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Precision tomography of a three-qubit 
donor quantum processor in silicon

Mateusz T. Mądzik1,9,12, Serwan Asaad1,10,12, Akram Youssry2,3, Benjamin Joecker1, 
Kenneth M. Rudinger4, Erik Nielsen4, Kevin C. Young5, Timothy J. Proctor5, 
Andrew D. Baczewski6, Arne Laucht1,2, Vivien Schmitt1,11, Fay E. Hudson1, Kohei M. Itoh7, 
Alexander M. Jakob8, Brett C. Johnson8, David N. Jamieson8, Andrew S. Dzurak1, 
Christopher Ferrie2, Robin Blume-Kohout4 & Andrea Morello1ಞᅒ

Nuclear spins were among the !rst physical platforms to be considered for quantum 
information processing1,2, because of their exceptional quantum coherence3 and 
atomic-scale footprint. However, their full potential for quantum computing has not 
yet been realized, owing to the lack of methods with which to link nuclear qubits 
within a scalable device combined with multi-qubit operations with su"cient !delity 
to sustain fault-tolerant quantum computation. Here we demonstrate universal 
quantum logic operations using a pair of ion-implanted 31P donor nuclei in a silicon 
nanoelectronic device. A nuclear two-qubit controlled-Z gate is obtained by imparting 
a geometric phase to a shared electron spin4, and used to prepare entangled Bell 
states with !delities up to 94.2(2.7)%. The quantum operations are precisely 
characterized using gate set tomography (GST)5, yielding one-qubit average gate 
!delities up to 99.95(2)%, two-qubit average gate !delity of 99.37(11)% and two-qubit 
preparation/measurement !delities of 98.95(4)%. These three metrics indicate that 
nuclear spins in silicon are approaching the performance demanded in fault-tolerant 
quantum processors6. We then demonstrate entanglement between the two nuclei 
and the shared electron by producing a Greenberger–Horne–Zeilinger three-qubit 
state with 92.5(1.0)% !delity. Because electron spin qubits in semiconductors can be 
further coupled to other electrons7–9 or physically shuttled across di#erent 
locations10,11, these results establish a viable route for scalable quantum information 
processing using donor nuclear and electron spins.

Nuclear spins are the most coherent quantum systems in the solid 
state3,12, owing to their extremely weak coupling to the environ-
ment. In the context of quantum information processing, the long  
coherence is associated with record single-qubit gate fidelities13. How-
ever, the weak coupling poses a challenge for multi-qubit logic opera-
tions. Using spin-carrying defects in diamond14 and silicon carbide15, 
this problem can be addressed by coupling multiple nuclei to a common 
electron spin, thus creating quantum registers that can sustain small 
quantum logic operations and error correction16. Exciting progress 
is being made on linking several such defects via optical photons17,18.

Still missing, however, is a pathway to exploit the atomic-scale dimen-
sion of nuclear spin qubits to engineer scalable quantum processors, 
where densely packed qubits are integrated and operated within a 
semiconductor chip19. This requires entangling the nuclear qubits with 
electrons that can either be physically moved or entangled with other 
nearby electrons. It also requires interspersing the electron–nuclear 

quantum processing units with spin readout devices20. Here we show 
experimentally that silicon—the material underpinning the whole of 
modern digital information technology—is the natural system in which 
to develop dense nuclear spin-based quantum processors1.

One-electron–two-nuclei quantum processor
The experiments are conducted on a system of two 31P donor atoms, 
introduced in an isotopically purified 28Si substrate by ion implantation 
(see Methods). A three-qubit processor is formed by using an electron 
(e) with spin S = 1/2 (basis states |↑", |↓") and two nuclei (Q1, Q2) with 
spin I = 1/2 (basis states | !, | !). Metallic structures on the surface of 
the chip provide electrostatic control of the donors, create a 
single-electron transistor (SET) charge sensor, and deliver microwave 
and radio-frequency signals through a broadband antenna (Fig. 1a and 
Extended Data Fig. 1). With this set-up, we can perform single-shot 
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Example: Three-qubit quantum processor in silicon

• Two 31P donors implanted in enriched 28Si
• Close spacing (~6.5 nm) Æ shared electron
• Hybrid three-qubit system

• Native nuclear-controlled electron Toffoli gate
• Electron 2S rotation Æ S geometric phase on the 

conditioning nuclear state
• Nuclear controlled-Z gate

M. T. Mądzik et al, Precision tomography of a three-qubit electron-nuclear  
quantum processor in silicon. Nature 601, 348–353 (January 2022).

https://www.nature.com/articles/s41586-021-04292-7
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On-target 
Average Generator Infidelity Stochastic

Intrinsic 
Coherent

Relational 
Coherent Total Error

Gate Gate Fidelity On Q1 On Q2 TOTAL Error Error Error On Q1 On Q2 TOTAL
99.87(2)% 0.17(3)% 0.47(5)% 0.68(6)% 0.60(6)% 0.34(14)% 2.8(3)% 2.0(3)% 0.71(15)% 3.4(3)%
99.95(2)% 0.07(3)% 0.61(6)% 0.75(6)% 0.67(6)% 0.9(3)% 2.6(3)% 1.0(2)% 1.2(4)% 3.4(3)%
99.48(3)% 2.14(5)% 0.69(4)% 2.86(7)% 2.69(6)% 3.6(3)% 2.2(3)% 5.0(3)% 3.05(17)% 6.9(3)%
99.41(5)% 2.63(8)% 0.79(6)% 3.44(10)% 3.36(10)% 2.3(4)% 1.9(4)% 4.1(6)% 2.6(2)% 6.3(5)%
99.49(5)% 2.60(13)% 0.68(7)% 3.54(16)% 3.18(15)% 3.1(4)% 5.1(5)% 4.2(7)% 3.2(3)% 9.1(5)%
99.37(11)% 0.11(10)% 0.66(11)% 0.79(14)% 0.54(13)% 4.9(3)% 0.7(3)% 3.2(4)% 4.1(3)% 5.5(4)%
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Process Matrix Error Generator All Error RatesGate
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Example: Three-qubit quantum processor in silicon

• Two 31P donors implanted in enriched 28Si
• Close spacing (~6.5 nm) Æ shared electron
• Hybrid three-qubit system

• Native nuclear-controlled electron Toffoli gate
• Electron 2S rotation Æ S geometric phase on the 

conditioning nuclear state
• Nuclear controlled-Z gate

Data
600,000 shots
1592 circuits

E. Nielsen et al, Gate set tomography. Quantum 5, 557 (October 2021).

https://doi.org/10.22331/q-2021-10-05-557
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Sector Dimension Action Example effect 
(Bloch sphere)

εJ  (Error 
Probability)

θJ (Error 
Amplitude)

Hamiltonian 0 1

Stochastic 
(Pauli) 1 0
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(Pauli-correlation)
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[P,Q]=0
0

0 

1

Active {P,Q}=0
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0

1 

0

�

� ⤴

��
��

→
→

→

→

HP [⇢] = �i[P, ⇢]
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A subset of elementary error generators  
defines a reduced model for noisy gates.

11

CPTP H + S H1 + S1 + ZZ** H1 + S1H + S1

Reduced Models

Parameters: 1263
Model violation: 8791 

Parameters: 213
Model violation: 9965 

Parameters: 174
Model violation: 10,074 

Parameters: 141
Model violation: 10,186 

Parameters: 129
Model violation: 10,983

Free Newly constrained Constrained 
Gate error rate parameter

r = 1.1 r = 2.8 r = 3.4 r = 66.4

Figure S7. Comparison of candidate gate set models. Models are ordered left-to-right from the largest (most parameters) to
the smallest. As explained in the text, the CPTP model allows gates to be arbitrary CPTP maps with all 240 error generator
rates per gate. Moving rightward, more and more of these rates are pinned to zero, resulting in smaller models that necessarily
provide worse fits to the data. For each model, a gate’s allowed error generator rates are depicted as a set of blue boxes against a
15 ◊ 16 grid of all the possible error generators for an arbitrary 2-qubit gate. Red boxes indicate the number of error generators
that were pinned relative to the next larger model. Gray boxes indicate the number pinned to zero. For each model, the overall
number (gates + SPAM - gauge) of model parameters N is given, along with the model violation, 2� log L (lower = better fit to
the data). The evidence ratio r = 2� log Li≠2� log Lj

Nj ≠Ni
is computed between each pair of models, and we prefer the smaller model

when r Æ 5. A green rectangle highlights H1+S1+ZZúú, the best model among our candidates, which is used for the analysis in
the main text.

S9. REDUCED METRICS OF GATE ERROR

Process matrices are the standard model for errors in quantum gates [2]. They provide a comprehensive description
of all possible Markovian errors that can a�ect a gate’s performance, and they can be used to predict the measurement
outcome distribution for arbitrary quantum circuits. The price of this flexibility is that process matrices can be
very complex. An arbitrary n-qubit process matrix is a dense 4n

◊ 4n matrix describing a completely positive,
trace-preserving map on density matrices. One way to simplify the interpretation of process matrices is through the
use of reduced metrics, such as average gate infidelity or the diamond error, that summarize the performance of a
quantum gate with a single number. Because the impact of a gate’s errors depends strongly on where that gate appears
in a quantum circuit, there are many di�erent reduced metrics. In this section, we discuss the most common metrics
that appear in the literature, as well as their relation to the novel metrics we introduce in the main text.

Here, as in the main text, we represent a quantum gate by a process matrix G = eLG, where G is the process matrix
for the perfect unitary implementation of the gate and L is the error generator. As discussed in the Methods, the error
generator is a weighted sum of Hamiltonian (H) and stochastic (S) terms. The rates of the Hamiltonian terms are
labeled ◊, and those of the stochastic terms are labeled ‘. Here we define three of the most common reduced metrics of
gate quality in terms of the gate’s error generator L:

1. The entanglement infidelity (‘e):

‘e = 1 ≠ ÈÏ|(I ¢ eL)(|ÏÍÈÏ|)|ÏÍ, (5)

where Ï is any maximally entangled state over a doubled state space (here, a 4-qubit state space) and I is the
identity operator.

2. The average gate infidelity (‘̄):

‘̄ = 1 ≠

⁄
dÂ ÈÂ|eL(|ÂÍÈÂ|)|ÂÍ, (6)

where dÂ is the Haar measure (here, over 2-qubit states).

3. The diamond error (‘ù):

‘ù = 1
2 sup

fl
||(eL ¢ I)(fl) ≠ fl||1, (7)

We used model selection to identify the smallest model that fit the data well.
It only contained (1) local stochastic and (2) local and ZZ Hamiltonian errors.
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Entangling Hamiltonian 
on 1-qubit gates
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             Intrinsic coherent error
             Relational coherent error
             Stochastic error
             Infidelity on target qubit[s]
             Total infidelity on both qubits
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<latexit sha1_base64="z8O1njPCINHT+cYj6YLW2/YDbDc=">AAACIHicbVDLSgMxFM34rPU16tJNahFcSJkpYl0W3LisYB/SGUomzbShycyQZIQS5lPc+CtuXCiiO/0aM+0stPVA4OSce7n3niBhVCrH+bJWVtfWNzZLW+Xtnd29ffvgsCPjVGDSxjGLRS9AkjAakbaiipFeIgjiASPdYHKd+90HIiSNozs1TYjP0SiiIcVIGWlgNzyO1DgINbwfaK/ihQJh7SU00/Usg0aIFeVEehXomk9eK7hmWTawq07NmQEuE7cgVVCgNbA/vWGMU04ihRmSsu86ifI1EopiRrKyl0qSIDxBI9I3NEJmqq9nB2bw1ChDGMbCvEjBmfq7QyMu5ZQHpjJfUS56ufif109VeOVrGiWpIhGeDwpTBlUM87TgkAqCFZsagrCgZleIx8hkpEymZROCu3jyMunUa+5lzbm9qDbPizhK4BicgDPgggZoghvQAm2AwSN4Bq/gzXqyXqx362NeumIVPUfgD6zvH7d6o0A=</latexit>

Y⇡
2
⌦1l

<latexit sha1_base64="ALLfK8bp9DEaaSMmOWCtyISxk8E=">AAACIHicbVDLSgMxFM3UV62vUZduUovgQspMEeuy4MZlBfuAzlAyaaYNTWaGJCOUMJ/ixl9x40IR3enXmGlnoa0HAifn3Mu99wQJo1I5zpdVWlvf2Nwqb1d2dvf2D+zDo66MU4FJB8csFv0AScJoRDqKKkb6iSCIB4z0gulN7vceiJA0ju7VLCE+R+OIhhQjZaSh3fQ4UpMg1LA/1F7VCwXC2ktophtZBo0QK8qJ9KrQNZ+8VnDNsmxo15y6MwdcJW5BaqBAe2h/eqMYp5xECjMk5cB1EuVrJBTFjGQVL5UkQXiKxmRgaITMVF/PD8zgmVFGMIyFeZGCc/V3h0ZcyhkPTGW+olz2cvE/b5Cq8NrXNEpSRSK8GBSmDKoY5mnBERUEKzYzBGFBza4QT5DJSJlMKyYEd/nkVdJt1N2runN3WWtdFHGUwQk4BefABU3QAregDToAg0fwDF7Bm/VkvVjv1seitGQVPcfgD6zvH7XJoz8=</latexit>

X⇡
2
⌦1l

<latexit sha1_base64="Do3zqv0VOVkwrYi30QdYCFUIO4c="></latexit>

1l⌦Y-⇡2

<latexit sha1_base64="V5hFMYk7rWgRLR4vmc6KVdtYBEI="></latexit>

CZ

Coefficients of that model yield 
error rates for each of the 6 gates.
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Entangling Hamiltonian 
on 1-qubit gates

Q1  Q2Q1  Q2 Q1  Q2 Q1  Q2Q1  Q2 Q1  Q2

X
⇡ /
2

Y
⇡ /
2

X
⇡ /
2

Y
⇡ /
2

Y
-⇡
/ 2

             Intrinsic coherent error
             Relational coherent error
             Stochastic error
             Infidelity on target qubit[s]
             Total infidelity on both qubits

<latexit sha1_base64="T3oEOK/jzg8lZWvgjPBsYz+ePHg=">AAACH3icbZBLS8NAEMc39VXrK+rRy9YieJCSFKkeC148VrAPaELYbDft0s2D3Y1QlnwTL34VLx4UEW/9Nm7SHLR1YOE3/5lhdv5+wqiQlrUwKhubW9s71d3a3v7B4ZF5fNIXccox6eGYxXzoI0EYjUhPUsnIMOEEhT4jA392l9cHT4QLGkePcp4QN0STiAYUI6klz2w7IZJTP1DQduoF81CxTHMsaUiEU4dDT+k04AgrJ6GZamVZ5pkNq2kVAdfBLqEByuh65rczjnEakkhihoQY2VYiXYW4pJiRrOakgiQIz9CEjDRGSO92VXFfBi+0MoZBzPWLJCzU3xMKhULMQ1935heI1Vou/lcbpTK4dRWNklSSCC8XBSmDMoa5WXBMOcGSzTUgzKn+K8RTpJ2Q2tKaNsFePXkd+q2m3W5aD9eNzlVpRxWcgXNwCWxwAzrgHnRBD2DwDF7BO/gwXow349P4WrZWjHLmFPwJY/EDSMijFQ==</latexit>

1l⌦X⇡
2

<latexit sha1_base64="1Wz1PrQfYCtl6yaUnhYqv/CcGko=">AAACH3icbZBLS8NAEMc3Pmt9RT162VoED1KSItVjwYvHCvYhTQib7aZdunmwuxHKkm/ixa/ixYMi4q3fxk2ag7YOLPzmPzPMzt9PGBXSsubG2vrG5tZ2Zae6u7d/cGgeHfdEnHJMujhmMR/4SBBGI9KVVDIySDhBoc9I35/e5vX+E+GCxtGDnCXEDdE4ogHFSGrJM1tOiOTEDxS0nVrBPFQs0xxLGhLh1OCjp3QacISVk9BMNbMs88y61bCKgKtgl1AHZXQ889sZxTgNSSQxQ0IMbSuRrkJcUsxIVnVSQRKEp2hMhhojpHe7qrgvg+daGcEg5vpFEhbq7wmFQiFmoa878wvEci0X/6sNUxncuIpGSSpJhBeLgpRBGcPcLDiinGDJZhoQ5lT/FeIJ0k5IbWlVm2Avn7wKvWbDbjWs+6t6+7K0owJOwRm4ADa4Bm1wBzqgCzB4Bq/gHXwYL8ab8Wl8LVrXjHLmBPwJY/4DSl+jFg==</latexit>

1l⌦Y⇡
2

<latexit sha1_base64="z8O1njPCINHT+cYj6YLW2/YDbDc=">AAACIHicbVDLSgMxFM34rPU16tJNahFcSJkpYl0W3LisYB/SGUomzbShycyQZIQS5lPc+CtuXCiiO/0aM+0stPVA4OSce7n3niBhVCrH+bJWVtfWNzZLW+Xtnd29ffvgsCPjVGDSxjGLRS9AkjAakbaiipFeIgjiASPdYHKd+90HIiSNozs1TYjP0SiiIcVIGWlgNzyO1DgINbwfaK/ihQJh7SU00/Usg0aIFeVEehXomk9eK7hmWTawq07NmQEuE7cgVVCgNbA/vWGMU04ihRmSsu86ifI1EopiRrKyl0qSIDxBI9I3NEJmqq9nB2bw1ChDGMbCvEjBmfq7QyMu5ZQHpjJfUS56ufif109VeOVrGiWpIhGeDwpTBlUM87TgkAqCFZsagrCgZleIx8hkpEymZROCu3jyMunUa+5lzbm9qDbPizhK4BicgDPgggZoghvQAm2AwSN4Bq/gzXqyXqx362NeumIVPUfgD6zvH7d6o0A=</latexit>

Y⇡
2
⌦1l

<latexit sha1_base64="ALLfK8bp9DEaaSMmOWCtyISxk8E=">AAACIHicbVDLSgMxFM3UV62vUZduUovgQspMEeuy4MZlBfuAzlAyaaYNTWaGJCOUMJ/ixl9x40IR3enXmGlnoa0HAifn3Mu99wQJo1I5zpdVWlvf2Nwqb1d2dvf2D+zDo66MU4FJB8csFv0AScJoRDqKKkb6iSCIB4z0gulN7vceiJA0ju7VLCE+R+OIhhQjZaSh3fQ4UpMg1LA/1F7VCwXC2ktophtZBo0QK8qJ9KrQNZ+8VnDNsmxo15y6MwdcJW5BaqBAe2h/eqMYp5xECjMk5cB1EuVrJBTFjGQVL5UkQXiKxmRgaITMVF/PD8zgmVFGMIyFeZGCc/V3h0ZcyhkPTGW+olz2cvE/b5Cq8NrXNEpSRSK8GBSmDKoY5mnBERUEKzYzBGFBza4QT5DJSJlMKyYEd/nkVdJt1N2runN3WWtdFHGUwQk4BefABU3QAregDToAg0fwDF7Bm/VkvVjv1seitGQVPcfgD6zvH7XJoz8=</latexit>

X⇡
2
⌦1l

<latexit sha1_base64="Do3zqv0VOVkwrYi30QdYCFUIO4c="></latexit>

1l⌦Y-⇡2

<latexit sha1_base64="V5hFMYk7rWgRLR4vmc6KVdtYBEI="></latexit>

CZ
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2-qubit

Q2
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S: 2.7%

H: 2.2%

S: 3.4%

H: 0.3%

S: 0.6%
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S: 0.7%

H: 3.1%

S: 3.2%

H: 5.0%
S: 0.5%

2.7%
2.6%

1.7%

2.3%
0.6%

1.9%

1.2%

4.1%
0.7%

0.1%

1.9%

4.3% 4.8%

1.9%1.0%

X⇡/2

Y⇡/2

X⇡/2

Y⇡/2

Y-⇡/2

KEY

Rel. Err.
(amplitude)

S: probability

H: amplitude

Intrinsic 
Coherent Error

Intrinsic 
Stochastic Error

Relational Coherent Error
(between two gates)

But some errors are actually relational between 
two gates.  We separated relational errors from 
intrinsic errors associated with a unique gate.

Coefficients of that model yield 
error rates for each of the 6 gates.
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<latexit sha1_base64="T3oEOK/jzg8lZWvgjPBsYz+ePHg=">AAACH3icbZBLS8NAEMc39VXrK+rRy9YieJCSFKkeC148VrAPaELYbDft0s2D3Y1QlnwTL34VLx4UEW/9Nm7SHLR1YOE3/5lhdv5+wqiQlrUwKhubW9s71d3a3v7B4ZF5fNIXccox6eGYxXzoI0EYjUhPUsnIMOEEhT4jA392l9cHT4QLGkePcp4QN0STiAYUI6klz2w7IZJTP1DQduoF81CxTHMsaUiEU4dDT+k04AgrJ6GZamVZ5pkNq2kVAdfBLqEByuh65rczjnEakkhihoQY2VYiXYW4pJiRrOakgiQIz9CEjDRGSO92VXFfBi+0MoZBzPWLJCzU3xMKhULMQ1935heI1Vou/lcbpTK4dRWNklSSCC8XBSmDMoa5WXBMOcGSzTUgzKn+K8RTpJ2Q2tKaNsFePXkd+q2m3W5aD9eNzlVpRxWcgXNwCWxwAzrgHnRBD2DwDF7BO/gwXow349P4WrZWjHLmFPwJY/EDSMijFQ==</latexit>

1l⌦X⇡
2

<latexit sha1_base64="1Wz1PrQfYCtl6yaUnhYqv/CcGko=">AAACH3icbZBLS8NAEMc3Pmt9RT162VoED1KSItVjwYvHCvYhTQib7aZdunmwuxHKkm/ixa/ixYMi4q3fxk2ag7YOLPzmPzPMzt9PGBXSsubG2vrG5tZ2Zae6u7d/cGgeHfdEnHJMujhmMR/4SBBGI9KVVDIySDhBoc9I35/e5vX+E+GCxtGDnCXEDdE4ogHFSGrJM1tOiOTEDxS0nVrBPFQs0xxLGhLh1OCjp3QacISVk9BMNbMs88y61bCKgKtgl1AHZXQ889sZxTgNSSQxQ0IMbSuRrkJcUsxIVnVSQRKEp2hMhhojpHe7qrgvg+daGcEg5vpFEhbq7wmFQiFmoa878wvEci0X/6sNUxncuIpGSSpJhBeLgpRBGcPcLDiinGDJZhoQ5lT/FeIJ0k5IbWlVm2Avn7wKvWbDbjWs+6t6+7K0owJOwRm4ADa4Bm1wBzqgCzB4Bq/gHXwYL8ab8Wl8LVrXjHLmBPwJY/4DSl+jFg==</latexit>

1l⌦Y⇡
2

<latexit sha1_base64="z8O1njPCINHT+cYj6YLW2/YDbDc=">AAACIHicbVDLSgMxFM34rPU16tJNahFcSJkpYl0W3LisYB/SGUomzbShycyQZIQS5lPc+CtuXCiiO/0aM+0stPVA4OSce7n3niBhVCrH+bJWVtfWNzZLW+Xtnd29ffvgsCPjVGDSxjGLRS9AkjAakbaiipFeIgjiASPdYHKd+90HIiSNozs1TYjP0SiiIcVIGWlgNzyO1DgINbwfaK/ihQJh7SU00/Usg0aIFeVEehXomk9eK7hmWTawq07NmQEuE7cgVVCgNbA/vWGMU04ihRmSsu86ifI1EopiRrKyl0qSIDxBI9I3NEJmqq9nB2bw1ChDGMbCvEjBmfq7QyMu5ZQHpjJfUS56ufif109VeOVrGiWpIhGeDwpTBlUM87TgkAqCFZsagrCgZleIx8hkpEymZROCu3jyMunUa+5lzbm9qDbPizhK4BicgDPgggZoghvQAm2AwSN4Bq/gzXqyXqx362NeumIVPUfgD6zvH7d6o0A=</latexit>
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2
⌦1l

<latexit sha1_base64="ALLfK8bp9DEaaSMmOWCtyISxk8E=">AAACIHicbVDLSgMxFM3UV62vUZduUovgQspMEeuy4MZlBfuAzlAyaaYNTWaGJCOUMJ/ixl9x40IR3enXmGlnoa0HAifn3Mu99wQJo1I5zpdVWlvf2Nwqb1d2dvf2D+zDo66MU4FJB8csFv0AScJoRDqKKkb6iSCIB4z0gulN7vceiJA0ju7VLCE+R+OIhhQjZaSh3fQ4UpMg1LA/1F7VCwXC2ktophtZBo0QK8qJ9KrQNZ+8VnDNsmxo15y6MwdcJW5BaqBAe2h/eqMYp5xECjMk5cB1EuVrJBTFjGQVL5UkQXiKxmRgaITMVF/PD8zgmVFGMIyFeZGCc/V3h0ZcyhkPTGW+olz2cvE/b5Cq8NrXNEpSRSK8GBSmDKoY5mnBERUEKzYzBGFBza4QT5DJSJlMKyYEd/nkVdJt1N2runN3WWtdFHGUwQk4BefABU3QAregDToAg0fwDF7Bm/VkvVjv1seitGQVPcfgD6zvH7XJoz8=</latexit>
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2
⌦1l

<latexit sha1_base64="Do3zqv0VOVkwrYi30QdYCFUIO4c="></latexit>

1l⌦Y-⇡2

<latexit sha1_base64="V5hFMYk7rWgRLR4vmc6KVdtYBEI="></latexit>
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KEY

Rel. Err.
(amplitude)

S: probability

H: amplitude

Intrinsic 
Coherent Error

Intrinsic 
Stochastic Error

Relational Coherent Error
(between two gates)

Gate (Q1)
Infidelity 

(Q2) TOTAL
Stochastic 

Error

Intrinsic 
Coherent 

Error

Relational 
Coherent 

Error (Q1)
Total Error 

(Q2) TOTAL
Gxi 0.17(3)% 0.47(5)% 0.68(6)% 0.60(6)% 0.34(14)% 2.8(3)% 2.0(3)% 0.71(15)% 3.4(3)%
Gyi 0.07(3)% 0.61(6)% 0.75(6)% 0.67(6)% 0.9(3)% 2.6(3)% 1.0(2)% 1.2(4)% 3.4(3)%
Gix 2.14(5)% 0.69(4)% 2.86(7)% 2.69(6)% 3.6(3)% 2.3(3)% 5.0(3)% 3.05(17)% 6.9(3)%
Giy 2.63(8)% 0.79(6)% 3.44(10)% 3.36(10)% 2.3(4)% 1.9(4)% 4.1(6)% 2.6(2)% 6.3(5)%

Gimy 2.60(13)% 0.68(7)% 3.54(16)% 3.18(15)% 3.1(4)% 5.1(5)% 4.2(7)% 3.2(3)% 9.1(5)%
Gcz 0.11(10)% 0.66(11)% 0.79(14)% 0.54(13)% 4.9(3)% 0.7(3)% 3.2(4)% 4.1(3)% 5.5(4)%

Our final error budget identifies: 
 - every error’s rate (w/error bars) 
 - each error’s contribution to: 
    ➣ infidelity 
    ➣ total (worst-case) error 
 - contributions from each sector 
 - contributions on each qubit 



A custom 2-qubit GST experiment (just 1592 circuits & 600K shots),

combined with a cutting-edge analysis using error generators,

 - a complete predictive model (process matrices) with sub-10-3 error bars, 
 - and simple measures of infidelity and worst-case error for each gate… 
 - …that can be tracked and divided all the way down to individual errors.

This is what complete understanding of a system’s Markovian errors looks like.

 
Outstanding challenges:  non-Markovian errors, and systems of 3+ qubits.

Conclusions


