Quantum computing with photons

Photons represent a powerful tool for realizing quantum computation. Not only have they proven suitable for outperforming classical algorithms, but also find applications in machine learning, secure communication and much more. 


Single photons are the fundamental indivisible units that make up light. Their concept originated in the early 1900 thanks to Albert Einstein, who built his work upon Max Planck’s theories of quantized energy. Einstein explained the renowned photoelectric effect supposing that light is carried in discrete energy packets, later on called photons. This led to a new way of understanding light, which could then be described both in terms of classical electromagnetic waves and in terms of single particles, the photons, subject to quantum effects. Since the theorization of quantum light, photons have played a key role in deeper understanding the fundamentals of quantum mechanics. Moreover, there has been a series of impressive developments that led to exploiting the quantum features of single photons for quantum computing. 
The idea of quantum computing differs completely from our understanding of classical computing. The (classical) computers that we use in our every-day life store the information that will be processed as sequences of digits that can take the value of either 1 or 0. Each digit is called a bit and constitutes the unit of information. A bit can be physically realized with the presence or absence of an electric pulse in a circuit, corresponding to a 1 or 0 state, respectively. Extending this idea to the quantum world requires a completely new way of thinking, far from our common intuition. In quantum computers the unit of information is a quantum bit, or qubit. A qubit is represented by a variable co-existence of the states 1 and 0 according to the so-called superposition principle, which states that if a system can be in a certain configuration, then the most general state describing the system is a linear combination of all the possible configurations. Therefore, a qubit is described by a linear combination of the 0 and 1 options as , with complex numbers  and  associated to them. The symbol |.⟩ is used to indicate a quantum state. The squared modulus  of  and  gives the probability that the qubit finds itself in the corresponding state ( or ) upon observation of the system, or in more technical terms, upon a measurement (see “Photonic qubits”). Obviously, the sum of the two probabilities must equal one. A qubit can be physically implemented on many different platforms such as superconducting systems, trapped ions, nuclear magnetic resonance devices, and photonic architectures. In this article we focus on the last option, providing an overview of how to implement quantum computation with photonic systems. 

Single photons: benefits and challenges
Single photons are among the most promising candidates for quantum applications. Firstly, it is particularly easy to create photonic qubits. For example, they can be realized as quantum superpositions of two orthogonal polarizations of the same photon, or, when choosing space as degree of freedom instead, the two paths a photon can take when propagating in waveguides. This concept is illustrated in “Photonic qubits”, where more details about photonic qubits as well as their measurements are given.

	Photonic qubits
Quantum information can be encoded in different degrees of freedom of a single photon. For example, one can make use of its polarization or its path.
A polarization qubit is a superposition of two orthogonal polarizations of the same photon. Creating this requires only one optical element called a half-wave plate, which turns linearly polarized light into other linearly polarized light. Setting the half-wave plate to a proper configuration and taking as an example the horizontal polarization of a photon, the optical element can turn it into a superposition of horizontal and vertical polarization, thus creating a qubit. This is sketched in Figure a, where  and  are the horizontal and vertical quantum polarization states of the photon, respectively. In this way, a qubit with coefficients  is obtained.
A path-encoded qubit is created differently. Here we consider two waveguides (the solid lines in Figure b), which are structures where light can propagate. The upper one, corresponding to the upper spatial mode, is labeled with  and the lower one with The waveguides are arranged in a configuration that puts a single photon entering the upper or the lower mode in an arbitrary quantum superposition of being in both modes. The element in Figure b is essentially a tunable beam splitter, a device that can route light arbitrarily between two different outputs. Nowadays many of these components can be integrated in small optical chips (see Figure 1a in the main text).
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Performing a measurement on the qubit means observing the system. A measurement makes the qubit “collapse” into one of the two possible states |0⟩ (with probability ) or |1⟩ (with probability ), thus destroying the superposition. For example, referring to Figure a, a measurement can be implemented with a polarizer, a device that transmits only a certain polarization while blocking all the others. If the polarizer (placed after the half-wave plate) is set to transmit only horizontal polarization, there is a 50% chance that the photon will go through and therefore result horizontally polarized. In the path-encoding case, two single-photon detectors can be placed at the end of the two waveguides instead. Whenever the upper (lower) detector reveals a photon, the qubit finds itself in the state  () and the superposition is destroyed.



Secondly, like classical light, single photons can be coupled in optical fibers and thus be sent to faraway stations. Photonic qubits are indeed flying qubits, because they can be transmitted via optical fibers and thus establish links between physically separated areas. This is a peculiar feature that other quantum architectures do not own. For example, in the case of superconducting systems or trapped ions, one talks of stationary qubits, because they cannot be transferred to a place different from where they have been created. The mobility of single photons makes them suited for quantum network applications, including the quantum internet, where different quantum computers would be connected via optical links. Another feature is that, unlike other platforms, photons do not really interact with the external environment, and therefore tend to preserve the quantum information they carry. Interactions with the external world would introduce a disturbance in the quantum system and consequently destroy the quantum mechanical properties. 
In general, performing meaningful quantum computation requires to process many photons using a vast amount of optical mirrors, lenses and so on. While the generation of many photons remains one of the main challenges (although significant progress is being made in this direction), it is already possible to mitigate the problem of using too many optical elements for photon processing. Not only is such processing challenging by the number of elements, but also by the requirement of keeping the alignment and thus path lengths stable, which is essential for establishing the quantum features. The impressive progress in integrated photonics allows for optical chips where a large number of optical elements can be integrated. These processors, which can be as small as the size of a human fingernail, contain many waveguides, where the photons can propagate, and tunable beam splitters, devices which arbitrarily split the light in two output ports as explained in “Photonic qubits”. Figure 1a and 1b show an example of an integrated processor and its assembly, respectively. Moreover, single-photon sources and single-photon detectors can in principle also be integrated, enabling further compactness [1]. For these reasons, integrated optics is the first significant step towards scalable photonics devices, although it still carries challenges like minimizing the loss of the photons propagating in the waveguides. 
[image: ]
Figure 1. a) The nanophotonic processor (Photo: Massachusetts Institute of Technology). b) The processor and its optical mount. 

From the circuit model to the one-way quantum computers
In classical computers information is processed by performing binary logic operations on classical bits. In quantum computers the processing occurs in an analogous way by applying quantum logic gates on qubits, which store the information. Different quantum gates applied to a system of n input qubits make up a quantum circuit, an example of which is depicted in Figure 2a using the so-called circuit model formalism. 
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Figure 2. a) Quantum circuit model. Qubits are injected into a network of single- and two-qubit gates and undergo the desired quantum computation. b) Measurement-based quantum computing. After qubits are entangled, they are measured in specific ways. The measurements destroy the entanglement, leaving the qubits in separable states.

The power of quantum circuits compared to classical information processing lies in the fact that n input qubits simultaneously store  possible states. This means that information can be stored and processed using exponentially fewer resources compared to classical computing! This fact lies at the heart of any quantum computational advantage.
Going more into details about quantum gates, operations on single qubits are called single-qubit gates. They reversibly transform the state of a given qubit |Ψ⟩ =  + β|1⟩ into a new state . Examples of single-qubit gates are for example the swap gate, which turns the state  into the state |1⟩ and vice versa, or the Hadamard gate, which can create or destroy superposition. However, single-qubit gates alone are not sufficient to realize a universal quantum computer, where universal means that it can perform any computational task. To achieve universal computation, it is necessary to also make use of so-called two-qubit gates, reversible operations that act on the state of two qubits (in our case photons). Typically, such gates are capable of making two photons “entangled” (see “Quantum entanglement”). 

	Quantum entanglement
Quantum entanglement (the famous Einstein’s “spooky action at a distance”) describes a bizarre effect in which two or more quantum particles are interconnected in a complex way. If one particle undergoes a measurement that reveals its state, the states of the other particles change accordingly, independently of how far apart they may be.



In general, the fact that photons do not interact with their external environment, and thus also not with each other, poses a major challenge in realizing such two-qubit gates. However, two main approaches have been developed to implement them. The first option is to use linear optics (see “Linear optics”) and single-photon measurements. This principle exploits the bosonic nature of photons, which leads to particular quantum interference when two photons enter a beam splitter (see “Quantum interference”). When choosing a proper beam splitter ratio (i.e. tuning the probability of having a photon in one or the other output port), then this quantum interference allows for an effective two-qubit gate. The disadvantage of this scheme is that the operation only occurs with a certain probability (and is thus never deterministic) and requires measurements of processed photons for identifying the required operation. To make such gates more efficient, schemes have been developed where, in addition to the two input photons, also so-called ancilla photons are processed through more complex networks and finally measured. This measurement triggers the successful two-qubit gate operation acting on the input photons, as shown in Figure 3a. However, the use of extra photons and detectors naturally introduces additional layers of complexity in the realization of the desired computation. Therefore, while it is in principle possible to use only linear optical elements, single-photon sources and detectors to realize universal quantum computation, this strategy is not viable when an arbitrary large number of two-photon gates is needed.

	Linear optics
Linear optical quantum computing is based on the use of linear optical elements to process quantum information. Such elements implement operations on photons that preserve the total photon number. Examples of linear optical elements are beam splitters, mirrors and phase shifters. 
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Figure 3. a) Implementation of a two-photon gate with a linear optical network. Extra resources like additional photons and detectors are needed to realize a gate between two input photons. b) Implementation of a two-photon gate with a non-linear material, where no additional resources are needed.

	Quantum interference
Two photons meeting at a beam splitter can influence each other only via symmetry relations. For example, when two indistinguishable photons in two different spatial modes meet at a 50:50 beam splitter there are in principle four possibilities for them to behave, shown in the figure below: a) photon 1 is transmitted and photon 2 is reflected, b) both photons are transmitted, c) both photons are reflected, d) photon 1 is reflected and photon 2 is transmitted. In quantum mechanics, all these possibilities must be put in a quantum superposition, because the beam splitter does not record which one actually happens.
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The operation implemented by the beam splitter must be reversible (as any operation required for quantum computing). This requirement implies that the last two options acquire a minus sign. Therefore, since the cases b) and c) yield to the same output configuration, they cancel out due to the minus sign of c), or, in more technical terms, they interfere destructively. Therefore, only possibilities a) and d) are left, where the photons always exit the same output port. It is the bosonic nature of photons that gives rise to this effect, called photon bunching. This phenomenon, which is typical of quantum particles and does not occur when classical light is used, lies at the heart of photonic quantum computing.



To overcome this problem, approaches are being studied that would make use of atomic systems [2] or exploit non-linearities provided by graphene [3] to create interaction between the two particles. This idea is simplistically sketched in Figure 3b, where only non-linearities can be used to make the two photons interact. 
Another way to overcome the difficulties mentioned above when performing quantum computation is to switch to a completely different way of processing quantum information – called one-way or measurement-based quantum computation (MBQC). This approach requires a) entangling multiple qubits and b) applying a measurement to each qubit in a sequential way. As mentioned above, entanglement between two qubits is created by applying a two-qubit gate to their states. A third particle can be entangled with one from the previous pair using the same procedure. One can continue until an arbitrary number of particles result entangled with one another. In general, such entangled particles arranged in a lattice-like way form the so-called cluster states, an example of which is sketched in the middle part of Figure 2b. Here the yellow particles (representing the qubits) are connected (entangled) by the black edges. Computation is performed by applying certain single-qubit measurements to each qubit from the cluster state in a sequential way, and each measurement depends on the outcome of the previous one. It is the order and choices of the measurements that defines the specific algorithm. This type of computation is called “one-way” because it is based on measurements, which destroy the quantum features (and in case of photons even the entire photon) and therefore make the computation irreversible in time. This concept is shown in Figure 2b, where measurements on the qubits destroy the entanglement and thus disconnect them from the cluster state. In the meantime, more particles can be added to the cluster state and the computation can proceed. Photonic qubits are particularly suitable for this type of computation because it is easy to address them separately and perform single-qubit measurements [4].
Despite both the circuit model and MBQC are equivalent, that is, yield the same result for a given computation, the perspective is quite different. While in the circuit model the “easy” part is considered to be the generation of input photons and the “hard” part the applications of single- and two-qubit gates to them, the one-way quantum computer works differently. Here after initially generating the cluster state – the task considered to be “hard” – the computation is very “easy” to implement since it does not require the application of any gate, but only single-qubit measurements carried out in a sequential way on each qubit. This second approach is considered a realistic path towards scalable photonic quantum computers, since the only challenging task is the deterministic generation of three-qubit cluster states. After the generation of such states, it was shown [5] that cluster states of arbitrary size can be grown by using only passive optical elements and additional photons, even when using inefficient entangling gates. For this reason, several companies such as PsiQuantum Inc. are working to implement one-way quantum computing on large scale. Quantum computation based on cluster states finds several applications, for example in secure cloud quantum computing, which we introduce in the next section.  

Photons for secure quantum computing
Remarkably, quantum computers do not only allow for computational speed-up with respect to classical computers, but also for a hitherto unknown level of data protection. Within the framework of MBQC it was shown that a client can delegate the desired computation to a server (a quantum computer) such that the input, processing and output remain completely unknown the server. The only requirement for the client is to prepare single-qubit states that are sent to the quantum server for being processed. A proof-of-principle experiment performed in Vienna demonstrated that photonic qubits are ideally suited for this “blind” quantum computation [6] because they can easily be prepared and sent by the client and eventually processed by the quantum server. Facing the challenge of building full-fledged quantum computers, it might be likely that quantum computation will happen at a few facilities and thus be operated as a “cloud” service, where a client can use the quantum server via remote access. This naturally introduces the need for such schemes where the quantum computer is blind.
Progress in the direction of secure quantum computing opened the way towards additional security schemes that would allow, for example, applications such as quantum-enhanced security for classical software distribution, or one-time delegation of signature authority. An example is the development of the so-called one-time programs, computer programs that can run only once and then destruct themselves. Experiments have demonstrated that it is possible to encode such one-time programs in quantum states with certain measurements settings [7].

Status quo of the research
In the last couple of years, significant steps in the field of quantum computing have been made with photonic platforms.
One example is the demonstration of a computational quantum advantage over classical algorithms, also known as quantum supremacy. In more detail, we talk of quantum supremacy when a particular problem considered to be intractable on classical computers – in the sense that it would take an unreasonable amount of time, for example thousands of years, to be solved – can be tackled by a quantum computer in a practicable amount of time. So far, a few demonstrations of quantum supremacy for very particular tasks have been achieved by intermediate or special-purpose quantum computers. The first one was realized using 53 superconducting qubits at Google in the USA [8] and the second one was implemented by a group in China on a photonic platform using up to 76 photons [9]. The Chinese researchers executed a task based on the so-called boson sampling, which is believed to be intractable on classical computers for sufficient complexity and is therefore very well-suited for proving a quantum advantage. The classical analogous of boson sampling is the Galton board, a device that can sample from the binomial distribution. Essentially it consists of a vertical board with arrays of pegs, and beads are dropped from the top. The beads can go either left or right as they hit the pegs and are eventually collected in bins at the bottom of the board. The shape formed by all the beads collected at the bottom approximates the binomial distribution (which then approximates the normal distribution when the number of peg rows is arbitrarily large).
Implementing the quantum analogous of the Galton board simply requires “dropping” single photons instead of beads and considering beam splitters instead of pegs. However, when indistinguishable photons are propagating through an interferometic network composed of beam splitters, then their bosonic nature comes into play, as explained in “Quantum interference”. In contrast to the classical case of the Galton board, this output distribution is extremely hard to compute using conventional computer technology (see “The complexity of boson sampling”). With the introduction of boson sampling as a non-universal tool that processes multiple photons through an interferometric network, a feasible architecture tackling this problem was shown. One can easily get an idea of how important this result is by looking at how many scientific groups all over the world implemented this idea. About ten years ago, groups in Vienna, Oxford, Brisbane and Milan successfully demonstrated boson sampling! However, an actual quantum supremacy using boson sampling was not proven, because the dimension of the photonic networks (that is, number of beam splitters) and the number of photons were still limited by the technological status of that time. For the first time last year, the Chinese researchers used boson sampling to achieve quantum supremacy. They implemented a variant of boson sampling – the so-called Gaussian boson sampling – with a very high level of complexity, solving the task using a quantum computer that proved to be 100 trillion times faster than the world’s most advanced supercomputers! Very recently, Chinese groups have demonstrated further improved demonstrations of quantum supremacy using 113 photons and 56 superconducting qubits, underlying the open race for increasing quantum computational power.

[image: A picture containing several, crowd

Description automatically generated]
Figure 4. Optical setup for demonstrating quantum supremacy with photons (Photo: University of Science and Technology of China).

The first experimental demonstrations of boson sampling were a huge breakthrough in the quantum community. Not only have they proven essential in the demonstration of quantum supremacy, but also can be exploited in a variety of applications ranging from simulation of molecular dynamics to improving stochastic optimization algorithms. One of the most common implementations saw the use of integrated photonic devices containing arrays of beam splitters with fixed splitting ratios. These demonstrations contributed to confirm the huge potential of integrated optics for quantum applications. In the past few years, as technology continued to advance, integrated beam splitters with tunable splitting ratios were realized. This feature opened a variety of new perspectives in the photonic field. The idea that photonic circuits could be re-programmed led to, for example, the possibility of implementing machine learning protocols, where continuous updates are required for the learning process to occur. For this reason, tunable photonic architectures processing single photons have been also used to investigate what advantages can be obtained in machine learning protocols when quantum mechanics is considered. Using an integrated photonic processor like the one shown in Figure 1a, it was proven that robots can speed-up their learning process when making use of quantum mechanics, compared to a fully classical scenario [10]. Here the robot was identified with a region of the photonic processor, whose task was to learn – via repeated trials – to route the single photons to a desired output. Allowing the photons to propagate in a quantum superposition enabled the use of a quantum algorithm to find the correct output faster compared to the case where no quantum superposition was allowed.
In general, these types of architectures may prove suitable also for implementing quantum neural networks, a direction that many scientists are nowadays pursuing. This would represent a huge breakthrough not only in the photonic quantum community, but also in the field of artificial intelligence, where learning agents could continue to boost their performance thanks to the use of quantum physics.

	The complexity of boson sampling
In boson sampling single photons are injected into a network made of arrays of beam splitters. Unlike the classical case, the resultant distribution of the photons collected at the bottom is hard to compute using a classical computer. This comes from the fact that, unlike classical beads meeting at the same peg, photons undergo quantum interference when meeting at the same beam splitter, as explained in “Quantum interference”. Mathematically, computing the probability of finding the two photons in two distinct output modes is related to computing the so-called permanent of the matrix that describes the behavior of a beam splitter. In this case the permanent equals zero, and indeed the photons always exit from the same output port. The same concept holds when considering n photons injected into a network composed of m possible input modes, with m>n. As for the beam splitter, described by a 2x2 matrix, the whole network can be described by an mxm complex matrix U. Therefore, considering a certain input configuration – for example x1 photons in the first mode, x2 photons in the second one and so on – transformed by a certain mxm matrix U, the probability of obtaining a certain output configuration – for example t1 photons in the first mode, t2 photons in the second mode and so on – requires the computation of the permanent of U. However, computing the permanent of U on a classical computer is known to be a hard problem, even intractable for sufficient complexity. Therefore, quantum interference of single photons in complex optical networks can solve the problem of sampling the photonic output distribution, a problem that is classical hard because connected to determining matrix permanents. A comparison between the classical and quantum case is shown in Figure a and b (note that the depicted quantum distribution is meant for illustrative purposes only and is not based on rigorous calculations).
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Zusammenfassung
Photonic architectures are among the most used platforms for quantum applications. Photonic qubits are easy to generate and manipulate, and thanks to their mobility they prove essential in the realization of complex quantum networks like a potential quantum internet. One of the biggest challenges resides in the scalability of photonic platforms, which is nowadays being partially addressed by fabricating compact processors capable of processing quantum information entirely on chip. This opens the way towards more complex photonic implementations requiring larger optical circuits and multi-photon processing.
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