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Foundations of Quantum Light

What is the second-order correlation function ¢(* (0), and how does its value distinguish a
genuine single-photon source from coherent (laser) light and from thermal light?

g (0) quantifies the probability of detecting two photons simultaneously (at zero time delay) relative to what would
be expected from uncorrelated, independent photon arrivals — measured experimentally via a Hanbury Brown-Twiss
setup (a beamsplitter feeding two detectors, correlating their coincident click statistics). Coherent light (an ideal
laser, described by a Poissonian photon-number distribution) gives g(®(0) = 1, exhibiting no particular photon-
bunching or anti-bunching. Thermal light (from an ordinary incandescent source) gives g(Q)(O) = 2, showing
bunching — photons arrive somewhat clustered together in time, a classical statistical effect. A genuine single-
photon source instead gives ¢(*)(0) < 1, with an ideal source approaching g(*)(0) = 0 — antibunching, reflecting
the simple physical fact that a single quantum emitter cannot emit two photons at the exact same instant, making
g?(0) the standard, universally quoted figure of merit for certifying single-photon purity.

What is a Fock state (number state) |), and why is it fundamentally different from a coher-
ent state |«) despite both being valid quantum states of a single light mode?

A Fock state |n) is a quantum state of a light mode with a precisely, exactly defined photon number n — zero un-
certainty in photon number, but (by the number-phase uncertainty relation) correspondingly maximal uncertainty in
the field’s phase. A coherent state |a), by contrast, is the quantum state most closely resembling a classical, single-
frequency light wave (like an ideal laser’s output) — it has a relatively well-defined phase and amplitude, but its photon
number follows a genuinely random Poissonian distribution (mean |a|?, with a photon-number uncertainty equal
to the square root of that mean) rather than being fixed at all. This distinction matters immensely in practice: a true
single-photon Fock state |1) is exactly what many quantum photonic protocols need, but real, practical laser sources
naturally produce coherent states, not Fock states — directly motivating the various single-photon-source engineering
approaches discussed in Section 2.

What is squeezed light, and how does its ability to reduce quantum noise below the stan-
dard shot-noise limit in one field quadrature specifically benefit both quantum sensing and
continuous-variable quantum information protocols?

Squeezed light redistributes a light field’s inherent quantum uncertainty asymmetrically between its two complemen-
tary quadratures (amplitude and phase) — reducing the noise in one specific quadrature below the level any ordinary
coherent (laser) state could achieve, at the unavoidable cost of increasing noise in the other, complementary quadra-
ture, consistent with the Heisenberg uncertainty principle (exactly as introduced in the Quantum Sensing deck’s dis-
cussion of LIGO). In quantum nanophotonics specifically, squeezed light is generated via nonlinear optical processes
(Section 5) in nanophotonic waveguides and resonators, and serves as the essential resource underlying continuous-
variable quantum computing and communication protocols (like CV-QKD, discussed in the QKD deck), as well as
enabling sub-shot-noise-limited photonic sensing applications — making integrated, chip-scale squeezed-light gener-
ation an actively pursued nanophotonics engineering goal in its own right.

What is the Hong-Ou-Mandel (HOM) effect, and why does the characteristic ”’dip’’ observed
when two indistinguishable single photons interfere at a beamsplitter serve as the standard
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benchmark for photon indistinguishability?

When two perfectly indistinguishable single photons (identical in every degree of freedom — frequency, polarization,
spatial mode, and arrival time) enter the two separate input ports of a 50:50 beamsplitter simultaneously, quantum
interference between the two possible ways both photons could exit (both reflected, or both transmitted) causes these
two possibilities to destructively interfere and exactly cancel — meaning the two photons always exit together, out the
same one of the two output ports, never one from each (a purely quantum, non-classical outcome with no classical
particle analogue). Scanning the relative arrival-time delay between the two photons and measuring the coincidence-
detection rate at the two outputs produces a characteristic "THOM dip” — coincidences drop to (ideally) zero exactly at
zero delay when the photons are perfectly indistinguishable, and the dip’s depth (and its degradation away from ideal
zero) serves as the standard, universally used quantitative benchmark for how indistinguishable two photons actually
are, a property absolutely critical for most linear optical quantum information protocols (Section 6).
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Single-Photon Sources

What is a semiconductor quantum dot, and why does its atom-like, discrete energy-level
structure make it a natural, solid-state platform for deterministic single-photon emission?

A quantum dot is a nanoscale semiconductor structure (typically a few to tens of nanometers across) that confines
electrons and holes in all three spatial dimensions — this strong 3D confinement produces a discrete, atom-like energy-
level spectrum (rather than the continuous energy bands of bulk semiconductor material), earning quantum dots
the common nickname “artificial atoms.” An electron-hole pair (exciton) recombining within a quantum dot emits,
under the right pumping conditions, exactly one photon per excitation-relaxation cycle — directly analogous to a
single atom’s spontaneous emission, but embedded within a solid-state semiconductor chip that can, in principle, be
integrated using mature semiconductor fabrication techniques, making quantum dots one of the leading platforms
specifically for generating single photons on demand (triggered deterministically by an external pulse), as opposed
to the probabilistic, heralded generation schemes discussed next.

What is Spontaneous Parametric Down-Conversion (SPDC), and why does it generate single
photons only probabilistically, in correlated pairs, rather than deterministically on demand?

SPDC exploits a nonlinear optical crystal’s second-order nonlinearity: with some small, inherent probability, a single
higher-energy “pump” photon spontaneously splits into two lower-energy photons (conventionally called “signal”
and idler”), with energy and momentum conservation (phase matching) constraining their combined properties.
Because this down-conversion process happens only probabilistically for any given pump photon passing through
the crystal (with a typical conversion probability of well under 1%), SPDC cannot be triggered deterministically
to produce a photon pair exactly on command — but its correlated pair-generation structure enables a valuable trick:
detecting the “idler” photon serves as a heralding signal, confirming (after the fact, but still usably) that its correlated
”signal” photon partner was also just generated and is available for use — making SPDC, despite its fundamentally
probabilistic generation, an extremely widely used and practically valuable single-photon (and entangled-photon-pair,
Section 5) source.

What is the Purcell effect, and how does placing a quantum dot inside a resonant optical
microcavity enhance its spontaneous emission rate specifically into a single, desired optical
mode?

The Purcell effect describes how an emitter’s spontaneous emission rate is not a fixed, immutable atomic property
but instead depends on the surrounding electromagnetic environment — placing an emitter inside a resonant micro-
cavity (tuned to match the emitter’s own transition frequency) modifies the local density of available photonic states,
enhancing the emission rate specifically into the cavity’s own resonant mode by a factor (the “Purcell factor”) that
grows with the cavity’s quality factor () divided by its mode volume V. This engineered enhancement serves two
crucial, complementary purposes for quantum-dot-based single-photon sources: it dramatically increases the frac-
tion of emitted photons funneled into one single, well-defined, collectible optical mode (rather than being emitted in
essentially random directions, as an uncoupled quantum dot in bulk material would do), and it speeds up the emission
process itself, which helps outcompete other, unwanted decoherence/dephasing mechanisms that would otherwise
degrade the emitted photon’s indistinguishability (Section 1) before it’s actually emitted.
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What is a photon-number multiplexed source, and how does combining several
independently-probabilistic heralded SPDC sources address the fundamental trade-off be-
tween high single-photon generation probability and low unwanted multi-photon emission?

A single SPDC source faces an unavoidable trade-off: increasing the pump power to raise the (still probabilistic)
chance of generating a useful photon pair per pulse also proportionally increases the unwanted probability of generat-
ing multiple pairs simultaneously (directly degrading single-photon purity, analogous to the photon-number-splitting
vulnerability discussed for weak coherent pulses in the Quantum Cryptography deck). Multiplexing addresses this by
running several separate, individually low-pump-power (and therefore low-multi-pair-probability) SPDC sources in
parallel, each independently heralded, and then using fast optical switching to route whichever source(s) successfully
heralded a photon on a given trial through to a single, shared output port — achieving a substantially higher overall
effective single-photon generation probability per trial than any single low-power source could provide alone, while
keeping each individual source’s multi-pair contamination probability low, at the engineering cost of needing fast,
low-loss active optical switching to combine the multiple sources’ outputs.
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Integrated Photonic Waveguides

What is a Photonic Integrated Circuit (PIC), and what specific advantage does routing
quantum light through lithographically patterned, on-chip waveguides offer over free-space
”’bulk optics” experiments using discrete mirrors, lenses, and beamsplitters?

A PIC patterns waveguides, beamsplitters, phase shifters, and other optical components directly onto a single chip
using semiconductor fabrication techniques (lithography and etching), guiding light through confined, on-chip optical
waveguides rather than through free space using large, individually-aligned discrete bulk-optic components (mirrors,
lenses, beamsplitter cubes mounted on an optical table). This offers dramatic advantages in scalability (hundreds or
thousands of optical components can be patterned reliably and reproducibly on one small chip, versus the physically
unmanageable size and instability of an equivalent bulk-optics setup) and phase stability (once fabricated, an on-
chip waveguide’s optical path length is fixed and doesn’t drift with the mechanical vibrations, thermal fluctuations,
and air-current disturbances that plague free-space setups requiring active, continuous interferometric stabilization)
— making PICs the leading platform for scaling photonic quantum technologies toward practical, large-scale, and
mass-manufacturable systems.

What is silicon photonics, and why is silicon’s own strong two-photon absorption at telecom
wavelengths a genuine limitation that has driven interest in alternative material platforms
like silicon nitride for certain quantum photonic applications?

Silicon photonics leverages the same mature, extraordinarily well-developed CMOS fabrication infrastructure the
broader semiconductor electronics industry already relies on, offering an appealing, cost-effective path to mass-
manufacturable photonic integrated circuits with the same wafer-scale reproducibility silicon electronics enjoys.
However, silicon exhibits significant two-photon absorption at standard telecom wavelengths (around 1550 nm),
a nonlinear loss process that becomes increasingly problematic specifically for the relatively high optical intensi-
ties often needed to drive nonlinear processes like squeezed-light or entangled-photon-pair generation (Section 5)
efficiently on-chip — this has driven growing interest in alternative platforms, particularly silicon nitride (which has
negligible two-photon absorption at telecom wavelengths, at some cost in fabrication maturity and integration density
compared to pure silicon), as well as other emerging materials, for the specific applications where this nonlinear-loss
limitation of pure silicon becomes a genuinely binding constraint.

What is a thin-film lithium niobate (TFLN) photonic platform, and why has it become par-
ticularly attractive specifically for high-speed electro-optic modulation of quantum light on-
chip?

Lithium niobate is a material with an exceptionally strong electro-optic (Pockels) effect — its refractive index changes
essentially instantaneously and linearly in direct response to an applied electric field — making it the traditional ma-
terial of choice for high-speed optical modulators throughout the classical telecommunications industry for decades,
though historically limited to bulky, non-integrated device formats. Thin-film lithium niobate (a comparatively re-
cent fabrication advance, bonding an extremely thin lithium niobate layer onto a silicon or silicon-dioxide substrate
and then patterning true nanophotonic waveguides directly into it) combines this strong native electro-optic response
with genuine photonic-chip-scale integration and tight optical confinement — enabling ultra-fast, low-loss, and low-
drive-voltage on-chip phase shifters and modulators specifically well-suited to the fast, precise, and low-loss opti-
cal switching and phase control that many quantum photonic protocols (particularly time-multiplexed single-photon
sources, Section 2, and fast feed-forward operations in linear optical quantum computing, Section 6) critically depend
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What is a directional coupler (or a Mach-Zehnder interferometer built from two of them),
and how does it serve as the fundamental, universal building block for implementing arbi-
trary linear-optical unitary transformations on a photonic chip?

A directional coupler brings two waveguides close enough together, over some interaction length, that light can
evanescently couple (tunnel) between them — functioning as an on-chip analogue of a beamsplitter, with the cou-
pling ratio (and hence the effective “reflectivity”/’transmissivity”) precisely set by the coupler’s interaction length
and the waveguides’ separation. Combining a directional coupler with an adjustable phase shifter on one arm, fol-
lowed by a second directional coupler, forms a Mach-Zehnder interferometer whose effective splitting ratio can be
actively, electrically tuned via the phase shifter. A rigorous mathematical result (closely related to the same unitary-
decomposition ideas underlying universal quantum gate sets, discussed in the Quantum Gates deck) proves that a
large, specifically-arranged mesh network of many such tunable Mach-Zehnder interferometers is sufficient to im-
plement any arbitrary linear-optical unitary transformation on an arbitrary number of optical modes — making this
simple building block, repeated and networked at scale, the universal, foundational component underlying essentially
all programmable, general-purpose photonic quantum information processing chips.
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Photonic Crystals & Cavity QED

What is a photonic crystal, and how does a periodic nanoscale variation in refractive in-
dex create a ’photonic bandgap” — a range of frequencies for which light simply cannot
propagate through the material at all?

A photonic crystal is a material with a periodic, nanoscale-patterned variation in refractive index (e.g. a regular
lattice of air holes etched into a slab of high-index semiconductor) — directly analogous to how a periodic atomic
lattice in an ordinary crystalline solid creates electronic energy bands (and forbidden bandgaps) for electron wave-
functions via Bloch’s theorem, a periodic photonic lattice similarly creates allowed “’photonic bands” and forbidden
photonic bandgaps for light, governed by essentially the same underlying wave-interference mathematics applied to
electromagnetic rather than electron waves. For a frequency range falling within this photonic bandgap, light simply
cannot propagate through the bulk periodic structure at all, regardless of direction — a powerful, purely structural
(rather than material-absorption-based) way to control and forbid light propagation, engineered entirely through the
material’s nanoscale geometric pattern.

What is a photonic crystal nanocavity, and how does deliberately introducing a single, lo-
calized defect into an otherwise-perfect photonic crystal lattice create an extremely high
quality-factor, extremely small mode-volume optical resonator?

Deliberately introducing a single defect into an otherwise-perfect, regular photonic crystal lattice (e.g. simply omit-
ting one or a few of the periodic air holes in an otherwise complete pattern) creates a localized region where light
can exist, precisely because that specific defect region’s local properties fall outside the surrounding bulk lattice’s
forbidden photonic bandgap — light at the relevant frequency becomes effectively trapped at this single defect site,
since it’s forbidden from propagating away into the surrounding, bandgap-protected bulk crystal in any direction.
This confinement mechanism can achieve an extraordinarily small optical mode volume (light confined to a region
comparable to, or even smaller than, a single wavelength cubed) combined with a very high quality factor ) (pho-
tons remaining trapped, circulating within the tiny defect cavity, for a very large number of optical cycles before
eventually leaking out) — and since the Purcell factor (Section 2) scales as )/V/, this combination of simultaneously
very high ) and very small V' makes photonic crystal nanocavities one of the most effective platforms available for
achieving strong Purcell enhancement of an embedded quantum emitter.

What is the strong-coupling regime of cavity QED, and how does it differ physically from
the weak-coupling (Purcell) regime discussed in Section 2, specifically in terms of whether
emitted photons can be coherently reabsorbed by the emitter?

In the weak-coupling (Purcell) regime, an emitted photon, once it leaves the emitter into the cavity mode, effectively
leaks irreversibly out of the cavity faster than it could ever be coherently reabsorbed back by the emitter — spontaneous
emission is simply enhanced/modified in rate, but remains a fundamentally one-way, irreversible process. In the
strong-coupling regime, achieved when the emitter-cavity coupling strength g exceeds both the cavity’s photon-loss
rate x and the emitter’s own intrinsic linewidth v, a genuinely coherent, reversible exchange of a single excitation
between emitter and cavity becomes possible — the excitation can coherently oscillate back and forth between “emitter
excited, cavity empty” and “emitter ground, cavity has one photon” multiple times (vacuum Rabi oscillations) before
eventually, irreversibly decaying — a qualitatively distinct physical regime (directly described by the resonant, A ~ 0
limit of the Jaynes-Cummings Hamiltonian introduced in the Superconducting Quantum Circuits deck) representing
genuine coherent light-matter hybridization, rather than merely a modified, but still fundamentally one-directional,
emission rate.
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What is a nanobeam photonic crystal cavity, and what specific practical advantage does
its one-dimensional geometry offer for efficiently and directionally coupling an embedded
emitter’s output into an adjacent on-chip waveguide?

A nanobeam cavity confines the photonic-crystal defect structure to a narrow, one-dimensional beam (a thin, sus-
pended or partially-etched nanoscale beam of high-index material with a periodic pattern of holes or notches along its
length, rather than a full two-dimensional slab) — this one-dimensional geometry naturally directs the confined optical
mode’s field predominantly along the beam’s own length, and specifically simplifies efficient directional coupling
of light into (or out of) an adjacent, physically nearby on-chip waveguide, compared to a 2D photonic crystal slab
cavity (whose confined mode, while achieving comparably strong confinement, generally couples less directly and
efficiently into a simple single output waveguide). This directional-coupling advantage makes nanobeam cavities a
particularly practical and widely-used choice specifically for on-chip integrated quantum photonic circuits, where
efficiently funneling an embedded emitter’s output photons into a well-defined, single guided waveguide mode (for
subsequent on-chip routing and processing) is often the primary, essential engineering goal.

9
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Nonlinear & Parametric Processes

What is the difference between X(Q) (second-order) and X(?’) (third-order) optical nonlineari-

ties, and why does silicon’s crystal symmetry forbid x(? processes like SPDC from occurring
in unmodified bulk silicon at all?

x? nonlinear processes (including SPDC, Section 2, and second-harmonic generation) involve three photons to-
tal interacting via the material’s second-order nonlinear susceptibility, while x(®) processes (including spontaneous
four-wave mixing, discussed next, and the Kerr effect) involve four photons via the third-order nonlinear suscepti-
bility. Crucially, x(?) nonlinear response is forbidden by symmetry in any centrosymmetric material — one whose
crystal structure possesses inversion symmetry, as bulk crystalline silicon’s diamond-cubic lattice does — a direct
mathematical consequence of how the nonlinear polarization response must transform under a material’s own in-
herent symmetry operations. This is precisely why standard silicon photonics, despite its manufacturing advantages
(Section 3), cannot directly generate entangled photon pairs via SPDC using its own intrinsic nonlinearity at all,
and must instead rely on x(®) spontaneous four-wave mixing, or must resort to combining silicon with an externally-
integrated, genuinely non-centrosymmetric y () material like lithium niobate (Section 3) or gallium arsenide when
true x(?)-based SPDC is specifically needed.

What is spontaneous four-wave mixing (SFWM), and how does silicon photonics use this
) process as its own alternative route to generating correlated/entangled photon pairs,
despite silicon’s symmetry-forbidden y(®) response?

SFWM is a x(®) nonlinear process in which two pump photons are converted, with some small probability, into one
”signal” and one “idler” photon (analogous in outcome to SPDC’s photon-pair generation, but via a fundamentally
different underlying nonlinear mechanism not forbidden by centrosymmetric crystal symmetry) — conserving total
energy and momentum across the four participating photons overall. Because this process relies on the x(*) non-
linearity that centrosymmetric silicon does possess (unlike the symmetry-forbidden x(®) response), SFWM is the
standard, widely-used mechanism for generating correlated and entangled photon pairs directly on standard silicon
photonic chips — typically implemented within a silicon micro-ring resonator (which resonantly enhances the pump
intensity circulating within it, substantially boosting the otherwise weak, low-probability SFWM pair-generation rate
for a given input pump power) rather than a simple straight waveguide section alone.

What is phase matching, and why does satisfying momentum conservation between the
pump, signal, and idler waves represent a critical, often challenging design constraint for
efficient nonlinear photon-pair generation?

Efficient nonlinear frequency conversion (whether SPDC or SFWM) requires not just energy conservation among
the participating photons, but also momentum conservation — the participating waves’ wavevectors (directly related
to each wave’s phase-accumulation rate as it propagates) must satisfy a specific matching condition for the nonlinear
interaction to build up constructively (rather than destructively interfering with itself) as light propagates along the full
length of the nonlinear medium. Because a material’s refractive index generally varies with wavelength (chromatic
dispersion), this phase-matching condition is generally not automatically satisfied for arbitrary pump/signal/idler
wavelength combinations, and must be deliberately engineered — via careful choice of waveguide geometry and
dimensions (dispersion engineering, tailoring how strongly the waveguide’s own geometric confinement modifies
the effective propagation constant as a function of wavelength), via periodic poling of a x(?) material (quasi-phase-
matching, periodically flipping the material’s nonlinear-response sign to compensate for an otherwise-uncompensated
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phase mismatch), or, for ring-resonator-based SFWM sources, by ensuring the pump, signal, and idler wavelengths
all simultaneously coincide with the ring’s own discrete resonant modes — making phase-matching engineering a
central, often quite demanding practical design challenge for any efficient nonlinear photonic source.

What is a Spontaneous Parametric Down-Conversion source’s Schmidt number, and why
does a source generating photon pairs with many populated ’Schmidt modes” (spectrally
multimode output) typically produce photons with reduced heralded purity and indistin-
guishability?

An SPDC (or SFWM) source’s joint spectral amplitude — describing the correlated frequency content of the generated
signal and idler photons together — can generally be decomposed (via a Schmidt decomposition, directly analogous
to the bipartite entanglement Schmidt decomposition introduced in the Quantum Information deck) into a number
of independent spectral “mode pairs,” with the Schmidt number K quantifying how many such independent mode
pairs are significantly populated. A source engineered to be genuinely single-mode (Schmidt number K = 1) pro-
duces a heralded signal photon in one single, well-defined, pure spectral mode — but a source with a larger Schmidt
number (K > 1, spectrally multimode) instead produces a heralded photon that is effectively a statistical mixture
over several distinguishable spectral modes, directly and unavoidably degrading both its heralded spectral purity
and its indistinguishability (Section 1) when interfered with other independently-generated photons — making care-
ful phase-matching and pump-pulse engineering, specifically aimed at achieving a low, ideally near-unity Schmidt
number, an important practical design goal for high-quality heralded single-photon sources based on parametric
down-conversion.
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Linear Optical Quantum Computing

Why is implementing a genuine, deterministic two-photon entangling gate using only lin-
ear optical elements (beamsplitters and phase shifters) fundamentally difficult, unlike the
comparatively straightforward native two-qubit entangling gates available on matter-based
qubit platforms?

Photons, unlike matter-based qubits (superconducting circuits, trapped ions), essentially do not directly interact
with each other in linear (ordinary, non-nonlinear) optical media at all — two photons can pass straight through
each other in a beamsplitter or waveguide with no direct mutual influence whatsoever, since linear optical elements
only perform single-photon-at-a-time unitary transformations on each individual photon’s own mode. This is a much
more severe fundamental obstacle than what any matter-qubit platform faces (where genuine, engineerable physical
interactions — capacitive coupling, exchange interactions, Coulomb repulsion — naturally exist between qubits and can
be turned into entangling gates), and is precisely why implementing an effective two-photon entangling gate using
purely linear optics requires an entirely different, more indirect strategy — relying specifically on measurement-
induced nonlinearity, as the KLM protocol demonstrates next, rather than any direct, deterministic photon-photon
interaction mechanism.

What is the KLM (Knill-Laflamme-Milburn) protocol, and how does it achieve an effective,
measurement-induced two-photon entangling gate using only linear optics, single-photon
sources/detectors, and post-selection?

The landmark 2001 KLM protocol proved, theoretically, that scalable, universal linear optical quantum computing is
possible in principle, despite the fundamental photon-photon non-interaction obstacle just discussed — the key insight
is that a specific linear-optical circuit, combined with auxiliary (ancilla) photons and a particular pattern of photon-
counting measurements on those ancillas, can implement an effective nonlinear (entangling) gate on the remaining,
unmeasured “data” photons — but only probabilistically, succeeding only when the ancilla measurement outcome
happens to fall into a specific, heralding pattern (post-selection), with the gate’s intended nonlinear effect emerging
specifically from the measurement-induced state collapse rather than from any direct photon-photon interaction at
all. KLM further showed that, using an active quantum teleportation-based gate-teleportation trick (directly related
to the gate teleportation concept introduced in the Quantum Gates deck) combined with real-time feed-forward based
on earlier measurement outcomes, this probabilistic gate’s overall success probability could in principle be boosted
arbitrarily close to 1 — establishing the theoretical feasibility, though not yet the practical ease, of scalable linear
optical quantum computing.

What is boson sampling, and why was it specifically proposed as a comparatively simpler,
near-term-achievable computational task for demonstrating quantum advantage on a linear
optical photonic platform, without requiring the full machinery of universal fault-tolerant
quantum computing?

Boson sampling asks: given a specific linear-optical network (a large, fixed, randomly-chosen mesh of beamsplitters
and phase shifters, exactly the universal linear-optical-unitary-implementing structure discussed in Section 3) fed with
many indistinguishable single photons input into a specific pattern of input modes, sample from the resulting proba-
bility distribution of which output modes the photons emerge in. This specific sampling task’s output probabilities are
mathematically related to computing the permanent of a large matrix (derived from the linear-optical network’s own
unitary transformation) — a quantity believed to be computationally intractable to compute or even approximately
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sample from classically, for even a modest number of photons, providing a plausible, complexity-theoretically moti-
vated path to a genuine quantum computational advantage demonstration using only comparatively simple, near-term-
achievable linear-optical hardware (many single-photon sources, a static, non-reconfigurable linear-optical network,
and single-photon detectors) — notably without needing the full universal gate set, active feed-forward, and fault-
tolerance machinery that a genuinely universal photonic quantum computer (as KLM envisions) would ultimately
require.

What is Gaussian Boson Sampling (GBS), and how does replacing boson sampling’s single-
photon Fock-state inputs with squeezed-light inputs make the protocol substantially more
experimentally practical and scalable using current photonic hardware?

GBS is a variant of boson sampling that uses squeezed states of light (Section 1), rather than single, discrete Fock-
state photons, as the input to the linear-optical network — a choice that offers major practical advantages, since gen-
erating and injecting many high-quality, precisely-synchronized single photons simultaneously (as standard boson
sampling requires) remains extremely experimentally demanding given the probabilistic, imperfect nature of real
single-photon sources (Section 2), while squeezed light can instead be generated continuously and with compara-
tively very high efficiency directly on-chip (or via bulk squeezers), without needing the same kind of precise multi-
photon heralding and synchronization. GBS’s resulting output sampling statistics are, analogously to standard boson
sampling’s connection to matrix permanents, related instead to computing a matrix quantity called the hafnian —
similarly believed to be classically intractable to sample — and this practical advantage in input-state generation is
precisely why GBS (rather than the original, discrete-photon boson sampling formulation) has been the specific pro-
tocol used in several prominent, large-scale claimed photonic quantum-advantage experimental demonstrations to
date.
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Single-Photon Detectors

What is a Superconducting Nanowire Single-Photon Detector (SNSPD), and how does a
single absorbed photon breaking the nanowire’s superconductivity produce a detectable
electrical voltage pulse?

An SNSPD is a thin, narrow superconducting nanowire (typically niobium nitride or a related superconducting com-
pound), cooled below its superconducting critical temperature and biased with a current just below its critical current.
When a single photon is absorbed by the nanowire, the resulting local deposit of energy is sufficient to locally, mo-
mentarily break the material’s superconductivity in a small region — forming a resistive “hotspot” that, combined with
the nanowire’s biasing current, forces current to detour around this newly-resistive region, causing a measurable, brief
voltage pulse across the device that a room-temperature readout circuit can detect and register as a single-photon de-
tection “click,” after which the hotspot cools and the nanowire returns to its superconducting state, ready to detect
the next photon.

Why have SNSPDs become the dominant single-photon detection technology for demanding
quantum photonics applications, specifically outperforming semiconductor avalanche pho-
todiodes (APDs) in detection efficiency, dark count rate, and timing jitter simultaneously?

Semiconductor avalanche photodiodes (operating in Geiger mode) offer a comparatively simpler, room-temperature
(or modestly cooled) alternative single-photon detection technology, but generally face an unfavorable trade-off
among their key performance metrics — achieving high detection efficiency typically comes at the cost of a higher,
more troublesome dark-count rate (spurious detector ~’clicks” with no actual photon present) and/or worse timing jit-
ter (uncertainty in exactly when a detected photon actually arrived). SNSPDs, particularly once properly integrated
with photon-absorbing optical structures and operated at sufficiently low cryogenic temperature, can simultaneously
achieve very high detection efficiency (often exceeding 90-95% for telecom wavelengths), extremely low dark-count
rates, and sub-picosecond-scale timing jitter — a combination essentially unmatched by APD technology — which is
precisely why SNSPDs, despite requiring more demanding cryogenic cooling infrastructure than APDs, have become
the detector of choice for the most demanding quantum photonics experiments and applications (including, notably,
long-distance fiber QKD systems, discussed in the QKD deck, where SNSPDs’ superior performance directly trans-
lates into longer achievable secure key distribution distances).

What is a photon-number-resolving (PNR) detector, and why is the ability to distinguish
”exactly one photon” from ”’exactly two or more photons” (rather than simply ’one or more
photons”) essential for several advanced quantum photonic protocols?

A standard “click” detector (whether an APD or a simple, non-multiplexed SNSPD) typically cannot distinguish
between one photon arriving and multiple photons arriving simultaneously — both produce the same single “click”
output, providing no information about the actual photon number involved. A photon-number-resolving detector
instead can distinguish betweenn = 0, 1, 2, 3, ... photons, either via specialized detector designs (multiplexing many
individual, spatially-separated single-photon detector elements, each individually clicking or not, with the total click
count approximating the true photon number) or via SNSPDs specifically engineered with graded, position-dependent
response for genuine intrinsic photon-number resolution. This distinction matters critically for several advanced
protocols — for instance, correctly heralding a genuinely single, pure photon from an SPDC source (Section 2) requires
confirming the herald detector registered exactly one photon, not an unwanted two-or-more-photon event that a simple
click detector would misleadingly register identically to a genuine single-photon event — making PNR detection
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an essential enabling capability for high-fidelity heralded single-photon sources and several other photon-number-
sensitive quantum protocols.

What is detector timing jitter, and why does minimizing it become an increasingly critical
requirement specifically for time-multiplexed photonic quantum information architectures?

Timing jitter is the random uncertainty in exactly when a detector registers a “’click” relative to the true, actual photon
arrival time — even a detector with excellent detection efficiency and low dark counts can still meaningfully limit an
overall system’s performance if its timing jitter is too large relative to the relevant timescales of the protocol being run.
This becomes a particularly critical, tightly-constraining requirement specifically for time-multiplexed architectures
(schemes that encode different logical modes, or route different heralded photons, into a rapid sequence of closely-
spaced discrete time bins, rather than using many separate spatial channels) —if a detector’s timing jitter is comparable
to or larger than the spacing between adjacent time bins, it becomes impossible to reliably determine which specific
time bin (and therefore which specific logical mode or heralded event) a given detected photon actually corresponds to,
directly motivating the push toward SNSPDs’ characteristically excellent, sub-picosecond timing-jitter performance
specifically for these increasingly time-multiplexing-reliant photonic architectures.
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Emerging Platforms & Applications

What is a solid-state color center (such as the NV center in diamond, introduced in the
Quantum Sensing deck, or the newer silicon-vacancy and tin-vacancy centers), and why
is its combination of a stable spin qubit with an optical interface valuable specifically for
photonic quantum networking?

A color center combines two valuable properties in a single solid-state defect: a long-lived, controllable spin degree
of freedom (usable as a stationary, storable qubit, exactly as discussed in the Quantum Sensing deck’s NV-center
magnetometry context) and an optical transition that couples this spin state to emitted photons — functioning as
a genuine spin-photon interface. This combination is specifically valuable for photonic quantum networking and
distributed quantum computing because it lets a stationary, long-coherence-time matter qubit (ideal for local storage
and local quantum logic) be entangled, via its emitted photons, with distant matter qubits elsewhere in a network
— directly realizing the quantum-repeater-style spin-photon entanglement generation discussed conceptually in the
Quantum Cryptography deck’s coverage of quantum networks, with newer color centers (like the silicon-vacancy
and tin-vacancy centers in diamond) specifically engineered to offer better optical properties (narrower, more stable
optical transition linewidths) than the original NV center, improving the quality and efficiency of the resulting spin-
photon entanglement links.

What is plasmonics, and what specific trade-off between extreme sub-wavelength field con-
finement and unavoidably higher optical loss does using metallic nanostructures (rather
than pure dielectric photonic structures) represent?

Plasmonics exploits collective oscillations of free electrons at a metal’s surface (surface plasmon polaritons), which
can confine and guide light to length scales significantly smaller than the diffraction limit that fundamentally con-
strains ordinary dielectric optical waveguides and cavities — offering a route to extraordinarily strong light-matter
interaction enhancement and extreme field confinement, potentially useful for boosting Purcell enhancement (Sec-
tion 2) or nonlinear interaction strength (Section 5) beyond what dielectric photonic structures alone could achieve at
a comparable size scale. The unavoidable trade-off is that metals are intrinsically lossy at optical frequencies (ohmic
dissipation from the same free electrons responsible for the useful plasmonic effect) — this higher loss generally
translates into a correspondingly lower achievable quality factor and higher photon-loss rate compared to low-loss
dielectric photonic structures, making plasmonic approaches most attractive specifically for applications where ex-
treme field confinement genuinely outweighs the cost of increased loss, rather than as a general-purpose replacement
for dielectric nanophotonics.

What is a photonic quantum repeater, and how does it adapt the general quantum repeater
concept (introduced in the Quantum Cryptography deck) specifically to a nanophotonic
hardware implementation using color-center or atomic quantum memories interfaced with
photonic links?

A photonic quantum repeater implements the general entanglement-swapping and purification architecture discussed
in the Quantum Cryptography deck’s quantum networks coverage using specifically photonic hardware components
— color-center or trapped-atom/ion-based quantum memories (Section 8’s first question) serving as the local matter-
based storage nodes, interconnected by photonic links (optical fiber or free-space) carrying the actual entangled
photons between adjacent repeater nodes, with photonic Bell-state-measurement setups (built from the same beam-
splitter/detector components discussed throughout this deck) performing the entanglement-swapping operations at
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each intermediate node. This specifically nanophotonics-centric implementation approach is precisely what much
of the single-photon source, integrated-waveguide, and single-photon-detector technology surveyed throughout this
deck is ultimately aimed at enabling at a practical, chip-integrated, and eventually mass-manufacturable scale — trans-
forming quantum repeaters from bulky, laboratory-scale proof-of-concept demonstrations into compact, deployable,
and eventually field-installable photonic network infrastructure.

Why have several leading photonic quantum computing efforts (including PsiQuantum
and Xanadu) specifically committed to fault-tolerant architectures built from many small,
fusion-based or cluster-state linear-optical modules, rather than pursuing the direct KLM
gate-teleportation architecture as originally proposed?

The original KLM protocol’s direct gate-teleportation-based architecture (Section 6), while theoretically sound, im-
plies a demanding resource overhead in practice — generating and reliably teleporting through many ancilla photons
for every single logical gate operation. Modern leading photonic quantum computing efforts have instead largely con-
verged on cluster-state (measurement-based) and fusion-based quantum computing architectures, which restructure
the underlying computation as building up a large, highly-entangled photonic cluster/graph state from many small,
independently-generated photonic resource states (fused together via specific linear-optical Bell-measurement-based
“fusion” operations), with the actual computation then proceeding via a specific, carefully-chosen sequence of single-
photon measurements on this pre-built entangled resource state — an architecture specifically favored because it more
naturally and efficiently accommodates the probabilistic, loss-prone nature of real photonic hardware components
(allowing failed fusion attempts or lost photons to be more gracefully tolerated and locally patched around within the
larger cluster-state structure) than a more rigid, directly gate-teleportation-based circuit architecture would, repre-
senting the current leading engineering strategy for eventually scaling photonic quantum computing toward practical
fault tolerance.

End of deck.
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