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Introduction and Overview  (Preskills Notes)

Boson Sampling

Mirrors

Photon
Counters

Single photon
inputs

Setup
An example from Optics/Photonics

Imagine aligning that thing…!

Quantum Algorithms   look for global properties
        of functions    –  symmetry, periodicity, etc.
Quantum Algorithms   look for global properties
        of functions    –  symmetry, periodicity, etc.

Classical       requires many function evaluations

Quantum       design U so measurement gives
                        answer with high probability

classes of problems (sampling problems)∃

Google “Quantum Supremacy”

*
*

*
which are classically hard but quantum “easy”

An optical quantum computer developed by a team of Chinese researchers including those from the University of
Science and Technology of China. (courtesy of Han-Sen Zhong of the research group)

AKIRA OIKAWA, Nikkei staff writer
December 13, 2020 23:29 JST

TOKYO -- It is called "quantum supremacy," the ability to harness quantum technology
to achieve computational power that cannot be achieved by a conventional computer. So
far, only Google has laid claim to reaching that milestone, but now a team of researchers
in China say they too conquered that level.

So far, the quantum computers used are designed to solve specific, narrowly defined
problems, so the long-term outlook for the technology is still uncertain, but China's
growing prominence in the field is striking.

In an article published in the Dec. 3 issue of the American academic journal Science, the
Chinese team, including researchers from the University of Science and Technology of
China, said they were able to solve a problem in 200 seconds that would have taken
Japan's Fugaku conventional supercomputer, currently the world's fastest, 600 million
years or 2.5 billion years by China's Sunway TaihuLight supercomputer.

Quantum computers promise to perform 
certain tasks much faster than ordinary 
(classical) computers. In essence, a quan-
tum computer carefully orchestrates 
quantum effects (superposition, entanglement 
and interference) to explore a huge compu-
tational space and ultimately converge on a 
solution, or solutions, to a problem. If the 
numbers of quantum bits (qubits) and oper-
ations reach even modest levels, carrying out 
the same task on a state-of-the-art supercom-
puter becomes intractable on any reasonable 
timescale — a regime termed quantum compu-
tational supremacy1. However, reaching this 
regime requires a robust quantum processor, 
because each additional imperfect operation 
incessantly chips away at overall performance. 
It has therefore been questioned whether a suf-
ficiently large quantum computer could ever 

be controlled in practice. But now, on page 505, 
Arute et al.2 report quantum supremacy using 
a 53-qubit processor.

Arute and colleagues chose a task that is 
related to random-number generation: namely, 
sampling the output of a pseudo-random 
quantum circuit. This task is implemented 
by a sequence of operational cycles, each of 
which applies operations called gates to every 
qubit in an n-qubit processor. These operations 
include randomly selected single-qubit gates 
and prescribed two-qubit gates. The output 
is then determined by measuring each qubit.

The resulting strings of 0s and 1s are 
not uniformly distributed over all 2n possi-
bilities. Instead, they have a preferential, 
circuit-dependent structure — with certain 
strings being much more likely than others 
because of quantum entanglement and 

quantum interference. Repeating the 
experiment and sampling a sufficiently large 
number of these solutions results in a distribu-
tion of likely outcomes. Simulating this prob-
ability distribution on a classical computer 
using even today’s leading algorithms becomes 
exponentially more challenging as the number 
of qubits and operational cycles is increased.

In their experiment, Arute et al. used a 
quantum processor dubbed Sycamore. This 
processor comprises 53 individually controlla-
ble qubits, 86 couplers (links between qubits) 
that are used to turn nearest-neighbour two-
qubit interactions on or off, and a scheme to 
measure all of the qubits simultaneously. In 
addition, the authors used 277 digital-to-analog 
converter devices to control the processor.

When all the qubits were operated simul-
taneously, each single-qubit and two-qubit 
gate had approximately 99–99.9% fidelity — a 
measure of how similar an actual outcome of an 
operation is to the ideal outcome. The attain-
ment of such fidelities is one of the remarkable 
technical achievements that enabled this work. 
Arute and colleagues determined the fideli-
ties using a protocol known as cross-entropy 
benchmarking (XEB). This protocol was intro-
duced last year3 and offers certain advantages 
over other methods for diagnosing systematic 
and random errors.

The authors’ demonstration of quantum 
supremacy involved sampling the solutions 
from a pseudo-random circuit imple-
mented on Sycamore and then comparing 
these results to simulations performed 
on several powerful classical computers, 
including the Summit supercomputer at 
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Figure 1 | Three types of quantum circuit.  Arute et al.2 demonstrate that a quantum 
processor containing 53 quantum bits (qubits) and 86 couplers (links between 
qubits) can complete a specific task much faster than an ordinary computer can 
simulate the same task. Their demonstration is based on three quantum circuits: 
the full circuit, the patch circuit and the elided circuit. The full circuit comprises 

all 53 qubits and is the hardest to simulate on an ordinary computer. The patch 
circuit cuts the full circuit into two patches that are each relatively easy to simulate. 
Finally, the elided circuit links these two patches using a reduced number of two-
qubit operations along reintroduced two-qubit connections and is intermediate 
between the full and patch circuits, in terms of its ease of simulation.
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developed fast, high-fidelity gates that can be executed simultaneously 
across a two-dimensional qubit array. We calibrated and benchmarked 
the processor at both the component and system level using a powerful 
new tool: cross-entropy benchmarking11. Finally, we used component-
level fidelities to accurately predict the performance of the whole sys-
tem, further showing that quantum information behaves as expected 
when scaling to large systems.

A suitable computational task
To demonstrate quantum supremacy, we compare our quantum proces-
sor against state-of-the-art classical computers in the task of sampling 
the output of a pseudo-random quantum circuit11,13,14. Random circuits 
are a suitable choice for benchmarking because they do not possess 
structure and therefore allow for limited guarantees of computational 
hardness10–12. We design the circuits to entangle a set of quantum bits 
(qubits) by repeated application of single-qubit and two-qubit logi-
cal operations. Sampling the quantum circuit’s output produces a set 
of bitstrings, for example {0000101, 1011100, …}. Owing to quantum 
interference, the probability distribution of the bitstrings resembles 
a speckled intensity pattern produced by light interference in laser 
scatter, such that some bitstrings are much more likely to occur than 
others. Classically computing this probability distribution becomes 
exponentially more difficult as the number of qubits (width) and number 
of gate cycles (depth) grow.

We verify that the quantum processor is working properly using a 
method called cross-entropy benchmarking11,12,14, which compares how 
often each bitstring is observed experimentally with its corresponding 
ideal probability computed via simulation on a classical computer. For 
a given circuit, we collect the measured bitstrings {xi} and compute the 
linear cross-entropy benchmarking fidelity11,13,14 (see also Supplementary 
Information), which is the mean of the simulated probabilities of the 
bitstrings we measured:

F P x= 2 " ( )# − 1 (1)n
i iXEB

where n is the number of qubits, P(xi) is the probability of bitstring xi 
computed for the ideal quantum circuit, and the average is over the 
observed bitstrings. Intuitively, FXEB is correlated with how often we 
sample high-probability bitstrings. When there are no errors in the 
quantum circuit, the distribution of probabilities is exponential (see 
Supplementary Information), and sampling from this distribution will 
produce F = 1XEB . On the other hand, sampling from the uniform  
distribution will give "P(xi)#i = 1/2n and produce F = 0XEB . Values of FXEB 
between 0 and 1 correspond to the probability that no error has occurred 
while running the circuit. The probabilities P(xi) must be obtained from 
classically simulating the quantum circuit, and thus computing FXEB is 
intractable in the regime of quantum supremacy. However, with certain 
circuit simplifications, we can obtain quantitative fidelity estimates of 
a fully operating processor running wide and deep quantum circuits.

Our goal is to achieve a high enough FXEB for a circuit with sufficient 
width and depth such that the classical computing cost is prohibitively 
large. This is a difficult task because our logic gates are imperfect and 
the quantum states we intend to create are sensitive to errors. A single 
bit or phase flip over the course of the algorithm will completely shuffle 
the speckle pattern and result in close to zero fidelity11 (see also Sup-
plementary Information). Therefore, in order to claim quantum suprem-
acy we need a quantum processor that executes the program with 
sufficiently low error rates.

Building a high-fidelity processor
We designed a quantum processor named ‘Sycamore’ which consists 
of a two-dimensional array of 54 transmon qubits, where each qubit is 
tunably coupled to four nearest neighbours, in a rectangular lattice. The 

connectivity was chosen to be forward-compatible with error correc-
tion using the surface code26. A key systems engineering advance of this 
device is achieving high-fidelity single- and two-qubit operations, not 
just in isolation but also while performing a realistic computation with 
simultaneous gate operations on many qubits. We discuss the highlights 
below; see also the Supplementary Information.

In a superconducting circuit, conduction electrons condense into a 
macroscopic quantum state, such that currents and voltages behave 
quantum mechanically2,30. Our processor uses transmon qubits6, which 
can be thought of as nonlinear superconducting resonators at 5–7 GHz. 
The qubit is encoded as the two lowest quantum eigenstates of the 
resonant circuit. Each transmon has two controls: a microwave drive 
to excite the qubit, and a magnetic flux control to tune the frequency. 
Each qubit is connected to a linear resonator used to read out the qubit 
state5. As shown in Fig. 1, each qubit is also connected to its neighbouring 
qubits using a new adjustable coupler31,32. Our coupler design allows us 
to quickly tune the qubit–qubit coupling from completely off to 40 MHz. 
One qubit did not function properly, so the device uses 53 qubits and 
86 couplers.

The processor is fabricated using aluminium for metallization and 
Josephson junctions, and indium for bump-bonds between two silicon 
wafers. The chip is wire-bonded to a superconducting circuit board 
and cooled to below 20 mK in a dilution refrigerator to reduce ambient 
thermal energy to well below the qubit energy. The processor is con-
nected through filters and attenuators to room-temperature electronics, 

Qubit Adjustable coupler

a

b

10 mm

Fig. 1 | The Sycamore processor. a, Layout of processor, showing a rectangular 
array of 54 qubits (grey), each connected to its four nearest neighbours with 
couplers (blue). The inoperable qubit is outlined. b, Photograph of the  
Sycamore chip.
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Ion Trap Quantum Computing
First to demonstrate a Quantum Gate

Qubit is encoded in the electronic
  ground state of an atomic ion

Raman
coupling

Early design with a few ions in large trap 

*

*
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Inherent Contradictions
2. Gates       vs       4.  Isolation

coupling between
qubits 

no coupling to
environment

To build a Quantum Computer:
Choose, find or invent a system
with acceptable tradeoffs. 

Error Correction must not create 
more errors than it corrects.

Thresholds for Error Correction 
and Fault Tolerance

6.  

7.  
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Ion Trap Quantum Computing
First to demonstrate a Quantum Gate

Qubit is encoded in the electronic
  ground state of an atomic ion

Raman
coupling

Early design with a few ions in large trap 

*

*

Requirements

1.  Storage:     10s-100s  coherence time  

2.  Gates:        Use collective vibrations as
                         “quantum bus”

Cirac & Zoller:  5 laser pulses
    CNOT gate between any 
    2 ions in linear array

3.  Readout:   Fluorescence
“bright”

“dark”

Wineland:    3 laser pulses enough for CNOT

Use this example serves 
as conceptual template
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This photomicrograph shows a chain of barium ions in an IonQ quantum computing system.

The width of the chain in only slightly bigger than the width of a human hair. (IonQ Photo)

Dare we say it? Pacific Northwest National Laboratory (https://www.pnnl.gov/) has

teamed up with IonQ (https://ionq.com/) to come up with a method for producing

barium ions for quantum computing that could lead to … yes, that’s right, a quantum

leap.

The public-private partnership could open up a new avenue for developing more

resilient, more powerful hardware for trapped-ion quantum computers. The key

technology involves using barium ions as the foundation for qubits, the quantum

equivalent of binary bits in classical computing.

“IonQ’s work with PNNL to secure the domestic supply chain of IonQ’s quantum

computing qubits is a fundamental step in the mass commercialization of quantum

computing,” IonQ’s president and CEO, Peter Chapman, said today in a news release

(https://ionq.com/news/february-17-2022-ionq-pnnl-barium-path-to-scale). “Qubits

are at the core of our quantum computers, and this collaboration with PNNL lays the

foundation for us to scale manufacturing of our systems.”

The partners say PNNL’s production process will provide a steady supply of barium-

based qubits, using a microscopic smidgen of source material. That should make it

possible for IonQ to reduce the size of core system components, which should in

turn make it easier to network quantum computers.
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TABLE I. Selected state-of-the-art gate demonstrations.

Gate Gate Fidelity Gate Time Ion Ref.

Type Method (μs) Species

Single-Qubit

Optical 0.99995 5 40Ca+ [28]

Raman 0.99993 7.5 43Ca+ [27]

Raman 0.99996 2 9Be+ [37]

Raman 0.99 0.00005 171Yb+ [163]

Raman 0.999 8 88Sr+ [113]

Microwave 0.999999 12 43Ca+ [22]

Microwave 0.0186 25Mg+ [164]

Two-Qubit

(1 species)

Optical 0.996 – 40Ca+ [38]

Optical 0.993 50 40Ca+ [8]

Raman 0.9991(6) 30 9Be+ [37]

Raman 0.999 100 43Ca+ [27]

Raman 0.998 1.6 43Ca+ [40]

Raman 0.60 0.5 43Ca+ [40]

Microwave 0.997 3250 43Ca+ [165]

(AC B-field gradient)

Microwave 0.985 2700 171Yb+ [166]

(DC B-field gradient)

Two-Qubit

(2 species)

Raman/Raman 0.998(6) 27.4 40Ca+/43Ca+ [167]

Raman/Raman 0.979(1) 35 9Be+/25Mg+ [168]

larization (or frequency) does not allow it to couple to
e ground state, and it cannot be rotated in |0〉|n = 0〉
cause the drive is red-detuned. A final π-pulse on the
ntrol ion will return the control ion to its initial state.
he resulting state transformation looks like:

|0〉c|0〉t → |0〉c|0〉t (1)

|0〉c|1〉t → |0〉c|1〉t (2)

|1〉c|0〉t → |1〉c|0〉t (3)

|1〉c|1〉t → −|1〉c|1〉t (4)

he gate thus inverts the phase of only the |1〉|1〉 state,
alizing an entangling controlled-phase interaction. Be-
des cooling to the motional ground state, the CZ gate
quires individual addressing of each ion and multiple
larizations for the drive laser. Despite these limita-
ns, a modified CZ interaction was demonstrated the
me year it was proposed [4], entangling the internal
ate and motional state of a single 9Be+ ion. In 1998,
wo-ion entangling gate with fidelity of 0.7 was demon-
ated between two Be+ ions with gate time of ∼ 10μs
, while a Cirac-Zoller gate and single-qubit rotations
re used to implement the CNOT operations on two

The requirement that the ions remain in the motiona
ground state is a significant limitation on the origina
Cirac-Zoller proposal. As discussed in Sec. II C 2, eve
when the ions have been cooled to the motional groun
state, they can be subsequently heated by electric-fiel
noise. In 1999, Mølmer and Sørensen introduced
controlled-phase gate which could be implemented with
out the need to be in the motional ground state [25]. Th
Mølmer-Sørensen (MS) gate generates a state-dependen
force with bichromatic laser fields tuned near first-orde
sideband transitions. The motional-state wavepacket ex
ecutes a closed trajectory in phase space, giving rise t
a state-dependent geometric phase. At the conclusion o
the gate, internal and motional states are disentangle
for all values of n. Hence, the MS gate can be used fo
ions that are not cooled to the motional ground state
An additional feature of the MS interaction is that en
tanglement among multiple ions can be generated usin
only global control lasers (that is, it does not requir
lasers independently focused on each ion). The MS en
tangling gate was first demonstrated for chains of 2 an
4 Be+ ions in 2000 [6]. To date, the highest-achieve
fidelities in both optical and hyperfine two qubit gate





Principle of the Rydberg blockade. (a) A resonant laser couples, with strength
Ω, the Rydberg state |r and the ground state |g of an atom. (b) For two nearby
atoms, interactions U vdW shift the doubly excited state |rr, preventing the
double excitation of the atom pair when U vdW Ω.



Principle of the Rydberg blockade. (a) A resonant laser couples, with strength
Ω, the Rydberg state |r and the ground state |g of an atom. (b) For two nearby
atoms, interactions U vdW shift the doubly excited state |rr, preventing the
double excitation of the atom pair when U vdW Ω.
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Superconducting Qubits

The basic building block is the so-called
 Transmon Qubit *

A Transmon is a nonlinear oscillator made
from a Josephson Junction and other
circuit elements

*

Superconducting Qubits

IBM 4–Transmon device (2017)

Google 54–Transmon device (2019)

Jaynes-Cummings Hamiltonian
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Superconducting Qubits

IBM 4–Transmon device (2017)

Google 54–Transmon device (2019)

Solid State platform, looks like
electronics*
Clearer path to scale up to many qubits?*

Advantages

Challenges
Gates, coherence times not as good as
atomic platforms, but gap is closing*
Requires dilution refrigerator*

Industry Favorite
Large efforts at IBM, Google, Rigetti*

https://aws.amazon.com/braket/
Amazon Braket   (IonQ, other Technology)*

Cloud Quantum Computing
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Si is highly scalable*
Qubits and Quantum Gates demonstrated*

Spins in Silicon Quantum Dots

HRL Laboratories, UNSW (Australia) group,
 Princeton Group, many others…*
Fidelities below State-of-the-Art*

Home / Physics / Quantum Physics

DECEMBER 25, 2019

In leap for quantum computing, silicon
quantum bits establish a long-distance
relationship
by Princeton University

Researchers at Princeton University have made an important step forward in the quest to build a quantum
computer using silicon components, which are prized for their low cost and versatility compared to the
hardware in today's quantum computers. The team showed that a silicon-spin quantum bit (shown in the box)
can communicate with another quantum bit located a significant distance away on a computer chip. The feat
could enable connections between multiple quantum bits to perform complex calculations. Credit: Felix
Borjans, Princeton University

Imagine a world where people could only talk to their next-door neighbor, and messages
must be passed house to house to reach far destinations.

Other Platforms
Nuclear Magnetic Resonance

Qubits encoded in spin-1/2 nuclei in a
 single molecule. *
Mature technology, many early proof of
 principle demonstrations*

Photonics

Fundamentally not scalable, many early
 demonstrations, largely abandoned*

Photons can carry QI in, e. g., their 
 polarization state.*
Great for transmitting quantum info *
Easy to make, transmit and detect*
Difficult to store       work on photon
Quantum Memories*
Photon-photon gates in cavities, mediated
By Rydberg polaritons, One-Way Q.C. , 
Measurement based Quantum Computing

*
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Photonics
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Photons can carry QI in, e. g., their 
 polarization state.*
Great for transmitting quantum info *
Easy to make, transmit and detect*
Difficult to store       work on photon
Quantum Memories*
Photon-photon gates in cavities, mediated
By Rydberg polaritons, One-Way Q.C. , 
Measurement based Quantum Computing

*
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Table 1. Comparison of the achievable performances between three types of systems regarding QC. Numbers shown above are
representative data. For the number N of qubits that can be prepared in one register, other notable results include N = 40 for trapped
ions [44], and N ∼ 50 in references [45, 46, 47], N ∼ 150 in reference [48], N = 184 in reference [49], and N = 200 in reference [50]
for neutral atoms; for fidelities F1(2) of single(two)-qubit gates, other notable results include F2 = 0.991 [51] and 0.9944 [52] for SC,
and F1 = 0.998 [72, 77] and F2 = 0.974 [53] for neutral atoms. Here, results with larger fidelities are shown. Faster gates based on a
similar mechanism can have smaller fidelities as studied in reference [54]; take trapped ions as example, reference [38] studied
single-qubit gates of duration 2 μs and fidelity 0.999 96, and reference [55] studied an entangling gate of duration 1.6 μs and fidelity
0.9982.

Fidelity and duration of quantum operations

Number of qubits Coherence time One-qubit gatea Two-qubit gate or Bell stateb

SC 53 [56]; 54 [57] 70 μs [58]c 0.9992; 10 ns [52]c 0.997; 60 ns [59] (CZ gates)
Trapped ions 53 [60] 50 s [61, 62] 0.999 999; 12 μs [61] 0.9992; 30 μs [38] (Bell states)
Neutral atoms 209 [63]; 219 [64]; 256 [65] 7 s [66]; 48 s [67]d 0.999 86; 31 μs [66] 0.991; 59 ns [67]e(Bell states)

aThe duration for single-qubit gates refers to that of a Clifford gate such as a π/2 rotation between the two states of a qubit.
bThe time here refers to the duration of either implementing a controlled-Z (CZ) gate or creating a Bell state from a product state.
cThe coherence time for superconducting qubits refers to the smaller one among the relaxation time (T1) and the decoherence time
(T∗

2 ) of reference [51]; the single-qubit gate data are taken from table S2 of the supplementary information of reference [52].
dUnlike that in reference [72] which studied qubits defined by ground states, the coherence time in reference [73] refers to that of the
optical clock state (5s5p)3P0 of 88Sr. Reference [73] reported an atomic coherence time up to 48 s.
eA Rabi frequency Ω = 2π × 6–7 MHz was used in reference [67] so that a π pulse for exciting the ground to Rydberg states has a
duration π/(

√
2Ω) ∼ 51 − 59 ns with

√
2 a many-body enhancement factor.
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Fig. 1 An electron-on-helium dot a Optical micrograph and b schematic of the device. The resonator (red) can be probed with microwaves via coplanar
waveguides (yellow) that couple (decay rates κ1;2) to the microwave resonator. The white arrows show the electric field of the λ=4 microwave mode at the
center of the channel The transmission is amplified with a low noise amplifier (LNA) The electrostatic potential for electrons is controlled with additional





Quantum Computing in the NISQ era and beyond
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Noisy Intermediate-Scale Quantum (NISQ) technology will be available in
the near future. Quantum computers with 50-100 qubits may be able to perform
tasks which surpass the capabilities of today’s classical digital computers, but
noise in quantum gates will limit the size of quantum circuits that can be
executed reliably. NISQ devices will be useful tools for exploring many-body
quantum physics, and may have other useful applications, but the 100-qubit
quantum computer will not change the world right away — we should regard
it as a significant step toward the more powerful quantum technologies of the
future. Quantum technologists should continue to strive for more accurate
quantum gates and, eventually, fully fault-tolerant quantum computing.




