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Left: Schematic of the experimental setup for generating high-dimensional cluster 
states. Right: Individual measured terms of the cluster state witness, confirming that 
the state is close to an ideal four-partite three-level cluster state. 
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Cluster States Go High-Dimensional 

 The ultimate challenge in quantum science 
lies in developing effi  cient systems to pro-

vide the large information content required 
to solve meaningful problems faster than 
classical computers. In one widely adopted 
approach, gate-based quantum computation, 
state generation is relatively simple but pro-
cessing is very challenging. The other main 
approach, one-way (or measurement-based) 
quantum computing, greatly simplifi es algo-
rithm implementation, but requires very 
complex systems—so-called cluster states.1

Photonics is particularly suited for one-way 
computing, but the realization of discrete clus-
ter states has thus far been limited to qubits,2

which signifi cantly limits both computational 
power and the accessible algorithms. A more 
effi  cient solution would be to exploit high-
dimensional (d-level) systems. Unfortunately, 
to date, quantum systems based on ion traps, 
superconducting circuits and other platforms 
have not been able to produce the resources 
required for d-level multipartite systems 
of any form, which are essential for high-
dimensional quantum computation.

In recent work,3,4 we have demonstrated 
the first realization of high-dimensional 
cluster states, using a remarkably accessible 
photonic system that exploits the simulta-
neous entanglement (hyper-entanglement) 
of two photons in their time and frequency 
domains. Via spontaneous four-wave mixing 

in an integrated nonlinear microcavity, excited 
by several laser pulses, photons were created 
in a coherent superposition of multiple time 
and frequency modes (three each). This led 
to a multi-partite state without increasing 
the number of physical photons.

To transform the resulting hyper-entan-
gled, still bi-separable state into a cluster 
state, we developed a deterministic phase 
gate based on a frequency-to-time mapping 
scheme, which gave experimental access 
to individual terms of the generated wave 
function. We confi rmed the realization of the 
high-dimensional cluster state by measuring 
a negative expectation value of a newly-
developed multipartite cluster witness.5 The  
tolerance of the qudit cluster state toward 
white noise proved higher than that of a qubit 
cluster state with similar Hilbert space size. 
Finally, we demonstrated proof-of-concept 
high-dimensional one-way quantum comput-
ing operations, via projection measurements 
in the time or frequency domain. 

Our approach, based on integrated-pho-
tonic chips and off-the-shelf optical fiber 
communication components, has achieved 
new and deterministic functionalities. We 
believe the work provides an important step 
towards reaching powerful, noise-tolerant 
quantum computation in a scalable and mass-
producible platform. OPN
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