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Abstract 

Just as ‘classical’ information technology rests on a foundation built of interconnected 
information-processing systems, quantum information technology (QIT) must do the same. A 
critical component of such systems is the ‘interconnect,’ a device or process that allows transfer 
of information between disparate physical media, for example, semiconductor electronics, 
individual atoms, light pulses in optical fiber, or microwave fields. While interconnects have 
been well engineered for decades in the realm of classical information technology, quantum 
interconnects (QuICs) present special challenges, as they must allow the transfer of fragile 
quantum states between different physical parts or degrees of freedom of the system. The 
diversity of QIT platforms (superconducting, atomic, solid-state color center, optical, etc.) that 
will form a ‘quantum internet’ poses additional challenges. As quantum systems scale to larger 
size, the quantum interconnect bottleneck is imminent, and is emerging as a grand challenge for 
QIT. For these reasons, it is the position of the community represented by participants of the 
NSF workshop on “Quantum Interconnects” that accelerating QuIC research is crucial for 
sustained development of a national quantum science and technology program. Given the 
diversity of QIT platforms, materials used, applications, and infrastructure required, a convergent 
research program including partnership between academia, industry and national laboratories is 
required.  
 

This document is a summary from a U.S. National Science Foundation supported workshop held on 31 
October - 1 November 2019 in Alexandria, VA. Attendees were charged to identify the scientific and 
community  needs,  opportunities,  and  significant  challenges  for  quantum  interconnects  over  the 
next 2-5 years. 
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I. Executive Summary  

A quantum science and technology revolution is currently in the making, which is widely 
expected to bring a myriad of scientific and societal benefits. Commensurate with this promise, 
large challenges exist in seeing the vision become a reality, one of which is the engineering of an 
essential class of components of any quantum information system—the quantum interconnects.  
 

 

Figure 1. The broad role of QuICs in quantum information technology. QS = Quantum switch; QR = 
Quantum repeater (a device that can relay an entangled state from one set of qubits to a distant set 
without physically sending an entangled qubit the entire distance); QMod = Modular quantum 
processor; QFC = Quantum frequency converter; RNG = Random number generator. The QuICs are 
indicated by bold red arrows or by wave packets representing photons. 

 

Quantum interconnects (QuICs) are devices or processes that allow the transfer of quantum 
states between two specified physical degrees of freedom (material,  electromagnetic, etc.), or, 
more broadly, connect a quantum system with a classical one. As illustrated in Figure 1, QuICs 
are an integral part of nearly all conceivable quantum information processing systems, including 
quantum computing, quantum sensing, and quantum communication. For example, it can be 
argued that modular quantum computing schemes provide the only viable approach that will 
enable scaling up to truly large numbers of error corrected qubits. Since modular approaches are 
crucially dependant on efficient QuICs, substantial and focused investment in this vital next 
stage of quantum computing is timely. Similarly, the ability to transmit information securely by 
leveraging the laws of quantum physics, in a way that it is “future proof” against even the most 
powerful quantum computers, is of great national importance. However, the reach of secure 
fiber-based quantum networks, and the communication rates that they currently allow, are 
severely limited by the optical losses in the existing quantum interconnects (transmission drops 
exponentially in conventional optical fibers). Enhancing these interconnects with quantum 
repeaters will extend the reach and the rate of quantum communication systems. With recent 
proof-of-principle demonstrations at hand, this effort is ready to be accelerated.  
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Large technical hurdles exist to implementing QuICs: they must transfer the quantum 
information (quantum states) with high fidelity, fast rates and low loss, often across a wide range 
of energies, and do so in a scalable fashion. In some cases a viable candidate QuIC approach is 
well understood, but dedicated engineering effort is needed to implement it, while in others new 
physical phenomena need to be explored to implement a given QuIC. An acceleration of research 
toward the invention and implementation of QuICs will also greatly boost progress in 
development of materials, devices, systems and supporting infrastructure in critical-path areas 
that support the development of practical quantum technologies. Such research would enable 
quantum information science and technology across a wide range of specialties, with ensuing 
scientific and societal benefits as described in the inset box.  
 

SOCIETAL BENEFITS OF QUANTUM-ENABLED TECHNOLOGY  
    In September 2018 the National Science and Technology Council released a report, “National 
Strategic Overview for Quantum Information Science,” which stated, “Through developments in 
[quantum information science], the United States can improve its industrial base, create jobs, and 
provide economic and national security benefits.”[1] Among the intentions of the national effort 
outlined by the OSTP report are to: “Focus on a science-first approach that aims to identify and solve 
Grand Challenges: problems whose solutions enable transformative scientific and industrial progress;” 
and to “Provide the key infrastructure and support needed to realize the scientific and technological 
opportunities.”    
    A commentary paper in Science [2] co-authored by two participants in the QuIC Workshop, along 
with a co-author of the NSTC report cited above, summarizes several of the societal benefits that QIT 
can bring: “A fully functioning quantum computer would radically enhance our capabilities in 
simulating nuclear and high-energy physics; designing new chemicals, materials, and drugs; breaking 
common cryptographic codes; and performing more speculative tasks such as modeling, machine 
learning, pattern recognition, and optimizing hard logistical problems such as controlling the electric 
energy grid or traffic control systems.[3]” And, “Using qubits instead of conventional bits makes it 
possible to create shared randomness between parties while knowing whether the communication 
channel has been compromised by an eavesdropper. This enables sending information securely. 
Quantum communication can also allow secure communication between multiple parties, and for 
interconnecting large-scale quantum computers via a quantum internet.[4], [5]” Finally, the Science 
paper also states that the next generation of quantum-based sensors is projected to outperform current 
sensing technologies, for example in geo-exploration and GPS–free navigation, biological and medical 
research, and diagnostic technology. 

 
QuIC ACCELERATOR WORKSHOP 
An NSF-sponsored two-day “QuICs Accelerator Workshop” brought together a representative group of 
over thirty scientists and engineers from academia, industry and national laboratories to identify the 
present roadblocks that need to be overcome to create functioning QuICs across the necessary range of 
QIT platforms. The consensus of the participants is that there are concepts and technologies whose 
development warrants a large, synergistic, and convergent effort involving a range of expertise on a 
national scale.  
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II. Introduction  

As quantum technology progresses to real-world applications, a major identified hurdle needs to 
be overcome: the development of quantum interconnects (QuICs). Just as ‘classical’ information 
technology rests on a foundation built of interconnected information-processing systems, 
quantum information technology (QIT) must do the same. Quantum interconnects include a wide 
range of systems and processes that allow the transfer of quantum states between two specified 
physical degrees of freedom (material, electromagnetic, etc.). They may also include components 
that connect a quantum system with a system that is well described by classical physics for 
purposes of controlling or reading out information from the quantum system. Quantum 
interconnects present specific challenges, as they must allow the transfer of fragile quantum 
states between different physical parts or degrees of freedom of the system. With the recent 
dramatic progress in individual QIT systems for quantum computation, communication, and 
sensing, an urgent need is to push rapidly toward the integration of such sub-systems to create 
core technologies that will revolutionize the economy and society in many ways. (See Societal 
Benefits box).  

As quantum systems scale to larger size, a quantum interconnect bottleneck becomes imminent, 
and surmounting it is emerging as a central goal for QIT. In the context of quantum 
communication networks, a challenging but extremely important purpose of an interconnect will 
be to enable the transfer of quantum information (that is, quantum states) across a distance—long 
or short, depending on the application needs. A prime example of a long-sought-after but elusive 
subsystem of long-range communication networks (over distances exceeding hundreds of 
kilometers) is the quantum repeater, which would relay an entangled quantum state across a 
distance that is not accessible using optical fibers only, due to unavoidable signal losses in the 
communication channels. At shorter length scales, modular quantum computing schemes, which 
are likely the only viable many-qubit near-term approaches, depend crucially on quantum 
transducers—devices that convert variations in a physical quantity, such as spin state or 
superconducting flux, into a transmittable signal. Finally, at the chip-scale level, large numbers 
of quantum memories—devices or systems that can maintain a quantum state over long periods 
of time—implemented, e.g., using trapped atoms or spin systems in solid state, need to be 
interfaced using integrated, low-loss and fast on-chip optical networks in order to realize 
integrated quantum repeaters.  

 
QUANTUM ENTANGLEMENT 
An entangled quantum state describes the joint state (condition) of two or more quantum objects or 
fields that are statistically correlated in their measured properties, with correlations that are stronger 
than possible according to classical physics. Entanglement is the essential resource that enables nearly 
all quantum technology, but is very fragile, making it hard to create and maintain over long times and 
across large distances. 

A consensus in the scientific community is that the technologies needed for quantum computing 
and quantum networking are closely intertwined, indicating that convergent approaches to these 
challenges will be the most productive. For these reasons, it is the position of the community 
represented by participants of the NSF workshop on “Quantum Interconnects” that accelerating 
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QuIC research is crucial for sustained development of a national quantum science and 
technology program. 

An important affiliated technology is quantum-enhanced sensing of a wide range of physical 
factors: gravitation, electromagnetism and environmental factors as well as biomedical structure 
and function. For quantum sensors to reach full capability, in many cases, interfacing them with 
quantum memories and processors and distributing them across space for collective sensing will 
be required. Quantum interconnects will play a crucial role in such distributed sensing 
applications. 
 
EXAMPLES of QuICs COMPONENTS: 

● communication channel (optical, acoustic, microwave, etc.) between two quantum systems that 
can be on the same chip or separated by large distance. Examples include an optical cavity, 
waveguide or fiber connecting two quantum emitters, or cold microwave waveguide 
connecting two superconducting-qubit processors; 

● quantum memory (e.g., color center, trapped ion, all-photonic cluster state based) and the 
associated interface to the communication channel; 

● quantum transducer used to connect qubits of different kinds (acousto-optical, spin-photon, 
spin-phonon, etc.), or of the same kind but at different energy (microwave-optical photon, 
visible-telecom photon); 

● converter between different qubit encoding schemes or degrees of freedom (e.g., polarization, 
temporal, spectral encodings of photons); 

● small scale & application specific quantum computer, e.g., quantum repeater, to extend the 
reach of quantum communication channels;  

● entanglement sources—physical processes that create quantum-entangled states of two or more 
matter-based or photonic qubits.  

Combination of different elements of QuIC would enable, for example, links between different 
processing regions in a quantum computing system in which data qubits are stored in memories 
(based on, e.g., trapped ions), and transferred into an alternate form (e.g., superconducting 
qubits) for fast quantum processing. Such hybrid systems will benefit from integrated approaches 
to connecting classical systems with quantum systems, e.g., for delivery of optical signals to 
trapped ion- and atom-based quantum computers/clocks/sensors/etc., and to enable efficient data 
read out. 

Finally, it is important to recognize that many information channels, such as an optical fiber or a 
metallic stripline, largely act as a conduit that can carry both classical signals and quantum states 
of the signaling medium under appropriate conditions. Thus, classical technologies and 
quantum-enabled technologies live in a common technological ecosystem with large positive 
feedback in both directions. For example, classical telecom technology has already provided 
enormous acceleration of quantum optical communication research; at the same time, the 
stringent needs of all-optical quantum processors have driven advances in building on-chip 
reconfigurable multi-mode optical networks, which may benefit classical approaches to 
information technology. Thus, the dual-use paradigm of technology innovation applies to 
quantum-inspired developments. 
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III.A Modular Quantum Processors & Computers  

Constructing a large-scale quantum processor is challenging because of the errors and noise that 
are inherent in real-world quantum systems, as well as the practical engineering challenges that 
emerge. One promising approach to addressing this challenge is to utilize modularity—a strategy 
used frequently in nature and engineering to build complex systems robustly. Such an approach 
manages complexity and uncertainty by assembling relatively small, specialized modules into a 
larger architecture. Modern high-performance classical computers and data centers are 
constructed by connecting thousands of computers, memories and storage units into an 
interconnected network, over which complex computational tasks are distributed. These 
considerations have motivated the vision of a quantum modular architecture, in which separate 
quantum systems are incorporated into a quantum network via quantum interconnects [4], [6]. 

In a modular architecture, the essential building block is the teleportation-based quantum gate, 
which uses quantum entanglement to connect different modules and thereby implement 
non-local quantum operations [7]–[10]. In order to connect the modules with each other to 
perform distributed quantum computation, one has to be able to generate quantum entanglement 
between pairs of modules to teleport quantum states or quantum gates. Critical figures of merit of 
such inter-module entanglement generation are (1) the rate of entanglement generation, (2) the 
fidelity of the generated entanglement, and (3) the reconfiguration of the pairs of modules 
between which the entanglement is generated.  

Protocols and Progress 

Several protocols have been proposed and demonstrated for transporting quantum information 
between two nodes. The first is the so-called pitch-and-catch protocol, where a flying qubit, such 
as a photon, emitted by a stationary qubit (or reflected off a cavity holding a qubit) on the 
transmitting end would carry the quantum state over the communication channel and transfer it 
to another qubit on the receiving end [11]. Heroic experiments have been performed using 
atomic qubits in high finesse optical cavities demonstrating this process [12]. However, the loss 
in the photonic channel rapidly degrades the performance of this scheme, which makes it 
impractical at optical frequencies. In superconducting circuits, it is possible to create very strong 
coupling between the transmitting and receiving qubits with a microwave photon in a 
transmission line connecting the two modules and featuring negligible loss over the short 
communication distances involved [13]–[16]. Therefore, such a pitch-and-catch protocol is more 
practical in these systems. 

The second is a heralded entanglement generation protocol, where a pair of entangled qubits in 
the two modules is first generated probabilistically using photon emission from the qubits and 
the detection of emitted photons, then a deterministic teleportation of the qubit (or quantum gate) 
is accomplished using the generated entanglement as a resource. In this protocol, first the 
communication qubit on each module (such as a trapped ion, neutral atom, atom-like color center 
in solid-state or quantum dot) emits a photon in such a way that a degree of freedom of the 
photon (such as polarization, frequency, phase or time-bin, etc.) is entangled with the qubit. The 
emitted photons are collected (with finite loss), interfere on a 50/50 beamsplitter, and are 
detected at the outputs. The detection event signals a successful generation of entanglement 
between the two qubits that emitted the photons. Although the successful execution of the 
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protocol occurs only probabilistically, success is heralded (i.e., confirmed) by detection of two 
photons at the output of the beamsplitters, and reliable entanglement can be generated at 
low-to-moderate rates [9], [17]. 

There have been significant advances in generating entanglement between different modules 
with improved efficiency and fidelity. In trapped-ion systems, the entanglement generation rate 
has significantly improved from 10-3 [18] to ~200 events per second over the course of the past 
12 years [19], [20], which enables quantum teleportation between different quantum modules 
[21], [22]. The advances come from improving the efficiency of photon collection from atoms, 
reducing photon loss in the channels, and using single-photon detectors with higher detection 
efficiencies. Similar protocols have been demonstrated in neutral atoms [12], [23], Nitrogen 
Vacancy (NV) color centers in diamond [24] and quantum dots [25]. In order to ensure that a 
modular quantum computer can be constructed, it is important to have fully functional quantum 
computers as the modules, and the entanglement generation rate (quantum communication rate) 
between the modules must be fast compared to the decoherence rate of the qubits in the modules. 
Furthermore, efficient optical interconnects to the modules have to be compatible with quantum 
computing within the modules. For instance, optical cavities can provide an optical interface to 
atomic quantum computing modules [26] but it remains a challenge to integrate cavities with 
neutral-atom quantum computing architectures based on Rydberg interactions [27] or trapped-ion 
quantum computing architectures [28].  Recently efficient quantum optical interfaces have been 
realized using integrated nanophotonic devices for both trapped neutral atoms[29] and diamond 
color centers [30]. 

In superconducting circuits, the pitch-and-catch protocol is indeed practical using a microwave 
photon as an information carrier. The communication between two superconducting qubit 
modules has been demonstrated by several research groups [13]–[16]. As long as the 
communication channel has high quality, it should be possible to send quantum states, even 
when the number of thermal photons in the channel is much larger than one [31], [32]. 
Therefore, the current demonstrated approaches can be extended to connecting different dilution 
fridges using high-quality thermal microwave links. 

Challenges and Research Opportunities 

Recently, proof-of-principle demonstrations of deterministic teleportation-based quantum gates 
have been carried out in both superconducting-circuit and trapped-ion platforms [33], [34]. These 
demonstrations show a promising path towards scalable modular quantum computing. However, 
finding a technical development path to fully modular quantum computers interconnected via 
quantum communication channels is an extremely challenging task, which requires substantial 
advances in basic physical principles, device (qubit)-level advances, new protocols, integration 
of modules and interfaces, and coherent operation across the modules. Here, we outline some of 
the research directions towards the realization of scalable, modular quantum computers. 

1.  Improving quantum interfaces: While the existing quantum interfaces between modules 
have seen dramatic improvements, most systems still have not reached the regime where 
connection between the modules can be utilized for reliable transfer of qubits within the 
timescale required for distributed quantum computation. For the heralded scheme, we have to 
continue to improve the entanglement generation rate so that it is comparable to the local 
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entangling gate operation rate within a module. While this is not a strict requirement for efficient 
quantum computation, it means that the cost of distributing a quantum task across the modules 
would not substantially constrain the execution of the computational task. Another topic worth 
noting is that all quantum interconnects are not perfect in terms of the fidelity of the distributed 
entanglement, or the success probability of the pitch-and-catch scheme. The errors in the 
quantum interconnects must be minimized or corrected, so that the distributed quantum 
computation can succeed with viable probabilities, i.e., so that distributing the computation 
actually improves performance rather than degrading it. New protocols and implementation 
strategies to overcome the errors in the communication channel need to be developed. 

2. Integration of modules and interfaces: Seamless integration of the communication 
interfaces with the computational functions of the modules can introduce some challenges. For 
example, in heralded entanglement generation protocols, the qubit-photon entanglement 
generation protocols can lead to decoherence of nearby qubits storing information. For these 
systems, novel integration approaches must be developed so that the communication and local 
data processing can co-exist. For solid-state qubits (such as superconducting qubits) that use 
photons in the microwave range of the electromagnetic spectrum, communication over 
room-temperature channels becomes impractical. In order to take advantage of modules realized 
outside the cryogenic environment, frequency up-conversion of the photonic qubit to the optical 
spectrum is necessary. Quantum transduction techniques to reliably convert microwave photons 
to optical photons is an important area of research for these applications. 

3. Hybrid modular architectures and interconnects: The need for modularity can also be 
driven by the computational functions, where various qubit technologies provide opportunities 
for executing tasks with different performance requirements. For instance, memory modules that 
contain qubits with very long coherence times could be implemented on a different platform than 
processing modules where fast gate times are essential. This potential tremendous advantage 
comes with additional challenges. In order to take full advantage of such a hybrid modular 
architecture it is important to develop interconnects capable of distributing entanglement 
between different qubit implementations, for example, superconducting currents or charges, 
color centers, neutral atoms, ions, or photons. The spectral characteristics of the photons that 
couple to each of these systems – including the wavelength and bandwidth – can be very 
different, by several orders of magnitude, leading to extremely inefficient inter-species 
conversion in the absence of suitable quantum transducers. 

4.   Coherent operation of modular quantum computer and distributed algorithms: Even if 
local quantum computer modules and the needed quantum interconnects are adequately 
integrated, distributed quantum computation will require operating every module in the system 
with full quantum coherence among them. This poses challenges in designing and operating 
phase-coherent control systems across the modules, as well as tracking the quantum phase of 
every module in the system. Algorithm-level strategies for efficiently distributing the 
computational task over the modular quantum computer based on the performance specifications 
of various functional components that constitute the system is therefore an important area of 
research. 
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Table 1 - Timeline and Milestones for Modular Processors  

 3-year  5-year  10-year 

Homogeneous 
Qubit-Qubit 
Interconnects 

Connection of two fully-functional 
quantum computer modules with a 
quantum interconnect. Inter-module 
entanglement distribution rate better 
than 10x decoherence rate and 1% 
of the local gate rate. 

Connection of four 
fully-functional quantum computer 
modules with a reconfigurable 
quantum interconnect. 
Intermodule entanglement 
distribution rate better than 100x 
decoherence rate and 10% of the 
local gate rate. 

Manufacturable quantum 
computer modules with quantum 
interfaces that can scale to over 
100 modules. Intermodule 
entanglement distribution rate 
better than 1000x decoherence rate 
and 100% of the local gate rate. 

Transduction  
with non-native photonic 
channels 

Demonstration of tunable quantum 
interconversion between disparate 
photons (e.g., tunable 
visible-to-telecom or 
optical-to-microwave, including 
bandwidth conversion). 

Demonstration of interconversion 
between microwave and optical 
photons with high fidelity, SNR, 
and bandwidth. 
 

Connection to quantum internet. 

Heterogenous 
Qubit-Qubit 
Interconnects 

Interface between atom- and 
solid-state-based memory to 
non-native flexible/tunable 
photonic channel. 

Entanglement between two 
different types of quantum 
processor (various atomic and 
solid-state memory qubits). 

QC performance in a multi-node 
cluster that goes beyond the 
capability of any individual node, 
and also beyond those individual 
nodes connected by a classical 
network. 

III.B Quantum Internet 

The quantum internet describes a collection of distributed quantum nodes, separated by a range 
of distances over which one desires to perform some quantum communication protocol that can 
support, for example, distributed quantum computation (Sect. III.A) or distributed sensing (Sect. 
III.C). For an accessible overview, see [35]. There are now numerous quantum communication 
and cryptographic protocols identified, including security distribution for encryption [36]–[43], 
quantum-certified random number generation in the form of random number beacons and 
personal devices, secret-sharing [44], [45], quantum fingerprinting [46]–[48] and other 
multi-party computation protocols, such as secure quantum voting, byzantine agreements, and 
multi-party private auctions  [49].  Of particular relevance is the possibility of “blind” quantum 
computation [50], [51], whereby a remote user can program a quantum computer without 
revealing to its owner the algorithm that is run or the computational result, and distributed 
quantum processing, whereby two or more quantum computers share entanglement to enable 
them to act as a single larger processor. Because of the distances involved (0.1- 1,000 km), 
optical photons must be used. 

Another key aspect of a fully functioning quantum internet is the potential for unconditional 
information security—a feature of using quantum information that is not possible with classical 
information processing. A further benefit of using quantum secured information will be that the 
lifetime of the security is “infinite”; it will be secure against any advances in computation 
capability that may occur in the future. There have been many cryptographic tasks in which 
quantum-secured versions have been conceived. For all of these tasks, quantum interconnects are 
required because of the need to preserve entangled quantum states.  
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To realize fully the potential of a quantum internet, significant convergent work is still needed to 
improve the physical hardware. Theoretical work is also required to develop efficient 
information processing techniques to preserve the quantum information and determine the most 
robust and secure network connectivity. The development of quantum-secured devices and 
protocols could transform the cryptographic landscape.  

There are two primary channels over which to transmit the photons: optical fiber and free space. 
Each of these has challenges and opportunities. The former can leverage the enormous existing 
network of telecommunication fibers, though then the photons need to be in the 
telecommunications band to avoid excessive losses. Even still, the transmission through such a 
fiber will drop exponentially with length, so that direct transmission of quantum states becomes 
highly inefficient beyond about 100 km. Free-space optical communication is far less well 
developed, but has the advantage that it can operate over a much larger range of wavelengths, 
and the losses (due to diffraction) grow only quadratically. Typically, greater care is needed to 
reduce background light in free-space quantum communication channels; also, there is typically 
the added challenge of stabilizing the free-space coupling using pointing and tracking methods, 
and possibly adaptive optics to reduce the effects of turbulence.  Nevertheless, many of these 
challenges have been overcome in a series of free-space quantum communication 
demonstrations, between mountains [52], [53], over water [54] within cities [55]–[57], from 
airplanes [58], balloons, and drones [59] and even using satellites in low-earth orbit [60], [61]. 
While the achieved transmission rates in these experiments might have greatly exceeded what 
would have been possible using fiber channels—in one case by nearly 20 orders of magnitude 
[60], [61], they are still often very low, and methods such as multiplexing or employing 
higher-dimensional states (see below) may be needed to achieve practical rates. 

Challenges and Research Opportunities 

To build a fiber-based global network capable of distributing quantum entanglement, there are 
two main challenges that have to be overcome. First, optical attenuation during fiber 
transmission leads to an exponential decrease in the entangled-pair distribution rate. Second, 
operational errors such as channel errors, gate errors, measurement errors, and qubit memory 
errors can severely degrade the quality of the distributed entanglement, which at best reduces the 
quantum advantage and at worst completely eliminates it, e.g., a quantum cryptographic key may 
be completely insecure! 

1. Quantum repeaters: To overcome these challenges and extend the range of fiber-based 
entanglement distribution beyond a few hundred kilometers, quantum repeaters (QRs) are 
required, but are not yet available. Depending on the tools used for suppressing these 
imperfections, the quantum information community has identified the following three 
generations of QRs: The first generation of QRs [62], [63] uses heralded entanglement 
generation and heralded entanglement purification, which can tolerate more errors but requires 
two-way classical signaling over the entire chain of QRs; such signaling then implies that the 
requisite quantum memory lifetimes/coherence times must be substantially longer than the 
round-trip communication times. The second generation of QRs introduces quantum encoding 
and classical error correction to replace the entanglement purification with classical error 
correction, handling all operational errors [64], [65], which is more demanding in physical 
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resources but requires only two-way classical signaling between neighboring repeater stations, 
and consequently further improves the quantum communication rate. The third generation of 
QRs would use quantum encoding to deterministically correct both photon losses and operation 
errors [66], [67]. By entirely eliminating two-way classical signaling, the third generation of QRs 
would promise extremely high entanglement distribution rates that can be close to classical 
communication rates, limited only by the speed of local operations, in turn limited by, e.g., 
photon source rates, detector saturation rates and timing jitter, etc. 

One important benchmark for QRs is the repeater-less bound [68], [69], which imposes the 
fundamental limit of the direct quantum communication protocols. Recently, there have been 
significant advances in experimentally demonstrating key  elements of a QR in an integrated 
system. An important recent highlight is the experimental demonstration of memory-enhanced 
quantum communication surpassing repeterless-less bound in proof-of-concept laboratory 
setting, using a solid-state spin memory associated with Silicon Vacancy (SiV) color center 
integrated in a diamond nanophotonic resonator [30], [70]. This paves the way towards the 
demonstration of a full quantum repeater, which in turn will enable scalable large-scale quantum 
networks.  

2. Quantum memories: The major challenge for the first generation of quantum repeaters is the 
development of long-lived quantum memories with efficient optical interfaces, such as 
addressable color center nuclear spins with integrated nanophotonics [71], trapped-atomic qubits 
with Purcell-enhanced emission [12], [19], [23], or superconducting circuits with 
microwave-to-optical transduction. In addition, the availability of efficient photon detectors with 
low dark counts is crucial, with significant advances needed in reducing the cost, integration, etc. 

3. Spectral-temporal encoding: It is now generally recognized that practical rates of 
entanglement distribution can likely be achieved only by employing high levels of channel 
multiplexing (e.g., spectral, temporal, spatial) to enhance success probabilities; for instance, 
quantum signals are simultaneously sent at multiple nearby wavelengths or in multiple time bins. 
Although each spectral or temporal channel has some probability of failure or loss, the likelihood 
that all would be unsuccessful decreases with the number of multiplexed channels. However, one 
needs a mechanism to demultiplex into a single spectral-temporal mode; alternatively, they are 
each coupled to their own quantum memory qubit, but then some mechanism for identifying and 
coupling a particular pair of successfully “loaded” quantum registers is needed. The use of such 
temporal multiplexing has recently enabled a 30x enhancement in the success rate of a 
two-photon quantum communication protocol [72]; the advantages become exponentially larger 
for protocols requiring higher numbers of qubits. The benefits of multiplexing arise only if the 
quantum interconnects that implement the multiplexing and demultiplexing have high fidelity 
and low loss. 

Another emerging strategy is to use qudits, the higher-dimensional counterparts to qubits, e.g., 
using three time bins to encode numbers 0, 1, and 2, and arbitrary superpositions thereof. Just as 
it does for classical communication, such encoding increases the information-carrying capacity 
of a photon by log(d) where d is the dimensionality, at the expense of more complex 
measurements and manipulations. Finally, encoding multiple qubits (or even their 
higher-dimensional counterparts, qudits) onto a single photon can yield intrinsic robustness to 
loss: because all of them are guaranteed to be lost or transmitted together, the net success 
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probability can be greatly enhanced. For instance, the probability that a channel with 99% loss 
will successfully transmit a 3-photon three-qubit state is only  in comparison, a;10−6  
single-photon three-qubit state experiences the loss only once, i.e., with a 1% success 
probability. The concept of qubit entanglement also generalizes to hybrid entanglement [73], 
between different degrees of freedom of a single photon, e.g., polarization and spatial mode, and 
hyper-entanglement [74], between multiple corresponding degrees of freedom of two photons, 
e.g., polarization and time bin [71], or time-bin and frequency-bin [75], [76]. One critical need is 
a method to transduce such higher dimensional quantum states into qubit memories. 

4. Efficient measurements: Finally, all three generations of QRs can be greatly enhanced by 
including efficient quantum non-demolition (QND) measurements [77] – a measurement that 
records the successful passing of a photon without observing it or changing its quantum state. In 
this way, any memory can be converted to a heralded quantum memory, which enables one to 
know whether a photon has successfully been transmitted down the entire length of a 
communication channel; such knowledge greatly reduces the required number of quantum 
memories, since one is only needed in cases where the quantum signal was successfully 
transmitted through the optical channel. 

With the emerging demonstrations of quantum repeaters, it will be important to optimize them to 
overcome realistic imperfections through use of robust architecture and encoding. It is also 
urgently needed to develop novel quantum network applications and appropriate corresponding 
performance metrics, such as entanglement fidelity, throughput, latency, resource overhead, etc. 
These performance metrics should also guide the device design and fundamental investigation of 
relevant physical platforms.  

Table 2 - Timeline and Milestones for Quantum Internet 

 3-year  5-year  10-year 

Major Achievements Detected photonic entanglement 
rate beyond 108 ebits/second 

Quantum repeaters with error 
correction against operation errors  

Forward error-corrected photonic 
quantum states for one-way 
repeaters 

Distance and Rates Entangled quantum memory over 
> 10 km distance 

Verifiable quantum entanglement 
distribution over >100 km at > 1 
M-ebits/sec; distillable 
entanglement rates >100k-ebits/sec 

Quantum networks reaching 
transcontinental scales of 
thousands of km  

Capability of Repeater 
Nodes 

Quantum repeater node via 
entanglement swapping beyond 
direct transmission 

Active error correction against 
operation errors; many-party 
protocols demonstrated in fielded 
quantum networks 

Full error correction against loss 
and operation errors; hybrid nodes 
with different functions. 

Number of Repeater 
Nodes 

Quantum networks with >3 
memory nodes and >10 user nodes 

Networks of >10 quantum 
repeaters/quantum computers in 
superposition 

Networks with >100 of repeater 
nodes 

Free-Space Quantum 
Network 

Constellation of 3-5 mobile 
platforms demonstrated 

Entanglement swapping between 
space-earth 

Transcontinental entanglement 
distribution via quantum 
memory-enabled satellite 

Quantum Network 
Applications 

Quantum-secured communication 
rate exceeding 1 MB/sec over 100 
km 

Network-based quantum metrology Blind Quantum Computing 
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III.C Quantum-Enhanced Sensors 

Quantum-sensing technology has made significant progress over the last few decades and has 
given rise to atomic clocks [78], magnetometers [79], and inertial sensors [80] that operate at the 
standard quantum limit (SQL). With the tremendous advances in the theoretical and 
experimental aspects of quantum information science over the last decade, new quantum 
resources, such as quantum memories and entangled particles, can now be harnessed to enhance 
further the performance of quantum sensors. Also known as quantum metrology, 
quantum-enhanced sensing is aimed at taking advantage of these emerging quantum resources to 
outperform the SQL and achieve unprecedented sensing performance. As a remarkable instance 
of quantum-enhanced sensing, the Laser Interferometer Gravitational-wave Observatory (LIGO) 
utilizes non-classical squeezed light to enable a measurement sensitivity below the SQL [81]. 
Quantum-enhanced sensing has also been proven to be a powerful paradigm for a variety of 
scenarios including magnetic sensing with quantum memories [82], quantum-illumination target 
detection [83], sub-SQL atomic clocks [84], and nano-mechanical sensors [85].  

Most existing quantum-enhanced sensing demonstrations leverage non-classical resources to 
improve the measurement performance at a single sensor, but many real-world applications rest 
upon a network of sensors that work collectively to undertake measurement tasks. Notable 
examples for such a setting include wireless sensor networks [86], phased arrays [87], and 
long-baseline telescopes [88]. In this regard, the quantum internet presents unique opportunities 
for quantum sensors to utilize shared entanglement to boost the performance in networked 
sensing tasks. The following section discusses the concept, promising research avenues, and 
application space for interconnected quantum sensors. 

Interconnected Quantum Sensors 

Extensive studies have been dedicated to using bipartite (two-party) entanglement as a resource 
to overcome the SQL at a single sensor. In one step forward, recent theoretical works on 
quantum-enhanced sensing based on multipartite entanglement show that interconnecting 
distributed quantum sensors to form an entangled sensor network can probe global parameters at 
the Heisenberg limit, i.e., at an estimate uncertainty that scales favorably compared to the scaling 
for a network of independent sensors. Specifically, Ref. [89] proposed a quantum network of 
clocks that enjoys boosted precision and security over conventional classical clock networks. 
More generally, two theoretical frameworks for distributed quantum sensing based on, 
respectively, discrete-variable [90], [91] and continuous-variable multipartite entanglement have 
been formulated [92]. On the experimental front, a proof-of-concept distributed quantum sensing 
experiment demonstrated the utility of multipartite continuous-variable entanglement for 
enhancing the measurement sensitivity for estimating global phase shifts. To demonstrate the 
prospect for interconnected quantum sensors in real-world applications, Ref. [93] reported an 
entangled radiofrequency (RF)-photonic sensor network in which distributed RF sensors harness 
their shared multipartite entanglement to enhance the precision of estimating the properties, e.g., 
the angle of arrival, of an incident RF wave across all sensor nodes. 

In the context of a quantum internet, quantum sensors distributed over a distance will be able to 
establish high-fidelity entanglement to achieve measurement sensitivities beyond the SQL. 
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Potential application scenarios for large-scale entangled quantum sensor networks would 
encompass high-precision astronomical observation [94] [88] environmental and health 
monitoring, positioning, navigation, and timing. Two possible means of building up 
entanglement shared by quantum sensors are the following: 1)  a matter-based quantum sensor 
first entangles with a photonic mode, which is then transmitted through the quantum internet 
equipped with quantum repeaters to ensure high-rate long-distance entanglement distribution. 
Entangling photonic quantum measurements are performed at the destination quantum repeater 
nodes to establish multipartite entanglement between matter-based quantum sensors. 2) As an 
alternative method to form an entangled quantum sensor network, photonic multipartite 
entanglement tailored for a specific networked sensing task is first produced by a photonic 
quantum chip at a central node. Each arm of the photonic entangled state is then transmitted to a 
quantum sensor located in the quantum internet. As in the matter-based quantum sensor network, 
the quantum internet takes advantage of quantum repeaters to compensate for entanglement 
distribution loss so that high-fidelity photonic multipartite entanglement is maintained. At each 
quantum sensor node, a high-efficiency low-noise quantum transducer converts the information 
carried by the object of interest into the photonic domain so that quantum measurements on the 
photonic multipartite entanglement unveil the global property of the interrogated object. 

Challenges and Research Opportunities 

Apart from the need for a quantum internet as a backbone, a number of technical accelerations 
will be critical for the construction of entangled quantum sensor networks.  

1. Device concepts: Matter-based quantum sensor networks are comprised of any of a diverse 
range of useful sensors. Examples, not exhaustive, include sensors of massive particles, photons, 
magnetic fields, electric fields, temperature, gravity, pressure, and chemical processes. Such 
sensor networks require efficient light-matter interfaces or interconnects to create entanglement 
between quantum sensors and photonic modes. In an ideal situation, establishing entanglement 
between multiple matter-based quantum sensors at the quantum repeaters  calls for deterministic 
multipartite Bell measurements with near-unity efficiency. Such a measurement can be realized 
by first transferring the quantum states of photons into those of solid-state qubits, followed by 
fault-tolerant quantum computation on a special-purpose small-scale quantum computer. As a 
necessary ingredient, the outcomes of the Bell measurements need to be communicated to 
different quantum-sensor nodes in realtime, by fast electronic processing and a low-latency 
classical communication network. Since most matter-based quantum sensors operate with 
readout in the visible to the near-infrared spectral range, high-efficiency low-loss quantum 
frequency converters are required to shift the wavelengths of photons into the telecommunication 
window for long-haul communication via a quantum internet. 

The device requirement for the photonic quantum sensor network encompasses envisaged 
programmable photonic quantum chips (PQCs) to generate appropriate photonic multipartite 
entangled states. Each PQC would entail low-loss waveguides and couplers, high Q-factor ring 
resonators, and single quantum emitters that provide needed (‘non-Gaussian’) resources for 
universal quantum information processing. The produced photonic multipartite entangled states 
need to be inserted into optical fibers through couplers with near-unity transmissivity. The PQCs 
should also provide classical controls to pre-compensate the dispersion and other imperfections 
incurred in the transmission. At each quantum sensor node, high-efficiency quantum transducers 
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convert the physical information contained in the microwave, mechanical, or magnetic domains 
into modulations on the visible photonic quantum states. To ensure high performance for the 
quantum sensor network, it is important for the quantum transducers to achieve high efficiency 
while minimizing additional loss and noise.  

To extract information carried by the photons, high-efficiency quantum-limited homodyne, 
heterodyne, or direct measurement detectors are subsequently utilized. These detectors ideally 
will be integrated on the same PQC as are the quantum transducers to obviate additional 
coupling and conversion losses. Recent advances in the fabrication and integration of quantum 
devices based on widely used optoelectronic materials such as lithium niobate [95] point to a 
promising platform for interconnected quantum sensors. Further technology accelerations would 
lead to a versatile photonic quantum sensing platform capable of accommodating hundreds to 
thousands of elements with different functionalities on the same PQC.  

2. Sensor network architectures: architectural perspective, the engineering of multipartite 
entangled states for a large-scale quantum sensor network comprised of a large number of 
sensors remains an open problem, due to the complexity of multipartite entanglement. In this 
regard, machine-learning tools would be useful for identifying near-optimum entangled states for 
networked sensing problems. A recent theoretical study shows that the optimum entangled state 
and measurement configuration can be found by training photonic quantum circuits by a 
support-vector machine and a principal component analyzer, for data classification and data 
compression tasks at a physical layer [96]. Further investigations would incorporate the 
machine-learning framework into quantum devices and the quantum internet under development 
to accelerate the performance, scale, and application scope. 

Table 3 - Timeline and Milestones for Quantum Sensors  

 3-year  5-year  10-year 

Matter-based 
quantum sensors 

Entanglement-enhanced sensing in 
local registers (e.g., multi-nuclear 
or electron-nuclear spin 
entanglement around or within a 
color center ). 

Entanglement-based distributed 
solid-state sensors entangled 
leveraging spin-photon 
entanglement. 
Demonstration of entanglement 
assisted clock synchronization (in 
one room - easier, across world - 
geography is a problem).  

Sensors connected to quantum 
internet. 

Photonic quantum 
sensors 

Scale up to 10 entangled photonic 
sensors in an integrated platform. 
Development of various transducers 
including high-efficiency 
RF-photonic and optomechanical 
transducers. 
Improvement of chip-to-fiber 
coupling efficiency to ~80%. 
Applications include RF, inertial, 
mechanical sensing, etc 

Fully reconfigurable on-chip 
entangled photon sources operating 
at different frequencies and 
entangled degrees of freedom. 
Integrated on-chip transducers 
> 95% chip-to-fiber coupling 
efficiency. 
New entanglement-enhanced 
sensing approaches for classical 
noise rejection, high resolution, etc. 
Entanglement-enhanced 
multi-aperture telescopy 

Scale up to ~100 entangled sensors. 
Integrate with the quantum internet 
for long distance entanglement 
distribution to sensors. 
Use quantum error correction to 
enhance sensitivity. 
Incorporating entangled sensors 
into existing classical sensing 
infrastructures. 
Long-baseline telescope enabled by 
quantum repeaters. 
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IV. Convergent Acceleration Opportunities  

An acceleration of technical research toward invention and implementation of quantum 
interconnects will greatly boost progress in quantum information science and technology across a 
wide range of specialties. Particularly important needs and goals are summarized here. 

IV.A Devices and Systems 

Future quantum computers and networks will require unprecedented connectivity over distances 
ranging from micrometers to hundreds or even thousands of kilometers. Such diverse 
connectivity will put significant demand on quantum interconnects, requiring, for example, the 
scalable fabrication and integration of a large number of components in compact opto-electronic 
chips. 

In particular, integrated (on-chip) device technologies are likely to play a number of important 
roles in implementing quantum interconnects. The general ability to enhance interactions through 
control of the electromagnetic density of states in suitably engineered geometries enables a wide 
variety of physical resources to be realized, while the manufacturing technologies used to create 
such geometries can be predicted to reach the level of scaling and integration required. Here we 
outline different QuIC technologies needed, and then discuss specific device and material 
platforms in which these technologies should be developed.  

Quantum interconnects will provide the links between various quantum devices to realize 
large-scale systems. We organize interconnects into three primary categories: 

1) Interconnects between bosonic and atomic systems: The role of such interconnects is to 
interface bosonic fields with atoms for a variety of applications. Here “bosonic fields” 
include a variety of harmonic-oscillator systems that are suitable to carry quantum 
information across distance, such as optical photons, mm waves, microwaves, and 
acoustic phonons. “Atomic” systems should be broadly interpreted to encompass all 
forms of matter systems including neutral cold atoms, trapped ions, Rydberg-excited 
atoms, cold molecules, quantum dots, color centers, impurity bound excitons, 
superconducting josephson devices, etc. Examples include transfer of quantum 
information from atomic memories to photons for quantum networks, readout of phase 
information in quantum sensors, transfer of microwave excitations from transmon qubits 
to microwave cavities, etc.  

2) Interconnects between two bosonic photonic platforms: The role of these interconnects is 
to impedance-match two bosonic platforms or information-encoding schemes in order to 
achieve interconversion or to combine various quantum systems. Examples include 
quantum frequency conversion of optical and microwave signal to the telecom, 
temporal-waveform conversion that enables optimal interfacing of heterogeneous 
quantum nodes, quantum transduction between optical photons and acoustic phonons, 
and connections between photonic systems that use different encodings (e.g., time-bin, 
frequency-bin, wave-packet shape, coherent or squeezed-state, or polarization-state).  

3) Interconnects between two atomic platforms: Here, quantum interconnects mediate 
long-range interactions between atomic systems. Examples include entanglement of 
quantum memories separated by large distances, hybrid quantum systems composed of 
different matter qubits [97], microwave interconnection of transmon qubits in 
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superconducting devices, development of low-loss switches and architectures to connect 
arrays of quantum systems to each other in a scalable fashion, etc.  

Below we describe the various requirements for these different QUIC applications. 

1. Atomic-photonic interconnects  

Quantum information relies on a broad array of matter-based quantum systems to store and 
manipulate quantum coherence. Such matter systems include single atoms [27], quantum dots 
[98], color centers [24], [99], [100], rare-earth ions [101]–[106], defect-bound excitons, and 
superconducting josephson devices [107], to list a few. These systems provide a variety of 
essential functionalities in quantum information that include single-photon sources [108], 
quantum memories [101], [109], quantum sensors, and photon storage devices.  

An essential role of quantum interconnects is to interface these matter systems with optical 
photons, the unique carriers of quantum signals across long distances. Interconnects used to form 
shorter-distance networks, e.g., inside a room, or on a chip, may use lower-frequency photons 
(e.g. mm-wave [110] or microwave [111]) or even acoustic phonons [112] to accomplish the 
analogous connectivity function. The quantum interconnect must provide strong interactions in 
order to mediate quantum state transfer, entanglement, or other uniquely quantum resources. 
Typically, such functionality entails using optical cavities or waveguides to enhance light-matter 
interactions into the single-photon regime. These photonic structures must support high quality 
factors and small mode volumes to attain the desired interaction strengths. Furthermore, these 
devices often have to operate at short wavelengths (visible and near-IR) which puts additional 
constraints on the materials used. Another important requirement of such interconnects is low 
insertion loss. Low-loss operation is particularly important in quantum applications where the 
loss of a single photon can destroy the quantum state of the entire system. Finally, there is the 
issue of compatibility of the interconnect hardware with the atomic systems. Many atomic 
systems operate in millikelvin cryogenic environments with miniscule acceptable heat loads, and 
extreme sensitivity to quasi-particles generated by optical absorption. Scalable atomic-photonic 
interconnects must be able to scale within these constraints. 

2. Photonic-photonic interconnects 

The future quantum internet will likely be composed of a broad range of disparate systems that 
must interact and exchange quantum signals. The most viable candidate for interacting different 
quantum systems across a distance is via photonic channels. But these diverse quantum systems 
emit photons with diverse frequencies and temporal shapes and durations, necessitating quantum 
interconnects that couple photons with different properties. Important examples include quantum 
frequency conversion to telecom, microwave-to-optical conversion, and spectral bandwidth 
conversion.  

The choice of interconnects largely depends on the distance scale over which such quantum 
interconnects operate. Microwave photons may be suitable for intra-chip and inter-chip links 
within a mK environment where thermal background is suppressed, but are unlikely to be used 
for connections over much longer length scales. Telecommunication-band photons remain the 
information carrier of choice for long-distance networks based on optical fiber, while 
long-distance free-space links and shorter metro-area networks may be amenable to optical 
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photons in different frequency bands. While most visible photon frequencies will be suitable for 
relatively short distance networks (e.g., to connect nodes within a distributed quantum 
computer), there is also the potential to work with millimeter-wave and terahertz frequency 
photons for sufficiently short links.  

Quantum frequency conversion (QFC) devices, e.g., based on three- or four-wave nonlinear 
optical mixing [113], [114], [115], [116] or direct frequency shifting using electro-optic 
modulation [117], enable the spectral translation of a quantum state of light to targeted 
frequencies with high efficiency, low added noise, and sufficient bandwidth. QFC devices are 
needed to enable quantum interconnects that link the most suitable matter qubits for a given 
application across the relevant length scales and photonic communication medium [118]. For 
networks consisting of homogeneous nodes, these QFC devices may primarily consist of 
downconversion and upconversion units that are ideally seamlessly integrated with the photonic 
qubits that are directly coupled to the matter qubits. For networks consisting of heterogeneous 
nodes, it is likely that QFC needs to be combined with coherent temporal-spectral waveform 
manipulation, to ensure optimal coupling to matter qubits that may have significantly different 
acceptance bandwidths and lineshapes.  

Another approach to linking matter qubits over distance is through the use of intermediate 
entangled-photon-pair sources that are engineered to create one photon at a frequency suitable 
for direct interaction with the matter qubit (e.g., at 637 nm for an NV- center in diamond), and 
another at the relevant frequency for transmission across the physical interconnect channel (e.g., 
1550 nm for a long-distance fiber link). Through entanglement swapping, such sources can be 
used to entangle distant quantum nodes, though if those nodes are heterogeneous, it is likely that 
some form of waveform reshaping will also be needed, e.g., using “time-lensing” methods [119].  

Multiplexing and demultiplexing of optical pulses based on their temporal mode identity 
(wave-packet shape) can also play an important role [120]. As mentioned above, by providing a 
high-dimensional state space for single-photon packets, temporal modes offer higher information 
content per photon. The ability to demultiplex light into temporal-mode components offers 
increased signal-to-noise ratio in photon-starved communication links, such as can be envisioned 
in deep-space communication [121]. 

3. Atomic-atomic interconnects 

Given that near-future quantum computers and networks will likely be composed of modular 
units of a few tens to hundreds of matter qubits (atoms, solid-state defects, superconducting 
devices, photonic, etc.) that can perform small-scale quantum information tasks, scaling to larger 
systems will require interconnection of multiple modular components. Photonics provides an 
ideal approach to achieve this interconnectivity. For example, current state of the art in fully 
controlling trapped-ion qubits involves of the order 30 ions; scaling up to hundreds of ions will 
require using light for interconnecting separate modules each containing around this number of 
ions.  Industrial quantum computers have recently reached 53 qubits [122], but scaling up to 
hundreds to thousands of qubits on a single chip is presently well out of reach. 

A scalable optical interconnect for atomic modular nodes requires the ability to route photons 
efficiently and provide high-fidelity multi-photon interference. This multi-photon interference 
provides the necessary quantum step to generate effective atom-atom interactions at a distance. 
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Interconnects should ideally combine photonics with detectors and other components to provide 
a complete on-chip solution for large- scale modular quantum information processing. 
Additional functionality such as filtering, on-chip quantum frequency conversion, and 
multiplexing will significantly enhance the scalability of the total system. In many other 
circumstances where the atoms possess large material-strain susceptibility [123], acoustic 
phonons might be particularly suitable to mediate interactions between two or multiple atomic 
qubits on a chip [124]. 

4. Integrated quantum photonics platforms 

Atomic-photonic interconnects 

Several different photonic platforms naturally host atomic-like systems, including diamond 
(color centers) [82], GaAs and InP (quantum dots), and SiC (color centers) [108], [125] and 
various transparent crystals doped with rare-earth ions [101], [104] or transition metals. 
Integrated devices are important for realizing the crucial local interconnect between a matter 
qubit and a photonic qubit. For solid-state qubits, this often involves engineering of suitable 
photonic cavities or waveguides to ensure that, for example, emitted photons entangled with 
spins are efficiently funneled into a single desired collection channel. It is critically important 
that the fabrication processes that create such photonic structures, which sometimes have 
features at the 100-nm-length scale, do not induce excess dephasing or spectral diffusion that 
will limit the coherence properties of the matter qubit. Such issues are increasingly being 
addressed through design constraints on the separation of the matter qubit from an etched 
surface, surface passivation techniques, and electrical charge stabilization methods. Hybrid 
integration of materials that host quantum emitters with materials that support scalable 
fabrication of photonic devices [126] may also be beneficial to the atomic-photonic 
interconnects. 

For photonic chip integration of trapped neutral atoms, ions, and cold molecules, protecting qubit 
coherence in a platform with a wide enough transparency window to accommodate the short 
wavelength photons associated with these systems is paramount. For trapped ions, this may 
require new electromagnetic designs that limit deleterious effects on the electrostatic traps; 
similar approaches may be needed for systems like Rydberg atoms, which are unlikely to be 
brought close (within the evanescent tail) to a guided-wave photonic structure. Other atomic 
systems, in particular single neutral atoms and cold molecules, can be loaded and trapped within 
the evanescent field of photonic devices, enabling an efficient matter-photon qubit interconnect. 
Recent progress with optical tweezer traps in Rydberg chains and small collections of neutral 
atoms and molecules offer a key challenge for quantum interconnects.  

Photonic-photonic interconnects 

Several different nonlinear nanophotonic platforms are being developed within the QuIC 
community to enable the QFC and entangled photon-pair interconnect approaches needed to 
realize photonic interconnects across different frequency bands. In practice, the most mature 
technology is based on cm-scale quasi-phase-matched nonlinear media [127] such as 
periodically-poled lithium niobate (PPLN) waveguides, where internal conversion efficiencies 
approach 100% and signal-to-background levels in excess of 100:1 are achievable for 
single-photon-level inputs. In its current state, this waveguide technology is not directly 
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amenable to dense integration within photonic circuits (the optical mode field diameter and bend 
radius are similar to those of an optical fiber), nor is it directly amenable to direct integration 
with single quantum emitters or a variety of other integrated photonics technologies. Its further 
development is important from the perspective of providing hardware for near-term networking 
efforts and for implementing strategies that realize waveform conversion via nonlinear optics. 

Integrated nanophotonic platforms based upon geometries with high refractive index contrast 
(typically created using thin-film nonlinear optical materials on a low refractive index substrate 
such as SiO2) can enable QFC and waveform conversion approaches using manufacturing 
approaches that can be highly scalable and enable complex integration with other photonic 
circuit functionalities, including beam splitters and filters . For second-order nonlinear processes, 
thin-film lithium-niobate-on-insulator (LNOI) [128], [129] and AlN [130] have shown particular 
promise, given their wide optical transparency window, very low optical losses [131], [132], 
appreciable nonlinear coefficients, and amenability to nanofabrication processes. For third-order 
nonlinear processes, silicon nitride has risen to the forefront of many related classical 
applications (e.g., compact frequency comb generation), and QFC of quantum dot single-photons 
and photon-pairs using silicon nitride nonlinear resonators has recently been demonstrated [116], 
[133]. III-V semiconductors such as GaP [134] and AlGaAs and wide-bandgap materials such as 
SiC [100] and diamond also possess strong optical nonlinearities [135], but have not yet 
achieved the level of performance of the aforementioned systems. However, their ability to 
directly host matter qubits (e.g., color center or quantum dot spins) is of significant benefit to 
integration. 

For all of these platforms, the basic strategies for achieving efficient frequency conversion are 
generally conceptually well-understood, and fabrication techniques are developed. However, 
there are still many challenges in realizing connections between the ultra-wide frequency 
separations [136] (e.g., UV-telecom), and understanding the relevant noise generation 
mechanisms (impurity-based fluorescence, Raman scattering, spontaneous parametric processes, 
to name a few) is an ongoing process [137], [138]. 

Materials supporting a second-order nonlinearity often exhibit an appreciable electro-optic effect 
[95], which enables fast (tens of picoseconds) reconfigurable switching operations. For scenarios 
in which slower speeds are adequate (e.g., MHz switching bandwidths), thermo-optic and 
micro-electromechanical switches can be considered, though the former do not function well at 
cryogenic temperatures. 

Microwave-to-optical QFC typically requires access to physical processes distinct from those 
described above, with the exception of electro-optic platforms [139] that do provide natural links 
between the two frequency bands, though the extent to which such links can be sufficiently low 
noise in practice is not known. Piezoelectric media [112], [140] such as LNOI, AlN, GaP, and 
GaAs are being considered for microwave-to-optical QFC mediated by nanomechanics, while 
modular approaches based on free-space cavities [141] coupled to electromechanical systems 
have shown the best performance thus far in terms of efficiency, albeit over moderate 
bandwidths and without adequately low noise. Another way to mediate the interaction between 
optical and microwave photons is via atomic ensembles simultaneously coupled with high 
cooperativity to photonic and microwave resonators. In this context, rare-earth-doped media are 
particularly well suited as microwaves can be coupled to either Zeeman or hyperfine transitions 
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in ensembles exhibiting very narrow inhomogeneous lines[142], [143]. Unlike QFC between 
optical wavelengths, there has to this point been no full demonstration of QFC between 
microwave and optical wavelengths where, for example, non-classical photon statistics or 
quantum interference are shown to be preserved.  

From the above, it is evident that a wide variety of material platforms are likely needed to 
address the full range of quantum interconnect challenges. One approach to combining the best 
attributes of multiple systems is heterogeneous integration of multiple materials into a common 
platform. For example, rather than developing new QFC resources in III-V materials or diamond, 
heterogeneous integration [144] with Si3N4, AlN, or LN would enable a direct coupling of the 
matter-photonic qubit interface with the QFC interface. Several approaches, including full wafer 
bonding, die bonding, transfer printing, and pick-and-place device transfer, are being considered 
by the community to realize this functionality. 

Table 4. Integrated Quantum Photonics Platforms 

Platform Transparency 
window 

Nonlinear 
coefficient 

Demonstrat
ed optical 
loss 

Single quantum 
emitter integration 

Qubit 
integration 

Tuning/ 
Switching 
mechanism 

Silica >140 nm weak chi(3) Ultra-low Not native Not native Thermo-optic 

Silicon nitride >350 nm Moderate chi(3) Low Not native Not native Thermo-optic/Mi
cro-electro-mech
anical-systems 
(MEMS) 

Silicon-on- 
insulator 

>1000 nm Strong chi(3) Medium Nascent (Se defects) Electron spin 
qubits  

Thermo-optic/ 
free-carrier/ 
MEMS 

LiNbO3-on- 
insulator 

>300 nm Strong chi(2); 
moderate chi(3) 

Low Rare earth 
incorporation 

Not native Electro-optic/ 
piezo-electric 

AlN >200 nm Moderate chi(2); 
moderate chi(3) 

Low Not native Not native Electro-optic/ 
piezo-electric 

GaAs-on- 
insulator 

>750 nm Strong chi(2); 
strong chi(3) 

Medium InAs quantum dots Single 
electron/hole 
spins 

Piezo-electric 

SiC-on- 
insulator 

>400 nm (4H) Moderate chi(2); 
moderate chi(3) 

High Via electron beam 
irradiation, ion 
implantation  

Single electron/ 
nuclear spins 

Electro-optic, 
piezo-electric, 
DC Stark-shift 

Diamond-on 
-insulator 

>250 nm Moderate chi(3) Medium Ion implantation, 
CVD 

Single electron/ 
nuclear spins 

Strain 

Si or GaAs on 
Rare-earth-dop
ed oxides 

>300nm  Low Rare earth 
incorporation 

Electron or 
nuclear spin 
qubits 

DC Stark Shift, 
Zeeman Shift 
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IV.B Supporting Technology  

A wide range of supporting technologies will be critical to enabling the variety of QuICs 
discussed in this document, and their sustained development is crucial. A few examples are 
highlighted in this section.  

Almost all quantum computing and quantum communication approaches—which require the 
ability to make measurements of a quantum state—use devices that perform best at cryogenic 
temperatures, where thermal noise can be avoided. For example, in quantum communication 
systems, optical detectors are an essential component, and cryogenic superconducting nanowire 
single-photon detectors are currently the state of the art (in terms of efficiency, noise, and timing 
jitter). In addition, superconducting quantum computing requires operation at ultralow 
temperatures to maintain qubit integrity. In most of these systems, achieving such low 
temperatures requires the use of helium. For temperatures below 0.8K, the use of helium-3 is 
also required. Unfortunately, helium is a strategically important, non-renewable natural resource, 
and is becoming scarcer.  

In the past decade, there has been significant technological progress to use mechanical coolers 
using recyclable helium gas as a refrigerant to get to sufficiently low temperatures. These new 
cryo-cooling systems, however, were not developed to meet the needs of the quantum 
information community. While the cost, size, weight, and price (C-SWaP) are sufficient for 
research purposes, widespread adoption in commercial applications will be hampered by the high 
C-SWAP. Convergent research into the development of efficient, long-life, lightweight coolers 
with low vibration will provide a critical enabling technology for accelerating progress in 
quantum science and technology.  

In addition, the research and development of robust, inexpensive, low-noise, and stable lasers 
would accelerate both research and commercialization of quantum information science and 
technology. For optical wavelengths that overlap with existing large markets (e.g. 
telecommunications), compact lasers already exist. However, for wavelengths that are of interest 
for atomic and artificial atomic systems (e.g., quantum dots, defects in diamond, SiC), significant 
effort is spent by the research community to optimize and stabilize custom-built lasers to the 
level of performance needed to enable quantum applications. Unfortunately, the reliability, 
stability, and cost of these lasers are not at a level for widespread adoption by researchers or 
early adopters. There is tremendous opportunity to accelerate progress with multi-disciplinary 
research into making better-targeted lasers. 

A number of additional supporting technologies, including high-speed low-power 
cryo-compatible classical digital and analog electronics, will also be necessary, and thus warrant 
development efforts. Similarly, development of non-cryogenic counterparts of currently 
cryogenic technologies is important. For example, development of single-photon counters such 
as linear-mode or avalanche-mode photodiodes, could substantially simplify the task of creating 
scalable repeater technologies [145], [146].  

Many of these developments would also benefit classical computation and communication 
systems, and as such are examples of the dual-use paradigm of technology innovation in which 
quantum-inspired advances assist classical technologies and vice versa. 
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V. Conclusions  

As the size of quantum systems grows, in terms of number of qubits in the case of quantum 
computers, or physical size/spatial separation in the case of quantum networks, so do the 
challenges related to connecting different parts of the system while maintaining quantum 
entanglement across it. For example, long-range communication networks rely on establishing, 
distributing and maintaining entanglement across  thousands of kilometers. This is challenging 
due to unavoidable signal losses in the communication channels. At shorter length scales, 
difficulties associated with connecting hundreds or thousands of qubits point to the importance 
of modular quantum computing schemes - likely the only viable many-qubit approach in the near 
term. Therefore, QuICs, which will support modular and distributed QIT systems, are emerging 
as a grand challenge for QIT. Yet, they have received significantly less attention from the 
funding agencies and from the research community than the quantum hardware systems they are 
connecting.  

It is the position of the community, as represented by participants of the NSF workshop on 
QuICs, that investment in a national-scale QuIC program is a high priority. Given the diversity 
of QIT platforms, materials used, applications, and infrastructure required, a convergent research 
approach and partnership between academia, industry and national laboratories is required for 
these efforts.  

The focus of the envisioned QuICs program should be: (1) a small number of well-supported 
'Convergent Development Teams’ comprised of specialists from academia, industry, and 
national laboratories, to address specific QuIC challenges, to create prototype quantum 
interconnects and application developments; (2) a focused interdisciplinary effort aimed at the 
development of scalable integrated quantum photonic platforms for QuICs—such an effort 
should include synthesis of emerging quantum materials, fabrication and packaging of integrated 
quantum photonic devices, and development of novel ultra-low loss optical fibers; (3) a QuICs 
Test Bed where researchers would gain access to the equipment and expertise needed to test their 
own hardware (e.g., qubits, optical squeezing modules, frequency conversion modules, 
entanglement sources, transducers, sensors, detectors, lasers, etc.), and thus carry out research in 
a convergent environment. The program will drive the advancement of a 
quantum-information-science and technology ecosystem that combines research and technology 
development with commercial and educational elements. This will result in new university 
degrees (e.g. quantum engineering), creation of student internships in industry, and retraining of 
current industry employees, thus resulting in an appropriately skilled workforce. 

The goals discussed here for accelerating progress in Quantum Interconnects resonate with the 
goals of two other recent related NSF Accelerator workshops—Quantum Simulators and 
Quantum Computers. 
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