
Distributed Quantum Computing 
across an Optical Network Link

Dougal Main
University of Oxford

Oxford Ion Trap Group

Photo by D. P. Nadlinger



2

Distributed Quantum Computing



3

Distributed Quantum Computing



4

Distributed Quantum Computing

Problem: Scaling up comes with major 
technical challenges



5

Distributed Quantum Computing M1

M3

M2

Problem: Scaling up comes with major 
technical challenges

Solution: Distributed quantum computing 
architecture



6

Interfacing Modules M1

M3

M2



7

Interfacing Modules M1

M3

M2

Classical
Channel



8

Interfacing Modules M1

M3

M2

Quantum
Channel

Classical
Channel

Circuit
Qubit

Network
Qubit



9

Interfacing Modules M1

M3

M2

Classical
Communication

Local Operations

Shared
Entanglement

Quantum teleportation protocols are 
characterised by the resources:

•	 shared entanglement
•	 local operations and classical 

communication (LOCC)
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Experimental Demonstrations of QGT

Purely photonic demonstrations

Fidelity: 84%

Non-deterministic

No memory for output states
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Experimental Demonstrations of QGT
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Fidelity: 79(2)%

Circuit qubit separation: ~ 2 cm

Deterministic

Circuit qubits within the same 
device

Limited to a single teleported 
gate
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Experimental Demonstrations of QGT

M1

M2

Quantum
Channel

Classical
Channel

Trapped-ion QCCD

Fidelity: (0.845, 0.872)

Circuit qubit separation: ~ 340 μm

Deterministic

Circuit qubits within the same 
device

Limited to a single teleported 
gate
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versatile and reconfigurable 
interconnect layer for DQC
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Average gate fidelity to controlled-Z 
gate: 86.1(9)%
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Process Tomography

Average gate fidelity to controlled-Z 
gate: 86.1(9)%

Circuit qubits in separate devices, separated 
by ~ 2 m

Deterministic

Robust quantum memory enables multiple 
instances of QGT
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Fidelity to Ψ+: 97.15(9)%

Rate: ~ 10 s-1
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Dynamical decoupling of 
the circuit qubits during 
entaglement generation

Alice storage error: 1.9(4) %

Bob storage error: 1.8(5) %
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Coherent transfer between 
circuit and auxiliary qubits

Bob: 0.26(1) % error per transfer

Alice: 0.38(1) % error per transfer
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Local mixed-species CZ 
gates

Alice gate fidelity: 97.5(2) %

Bob gate fidelity: 98.0(2) %
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Mid-circuit measurement errors result in 
the wrong conditional unitaries applied

Alice measurement error: 0.091(3)%

Bob measurement error: 0.122(3)%
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Source Error

Alice Bob

Raw entanglement 2.85(9)%

Mixed-species gate 2.5(2)% 2.0(2)%

QC decoherence 1.9(4)% 1.8(5)%

QX ↔ QC transfer 0.76(3)% 0.52(1)%

Mid-circuit measurement 0.091(3)% 0.122(2)%

QC rotations 0.016(1)% 0.015(1)%

Predicted total error 11.9(6)%

Table I. Error budget for CZ gate teleportation.
The characterisation of each error contribution is dis-
cussed in (Methods).

such as qudits46 and continuous-variable quantum com-
puting (CVQC)47,48, allowing these platforms to benefit
from the DQC architecture. Quantum repeater technol-
ogy16 would enable large physical separation between the
quantum processing modules, thereby paving the way for
the development of a quantum internet49. The scope
of these networks extends beyond quantum computing
technologies; the ability to control distributed quantum
systems, as enabled by this architecture, to engineer com-
plex quantum resources has applications in multi-partite
secrete sharing50, metrology51, and probing fundamental
physics52.

METHODS

Dual-species ion-trap modules

Our apparatus comprises two trapped-ion processing
modules, Alice and Bob. Each module, depicted in
Ext. Fig. 1, consists of an ultra-high vacuum chamber
containing a room-temperature, micro-fabricated surface
Paul trap; the trap used in Alice (Bob) is a HOA253

(Phoenix54) trap, fabricated by Sandia National Labo-
ratories. In each module, we co-trap 88Sr+ and 43Ca+

ions. Each species of ion is addressed via a set of lasers
used for cooling, state-preparation, and readout. A high-
numerical aperture (0.6 NA) lens enables single-photon
collection from the Sr+ ions. A ∼ 0.5mT magnetic field
is applied parallel to the surface of the trap to provide a
quantisation axis.

As outlined in the main text, the Sr+ ion provides
an optical network qubit, QN, which is manipulated di-
rectly using a 674 nm laser. The ground hyperfine man-
ifold of the Ca+ ion provides a circuit qubit, QC. At
∼ 0.5mT, the sensitivity of the QC qubit transition fre-
quency to magnetic field fluctuations is 122 kHzmT−1,
i.e. ∼ 2 orders of magnitude lower than that of the QN

qubit – making it an excellent memory for quantum in-

formation36. Additionally, we define an auxiliary qubit,
QX, in the ground hyperfine manifold of Ca+ for imple-
menting local entangling operations, state preparation,
and readout. The measured state-preparation and mea-
surement (SPAM) errors for each qubit are presented in
Ext. Fig. 2.

The spectral isolation between the two species allows
us to address one species without causing decoherence of
the quantum information encoded in the other species.
We make use of this for sympathetic cooling, mid-circuit
measurement, and interfacing with the quantum network
during circuits.

Quantum process tomography

The action of a quantum process acting on a system of
N qubits may be represented by the process matrix χαβ

such that,

E (ρ) =
D−1∑
α,β=0

χαβPαρP
†
β ,

where Pα ∈ P⊗N are the set of single-qubit Pauli op-
erators P = {I, σx, σy, σz}, and D = dim

(
P⊗N

)
= 4N .

QPT enables us to reconstruct the matrix χαβ , thereby
attaining a complete characterisation of the process.

QPT is performed by preparing the qubits in the states
ρi = |ψi⟩ ⟨ψi|, where |ψi⟩ are chosen from a tomographi-
cally complete set

|ψi⟩ ∈
{
|0⟩ , |1⟩ , |0⟩+ |1⟩√

2
,
|0⟩+ i |1⟩√

2

}
, (1)

performing the process, E , followed by measuring the out-
put state E [ρi] in a basis chosen from a tomographically
complete set. Using diluted maximum-likelihood estima-
tion55, the outcomes of the measurements can be used
to reconstruct the χ-matrix representing the process. In
practice, the input states are created by rotating |0⟩ to
|ψi⟩ = Ri |0⟩ with

Ri ∈
{
I, σx,

1√
2
(I− iσy) ,

1√
2
(I+ iσx)

}
. (2)

Likewise, the tomographic measurements are performed
by rotating the output state E [ρi] by Rj [Eq. (2)], and
subsequently measuring it in the σz basis. Ideally, this
sequence implements the projectors P0,j = |ψj⟩ ⟨ψj | and
P1,j = |ψ⊥,j⟩ ⟨ψ⊥,j |, where ⟨ψ⊥,j |ψj⟩ = 0. However,
SPAM errors would manifest as errors in the recon-
structed process; we therefore model these errors by
replacing the σz measurement with positive-operator-
valued measures (POVMs),

M0 =
(
1− ϵ|0⟩

)
|0⟩ ⟨0|+ ϵ|1⟩ |1⟩ ⟨1|

M1 =
(
1− ϵ|1⟩

)
|1⟩ ⟨1|+ ϵ|0⟩ |0⟩ ⟨0| ,
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Process Tomography

Average gate fidelity to iSWAP gate: 
70(2)%

iSWAP gate

Ideal process
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Process Tomography

Average gate fidelity to SWAP gate: 
64(2)%

SWAP gate

Ideal process
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For each marked state, we obtain the correct result 
with an average success rate of 71.4%

Grover’s algorithm
executed on a distributed quantum computer
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Source Error

Alice Bob

Raw entanglement 2.85(9)%

Mixed-species gate 2.5(2)% 2.0(2)%

QC decoherence 1.9(4)% 1.8(5)%

QX ↔ QC transfer 0.76(3)% 0.52(1)%

Mid-circuit measurement 0.091(3)% 0.122(2)%

QC rotations 0.016(1)% 0.015(1)%

Predicted total error 11.9(6)%

Table I. Error budget for CZ gate teleportation.
The characterisation of each error contribution is dis-
cussed in (Methods).

such as qudits46 and continuous-variable quantum com-
puting (CVQC)47,48, allowing these platforms to benefit
from the DQC architecture. Quantum repeater technol-
ogy16 would enable large physical separation between the
quantum processing modules, thereby paving the way for
the development of a quantum internet49. The scope
of these networks extends beyond quantum computing
technologies; the ability to control distributed quantum
systems, as enabled by this architecture, to engineer com-
plex quantum resources has applications in multi-partite
secrete sharing50, metrology51, and probing fundamental
physics52.

METHODS

Dual-species ion-trap modules

Our apparatus comprises two trapped-ion processing
modules, Alice and Bob. Each module, depicted in
Ext. Fig. 1, consists of an ultra-high vacuum chamber
containing a room-temperature, micro-fabricated surface
Paul trap; the trap used in Alice (Bob) is a HOA253

(Phoenix54) trap, fabricated by Sandia National Labo-
ratories. In each module, we co-trap 88Sr+ and 43Ca+

ions. Each species of ion is addressed via a set of lasers
used for cooling, state-preparation, and readout. A high-
numerical aperture (0.6 NA) lens enables single-photon
collection from the Sr+ ions. A ∼ 0.5mT magnetic field
is applied parallel to the surface of the trap to provide a
quantisation axis.

As outlined in the main text, the Sr+ ion provides
an optical network qubit, QN, which is manipulated di-
rectly using a 674 nm laser. The ground hyperfine man-
ifold of the Ca+ ion provides a circuit qubit, QC. At
∼ 0.5mT, the sensitivity of the QC qubit transition fre-
quency to magnetic field fluctuations is 122 kHzmT−1,
i.e. ∼ 2 orders of magnitude lower than that of the QN

qubit – making it an excellent memory for quantum in-

formation36. Additionally, we define an auxiliary qubit,
QX, in the ground hyperfine manifold of Ca+ for imple-
menting local entangling operations, state preparation,
and readout. The measured state-preparation and mea-
surement (SPAM) errors for each qubit are presented in
Ext. Fig. 2.

The spectral isolation between the two species allows
us to address one species without causing decoherence of
the quantum information encoded in the other species.
We make use of this for sympathetic cooling, mid-circuit
measurement, and interfacing with the quantum network
during circuits.

Quantum process tomography

The action of a quantum process acting on a system of
N qubits may be represented by the process matrix χαβ

such that,

E (ρ) =
D−1∑
α,β=0

χαβPαρP
†
β ,

where Pα ∈ P⊗N are the set of single-qubit Pauli op-
erators P = {I, σx, σy, σz}, and D = dim

(
P⊗N

)
= 4N .

QPT enables us to reconstruct the matrix χαβ , thereby
attaining a complete characterisation of the process.

QPT is performed by preparing the qubits in the states
ρi = |ψi⟩ ⟨ψi|, where |ψi⟩ are chosen from a tomographi-
cally complete set

|ψi⟩ ∈
{
|0⟩ , |1⟩ , |0⟩+ |1⟩√

2
,
|0⟩+ i |1⟩√

2

}
, (1)

performing the process, E , followed by measuring the out-
put state E [ρi] in a basis chosen from a tomographically
complete set. Using diluted maximum-likelihood estima-
tion55, the outcomes of the measurements can be used
to reconstruct the χ-matrix representing the process. In
practice, the input states are created by rotating |0⟩ to
|ψi⟩ = Ri |0⟩ with

Ri ∈
{
I, σx,

1√
2
(I− iσy) ,

1√
2
(I+ iσx)

}
. (2)

Likewise, the tomographic measurements are performed
by rotating the output state E [ρi] by Rj [Eq. (2)], and
subsequently measuring it in the σz basis. Ideally, this
sequence implements the projectors P0,j = |ψj⟩ ⟨ψj | and
P1,j = |ψ⊥,j⟩ ⟨ψ⊥,j |, where ⟨ψ⊥,j |ψj⟩ = 0. However,
SPAM errors would manifest as errors in the recon-
structed process; we therefore model these errors by
replacing the σz measurement with positive-operator-
valued measures (POVMs),

M0 =
(
1− ϵ|0⟩

)
|0⟩ ⟨0|+ ϵ|1⟩ |1⟩ ⟨1|

M1 =
(
1− ϵ|1⟩

)
|1⟩ ⟨1|+ ϵ|0⟩ |0⟩ ⟨0| ,
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Source Error

Alice Bob

Raw entanglement 2.85(9)%

Mixed-species gate 2.5(2)% 2.0(2)%

QC decoherence 1.9(4)% 1.8(5)%

QX ↔ QC transfer 0.76(3)% 0.52(1)%

Mid-circuit measurement 0.091(3)% 0.122(2)%

QC rotations 0.016(1)% 0.015(1)%

Predicted total error 11.9(6)%

Table I. Error budget for CZ gate teleportation.
The characterisation of each error contribution is dis-
cussed in (Methods).

such as qudits46 and continuous-variable quantum com-
puting (CVQC)47,48, allowing these platforms to benefit
from the DQC architecture. Quantum repeater technol-
ogy16 would enable large physical separation between the
quantum processing modules, thereby paving the way for
the development of a quantum internet49. The scope
of these networks extends beyond quantum computing
technologies; the ability to control distributed quantum
systems, as enabled by this architecture, to engineer com-
plex quantum resources has applications in multi-partite
secrete sharing50, metrology51, and probing fundamental
physics52.

METHODS

Dual-species ion-trap modules

Our apparatus comprises two trapped-ion processing
modules, Alice and Bob. Each module, depicted in
Ext. Fig. 1, consists of an ultra-high vacuum chamber
containing a room-temperature, micro-fabricated surface
Paul trap; the trap used in Alice (Bob) is a HOA253

(Phoenix54) trap, fabricated by Sandia National Labo-
ratories. In each module, we co-trap 88Sr+ and 43Ca+

ions. Each species of ion is addressed via a set of lasers
used for cooling, state-preparation, and readout. A high-
numerical aperture (0.6 NA) lens enables single-photon
collection from the Sr+ ions. A ∼ 0.5mT magnetic field
is applied parallel to the surface of the trap to provide a
quantisation axis.

As outlined in the main text, the Sr+ ion provides
an optical network qubit, QN, which is manipulated di-
rectly using a 674 nm laser. The ground hyperfine man-
ifold of the Ca+ ion provides a circuit qubit, QC. At
∼ 0.5mT, the sensitivity of the QC qubit transition fre-
quency to magnetic field fluctuations is 122 kHzmT−1,
i.e. ∼ 2 orders of magnitude lower than that of the QN

qubit – making it an excellent memory for quantum in-

formation36. Additionally, we define an auxiliary qubit,
QX, in the ground hyperfine manifold of Ca+ for imple-
menting local entangling operations, state preparation,
and readout. The measured state-preparation and mea-
surement (SPAM) errors for each qubit are presented in
Ext. Fig. 2.

The spectral isolation between the two species allows
us to address one species without causing decoherence of
the quantum information encoded in the other species.
We make use of this for sympathetic cooling, mid-circuit
measurement, and interfacing with the quantum network
during circuits.

Quantum process tomography

The action of a quantum process acting on a system of
N qubits may be represented by the process matrix χαβ

such that,

E (ρ) =
D−1∑
α,β=0

χαβPαρP
†
β ,

where Pα ∈ P⊗N are the set of single-qubit Pauli op-
erators P = {I, σx, σy, σz}, and D = dim

(
P⊗N

)
= 4N .

QPT enables us to reconstruct the matrix χαβ , thereby
attaining a complete characterisation of the process.

QPT is performed by preparing the qubits in the states
ρi = |ψi⟩ ⟨ψi|, where |ψi⟩ are chosen from a tomographi-
cally complete set

|ψi⟩ ∈
{
|0⟩ , |1⟩ , |0⟩+ |1⟩√

2
,
|0⟩+ i |1⟩√

2

}
, (1)

performing the process, E , followed by measuring the out-
put state E [ρi] in a basis chosen from a tomographically
complete set. Using diluted maximum-likelihood estima-
tion55, the outcomes of the measurements can be used
to reconstruct the χ-matrix representing the process. In
practice, the input states are created by rotating |0⟩ to
|ψi⟩ = Ri |0⟩ with

Ri ∈
{
I, σx,

1√
2
(I− iσy) ,

1√
2
(I+ iσx)

}
. (2)

Likewise, the tomographic measurements are performed
by rotating the output state E [ρi] by Rj [Eq. (2)], and
subsequently measuring it in the σz basis. Ideally, this
sequence implements the projectors P0,j = |ψj⟩ ⟨ψj | and
P1,j = |ψ⊥,j⟩ ⟨ψ⊥,j |, where ⟨ψ⊥,j |ψj⟩ = 0. However,
SPAM errors would manifest as errors in the recon-
structed process; we therefore model these errors by
replacing the σz measurement with positive-operator-
valued measures (POVMs),

M0 =
(
1− ϵ|0⟩

)
|0⟩ ⟨0|+ ϵ|1⟩ |1⟩ ⟨1|

M1 =
(
1− ϵ|1⟩

)
|1⟩ ⟨1|+ ϵ|0⟩ |0⟩ ⟨0| ,

0.2(1) %
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6

Source Error

Alice Bob

Raw entanglement 2.85(9)%

Mixed-species gate 2.5(2)% 2.0(2)%

QC decoherence 1.9(4)% 1.8(5)%

QX ↔ QC transfer 0.76(3)% 0.52(1)%

Mid-circuit measurement 0.091(3)% 0.122(2)%

QC rotations 0.016(1)% 0.015(1)%

Predicted total error 11.9(6)%

Table I. Error budget for CZ gate teleportation.
The characterisation of each error contribution is dis-
cussed in (Methods).

such as qudits46 and continuous-variable quantum com-
puting (CVQC)47,48, allowing these platforms to benefit
from the DQC architecture. Quantum repeater technol-
ogy16 would enable large physical separation between the
quantum processing modules, thereby paving the way for
the development of a quantum internet49. The scope
of these networks extends beyond quantum computing
technologies; the ability to control distributed quantum
systems, as enabled by this architecture, to engineer com-
plex quantum resources has applications in multi-partite
secrete sharing50, metrology51, and probing fundamental
physics52.

METHODS

Dual-species ion-trap modules

Our apparatus comprises two trapped-ion processing
modules, Alice and Bob. Each module, depicted in
Ext. Fig. 1, consists of an ultra-high vacuum chamber
containing a room-temperature, micro-fabricated surface
Paul trap; the trap used in Alice (Bob) is a HOA253

(Phoenix54) trap, fabricated by Sandia National Labo-
ratories. In each module, we co-trap 88Sr+ and 43Ca+

ions. Each species of ion is addressed via a set of lasers
used for cooling, state-preparation, and readout. A high-
numerical aperture (0.6 NA) lens enables single-photon
collection from the Sr+ ions. A ∼ 0.5mT magnetic field
is applied parallel to the surface of the trap to provide a
quantisation axis.

As outlined in the main text, the Sr+ ion provides
an optical network qubit, QN, which is manipulated di-
rectly using a 674 nm laser. The ground hyperfine man-
ifold of the Ca+ ion provides a circuit qubit, QC. At
∼ 0.5mT, the sensitivity of the QC qubit transition fre-
quency to magnetic field fluctuations is 122 kHzmT−1,
i.e. ∼ 2 orders of magnitude lower than that of the QN

qubit – making it an excellent memory for quantum in-

formation36. Additionally, we define an auxiliary qubit,
QX, in the ground hyperfine manifold of Ca+ for imple-
menting local entangling operations, state preparation,
and readout. The measured state-preparation and mea-
surement (SPAM) errors for each qubit are presented in
Ext. Fig. 2.

The spectral isolation between the two species allows
us to address one species without causing decoherence of
the quantum information encoded in the other species.
We make use of this for sympathetic cooling, mid-circuit
measurement, and interfacing with the quantum network
during circuits.

Quantum process tomography

The action of a quantum process acting on a system of
N qubits may be represented by the process matrix χαβ

such that,

E (ρ) =
D−1∑
α,β=0

χαβPαρP
†
β ,

where Pα ∈ P⊗N are the set of single-qubit Pauli op-
erators P = {I, σx, σy, σz}, and D = dim

(
P⊗N

)
= 4N .

QPT enables us to reconstruct the matrix χαβ , thereby
attaining a complete characterisation of the process.

QPT is performed by preparing the qubits in the states
ρi = |ψi⟩ ⟨ψi|, where |ψi⟩ are chosen from a tomographi-
cally complete set

|ψi⟩ ∈
{
|0⟩ , |1⟩ , |0⟩+ |1⟩√

2
,
|0⟩+ i |1⟩√

2

}
, (1)

performing the process, E , followed by measuring the out-
put state E [ρi] in a basis chosen from a tomographically
complete set. Using diluted maximum-likelihood estima-
tion55, the outcomes of the measurements can be used
to reconstruct the χ-matrix representing the process. In
practice, the input states are created by rotating |0⟩ to
|ψi⟩ = Ri |0⟩ with

Ri ∈
{
I, σx,

1√
2
(I− iσy) ,

1√
2
(I+ iσx)

}
. (2)

Likewise, the tomographic measurements are performed
by rotating the output state E [ρi] by Rj [Eq. (2)], and
subsequently measuring it in the σz basis. Ideally, this
sequence implements the projectors P0,j = |ψj⟩ ⟨ψj | and
P1,j = |ψ⊥,j⟩ ⟨ψ⊥,j |, where ⟨ψ⊥,j |ψj⟩ = 0. However,
SPAM errors would manifest as errors in the recon-
structed process; we therefore model these errors by
replacing the σz measurement with positive-operator-
valued measures (POVMs),

M0 =
(
1− ϵ|0⟩

)
|0⟩ ⟨0|+ ϵ|1⟩ |1⟩ ⟨1|

M1 =
(
1− ϵ|1⟩

)
|1⟩ ⟨1|+ ϵ|0⟩ |0⟩ ⟨0| ,

0.2(1) %

~ 0.1 %

~ 0.1 %

< 0.1 %

< 0.1 %

~ 3 % Dominated by noise in the quantum channel 
interconnecting the modules
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Quantum interconnects will be 
noisy and lossy

97.15(9)%
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Pathway to High-Fidelity DQC

Quantum interconnects will be 
noisy and lossy

Entanglement distillation 
would enable distribution of 
high-fidelity entanglement

97.15(9)%

97.15(9)%

> 99%
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Trapped-Ion Module
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Entanglement Generation �
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Mixed-Species Gates
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Hyperfine Transfer

Number of Transfers
2 26 51 75 100
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Mixed-Species Remote Entanglement

Sr-Sr “Raw” Remote Entanglement

Fidelity to nearest Bell-state: 97.15(9) %

|01〉+ |10〉√
2
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Mixed-Species Remote Entanglement

Sr-Ca Mixed-Species Remote Entanglement

Fidelity to nearest Bell-state: 94.0(5)%

|00〉+ |11〉√
2
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Mixed-Species Remote Entanglement

Ca-Ca Remote Entanglement

Fidelity to nearest Bell-state: 92.9(7)%

|00〉+ |11〉√
2
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Mixed-Species Remote Entanglement

Ca memory performance
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Mixed-Species Remote Entanglement

Sr-Sr-Ca Mixed-Species GHZ State

Fidelity to GHZ state: 92.9(8)%

|000〉+ |111〉√
2
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Mixed-Species Remote Entanglement

Sr-Sr-Ca-Ca Mixed-Species GHZ State

Fidelity to GHZ state: 91.6(8)%

|0000〉+ |1111〉√
2


