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Superconducting Qubits Deck 1

Circuit QED Foundations

Why is a simple LC oscillator circuit (an inductor and capacitor) — despite being fully quan-
tizable — fundamentally unusable as a qubit on its own?

An LC circuit’s Hamiltonian, H = hiw(ata + 3), is mathematically identical to the quantum harmonic oscillator,
with perfectly evenly spaced energy levels separated by fiw. This even spacing is precisely the fatal flaw for using
it as a qubit: any microwave drive pulse resonant with the |0) — |1) transition is, by the exact same token, equally
resonant with the |1) — |2) transition (and every other adjacent transition), so it’s fundamentally impossible to
selectively address and confine dynamics to just the lowest two levels without unavoidably leaking population into
higher, unwanted states. A genuine qubit requires an anharmonic (unevenly spaced) spectrum, so that a drive tuned
tothe 0 — 1 transition frequency is measurably off-resonant from the 1 — 2 transition — which is exactly the essential
role the Josephson junction’s nonlinearity plays, as covered in the next question.

What is a Josephson junction, and how does its nonlinear inductance introduce the anhar-
monicity a working qubit requires?

A Josephson junction is a thin insulating barrier separating two superconducting electrodes, thin enough that Cooper
pairs can quantum-mechanically tunnel across it. It behaves as a highly nonlinear inductor, with a current-phase rela-
tion I = I, sin ¢ (where ¢ is the superconducting phase difference across the junction and /.. is the junction’s critical
current) — unlike an ordinary linear inductor’s I < ¢ relation. Replacing an LC circuit’s ordinary linear inductor with
this nonlinear Josephson inductance makes the resulting circuit’s potential energy landscape non-parabolic, which
directly translates into unevenly spaced energy levels — the 0 — 1 transition frequency now genuinely differs from
the 1 — 2 transition frequency (this difference is called the qubit’s anharmeonicity), finally allowing a microwave
drive to selectively address just the lowest two levels as a genuine, usable two-level qubit.

What is the Josephson energy £; and the charging energy F, and why does the ratio £, / E¢
serve as the single most important design parameter distinguishing different superconduct-
ing qubit types?

E; characterizes the Josephson junction’s tunneling energy scale (set by the junction’s critical current), while E¢c =
e?/2C characterizes the electrostatic (charging) energy cost of adding a single extra Cooper pair to the circuit’s
relevant capacitive island (set by the total capacitance C). The ratio E;/E¢ directly controls where a given qubit
design sits along a spectrum between two competing regimes: at F;/Ec < 1 (“charge regime”), the circuit’s
eigenstates are well-localized in charge, but the qubit becomes extremely sensitive to charge noise (Section 5); at
E;/Ec > 1 ("transmon regime”), the circuit’s eigenstates instead become well-localized in phase, dramatically
suppressing charge-noise sensitivity at the cost of reduced anharmonicity. This single ratio is precisely the key
design knob (primarily set by choosing the shunting capacitance ') that determines which qubit regime — and which
associated trade-offs — a given superconducting qubit design actually operates in.

What is circuit quantum electrodynamics (circuit QED), and how does it adapt the ideas
of cavity QED (a single atom coupled to a single photonic cavity mode) to superconducting
circuits?

Cavity QED studies the coupling between a single natural atom and a single mode of the electromagnetic field
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confined in an optical or microwave cavity, governed by the Jaynes-Cummings model (Section 3). Circuit QED is the
direct solid-state analogue: a superconducting qubit (acting as an engineered, artificial “atom” with just two relevant
energy levels) is coupled to a single mode of a macroscopic, on-chip microwave resonator (acting as the “cavity”) —
typically realized as either a 3D metal cavity or, far more commonly in scalable, chip-integrated architectures, a planar
coplanar-waveguide or lumped-element resonator patterned directly on the same chip. Because these engineered
“atoms” have parameters (transition frequency, coupling strength, dipole moment) that are freely designable by the
circuit’s geometry — unlike a natural atom’s fixed, immutable properties — circuit QED can access parameter regimes
(extremely strong atom-cavity coupling, in particular) difficult or impossible to reach with natural atoms in traditional
cavity QED.

Why must superconducting quantum processors be operated at millikelvin temperatures
inside a dilution refrigerator, and what specific two requirements does this extreme cooling
simultaneously satisfy?

Extreme cooling (typically to around 10-20 millikelvin) satisfies two distinct, simultaneously necessary requirements.
First, the qubit’s operating materials (aluminum or niobium) must remain in their superconducting state, which
requires cooling well below their superconducting critical temperature. Second, and just as critically, the qubit’s
transition energy hwg (typically corresponding to a few GHz) must be much larger than the thermal energy kgT
available in the environment — otherwise ambient thermal photons would constantly, spontaneously excite the qubit
out of its ground state, corrupting any careful state preparation. At millikelvin temperatures, kg7 is suppressed far
below typical qubit transition energies, ensuring the qubit reliably and predominantly relaxes to (and stays in) its
ground state between operations, rather than being thermally re-excited by its own cryogenic environment.
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Qubit Types & Design

What is a transmon qubit, and how did shunting the original Cooper-pair-box design with
a large additional capacitor specifically trade away charge-noise sensitivity in exchange for
reduced anharmonicity?

The transmon (a name derived from “transmission-line shunted plasma oscillation qubit”) modifies the earlier
Cooper-pair-box design by adding a large shunting capacitor in parallel with the Josephson junction, deliberately
pushing the circuit deep into the E;/FE¢c > 1 regime discussed in Section 1. This exponentially suppresses the
qubit’s sensitivity to charge noise (historically the dominant, most damaging noise source in earlier charge-regime
qubit designs) — but this benefit comes at an unavoidable, direct cost: the qubit’s anharmonicity also shrinks, follow-
ing an inverse-power-law relationship with F; / E¢, becoming only a few percent of the qubit’s transition frequency
rather than a large fraction of it. Despite this reduced anharmonicity requiring correspondingly careful pulse engi-
neering to avoid unwanted leakage to higher levels (Section 4), the transmon’s dramatically improved coherence time
made it the dominant, most widely adopted superconducting qubit architecture used by most major industry efforts
(IBM, Google, and others).

What is a fluxonium qubit, and how does adding a large ”’superinductor” in parallel with
the Josephson junction let it achieve both larger anharmonicity and reduced sensitivity to
flux noise compared to a transmon?

Fluxonium adds a large linear inductance (realized in practice as an array of many additional Josephson junctions
connected in series, engineered to behave collectively as a single very large, low-loss ”superinductor’) in parallel with
the qubit’s main Josephson junction. This additional inductive shunting element reshapes the circuit’s effective po-
tential landscape into a strongly anharmonic double-well-like structure, achieving substantially larger anharmonicity
than a comparable transmon while also suppressing sensitivity to flux noise at specific favorable “sweet spot” flux
bias points — offering a genuinely different, often favorable point in the qubit design trade-off space, at the cost of
a considerably more complex circuit (many additional Josephson junctions needed just to realize the superinductor)
and correspondingly more involved fabrication.

What is a flux qubit, and how does it use a superconducting loop interrupted by multiple
Josephson junctions to create a double-well potential with clockwise and counterclockwise
persistent-current basis states?

A flux qubit consists of a superconducting loop interrupted by (typically three) Josephson junctions, biased with an
external magnetic flux near half a flux quantum (9 /2) threading the loop. At this specific bias point, the circuit’s po-
tential energy landscape naturally forms a double-well shape, with the two wells corresponding to distinct, physically
meaningful states — persistent supercurrent circulating clockwise versus counterclockwise around the loop — which
serve as the qubit’s two logical basis states. Historically an important, actively studied early architecture (extensively
used, for instance, in D-Wave’s quantum annealing processors, and in various academic circuit-QED demonstrations),
flux qubits are generally more sensitive to flux noise than the transmon design, which is a significant part of why the
transmon became the more dominant choice for gate-based, universal quantum computing efforts specifically.
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What is the ’sweet spot” concept in superconducting qubit design, and why does biasing a
flux-tunable qubit at a point where its transition frequency is first-order insensitive to flux
noise substantially improve its coherence?

Many superconducting qubit designs (both flux qubits and flux-tunable transmons) have a transition frequency that
depends on an externally applied magnetic flux bias — and, generically, environmental flux noise fluctuating that
bias would directly translate into fluctuations of the qubit’s transition frequency, causing dephasing. A ”sweet spot”
is a specific flux bias value at which the qubit’s transition frequency, as a function of flux, has a vanishing first
derivative (Owo1 /0® = 0) — meaning small fluctuations in the flux bias only affect the transition frequency at second
order, dramatically suppressing (though not entirely eliminating) the resulting dephasing compared to operating at a
generic, non-sweet-spot bias point where first-order sensitivity would directly and immediately couple flux noise into
frequency noise. Operating tunable superconducting qubits at or very near their sweet spot is a standard, essential
practical technique for maximizing achievable coherence time.
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Coupling & Readout

What is the Jaynes-Cummings Hamiltonian, and what does its coupling term physically
represent in a circuit QED system?

The Jaynes-Cummings Hamiltonian, H = hw,afa + %ﬁwq&z +hg(até_ + aé, ), describes a two-level system (the
qubit, frequency w,) coupled to a single harmonic oscillator mode (the readout resonator, frequency w,.) via a coupling
strength g. The coupling term g(a'é_ +ad ., ) physically represents the exchange of a single excitation between qubit
and resonator — af6_ describes the qubit relaxing from excited to ground state while simultaneously creating one
photon in the resonator, and ad . describes the reverse process (a resonator photon being absorbed, exciting the qubit)
— this specific rotating-wave-approximated form (retaining only excitation-number-conserving terms) is what allows
the qubit’s own state information to be read out indirectly, by probing the resonator, as discussed next.

What is the dispersive regime, and how does operating with a large qubit-resonator detuning
(|A| = |wg — wr| > g) let the qubit’s state be measured indirectly, without directly exciting
or destroying it?

In the dispersive regime, the qubit-resonator detuning A is made much larger than the coupling strength g, suppressing
genuine, resonant excitation exchange between qubit and resonator (unlike the resonant, ”strong-coupling vacuum
Rabi” regime where A =~ 0). Instead, in this dispersive limit, the qubit and resonator only dispersively shift each
other’s frequencies: the resonator’s effective frequency shifts by an amount £y depending on whether the qubit
is in its ground or excited state, where Y = g2?/A. This lets an experimenter measure the qubit’s state indirectly
and (comparatively) non-destructively: rather than directly probing the fragile qubit itself, a weak microwave probe
tone is sent into the resonator, and the resulting reflected/transmitted signal’s frequency shift (or phase shift) directly
reveals which of the two frequency-shifted resonator configurations — and therefore which qubit state — was actually
present, all while keeping the qubit itself comparatively undisturbed by using only a resonator-mediated, off-resonant
probe.

What is frequency-domain multiplexed readout, and why is it essential for reading out many
qubits simultaneously without needing one entirely dedicated readout line and amplifier
chain per qubit?

Multiplexed readout assigns each qubit’s dedicated readout resonator a distinct, non-overlapping resonant frequency,
and combines the signals from many such resonators onto a single shared microwave transmission line and ampli-
fication chain — since each resonator’s dispersively-shifted response appears at its own distinct frequency, a single
broadband measurement (analyzed via frequency-domain signal processing, extracting each resonator’s specific fre-
quency component separately) can simultaneously read out many qubits’ states in one shot. This is essential for
practical hardware scaling because dedicating an entirely separate physical readout line, isolator, and (especially) a
separate cryogenic amplifier per individual qubit would rapidly become physically unmanageable and prohibitively
expensive as qubit counts grow into the dozens, hundreds, or (eventually) thousands — multiplexing lets a compara-
tively small, fixed number of readout lines and amplifiers service a much larger number of individual qubits.

What is a Josephson Parametric Amplifier (JPA) or Traveling Wave Parametric Amplifier
(TWPA), and why is near-quantum-limited amplification specifically necessary for high-
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fidelity qubit readout?

A qubit’s readout signal, after being dispersively encoded onto a weak microwave probe tone, is extremely faint
— amplifying it enough to be reliably detected by room-temperature electronics, without that amplification process
itself adding so much extra noise that it swamps the tiny original signal, requires amplifiers operating as close as
physically possible to the fundamental quantum limit on amplification noise. JPAs (and the more recently developed,
broader-bandwidth TWPAs) are specialized, cryogenically-cooled amplifiers exploiting the nonlinearity of Josephson
junctions themselves to achieve amplification with noise performance dramatically better than conventional cryogenic
semiconductor (HEMT) amplifiers — typically installed as the very first amplification stage, immediately following
the qubit chip inside the dilution refrigerator, specifically because minimizing added noise at this earliest, most signal-
starved stage of the amplification chain is what ultimately determines the achievable single-shot readout fidelity for
distinguishing a qubit’s |0) from |1) state.
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Control & Gates

How are single-qubit gates physically implemented on a superconducting qubit, and what
determines the specific microwave pulse frequency, amplitude, and duration used to imple-
ment a given rotation?

Single-qubit gates are implemented by applying a resonant (or near-resonant) microwave pulse, at the qubit’s own
transition frequency wq1, capacitively coupled onto the qubit through a dedicated drive line — physically analogous to
classic magnetic-resonance-driven Rabi oscillations. The specific rotation axis (around X, Y, or some combination)
is controlled by the microwave pulse’s phase, while the rotation angle is controlled by the pulse’s total integrated area
(amplitude multiplied by duration) — a longer or stronger pulse drives a proportionally larger rotation angle on the
Bloch sphere. In practice, essentially all rotation angles/axes needed for a universal single-qubit gate set are achieved
simply by varying these two continuously tunable pulse parameters (phase and area) of the same basic microwave
drive.

What is a DRAG (Derivative Removal by Adiabatic Gate) pulse, and what specific problem —
leakage to the qubit’s second excited state |2) — does its correction term specifically suppress?

Because a transmon’s anharmonicity is comparatively small (Section 2), a microwave pulse fast/strong enough for
a reasonably short, practical single-qubit gate duration inevitably has some non-negligible frequency content over-
lapping with the neighboring, unwanted |1) — |2) transition — risking unwanted leakage of population out of the
intended two-level qubit subspace into the higher, unused |2) state. A DRAG pulse adds a specific correction term to
the pulse’s normally-simple Gaussian-shaped envelope — an additional component applied on the other”” quadrature,
proportional to the time-derivative of the main envelope — carefully engineered to destructively interfere with and
cancel out exactly this leakage-causing off-resonant driving, without needing to simply slow the gate down (which
would instead cost coherence time). DRAG pulse shaping is now essentially standard practice for implementing fast,
high-fidelity single-qubit gates on transmon-based processors.

What is the cross-resonance gate, and how does it use a microwave drive at one qubit’s
frequency, applied to a different, spectrally-detuned neighboring qubit, to generate a native
two-qubit entangling interaction?

The cross-resonance gate (introduced and used extensively as IBM’s native two-qubit entangling gate) drives a con-
trol qubit with a microwave tone at the target qubit’s transition frequency (rather than the control qubit’s own fre-
quency) — exploiting a weak, always-present static coupling (typically mediated via a shared bus resonator or direct
capacitive coupling) between the two physically adjacent, but spectrally distinct (different-frequency), qubits. This
off-resonant drive indirectly induces a controlled rotation on the target qubit, conditioned specifically on the control
qubit’s own state, entirely without needing to dynamically tune either qubit’s frequency during the gate operation — a
design advantage specifically suited to fixed-frequency transmon architectures (which are simpler and more repro-
ducible to fabricate than frequency-tunable qubits), at the cost of a comparatively slower native gate and a design that
requires careful, precise frequency allocation across a chip to avoid unwanted spectral collisions between neighboring
qubits.

What is a tunable coupler, and what specific advantage does actively, dynamically switch-
ing an entangling interaction on and off offer over a fixed, always-on coupling like cross-
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resonance?

A tunable coupler is an additional circuit element (often itself a flux-tunable auxiliary qubit or a tunable-frequency
resonator) placed between two data qubits, whose own frequency (and thus its effective mediated coupling strength
between the two qubits) can be actively, dynamically adjusted by an external flux-bias control line. This lets the
effective qubit-qubit coupling be switched, in a controlled way, between an “off”” state (near-zero residual coupling,
minimizing unwanted always-on interactions and idle-time crosstalk when no gate is intended) and an “on” state
(strong coupling, enabling a fast, high-fidelity two-qubit gate) purely through fast electrical control — offering a
genuine advantage over fixed, always-on coupling schemes like cross-resonance, which must contend with some
baseline level of unwanted, always-present residual interaction (contributing to crosstalk and idle-qubit dephasing)
even when no gate is actively being applied, at the cost of the tunable coupler’s own additional fabrication complexity
and extra control lines needed.

9
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Coherence & Noise

What is 7 (energy relaxation time), and what are the dominant physical mechanisms by
which a superconducting qubit spontaneously decays from its excited state back to the
ground state?

T, characterizes the exponential timescale over which a qubit prepared in its excited state |1) spontaneously relaxes
back down to the ground state |0), releasing its energy into the surrounding environment. Dominant physical decay
channels include coupling to lossy dielectric materials in the qubit’s immediate vicinity (particularly two-level-system
defects, discussed below), coupling to the readout resonator and further out into the control/readout wiring (a loss
channel calibrated and minimized via the qubit’s careful electromagnetic design, sometimes called the Purcell effect),
and coupling to stray, non-equilibrium quasiparticle excitations within the superconducting material itself (Section
6). Modern, well-optimized transmon qubits typically achieve 7} values ranging from tens of microseconds up to
several hundred microseconds, an area of continuous, active materials and fabrication improvement research.

What is 75 (dephasing time), and why is it fundamentally bounded above by 27, with real
qubits typically instead limited by a shorter, separate ’pure dephasing” time 7;,?

T5 characterizes how long a qubit prepared in a coherent superposition state retains the well-defined relative phase
between its |0) and |1) components before that phase information is lost to environmental noise. Since energy relax-
ation (11) necessarily also destroys any superposition’s phase coherence (an excited-state component decaying to the
ground state trivially eliminates whatever phase relationship existed), 75 is mathematically bounded by the relation
1/Ty = 1/(2T4) 4+ 1/T, where Ty, is the ”pure dephasing” time capturing phase-randomizing noise mechanisms
(like flux or charge noise causing the qubit’s own transition frequency to fluctuate) that scramble phase without nec-
essarily causing outright energy relaxation. In practice, real qubits are very often limited primarily by T, (frequency-
noise-driven pure dephasing) rather than by the fundamental 27} ceiling alone — which is precisely why sweet-spot
operation (Section 2) and careful noise-source mitigation specifically targeting 7’5 remain such an important, ongoing
part of superconducting qubit engineering.

What are two-level-system (TLS) defects, and why are they considered one of the most signif-
icant and stubbornly difficult-to-eliminate materials-based sources of qubit decoherence?

TLS defects are microscopic, atomic-scale structural or chemical defects — believed to arise mainly within amorphous
oxide layers (native oxide on metal surfaces, the tunnel-junction’s own oxide barrier, or oxide at material interfaces)
— that behave as parasitic, unwanted two-level quantum systems in their own right, each with some characteristic
resonant frequency of its own. When a TLS defect’s resonant frequency happens to fall close to the qubit’s own
operating frequency, it can resonantly absorb energy from the qubit (contributing directly to reduced 7} ) or otherwise
couple to and perturb the qubit’s frequency (contributing to dephasing). These defects are considered especially
stubborn because they arise from essentially unavoidable, disordered amorphous material regions inherent to standard
fabrication processes (native oxides form spontaneously on nearly any exposed metal surface) — driving substantial,
ongoing materials-science research into alternative fabrication techniques (different metals, surface treatments, and
junction materials) specifically aimed at reducing the density and impact of these parasitic TLS defects.

10
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What are non-equilibrium quasiparticles, and why do these stray broken Cooper pairs rep-
resent a fundamentally different kind of loss/decoherence mechanism than TLS defects, re-
quiring separate, distinct mitigation strategies?

In a superconductor, current is normally carried entirely by bound Cooper pairs, but a small population of unpaired
electrons (“quasiparticles”) can exist due to thermal excitation or — more significantly, and more difficult to fully
eliminate — absorption of stray high-energy particles (cosmic rays, or trace natural radioactivity in the surrounding
materials/packaging) that can break apart Cooper pairs in a burst. These quasiparticles can tunnel across a Josephson
junction and directly cause a qubit to lose energy, representing a genuinely distinct loss mechanism from TLS de-
fects (which are localized, materials-specific atomic-scale defects) — quasiparticles instead represent a more globally,
dynamically fluctuating population of stray charge carriers throughout the superconducting film itself. Mitigation
strategies are correspondingly different and specific to this mechanism: shielding against stray radiation sources, en-
gineering “quasiparticle traps” (regions of lower-gap superconducting material designed to locally attract and confine
stray quasiparticles away from sensitive qubit regions), and, notably, this same underlying physical mechanism is also
being actively studied and repurposed as the basis for radiation/dark-matter detection experiments that specifically
exploit superconducting qubits’ extreme sensitivity to individual quasiparticle-generating events.
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Fabrication & Materials

What is the Dolan bridge (shadow evaporation) technique, and how does this widely-used
fabrication method create a Josephson junction’s thin tunnel barrier with the necessary
nanometer-scale precision?

The Dolan bridge technique patterns a suspended, free-standing resist bridge above the substrate using electron-beam
lithography, then deposits a thin layer of superconducting metal (typically aluminum) through this bridge structure
from one angle, oxidizes its exposed top surface briefly in a controlled oxygen atmosphere to form a thin insulating
aluminum-oxide layer, and finally deposits a second aluminum layer from a different angle — the physical shadow
cast by the suspended bridge structure at these two different deposition angles ensures the two resulting metal layers
overlap in a small, precisely-defined region, with only the thin, deliberately-grown oxide layer separating them, form-
ing the actual Josephson tunnel junction. This double-angle shadow-evaporation approach has been the dominant,
most widely used technique for reproducibly fabricating superconducting qubits’ Josephson junctions for well over
a decade, prized for its relative simplicity and compatibility with standard electron-beam lithography infrastructure,
though it faces genuine, actively-researched challenges in achieving the kind of precise, uniform junction-to-junction
reproducibility that scaling to very large qubit counts will ultimately demand.

Why are aluminum and niobium the two dominant base metals used for superconducting
qubit circuits, and what practical trade-off between their respective critical temperatures
and fabrication convenience drives the choice between them?

Aluminum has a comparatively low superconducting critical temperature (~1.2 K) but is exceptionally easy to
work with using standard, mature thin-film deposition and, critically, self-forms a very thin, naturally uniform, and
highly reproducible native oxide layer when briefly exposed to oxygen — making it the overwhelmingly dominant
choice specifically for the Josephson junction itself, where a precisely controlled, ultra-thin, uniform tunnel barrier
is essential. Niobium has a substantially higher critical temperature (~9.2 K), offering a correspondingly larger
superconducting energy gap and generally lower microwave loss — making it a common choice for the qubit’s larger
capacitor pads, ground planes, and resonators (the passive circuit elements not requiring the precise oxide-barrier
control a junction demands), where niobium’s superior microwave properties provide a genuine coherence benefit.
Many actual qubit chips use a hybrid approach, combining niobium for the bulk of the circuit with a small aluminum-
based Josephson junction specifically where the precise tunnel-barrier fabrication is needed.

What is the substrate choice between sapphire and high-resistivity silicon for superconduct-
ing qubit chips, and what specific property makes both preferred over more common, but
lossier, standard silicon wafers?

Both sapphire and high-resistivity silicon are favored specifically because of their exceptionally low microwave
dielectric loss at the millikelvin temperatures and single-photon-level microwave power qubits actually operate at
— standard, commercially typical silicon wafers (heavily doped for conventional semiconductor electronics) are far
too electrically lossy at these frequencies and power levels, since any lossy dielectric material in close proximity
to a qubit’s electric field directly contributes to reduced coherence (partly through coupling to TLS defects within
the lossy substrate itself, discussed in Section 5). Sapphire offers excellent, well-established low-loss microwave
properties and has a long track record in the field, though it’s a more expensive, less standard material with less mature
large-wafer fabrication infrastructure compared to silicon. High-resistivity silicon offers comparably good loss
properties while directly leveraging the vastly more mature, larger-scale, and cost-effective fabrication infrastructure
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and processes already developed by the broader conventional semiconductor industry — an increasingly important
practical advantage as superconducting qubit fabrication efforts scale toward larger wafer sizes and higher qubit
counts.

What is a ’quasiparticle poisoning’ and “’surface participation ratio” engineering consider-
ation, and how does minimizing the fraction of a qubit’s electric field energy stored in lossy
surface/interface regions improve coherence?

The participation ratio quantifies what fraction of a qubit circuit’s total electric field energy is actually stored within
specific lossy regions — most importantly, the various thin, disordered oxide/amorphous interfaces (substrate-air,
substrate-metal, and metal-air interfaces) known to host a high density of the TLS defects discussed in Section 5, as
opposed to the much larger, comparatively low-loss bulk substrate and vacuum regions. Because a qubit’s overall
coherence-limiting loss is, to good approximation, proportional to the participation ratio of its lossy interface regions
multiplied by those interfaces’ own intrinsic loss rate, careful circuit geometric design — larger capacitor pads with
wider gaps, which push a greater fraction of the electric field into the low-loss vacuum/substrate bulk and corre-
spondingly reduce the fraction concentrated right at the lossy surface interfaces — can measurably improve coherence
purely through geometric design choices, entirely independent of any change to the underlying materials or fabri-
cation process itself, making participation-ratio engineering a standard, actively used practical technique for qubit
coherence optimization.
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Scaling & Packaging

What is 3D integration (flip-chip bonding), and how does physically separating the qubit
layer from a dedicated control/readout wiring layer, bonded together face-to-face, help ad-
dress the wiring density challenge of scaling to more qubits?

A traditional, purely planar ("2D”) chip design must route every control and readout wire needed for every qubit
around, on the same single chip layer, competing for limited physical space — a wiring congestion problem that
grows increasingly severe as qubit count increases, eventually limiting how densely qubits can practically be packed.
3D integration instead fabricates the actual qubits on one chip and the bulk of the control/readout wiring (including,
potentially, dense interconnects and even some classical control circuitry) on a separate chip, then bonds the two chips
together face-to-face using an array of small superconducting indium bump-bonds — freeing the wiring layer to route
connections using otherwise-unused vertical chip area (the space directly below the qubit layer) rather than competing
for lateral space on the single qubit-bearing surface itself, substantially easing the wiring density bottleneck as chips
scale toward larger qubit counts.

What is crosstalk in the context of a large superconducting qubit array, and what are the
two broad physical mechanisms (electromagnetic and control-line) by which it arises?

Crosstalk refers to any unwanted influence one qubit’s control, readout, or physical presence has on a different, unin-
tended qubit elsewhere on the chip. Electromagnetic (Hamiltonian) crosstalk arises from genuine residual physi-
cal coupling between qubits or resonators that are meant to be independent — e.g. unwanted always-on capacitive or
inductive coupling between physically nearby qubits beyond their intended nearest-neighbor coupling, or spurious
coupling between resonators sharing a feedline. Control-line crosstalk arises instead from imperfect electrical isola-
tion in the classical control/wiring itself — a microwave or flux-bias pulse intended for one specific qubit inadvertently
leaking, through imperfect line isolation or capacitive/inductive pickup, into a neighboring qubit’s own control line,
perturbing it unintentionally. Both mechanisms become progressively more troublesome as qubit density increases,
and both require dedicated engineering countermeasures (careful chip layout, calibrated crosstalk-cancellation pulses,
and shielding) that grow in importance and difficulty as processor qubit counts scale upward.

Why does the sheer number of physical coaxial control/readout cables needed per qubit
represent a serious practical bottleneck for scaling a dilution refrigerator’s cryogenic wiring
to very large qubit counts?

Each individual qubit typically requires its own dedicated microwave drive line (for single-qubit gates), and, in ar-
chitectures using individually flux-tunable qubits or tunable couplers, an additional dedicated flux-bias line — each of
these physical lines must run continuously from room-temperature control electronics all the way down through the
dilution refrigerator’s successive cooling stages to the millikelvin qubit chip itself, with each individual cable also
contributing a real thermal heat-load burden on the refrigerator’s limited cooling power at each cryogenic stage. As
qubit counts scale into the hundreds or thousands, the sheer physical volume of coaxial cabling required, combined
with the cumulative cryogenic heat load all those cables collectively impose, becomes a genuinely serious practi-
cal engineering bottleneck — directly motivating major, active research investment into cryogenic control electronics
(control circuitry operating natively at cold temperature stages, close to the qubits themselves) and multiplexing tech-
niques (Section 3) specifically aimed at reducing the total cable count needed per qubit as chips continue to scale.
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What is cryo-CMOS control, and why is moving classical control electronics from room
temperature into the cryostat itself considered an important, though still actively developing,
potential solution to the wiring bottleneck?

Cryo-CMOS refers to specially designed classical semiconductor control/readout circuitry engineered to function
correctly at cryogenic temperatures (though typically still somewhat warmer than the qubits’ own millikelvin stage,
at an intermediate cooling stage like 4 Kelvin) — rather than generating and processing all qubit control/readout sig-
nals at room temperature and routing every individual signal down through dedicated cables spanning the entire
refrigerator’s full temperature range. By moving at least some classical signal generation, multiplexing, and pro-
cessing functions physically closer to the qubits themselves (onto an intermediate cryogenic stage), the number of
separate physical cables that must span the full room-temperature-to-millikelvin distance can potentially be dramat-
ically reduced, since a single set of higher-level digital control/data lines could feed a local cryo-CMOS controller
responsible for generating many qubits’ worth of actual analog control signals locally. This remains an active area
of ongoing hardware co-design research, since cryo-CMOS circuits face their own distinct engineering challenges
(transistor behavior changes substantially at cryogenic temperatures, and any heat the cryo-CMOS circuitry itself
dissipates must still be handled within the refrigerator’s limited cooling budget at that stage).
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Error Correction & Real Processors

Why has the surface code become the dominant error-correction code specifically targeted
by most major superconducting quantum computing efforts (as opposed to other quantum
error-correcting codes)?

The surface code (introduced generally in the Quantum Algorithms deck) arranges physical qubits in a two-
dimensional grid, requiring only nearest-neighbor interactions between physically adjacent qubits to perform its
repeated stabilizer measurements. This locality requirement matches extremely well with superconducting qubits’
own physical layout constraints — a chip’s 2D planar (or, with 3D integration, still fundamentally 2D-connectivity) ar-
chitecture naturally supports nearest-neighbor coupling between adjacent qubits, but coupling distant, non-adjacent
qubits directly is comparatively difficult and lossy on this hardware platform. Combined with the surface code’s
relatively high, practically achievable error-rate threshold (compared to some other proposed codes requiring more
complex, longer-range connectivity), this natural hardware-architecture match is precisely why the surface code has
become the leading, most heavily pursued error-correction target for essentially all major superconducting quan-
tum computing efforts (Google, IBM, and others), rather than codes requiring connectivity patterns that would be
substantially harder to physically realize on this specific hardware platform.

What specific experimental milestone did Google’s 2023 and subsequent surface-code exper-
iments (demonstrating that increasing code distance measurably reduces the logical error
rate) represent for the field’s confidence in eventual fault-tolerant quantum computing?

A foundational prediction of quantum error correction theory (the threshold theorem, discussed in the Quantum Al-
gorithms deck) is that, once physical error rates are pushed below a specific threshold, increasing a code’s distance
(roughly, using a larger surface-code patch with more physical qubits per logical qubit) should measurably and reli-
ably decrease the resulting logical error rate — error correction actually working better, not worse, as more physical
qubits are dedicated to protecting each logical qubit. Google’s landmark experiments provided concrete, direct ex-
perimental evidence of exactly this predicted “beyond breakeven” scaling behavior on real superconducting hardware
— a genuinely significant milestone specifically because it directly, empirically demonstrated (rather than merely the-
oretically assumed) that the fundamental physical error rates of real, currently-existing superconducting qubits have
actually crossed below the surface code’s relevant error threshold, providing a strong, concrete evidentiary basis for
confidence that continued, careful scaling of this same basic approach can plausibly lead toward genuinely useful,
large-scale fault-tolerant quantum computation, rather than that goal remaining a purely theoretical aspiration.

What is the general trend in superconducting quantum processor architecture from
Google’s early ’Sycamore”’-style square-lattice qubit grids toward more recent ’heavy-hex”
and other specialized connectivity layouts, and what specific engineering trade-off motivates
this?

Google’s original Sycamore-style architecture connected qubits in a simple, direct square-lattice pattern (each qubit
coupled to four neighbors). IBM’s “heavy-hex” lattice instead connects qubits with a lower average connectivity
(most qubits coupled to only two or three neighbors, with periodic higher-connectivity junction qubits), deliberately
trading away some raw connectivity density in exchange for a specific, valuable benefit: reducing the number of
physically adjacent qubit pairs that could suffer from unwanted frequency collisions or crosstalk (Section 7), which
becomes more probable and more troublesome to manage as the number of a given qubit’s near-neighbors increases.
This reflects a broader, ongoing engineering theme in superconducting processor architecture design — connectivity
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is not simply a matter of “more is unconditionally better” for algorithmic flexibility, but instead represents a gen-
uine, actively-tuned trade-off against crosstalk, frequency-allocation complexity, and fabrication yield, with different
specific lattice/connectivity choices representing different points along this same underlying trade-off curve.

What does ’quantum volume” and other holistic processor benchmarking metrics attempt
to capture that simply quoting a headline qubit count alone fails to reflect?

A raw qubit count alone says nothing about a processor’s actual, practically achievable computational capability —
it ignores gate fidelity, qubit connectivity, coherence times, and the quality of the classical control/calibration soft-
ware stack, any one of which can severely limit what a chip can actually, reliably compute in practice regardless of
how many total physical qubits it nominally has. Quantum volume (and related, more recent holistic benchmarks)
attempts to capture a single, more practically meaningful figure of merit by running increasingly large, randomly-
structured test circuits (requiring simultaneously good gate fidelity, connectivity, and coherence all at once to suc-
ceed) and reporting the largest circuit size a given processor can successfully execute above a specified fidelity thresh-
old — providing a benchmark specifically designed to resist being “gamed” by simply adding more qubits without
commensurately also improving their quality, connectivity, and control, and better reflecting genuine, holistic pro-
cessor capability than a bare qubit-count headline number alone ever could.

End of deck.
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