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The idea of miniaturizing computer elements down to the atomic scale

has been around for two decades but, as Christopher Monroe and David
Wineland of the Mational Institute of Standards and Technology in

Colorado discuss, the laws of quantum mechanics pose a formidable

challenge. The principle of quantum computing has been demonstrated

and rudimentary models have been constructed but large-scale

computations with quantum computers are still in the future.

In 1865, Intel co-founder Gordon Moore predicted
that the number of elecironic components on a
computer chip would double every year or two.
“Moore’s Law™ has been remarkably aceurale even
to this day, where e lalest silicon processors now
host semez 10 million transistors. This exponential
growth in chip density has been the driving force
behind the modern eleciranic age and has played a
sirnificant role in the booming world economy
over the last couple of decades. Will Moore's Law
continue indefinilely? Well, no. Adding components
by simply expanding the size of chips will bog down
their speed because of the time it takes for elec-
tronic signals to raverse the chip, so the only way
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to sustain this growth is to make Uansislors ever
smaller. By the year 2010 or so, Moore's Law pre-
dicts thal a one-sguare-centimeter chip will have
over one billion transistors, with each transistor
approaching the size of a large molecule. At this
point, significant forther gaing will require a fun-
damental change in the way we compute, for once
wir have entered the regime of individoal mole-
cules, atoms and electrons, the laws of guantom
mechanics reign.

In the early 19805, Paul Benioll (Argonne
National Laboratory) and Richard Feynman
(California Institute of Technology) tinkered with
the idea of quantum-mechanical computing




elements such as single atoms. They showed Lhat
such liny structures could, in principle, hehave
perfectly well as elecironic components. They
even discussed using “guantum logic gates”
largely following the laws of quantwm mechanics.
In 1983, David Deutsch (Oxlord University) went a
step further, By wsing the full arsenal of guantum
mechanical rules, he proposed that the
phenomenon of “gquantum superposition”™ he
harnessed to yield massively parallel computing —
cormputing with mulliple inputs at once in a single
device. Instead of miniaturizing chip components
further, Deutsch posed a new way to gel around
the impending limit of Moore's Law by taking
advantage of different physical principles
underiving these components,

S0 far, only a few algorithms, such as numher
factoring, have heen discoversd that can benefn
from gquantum parallelism, and it remains specula-
five whether quantum compulers will ever replace
the all-purpose computers in use today. However,
interest in quantum information processing is now
proliferating because its limits are nol known, either
theoretically or experimentally, There may well be
larger classes of algorithme that bene-
fit firomn guantium compuaters, and even
theugh large-scale guantum compuol-
ers have not vet been buill, there do not

“eollapses” Lo one of its stales only when the
fguantum abject s measured by a macroscopic
abject, such as o meter or a pair of eves. This
dichotomy bothered Albert Einstein, among others,
whao struggled (o develop a theory tat would unify
fuantum mechanics with the maecrescopic world
weee live in.

Erwin Schridinger illustrated this paradox
vividly with his famous thought experiment known
as “Schrodinger’s Cat™ Imagine a cal isolated from
the world in a cage with a single radicactive atom
that has not yel decayed. The radiation of the atom
is detected by a Geiger counter that triggers a
hammer to smash a nearby vial of evanide. The
paradox arises when we consider whal happens
after a duration of one hall-life of the radioactive
atom. Here. quantum mechanics predicts that the
atom is in a superpasition of its original state and
its decayed state. Il follows then that the cal musl
also be in a superposition of being both alive and
dead! Dealing with this ridiculous sitnation usually
involves erecting an artificial barrier between
quantwm and classical worlds — microscopic atoms
and molecules are allowed to be in superpositions,

POWER OF QUANTUM COMPUTING

seem lo be any fundamental road-
IHocks, Thus, many consider guantum
computers to be an intriguing possibil-
ity 10 circumvent the atomic limils tn
Moore's Law,

QUBITS, QUANTUM
PARALLELISM AND
CQUANTUM ALGORITHMS

Quantum mechanics is now
hailed as one of the most suceessful
theories in the history of science, as it
has precisely predicted the hehavior
af the microscopic world from
molecules and atoms Lo sub-nuelear
phenomena. Although gquantum
mechanies underlies the whole of
physies, there gre aspects of il that
appear highly non-intuitive since we
are used to dealing with real-life,
miacroseopic situalions. At the heart of
the matter is the concepl of a
gquantum superposition, where a
fuantum objeet can exist in bwo states
ai the sane time, The superpasition

The power of quantum computing can be seen by considering
the classical coin toss. Flipping two coins gives four {two to the
power two, 27 possible parmutations of heads and tails; HH, HT, TH,
and TT. Flipping three colns results in eight possibilities: HHH, HHT,
HTH, THH, HTT, THT, TTH, and TTT, i.e 5. In general,
there are 2" permutations when N coins are flipped, the possibilities
growing exponentially. Of course, Hipping M coins once will result in
bilities.
For quantum “coins,” or systems, the probabilities of H or T may
not be equal, each “cein” or “qubit” being described by

alOy + BI1)
where 1, [i are related to the probability of obtaining "0" or *1", i
H or T, in a measurement. A system with just 300 qubits alls

only one af thesa po

or ~ 107, possibilitias, greater than the number of observable atoms

in the universe! Clearly, no classical computer could approach this
em these possibilities or “states”
i.e,, the
gaid to be “entangled.” Interestingly, quantum mechanics

ity. Further, in a quantum
can co-exist simultanecusly until the measurement pra
qubits
implies that entangled qubits are somehow imtarconnected, even
though there may not be any physical interaction between them.
This ramains true even when the gubi

are separated by I:.itr.arﬂ:.r

large distanc

actien-at-a-distance,” and it remains

features of quantum mec|
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Useful quantum algorithms are not plentiful, and it
Is unknown how many classes of problems will

ultimately benefit from quantum computation.

brul macroseopic objects like cals are not, This
approach has largely allowed guantum mechanics
oy eocxist peacellly with classical physics. Bl a
guanttm computer, hosting superpositions of
information, is jusl a more humane yersion of
Schridinger's Cat, and may push this artificial
guaniumselassical barvrier
raerosenpic world.

The smallest picce of classieal information is
the Dimaey digil, or hit, which can be either 0 o0 1,
The simplest guantum-mechanical unil of
information is the quantum hil or “gubie” Quhits
are able 1o slore superpositions of 0 and 1, denoled
b )0y + B|1) where o and B oare the weights of the

¢loser 1o the

superposition. In this notation, Ix) signifies a
gquantum slate amd Lthe + sign indicates a
superposition. The states | and |1} may represent,
for example, horizontal and vertical polarization of
a single pholon, or two parvticular energy levels
within a single atom. The rules of quantum
mechanics dictate thal; (&) the evolution of the
weights w and [ is deseribed by the Schradinger
wave equalion, and (B) when the above gquantom
il is mewsured, i1 yields either 10 or 1) with
probabilities related Lo the weights o and B,
respectively. The measurement of a quantum bit is
miveh ke Nipping a coin = the vesults can only be
deseribied within the framework of probabilities.
The power of quaniom computing is seen by
considering a register ol many qubils. As indicated
in the sidebar, N qubits ¢an, in general, store a
superposition of all 27 hinary numhers:

g LUV R 11T T B ST S e B O I R

Maoreover, when a quaplom compulalion is
performed on this superposition, each piece gets
proveessed in parallel. For example, quantom logic
operations can shift all the qubits one position to
the lelt, equivalent o muolliplying the inpul by byvo,
When the input stale is in superposition, all inputs
ire simultaneously doubled with one torn of the
crank (see Flgure 1a)

Aller this guantum  parallel processing, the
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state ol the qubits must oltimately be measured.
Herein lies the diffically in designing onselul goasn-
lum computing algorithms, According 1o the laws
of quantem mechanics, this measorement vields
jusl one answer out of all 2° possibilities, worse
stll, there is no way of knowing which answer will
appear! 1L seemns quantum eomputers do nol con-
pute one-to-one fanctions fwhere cach inpul
resulls Inoa unigue outpul as o the douliling algo-
rithm above) any more efficiently than elassical
compulers. The ick behimd a useful guoaniim
compuber algorithm involves the phenomenon of
quanbum inlerference. Since the weights 4,0
in the superposition (1) evolve aecording oo wave
equalion, they can be made Lo nterfere with each
ather, as in any wavelike dislurbance. Some
welzhts interfere constricctively. like the crests of
an oecan wave, while others cancel, as when a val-
ley meets a cresl In the end, the parallel inpts are
processed with quantum logic gates so that almaost
all of the weighls cancel, leaving only a very small
number of answers, or even o single answer, as
depicted in Figure 1h, By measuring this answer (or
repealing the compulation a few limes and record-
ing the distributinon of answers), information can be
gained pertaining 1o all 2° inputs.

Iin 1994, Peter-Shor (AT&T Bell Labs) construct:
ed a qusmtum algovithm o calealate the faclors of
a mumber M thatl is, numbers poand g whose prod-
wel is Al He showed thal a quantom compuiter is
abie to factor numbers exponentially faster than
classical eomputers. This discovery led 1o rebirth
afinterest in quantum computers, in part due o the
importance of fetoving for cryplogeaply. The secu-
ity of popular cryplosyslems such as those used [or
internel commeree is derived [rom the fmedsifite to
factonr large numbers. More generally, Shor's Fac-
toring algorvithim also proved Hial gquanbam cormpul-
ers are indeed good for something, spurring physi-
cists, mathematicians and computer scientists 1o
search for other algorithms amenable Lo guaniom
computing, In 1996, [or example, Lov Grover
(AT&ET Bell Labs) proved fhat a quanium computer



superposition weights

1

0

Figure 1: Simplified evelution during a quantum algarithm on N=3 quantum bits. The inputs are prepared in
superposition states of all 2" = B possible numbers (written in binary). The weights of the superpasition are dencted
by the grayscale, where black is a 100 percent weight and white is a 0 percent weight. a) Quantum algorithm for
simultanecusly doubling all input numbers by shifting all qubits one position to the left and wrapping arsund the
leftmost bit. The sutputs are alss in superpesition, and a final measurement projects one answer at randem. b)
Cuantum algarithm involving wavelike interference of weights. Here, quantum legic gates cause the input
superpasition to Interfere, ultimately canceling all of the weights except for one [101 in the figure) which can then be
measured. For some glgorithms, this lone answer [or the distribution of & few answers after repeated runs) can
depend on the weights of all 29 input states, leading to an axponential speedup aver classical computers,

can search unsorted databases faster than any
search conducted on a classical computer. Still.
uselul quantum algorithms are nol plentiful, and it
is unknewn how many classes of problems will
ultimately benelit from gquantuwm  computation,
Nevertheless, guanium computing has stimulated
seienlists to think about gquantum mechanices in
terms of information processing, and this may uiti-
mately help unify the guantum and elassical
worlds, amd perhaps resolve the paradex of
Sehriidinger’s Cat.

QUANTUM COMPUTER HARDWARE

On the experimental side, whal resources are
needed 1o implement a uselul quantum computer?
[n terms of the [actoring algorithm, elassical
computers run out of steam when Facloring
numbers with a hundred or so digits {recently, a
team of a few hundred computers ook 5 months Lo
lactor a 155-digit number). A useful quanium
factoring engine would therelore have to factor a
number with at least 200 digits. This implies that it
would need a few thousand qubits, and more than

10" quantum logic gale operations, Unfortunately,
stale-o[-the-art technology bosts only a few qubits
and can do only a few gquantum logic operations.
Quanium computing hardware is far behind the
software, mainly because it is very diflicolt to
maintain guantomm-mechanical superpositions
threughout the computation. Consider Lthe
following stringent {and apparently conlradictory)
hardware requirements for a quantum computer:
(1) The gubits must be sufficiently shielded lrom
the ervironmenl during the computalion, as
external influences behave like measurements
and destroy quantum superpositions,

(2} The qubits musl interact strongly with each
other in a conlrolled fashion to allow Lhe for-
malion of gquantum logic gales and entangled
superposilions.

{(3) The gubits must ultimately be measured
through a conlrolled strong coupling to the
environment represented by a measuring
device,

There obviously muost be a sufficient number of
guantum bits available for a given application.
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Tecause this may involve thousands of gubits, il is
nol clear that a nseful guantuom eomputer will ever
biee bt andd, 00t is budlt, what form it will tale.
One pnalturally looks o a condensed-matler or
solid-state syslem becanse of the fantastic suecess
ol classical computers, bt the reguirements fon
queanium computers are significantly different and
in some cases opposite. Tor example, classical
connputers rely on dissipation, or a strong coupling
Lo Lhe enviranmenl, which ensures that a digital
1" remains g “17 anc a 0" remains a 0" until we
detibevately Mip the bit. This “lateching® feature
allowvs elassical computers Lo operale even in the
presence of noise. o conteast, in a guantum
compuler, we wanl superposilions o be preserved
pnlil the final measurement: before this, any

dissipation is Dad! A variety of possible sehemes

Figure 2: A schematic representation of a model quantum
computer based on trapped atomic ions. Electric potentials
are applied to the horizontal oylindrical electrodes in order to
provide a three-dimensional harmonic “trap.” The trap is
ralatively weak in the horizental direction so that the ion
aquilibrium position, at low temperature determinad by a
balance betweean the trap and Coulamb repulsion forces, is &
linsar arrzy. The ions” internal qukit states can be formed by
the direction of the magnetic moment in the ion, which is
parallzl (l4) state of lower energy} or antiparallel {7 state of
higher anergy) to an externally applied magnetic fiald. If the
ions are cooled sufficiently, the two lowest energy states
(dencted In=0! and In=1}] of a selected mode of motion form
an additional qubit. This gubit is shared among all the fons
and can therefore provide a data bus. Logic operations are
initiated by mapping the internal state superposition of one
ion onto the shared motional qubit using a focused laser
beam. A guantum logic gate is then performed between the
meational qubit and a second ion by focusing the beam on
that ion. To complete the logic operation between the two
selected ions, the initisl mapping cperation is reversed,

are being investigated: at Nirst they look guile
different, bul they have many similarities, For
brevity, we highlighl schemes based in atomic
physics currently considered to be the moat
atiractive.

A MODEL QUANTUM COMPUTER

Twao internal siates in an atom can be used as
gubitl levels, Some states interacl weakly will the
environmenl [requirement 1) so thal superposi-
tions can be preserved for as long as hours; this is
the same altribute that makes atoms good clocks,
For instance, the qubit levels can be represented by
the orientation of the intrinsic spin of the atom with
respect Lo an external magnelie feld, like the two
states of a proton in a magnetic field (spin aligned
or anti-aligned with the field). The intrinsic spin of
an atom has an associaled magnetic moment and
magnetic field similar to thal of a oy bar magnet.
Thus, these distinct enerey states are much like
those corresponding to dilferenl alisnuments ol a
irar magnel immersed in oo magnetic field.
Alternatively, spins embedded in a solid or liguid
Iost could he vsed as gubits, but satisfving both
reguirements 1 and 2 can be diffieult. Noclear-
magnelic-resonance (AMR) wechnigques can be
exploited 1o derive gquhits from sping within maole-
cules, Bequirement 1 can be sabisfied by wsing
sping thal are sufficiently isolated from the envi-
ronment, and regquirement 2 can e salisfied Dy
using the naturally ocoorring magnelie interac-
livns belween spins, Unforiunately, it is dilficull to
initialize and read ont the quantom states in a mal-
ectile, and this system eannot readily be scaled 1o



miany quantum hits doe to the finite number of
spins on the molecule. Moredver, unless the mole-
eular spins are cooled to near absolute zers, an
exponential loss in signal strength prevents this
svstem from being scaled hevond a few gubits,

Im 1995, lpnacio Cirae and Peler Zoller
(University of Innsbrock) sngzgested a way to
construed f guanium compuler with rapped atoms,
v shown schematically in Figure 2, the gobil
states in this implementalion are bva spin stales
within an atomic fon. The oo qubits are confined
im an electrode stencture whose polentials provide
a S-dimensional harmonic trap, analogons 1o the 2-
[ well fermed by a marble in a bowl. Wthe ions are
enoled, cach ion wants to rest at the hattom ol the
3-10 well bul their Coulomb repulsion holds them
apart: & balance between the trap and repulsion
[oroes results in the ons lorming a regular areay,
As shown in Figures 2 and 5. the ions can he made
ta form a linear array by making the trap much
weaker in the horizontal divection than in the sther
bwo directions, In prineiple, there is no limit to the
number of gubils that can be held in the trap. For
typical enndilions, the ions are sepacated by a lew
ricrometers and their spinsg are well isolated from
the environment and rom each ather, satisfyving
regquirement 1. The gqubits are coupled through
Lheir collective molion. salisfying requirement 2, Al
low lemperatore, the ions form a quasi-molecule
and their motions are best viewed in lerms of so-
called normal medes. For example, For a trap
containing two ions, Lhe normal modes in the
horizonlal divection are the center-of-mass mode
whire the ions oscillale back and forth in unison
and the “sireteh”™ mode where they oscillate in
opposition. much lHke a pair of pendulums
connected by a spring. Using laser-cooling
technigques, the molion in these modes can be
nearly frozen out; they can be cooled o such a
fdegree that the modes are pul in their guantom-
mechanical ground states, The ground state
(labeled [0 and the first-excited state (113 of
mgtion of a selected mode themselves form a qubit.
This gubit is special in thal it is shared by all the
ions; therelfore, it can be regarded as a data-buos bil
through which information can be transferred.

We now brielly discuss how (o (a) prepare a
cjubit superposition state in & given ion, (b) transler
the Information (the superposition state} of the
selected ion onto e motional gubit, and finally ()
form & quantum logic gate hetween the motional
guhil and anather selected ion. We assume the
internal-state gubits are derived from a loswer and
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Figure 3: Top: lon trap electrode structure on a 10mm x 1 5mm
ceramic substrate. The gold trap slectrodes and leads
{brownish color) have been pvaporated onto the substrate,
and associated circuit elements are visible on the surface of
the structura. The trapping region is a borizontal slit that has
bean cut from the substrate, with an expandaed view at the
bottom of the figure.

Bottem: Close-up of the ion trap region. Four beryllium ions
have been cooled to near their gln':lund state of motion and
form a linear crystal in the trap. The baryllium ions flucresce in
the near-ultraviclet reglon of the spectrum, reguiring a UV-
sensitive camera whose mage was superpasad on the visible
picture of the trap slectrodes. Radie-frequency patentials of
about 500V at near 250 MHZ have been applied batween the
upper and lewer slectrodes, and static potentials of several
volts are applied betwean maembers of the segmented upper
glectrode, The trap apparatus is maintained in high vacuum
[pressure = 107 Pa, or about 10" of atmospheric pressura] to
prevent heating and chemical reactions of the ions with the
background gas.

upper energy orientation of the jon's spin (labe led
[Ly and ITY) with respect o a backaround uniform
magnetic field, as oullined above. The ion's spin
stale can be allered by applyving an oscillating
magnetic field. Not only can we [lip its stale from
43 Lo Ty, hut we can also make arhitrary
superposition states |1 — ebdy 5 BT by applying
the-pacillating field for particulae times, (These are
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Quantum Computing
Abyss

State-of-the-art
experiments

# gquantum bits

# ocperations

noise
reduction

technology

Fig ura 4: The "’Du:mlum-:un'lpu‘l‘ing .ﬂ.bysﬂ." Ala rga ﬂi:p:ritr
axists between what is currently pessible and what is reguired
for large-scale problams like factering big numbers. Quantum
error-correction techniques imply that by encoding two-state
superpositions in entangled states compased of saveral
quisits, the required number of errer-free operations can be
reduced fram about 107 (factaring withaut errarcarraction) ta
about 10° ar 10°. In several proposed implementations of a
quantum computer this appears to be technically feasible.

the same types of manipulations performed on
nuclear spins in MR [magnelie resonance
imaging].}

In addition to the unilform feld, suppose we
now superimpose a field whese magnitude
depends on position: Tor simplicity we'll assome
the magnitude of the additional field is +AB at the
ion’s lefl most position and -AB at its right-most
position. When the ion oscillales back and [orth, it
now sees a field oscillating at the motional
oscillation frequeney with amplitude AB. When this
frequency exactly matches the frequency
associated with the difference in energy between
the two spin states, energy is exchanged between

Uhe spin and the motion: [TH0 — (L1 Moereover, if
this operation is applied to a superposition stale of

the spin we can map an arbitrary state of the spin
gubit to the motional data-bus qubit: (wll) + BTy o
S elod « B (The wansgition 4305 — 1Ty
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cannol oceur becanse it doesn'l CONSErve energy.)
To localize the field gradient (o a particielar ion, we
se the hield gradient associated with the fields of a
laser bearmn focused onlo the ion,

Yery similar technigues are used to perform a logic
operation between the motional gqubil and ancether
lon (selected by Incusing the laser beam on this
second iomn). One kind of logic-gate that as heen
realized experimentally is similar o a elassical
exchisive-OR (XOR) gate; it is called a controlled-
NOT (CN} zate, I1s associaled lrath table, which
describes the change in the stale of the system
before and aller the operaltion, is:

Loy — 1L
ITHOY = 1TH0Y
iy —= 1T
T3 — 101 (2)

Here the molional gubdt is called the contral
gubit; if ils state is 10}, the spin bil remains
mnchanged, iFitis a 1), the spin bit flips. This trath
table appears Lo be classical, bul it can also ael on
superposition states. For example, we can transfer
a superposition of the motional gubitl into an
entangled superposition belween the motion and
spinquhil:

Hes(el0) + Bl —(CN)= albilo) + pITHL. (B

There are similar proposals for quantum logie
on trapped neatral atoms. In this ¢ase, becanse the
Coulomb interaclion is absenl, requirement 2 iz
satisfied by selectively moving the atoms very close
together o realize coupling through a direct spin-
spin interaction. In a related seheme called cavity-
QED {cavily-gquanium-eleclrodynamics), atoms
communicate via photons that are confined in a
commaon optical cavily or oplically translerred
hetween separate cavities. Some proposed
condensed matler schemes or guanlum
computers are quile similar to these atomic-
physics sehemes, The gukits could be composed of
electron or nuclear spins which are localized Lo
particular sites in a solid host. If these sites are far
enough apart, then the separale spins interact
negligibly and superposition states can be
preserved. IF the siles are not too far apart, the
electron clouds surrounding the sites can he
distorted by the felds rom a nearby surface
electrode so thal the neighboring electron spins
interact with and couple to each other. This
interaction could be used Lo realize a controlled
NOT gate.



Pegardless of the physical system, an arbitrary
gquantum computation (e generating the arbi-
lrary superposition of Eq. (1)) can be constructed
from a series ol single-gubil manipulations and
two-qubit controlled-NOT gates. These two gates
form a “universal™ logic Tamily, much like the AND
and NOT gates in classical computing.

Afler the computation, we need an efficient
wiy to read oul the qubil stales (reguirement 3). In
some condensed-matter seliemes, this might be
accomplished by coupling a site's electron cloud to
the gate of a single-electron transistor. Since the
coupling can be made spin-dependent, it can be
used o measure the site's electron spin state. In
atoiric physics, a common technigue for delection
is Lo use state-dependent laser scatiering, In lhe
wapped-ion example, if the jon is in the |4) slate il
can be made o scatler many photons, while an ion
in the IT) stale seatters negligibly, This disparity
can be so large that even if we detect only a small
fraction of scatterved pholtons we ean sLill
distinguish the 11} state from the IT) state with
nearly 100% efficiency.

Realizing a computation composed of even a
fesy hundred operations on 10 Lo 20 qubils will be a
significanl lechnical achievement. However, For
guantum computation Lo be generally useful il
musl be sealable to much larger numbers. This is
viewed as a long-lerm disadvanlage of the NMR
syslem as it will become very diffienlt to scale
bevond approximately 10 qubits, Very large scale
integration (VLEID) is a hallmark of modern
classical computers; therefore, il the basic
elements of quantum computation can be realized
in a condenscd-matter system, a host of existing
methods might be employved to scale up to large-
size systems. The ion trap scheme appears (o suffer
in a similarway to the NMR scheme; specifically, as
the number of ioms in a Irap increases, il will
become more and more difficult o avoid eoupling
to unwanted motional resonances. However, this
system could be mulliplexed iF we make arrays of
lraps comprising accumulators and storage cells,
egach containing vonly a few ions. Moving selected
ions lhen ransfers information. In condensed-
matter systems, similar transfers might be
accamplished by moving clectrons hetween sites.

OUTLOOK
Currently, room-lemperalure molecular NAMR
has demonstrated simple guanfum manipuelations
on a lew qubits. However, this system is in a hizhly
mixed state and entanglement is not manifest: this

is related to why il is nol sealable o large numbers.
All the elements of the rapped-ion amd eavily-QED
schemes have been demonstrated on one and two
aloms. For lrapped fons, efforls to scale up Lo
higher nombers of fons have been hampered by
decoherence of the motional gubit, which is highly
susceptible to external electrie field Muetuations;
however, il appears 1o be straightforward to
overcome these effects. A number of condensed-
maller schemes leok promising, but superpositions
are very short-lived and guanium gales have nol
yet been demonstrated. From any perspective. a
rather large “abyss” exists belween theory and
experinient, as indicated in Figure 4, Certainly
future experiments will be able 1o handle more
guhits and accomplish more coherent operalions,
bul hopefully the gap will also be closed through
futire theoretical developments,

Ome recenl theoretical breakthrough has been
the tdea of quanlum errir correction. Here,
classical error correction schemes have been
adapted Lo the gquantum world, Errors, such as hit-
[lips caused by noncontrolled external field
fAuetnations ar unwanled measurement by the
enviranment, can be detected and correcled by
measuring a subsel of gqubits and performing
subsequent logic operations. Qubil superposilions
can be mainlained through these operations—a
siluation seemingly implausible in gquanlum
mechanics because we are laught éarly on thai
measurenent destroys all superpositions! 1 & long
computalion, such as facloring big numbers,
empleying errar correction requires a lidelily
significantly less than what would be required
withoul il

Independent ol the fulure of quantom comput-
ing, the entire field of quantum-information sci-
crnee isstllin its infancy. Cerlainly many issues are
ol understood and one can be optimistic thal their
resolution may lead o new insights inlo guaniom
mechanics, its relationship w information selenee,
and its meaning in the physical world. @
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