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CIENTISTS HAVE LONG DREAMED OF DEVELOPING QUANTUM COMPUTERS,
machines that rely on arcane laws of physics to perform tasks far beyond the
capability of today’s strongest supercomputers. In theory such a machine could
create mathematical models too complex for standard computers, vastly extend-
ing the range and accuracy of weather forecasts and financial market predic-
tions, among other things. They could simulate physical processes such as pho-
tosynthesis, opening new frontiers in green energy. Quantum computing could

also jolt artificial intelligence to a vastly higher level of sophistication: If IBM’s Watson can
already win at Jeopardy! and make some medical diagnoses, imagine what an enormously

smarter version could do.

But to realize those visions, scientists first have to figure out
how to actually build a quantum computer that can perform
more than the simplest operations. They are now getting closer
than ever, with IBM in November 2017 announcing its most
complex quantum system so far and Google saying it is on track
to unveil a processor with so-called “quantum supremacy”—
capabilities no conventional computer can match.

Small systems exist, but the next steps in the race to make
them bigger will have to determine whether quantum comput-
ers can deliver on their potential. Scientists and industry play-
ers have focused largely on one of two approaches. One cools
loops of wire to near -273.15 degrees Celsius, or absolute zero,
turning them into superconductors where current flows with
virtually no resistance. The other relies on trapped ions—
charged atoms of the rare earth element ytterbium held in place
in a vacuum chamber by laser beams and manipulated by other
lasers. The oscillating charges (in both the wires and the
trapped ions) function as quantum bits, or “qubits,” which can
be harnessed to carry out the computer’s operations.

QUANTUM LEAPS

THE TRICK TO EITHER approach is figuring out how to get from
already demonstrated systems—containing just a few qubits—
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to ones that can handle the hundreds or thousands, even mil-
lions, required for the kind of heavy lifting that quantum tech-
nology seems to promise. In 2016 IBM made a five-qubit
quantum processor available to developers, researchers and
programmers for experimentation via its cloud portal. The
company has made significant progress since then, revealing
that it has upgraded its cloud-based quantum computer to a
20-qubit processor—and developed in-house a 50-qubit pro-
cessor prototype that could be the basis for commercial sys-
tems. Both are based on the wire-loop superconducting cir-
cuits, as is Google’s 72-qubit processor, which the company
announced at the annual meeting of the American Physical
Society in March 2018. Julian Kelly, an engineer in Google’s
Quantum Artificial Intelligence Lab, wrote in a blog post that
the company is “cautiously optimistic” it can achieve quantum
supremacy with its processor.

Those numbers may not seem impressive. But a qubit is
much more powerful than the kind of bit that serves as the
smallest unit of data in a conventional computer. Those bits are
based on the flow of electric current and make up the digital
language in which all computing functions: “Off” means 0 and
“on” means 1, and those two states encode all of the computer’s
operations. Qubits, however, are not based on “yes/no” electri-
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cal switches—but rather on a particle’s quantum properties,
such as the direction in which an electron spins. And in the
quantum world a particle can simultaneously exist in a variety
of states more complex than simply on/off—a phenomenon
known as superposition. “You can have heads, you can have
tails, but you can also have any weighted superposition. You can
have 70-30 heads-tails,” says Christopher Monroe, a physicist at
the University of Maryland, College Park, and
founder of IonQ, a start-up working on build-
ing a quantum computer with trapped ions.
He is currently working on a 32-qubit proto-
type based on that approach.

The more-than-binary ability to occupy
multiple states at once allows qubits to per-
form many calculations simultaneously, vastly
magnifying their computing power. That pow-
er grows exponentially with the number of qu-
bits. So at somewhere around 49 or 50 qubits,
quantum computers reach the equivalent of
about 10 quadrillion bits and become capable
of calculations no classical computer could ever match, says
John Preskill, a theoretical physicist at the California Institute of
Technology. “Whether they will be doing useful things is a differ-
ent question,” he says. Although IBM has reached the 50-qubit
mark and Google has passed it, neither has yet demonstrated
that they have surpassed the abilities of classical computers.

Both superconducting circuits and trapped ions have a
good shot at hitting that fiftyish-qubit threshold, says Jerry
Chow, manager of experimental quantum computing at IBM
Thomas J. Watson Research Center in Yorktown Heights, N.Y.
Conventional thinking would suggest that more qubits means
more power—but Chow notes that “it’s not just about the num-
ber of qubits.” He is more focused on the number and quality of
calculations the machine can perform, a metric he calls “quan-
tum volume.” That includes additional factors such as how fast
the qubits can perform the calculations and how well they
avoid or correct for errors that can creep in. Some of those fac-
tors can work against one another; adding more qubits, for
instance, can increase the rate of errors as information passes
down the line from one qubit to another. Quantum supremacy
is just one possible measure of a quantum computer’s capabili-
ties, he says, and the community needs to come up with various
tests before it can state that a system has really surpassed clas-
sical machines. “As a community we should all be focusing—no
matter whether we're working on superconducting qubits or
trapped ions or whatever—on pushing this quantum volume
higher and higher so we can really make more and more pow-
erful quantum processors and do things that we never thought
of,” Chow says.

BETTER, NOT BIGGER
MONROE COMPARED his five-qubit trapped ion system with
IBM’s five-qubit processor by running the same simple algo-
rithms on both and found the performance comparable. The
biggest difference, he says, is that the trapped ions are all con-
nected to one another via electromagnetic forces: Wiggle one
ion in a string of 30 and every other ion reacts, making it easy to
quickly and accurately pass information among them. In the
wire-loop superconductor circuit only some qubits are connect-
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“WHEN YOU
MAKE A
QUANTUM
SYSTEM BIG,
IT BECOMES
LESS
QUANTUM.”

ed, which makes passing information a slower process that can
introduce errors.

One advantage of superconducting circuits is that they are
easy to build using the same processes that make computer
chips. They perform a computer’s basic logic gate operations—
that is, adding, subtracting or otherwise manipulating the bits—
in billionths of a second. On the other hand, qubits in this type
of system hold their quantum state for only mil-
liseconds—thousandths of a second—so any
operation must be completed in that time.

Trapped ions, in contrast, retain their quan-
tum states for many seconds—sometimes even
minutes or hours. But the logic gates in such a
system run about 1,000 times slower than in
superconductor-based quantum computing.
That speed reduction probably does not matter
in simple operations with just a few qubits,
Monroe says. But it could become a problem for
getting an answer in a reasonable amount of
time as the number of qubits increases. For su-
perconducting qubits, rising numbers may mean a struggle to
connect them together.

And increasing the number of qubits, no matter what tech-
nology they are used with, makes it harder to connect and ma-
nipulate them—because that must be done while keeping them
isolated from the rest of the world so they will maintain their
quantum states. The more atoms or electrons are grouped to-
gether in large numbers, the more the rules of classical physics
take over—and the less significant the quantum properties of the
individual atoms become to how the whole system behaves.
“When you make a quantum system big, it becomes less quan-
tum,” Monroe says.

Chow thinks quantum computers will become powerful
enough to do at least something beyond the capability of classi-
cal computers—possibly a simulation in quantum chemistry—
within about five years. Monroe says it is reasonable to expect
systems containing a few thousand qubits in a decade or so. To
some extent, Monroe says, researchers will not know what they
will be able to do with such systems until they figure out how to
build them.

Preskill, who is 65, says he thinks he will live long enough to
see quantum computers have an impact on society in the way the
Internet and smartphones have—although he cannot predict
exactly what that effect will be. “These quantum systems kind of
speak a language that digital systems don’t speak,” he says. “We
know from history that we just don’t have the imagination to
anticipate where new information technologies can carry us.”

Neil Savage is a freelance writer based in Lowell, Mass.

Experimental Comparison of Two Quantum Computing Architectures. Norbert M.
Linke et al. in Proceedings of the National Academy of Sciences USA, Vol. 114, No. 13,
pages 3305-3310; March 28, 2017.

Characterizing Quantum Supremacy in Near-Term Devices. Sergio Boixo etal.
in Nature Physics. Published online April 23, 2018. www.nature.com/articles/
s41567-018-0124-x

scientificamerican.com/magazine/sa

SCIENTIFICAMERICAN.COM |






