simulation

UCLA

Wes Campbell

Dripto Narayanan

~ Debroy Rengaswamy

i Muyuan |
-‘ ‘! | Google Prof. at U. Arizona

- Shilin
“/Huang
I-> Yale

= Natalie Newman Liang

wBrown Pedoglé ' Grad Studént MIT -
=Quantinyum™ .

Mike Catherir—jég

Quantum Computing QC Inspired Science
Trapped lon Qubits Cold Molecular lons
Quantum Control Cell Sorter Duke

Quantum Error Correction
PRATT SCHOOL o
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guantum.duke.edu

Duke Quantum Center
Chris Monroe, Director
Thomas Barthel
Kenneth Brown

Robert Calderbank
Marko Cetina
Jungsang Kim

Alex Khozanov

Natalie Klco

Norbert Linke

Iman Marvian

Crystal Noel

Henry Pfister

Always looking for Postdocs!
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