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Q

uantum computers have the potential to
solve problems that are intractable for
conventional computers. However, many
quantum bits (qubits) are required to outperform conventional computing capabilities, and scaling quantum computers to be
useful in practical applications is difficult (1).
As the system size increases, the average distance between qubits grows, making it harder
to connect arbitrary qubits. Quantum gate teleportation (QGT) is a uniquely quantum solution
that enables logical gates between spatially separated qubits, where shared entanglement eliminates the need for a direct quantum coherent
interaction (2, 3).
There are several proposals for scaling up to
larger numbers of qubits in trapped-ion systems.
These include the quantum charge-coupled device (QCCD) architecture, which incorporates
a large array of segmented electrodes to create
trapping zones specialized for roles such as
loading ions, processing, and memory storage
(4, 5). Qubits can interact by being physically
moved to the same zone. A variant of this approach couples different zones by creating entanglement via a photonic network (6). Both
approaches will benefit from a way to perform
gate operations between separated qubits via
QGT, which mitigates latency from transmitting
quantum information between zones, provided
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that the required entangled ancilla pairs are
prepared and distributed ahead of time during
unrelated processor functions. This entanglement can be produced using various methods,
including unitary gates, dissipative schemes (7),
and photonic links (8).
Progress toward distributed quantum computation has been made with quantum state
teleportation (9), where an arbitrary state is
transferred between remote parties (2, 10). Using
state teleportation, a two-qubit gate between
two parties, Alice and Bob, can be implemented
by teleporting Alice’s input state to Bob, applying local two-qubit gates at Bob’s location, and
teleporting Alice’s half of the output back to her.
This process consumes a minimum of two shared
entangled pairs.
For a controlled-NOT (CNOT) gate, the task
can be achieved more efficiently using the protocol depicted in Fig. 1A (3) without the need to
physically bring the qubits together or teleport
the states back and forth. This protocol achieves
the minimum possible overhead, requiring only
local operations, classical communication, and
a single entangled pair shared between two locations. The protocol implementing a teleported
CNOT between qubits B1 and B2 works as follows. The initial entanglement between qubits
M1 and M2 is transferred to B1 and M2 through
the first local CNOT, M1 detection, and conditional operation on M2. With the information
about B1’s state now shared with M2, B1 is the
effective control of the second local CNOT that
acts on B2. The remaining operations serve to
disentangle M2 from B1 and B2, resulting in an
effective CNOT between B1 and B2. This type of
teleported gate has been demonstrated probabilistically with photonic systems, where the
required conditional operations were implemented with passive optical elements and postselection (11, 12). More recently, a deterministic
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Large-scale quantum computers will require quantum gate operations between widely
separated qubits. A method for implementing such operations, known as quantum gate
teleportation (QGT), requires only local operations, classical communication, and shared
entanglement. We demonstrate QGT in a scalable architecture by deterministically
teleporting a controlled-NOT (CNOT) gate between two qubits in spatially separated
locations in an ion trap. The entanglement fidelity of our teleported CNOT is in the interval
(0.845, 0.872) at the 95% confidence level. The implementation combines ion shuttling
with individually addressed single-qubit rotations and detections, same- and mixed-species
two-qubit gates, and real-time conditional operations, thereby demonstrating essential
tools for scaling trapped-ion quantum computers combined in a single device.

CNOT was teleported between two superconducting cavity qubits using an entangled pair of
transmons (13).
Here, we demonstrate a deterministic teleported CNOT between two 9Be+ ions using a
shared entangled pair of 25Mg+ ions. This demonstration combines key elements for scalable
quantum computation with trapped ions, including separation and transport of mixed-species ion
crystals, local same- and mixed-species twoqubit gates (14), individually addressed singlequbit rotations and detection, and conditional
operations based on measurement results. We
use quantum process tomography (QPT) to characterize the teleported CNOT. We simplify the
demonstration by using only one laser interaction zone (LIZ) and transporting the separated
qubits to this location, but the key elements of
the protocol are retained.
Our experiment uses two 9Be+ ions (B1, B2)
and two 25Mg+ ions (M1, M2) trapped in a segmented linear Paul trap. The qubits are encoded
in the jF ¼ 1; mF ¼ 1iB ≡ j↑iB and j2; 0iB ≡ j↓iB
hyperfine states of 9Be+ and the j2; 0iM ≡ j↑iM
and j3; 1iM ≡ j↓iM states of 25Mg+. We use the
symbol B (M) for 9Be+ (25Mg+) ions and label
respective states with subscript B (M). To begin
each experiment, a four-ion chain is initialized
in the order B1-M1-M2-B2 in a potential well where
all laser beams pass through the trap, a region
we refer to as the LIZ (Fig. 2). Qubit-state measurements of B (M) ions are realized by statedependent fluorescence detection with 313 nm
(280 nm) resonant light after transferring the
population from the computational basis to the
measurement basis j↑iB → j2; 2iB ≡ jBrightiB
and j↓iB → j1; 1iB ≡ jDarkiB ðj↓iM → j3; 3iM ≡
jBrightiM and j↑iM → j2; 2iM ≡ jDarkiM Þ (15).
Segmented trap electrodes enable the use of timevarying potentials to split the ion crystal into selected subsets and to transport them to and from
the LIZ (16, 17). Spatial separation enables individual addressing of ions of the same species,
whereas ions of different species are distinguished
by their well-separated resonant wavelengths.
Stimulated Raman transitions are used for all
coherent qubit operations. A pair of copropagating
laser beams for each species drives single-qubit
^ fÞ, and rotation around the z-axis
rotations Rðq;
^ Z ðaÞ is implemented by phase-shifting all subR
sequent single-qubit rotations for that qubit (15).
A pair of perpendicular laser beams for each
species drives two-qubit Mølmer-Sørensen (MS)
entangling gates (18). Both pairs of Raman beams
are applied simultaneously to drive mixed-species
MS gates (14). We construct CNOTC→T (C for control and T for target) and the Bell-state-generating
gate F^ using single-qubit rotations and MS gates
(14, 15, 19).
The circuit diagram for our teleported CNOT
is shown in Fig. 1B, and ion configurations during
QGT are illustrated in Fig. 2. After ground-state
cooling of the four-ion chain, the algorithm
begins with the B and M ions in jBrightiB and
j↓iM, respectively. F^ is applied to the two M ions
to generate the Bell state jFþ iM ¼ p1ﬃﬃ2 ðj↑↑iM þ
j↓↓iM Þ (Fig. 2A). Afterwards, the chain is split
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Fig. 2. QGT shuttling sequence. (A to F) The shuttling sequence, overlaid on a photograph of a
section of the trap electrode structure (ions and ion spacings are not to scale). After preparing
the M ions in a Bell state to serve as the entanglement resource, the B1-M1-M2-B2 chain is
split into two B-and-M ion pairs, which are translated into and out of LIZ to address and detect
individual ions (C to F).
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Fig. 1. QGT circuit diagram. (A) Circuit diagram for a teleported CNOT between qubits B1 and
B2 as proposed in (3). The wavy line represents entanglement, and double solid lines
represent classical communication. (B) Experiment-specific circuit diagram for the teleported
CNOT gate between B1 and B2. “Map In” indicates mapping from the measurement basis
to the computational basis, and “Map Out” indicates the opposite process. “Tomo” refers to
single-qubit rotations for QPT.

Time

into two B-and-M pairs in separated regions of a
double-well potential (Fig. 2B), which is translated to bring B1-M1 into the LIZ. There, we groundstate cool B1-M1 by addressing B1, prepare B1 to
its input state, and apply CNOTB1 →M1 . Then, M1
is detected (Fig. 2C). Its qubit state is determined by comparing the number of detected
photons to a preset threshold. The double-well
potential is then translated to move M2-B2 into
the LIZ, where the pair is ground-state cooled
by addressing B2. Qubit B2 is then prepared in
its input state, and the conditional operation
^ 0Þ is applied on M2 if M1 was measured to
Rðp;
be in j↓iM . Nextwe apply
 CNOTM2 →B2 , followed
^ p ;  p and detection of M2. A
by a rotation R
2
2
rotation selecting the measurement axis for state
tomography is applied to B 2 , which is then
mapped out to the measurement basis, but not
yet detected (Fig. 2D). This mapping reduces the
depumping of B2 from stray scattered light when
detecting B1 later in the process. The double-well
potential is translated back to bring B1-M1 into
the LIZ, where we apply the conditional opera^ Z ðpÞ if M2 was measured to be in j↓i ,
tion R
M
followed by a single-qubit rotation selecting the
measurement axis and a measurement of B1
(Fig. 2E). Subsequently, M2-B2 are shuttled back
into the LIZ where B2 is detected (Fig. 2F). At
the end of this sequence, the four ions are recombined into a single well to prepare for the
next repetition of the experiment.
We used QPT (20) to characterize our teleported CNOT between the two B ions. We implemented 144 different combinations of input
states and measurement axes in random order,
each for ~300 consecutive experiment executions. Two complete sets of tomography data
(dataset 1 and dataset 2) were acquired. We developed a protocol for data analysis on dataset 1
while remaining blind to dataset 2 and then applied this protocol to dataset 2. The analysis
methods and results for dataset 2 are summarized below.
From the observed measurement outcomes,
we determined the most likely quantum process
by maximum likelihood (ML) estimation and
inferred a 95% confidence interval of (0.845,
0.872) for the entanglement fidelity with respect
to an ideal CNOT. The matrix representing the
quantum process is shown in Fig. 3. For details
of our analysis, see (15).
Ideally, the observed data should be consistent with the assumption of a single quantum
process, but drifts in control parameters on
time scales much longer than that of a single
QGT experiment can lead to imperfections. To
detect departure from this assumption, we applied a likelihood ratio (LR) test (21, 22). An LR
was computed from the experimental data and
compared to the distribution of LRs obtained
from synthetic datasets generated by parametric
bootstrapping (23). The test indicated that our
data was inconsistent with a single quantum
process (15). Motivated by this finding, we discovered drifts in single-qubit-rotation angles that
eluded our feedback mechanisms but that can be
addressed in future experiments (15). Using
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Fig. 3. Pauli transfer matrix. Visualization of quantum processes in the Pauli
transfer matrix representation for (A) the experimental dataset 2, (B) the ideal
CNOT process, and (C) the difference between the experimental and ideal
process matrices (15).The Pauli transfer matrix of a process maps an arbitrary

Source

Error (102 )

SPAM on two B ions

1.1(7)

.............................................................................................

SPAM
on two M ions
1.5(3)
.............................................................................................
M1-M2 Bell state
4.0(9)
.............................................................................................
B
3.0(9)
1-M1 CNOT
.............................................................................................
M
-B
CNOT
3(1)
2
2
.............................................................................................
Coherence
of M ions
0.7(3)
.............................................................................................
Stray light from
1.1(4)
M detection on M
Stray light from

1
2
.............................................................................................

1.2(3)

B2 cooling on B1
.............................................................................................
Sum
16(2)
.............................................................................................
Depolarizing
model
12(1)
.............................................................................................

numerical simulation, we verified that realistic fluctuations of single-qubit-rotation angles
are capable of causing an inconsistency comparable to that observed in our data. Although
such drifts are not major sources of infidelity for
this experiment (15), such consistency checks
could be an important diagnostic that can
supplement other benchmarking techniques
and uncover overlooked sources of infidelity.
We list the dominant error sources and estimate their combined impact in Table 1. If all
errors are mutually independent, the total error
is 0.16(2). A depolarizing model provides a more
accurate description of the impact of individual
errors and predicts a process fidelity of 0.88(1),
which is near the upper limit of the 95% ML
confidence interval, indicating that the major
Wan et al., Science 364, 875–878 (2019)
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error sources are included in the error propagation model (15).
Ideally, QGT would be implemented using
an ion species with a transition insensitive to
magnetic field fluctuations, to serve as both
information-carrying qubits and entanglementresource qubits, and a second dedicated species
for cooling. This would mitigate decoherence
and allow QGT to be embedded in a larger quantum circuit (in our experiment, any prior information encoded in B1 and B2 would be destroyed
during cooling). Errors from stray light scattering
could also be removed by using the coolant
species for quantum logic readout (24). To be
viable for fault-tolerant error correction, larger
algorithms like QGT will also require constituent operations to be performed with higher fidelity in multiple locations. A larger QCCD array
would then have many different interaction zones
and integrated detection zones (25). The fact that
our experimental duty cycle was dominated by
shuttling and associated recooling (15) emphasizes the importance of cold diabatic transport
(26, 27) and faster cooling techniques (28).
Deterministic teleported CNOT gates can
serve as a useful primitive for large-scale quantum computation. The integration of several
operations, including mixed-species coherent
control, ion transport, and entangling operations on selected subsets of qubits, will be essential for building large-scale quantum computers
based on ions in the QCCD architecture. Moreover, applying consistency checks to the experimental data facilitated the identification of error
sources in the experimental setup, illustrating
the importance of performing such checks in
addition to tomography when characterizing
quantum processes. Similar consistency checks
could be done between disjunct processing nodes
executing the same routine, exposing compromised nodes that behave differently from the rest.
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Table 1. Error sources for the teleported
CNOT. The Bell-state fidelity with state
preparation and measurement (SPAM)
error contributions subtracted is used as
an estimate of the mixed-species CNOT
fidelity (15). 1s uncertainty for the respective
error sources is shown in parentheses.

input density matrix, expressed as a linear combination of Pauli products, into
the corresponding linear combination that describes the output density
matrix. For our implementation, a 95% confidence interval (0.845, 0.872) for
the entanglement fidelity is determined with respect to an ideal CNOT.

R ES E A RC H | R E PO R T

Foundation under grant 165208. S.D.E. acknowledges support by the
U.S. National Science Foundation under grant DGE 1650115. Y.W.,
D.K., J.J.W., and H.M.V. are associates in the Professional Research
Experience Program (PREP) operated jointly by NIST and
University of Colorado Boulder. H.M.V. acknowledges support from
the Schlumberger Foundation’s Faculty for the Future program.
Author contributions: Y.W. and D.K. performed the majority
of experiments with assistance from S.D.E., T.R.T., and J.J.W.
D.J.W., A.C.W., and D.L. advised on the project. K.H.M.,

H.M.V., S.G., and E.K. developed statistical models and provided
support on all theoretical aspects of this work. Y.W., D.K.,
and K.H.M. contributed to data analysis. Y.W., S.D.E., and K.H.M.
wrote the manuscript. All authors revised and commented on
the manuscript. Competing interests: The authors declare
that there are no competing financial interests. Data and
materials availability: Data from the main text and
supplementary materials are available through the NIST
public data repository (29).

SUPPLEMENTARY MATERIALS

science.sciencemag.org/content/364/6443/875/suppl/DC1
Supplementary Text
Figs. S1 to S9
Tables S1 to S3
References (30–40)
7 February 2019; accepted 8 May 2019
10.1126/science.aaw9415

Downloaded from http://science.sciencemag.org/ on June 4, 2019

Wan et al., Science 364, 875–878 (2019)

31 May 2019

4 of 4

