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PREFACE

Under the support of KOFST (Korean Federation of Science and Technology Societies),
KSEA (Korea American Scientists and Engineers Association) conducted a study of
R&D trends on Information Technology and interfacing technology areas. The study is
part of the KOFST project, “Overseas Science and Technology Policy, Organization and
Trends.”

A two-volume report was produced. The first volume covers core computer science and
engineering and networking branches of the IT research and development field. It was
produced by a study team led by Dr. Se June Hong and consisting of 9 researchers who
were not only members of KSEA but also members of a sister organization of KSEA,
KOCSEA (Korean Computer Scientists and Engineers Association in America). The
first volume became KSEA Technical Monograph KSEA-TM-2006-01.

The second volume became this technical monograph, KSEA-TM-2006-02. It was
produced by Professor Yong Wook Kim and deals with the quantum computation
branch of the IT research field.

All of us involved in this study project wish to thank KOFST. As the project director, |

gratefully acknowledge this significant contribution of Professor Yong Wook Kim to
KSEA and all professionals interested in the quantum computation research.

April, 2006

Kwang-Hae (Kane) Kim
Project Director and 34™ President of KSEA
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Executive Summary

An Assessment of Quantum Computation Research

Yong W. Kim
Department of Physics, Lehigh University
Bethlehem, Pennsylvania 18015, USA

The interest in quantum computation is driven by three basic reasons: (a) the expectation that the
progress with device miniaturization predicts atomic-dimension features in integrated micro-
circuits within the next decade; (b) the realization that it is possible to visualize computational
algorithms built on quantum mechanical states of a one or more particles or photons; and (c) a
guantum bit (a qubit) makes it possible to impart intrinsic information securely and facilitates
computation algorithms that would be impossible to encode in classical computing algorithms.
These reasons are considered fundamental, and while it may be conceivable to slow the
movements but it does not appear possible to stop or slow the rise of intrinsic interest among
scientists and engineers. Aside from applications based on quantum mechanical construct of a
piece of information, continuing reduction of device features to atomic dimensions necessitates
consideration of extraneous quantum mechanical effectsin the nature of a state of a building

block system that are required to define a single information bit.

The research activities remain largely in the science of realizing quantum computation, rather
than in fashioning a computing device, and this means wide-open opportunity for new entries
into thefield. Thefield is extremely active, consistent with the high expectations among
disparate parties ranging from the science policy makers, research funding agencies, business of
new technology, defense strategiststo lay public. New textbooks are being introduced into the
graduate-level course offerings as experimental offerings in many universities.  Aside from the
what-if imaginations, the movement is providing new ways to think about the quantum
mechanical nature of physical statesin small scales and high-resolution inspection of quantum
systems in highly magnified ways. Clearer and more simplified understandings emerge. For
instance, quantum computation must clarify a qubit and prescribe its stability in the presence of

ES1



microscopic fluctuations due to thermodynamic characteristics of a physical system that defines
the qubit. Unplanned modifications by thermal fluctuation lead to loss of the information
represented by the qubit, or the so-called decoherence phenomenon, which any successful
computational algorithm must be prepared to accommodate. Peter Shor has shown the algorithm
and the requisite preservation of the integrity of the qubits used in the algorithm, namely, the
error correction procedure to overcome the thermal or mechanical events of decoherence.

The challenges and the success of Shor’s algorithm reside in the fact that the quantum
mechanical specification of a state of the building block system includes quantum entanglement
of more than one pure states of the system. A qubit may be represented by a pure state or an
entangled state in the form of alinear combination of the pure states. The makeup of such an
entangled state cannot be pinpointed until a measurement has been made. Such a measurement
destroys the entangle state, and this feature makes it a secure way of encoding a piece of
information from eavesdropping. It also makes it feasible to realize secure transmission of a
photon or a particle over alarge distance, i.e., the so-called quantum teleportation, if a particle
pair or a photon pair is produced in an entangled way. Such entangled states can be constructed
with a set of entities that number two or more; this enlarges the dynamic range of a qubit beyond

two.

The rush of research is centered about two foci: one, theoretical development of new quantum
computing algorithms; and two, devising of realistic laboratory systems, in which qubits may be
created, localized and triggered into computational transformation according to a given quantum
mechanical algorithm. Shor’s algorithm is for factorization of alarge number, for which alarge
gain in speed by the quantum mechanica a gorithm has been demonstrated over classical
computational algorithms, and remains the only known application of quantum computation. It
is also generally agreed that classical counterpart ssimply cannot accomplish the task. Conversion
of all classical computation to quantum computation is not only undesirable but aso appears not
feasible. However, it iswidely understood that continued investigation would identify a

significant class of problems appropriate to quantum computation.

ES-2



Experimental realization of quantum computation is being explored in many different fronts.
Qubits may be composed of entangled photons, different spin states of a single particle, or
motional eigenstates of asingle particlein atrap. There are anumber of approaches identified as

follows:

- nuclear magnetic resonance (NMR) quantum computation,

- ion trap quantum computation,

- neutral atom quantum computation,

- cavity quantum electro-dynamic (QED) computation

- optical quantum computation,

- solid state (spin-based and quantum-dot-based) quantum computation,

- superconducting quantum computation, and

- “unique’ qubits quantum computation (e.g., electrons on liquid helium, spectral hole
burning, etc.).

Currently, progress within each of these approaches is monitored and tested by the criteria,
known as the DiVincenzo criteria. It quantifies a number of threshold issues, and necessary

conditions for any viable quantum computation technology are stated as follows:

i) a scalable physical system of well-characterized qubits;

i) the ability to initialize the state of the qubits to a simple fiducial state;

iii) long (relative) decoherence times, much longer than the gate-operation time;
iv) auniversal set of quantum gates;

V) aqubit-specific measurement capability;

vi) the ability to interconvert stationary and flying qubits; and

vii) the ability to faithfully transmit flying qubits between specified locations.

The last two criteria address the necessary conditions for quantum computer networkability.

These criteria address many concurrent considerations. The physical properties, such as
decoherence rates of the two-level qubits used to represent quantum information must be well
understood. The physical resource requirements must scale linearly in the number of qubits not
exponentialy, if the approach is to be a candidate for a large-scale quantum computation
technology. It must be possible to initialize aregister of qubits to some state from which
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guantum computation can be performed. The time to perform a quantum logic operation must be
much smaller than the time-scales over which the system’ s quantum information decoheres.
There must be a procedure identified for implementing at least one set of universal quantum
logic operations. In order to read out the result of a quantum computation there must be a
mechanism for measuring the final state of individual qubitsin a quantum register. The two
networking criteria are necessary if it is desired to transfer quantum information from one
location to another, (e.g., between different registers or between different processorsin a

distributed computing situation).

It ismost likely that a single photon or el ectron source will play a prominent role as atiming
means for initiating computational gate operation to be applied to the qubits. A source capable
of producing a single photon or an electron, no more or no less, at a time under a command
remains acritical capability for quantum computation. Any one of the above lines of
investigation will be worthy of the intellectual investment because they will provide a platform
on which to advance new understanding of the state of a physical system at small distances, and
to develop tools and working systems based on the new knowledge. The general view isthat the
successful quantum computational system may not be any one of these approaches but based on
new syntheses of the relevant physics. The central workhorse system will require many basic
tools of experimental physics, now at hand as well as those yet to be developed. Accumulation
of the body of expertise will serve well the eventual participation in the new enterprise of

guantum computation.

This assessment investigation was carried out at the request of the Korean Federation of Science
and Technology Societies (KOFST) through the Korean Scientists and Engineersin America
(KSEA). The author acknowledges partia support by the KOFST and by Lehigh University.
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Executive Summary in Korean

Quantum Computation

Yong W. Kim
Department of Physics, Lehigh University
Bethlehem, Pennsylvania 18015, USA
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An Assessment of Quantum Computation Resear ch

Abstract
The industry-wide drive to increase the computing speed continues to follow Moore's
empirical scaling rule of feature size reductions in microelectronic devices with time.
The current device sizes approach the mesoscopic regimes, forcing the consideration of
guantum mechanical effects on the classical information bits. This report documents an
assessment of the state-of-the-art of the research efforts to define and build a science and
technology base for quantum computation. The quantum computation enterprise has
been organized as aresponse to such an eventuality. It is comprised of construction of
guantum mechanical information bit (a qubit) and algorithmic operations on a suite of
such qubits to achieve quantum computation. The present consensus is that a quantum
computation algorithm is superior to classical counterparts in that certain computational
tasks, which cannot be encoded in classical computation, an example being factorization
of large integers, can be executed at significantly higher speeds. Shor’s algorithm
presents a specific demonstration of such an intrinsic capability. The potential strength of
guantum computation arises from a new understanding of entangled states as the basis of
aqubit. Shor has also formulated a quantum-computing algorithm that is capable of
effectively circumventing the losses of the qubid-encoded information due to intrinsic
fluctuations in the small physical systems (i.e., the decoherence problem). Construction
of aqubid and its quantum mechanical peculiarities are reviewed in this report, together
with an introduction to Shor’ s quantum computation algorithm. The so-called quantum
computation roadmap, as maintained by aloose group of investigators in the field, is also
reviewed. Specific research efforts to realize rudimentary quantum computing systems,
implemented with quantum computation algorithms, are described. Conclusions,
together with recommendations given in the executive summary, are presented as a

snapshot view of the current state of the research efforts.



1. General Properties of Quantum Systems

The interest in quantum computing is driven by three basic reasons:. (@) the expectation
that the progress with device miniaturization predicts atomic-dimension features in
integrated micro-circuits within the next decade; (b) the realization that it is possible to
visualize computational agorithms built on quantum mechanical states of a one or more
particles or photons; and (c) a quantum bit (a qubit) makesit possible to impart intrinsic
information securely and facilitates computation that would be impossible to encode in
classical computing algorithms. These reasons are considered fundamental, and while it
may be conceivable to slow the movements but it does not appear possible to stop or slow
the rise of intrinsic interest among scientists and engineers. Aside from applications
based on quantum mechanical construct of a piece of information, continuing reduction
of device features to atomic dimensions necessitates consideration of extraneous quantum
mechanical effectsin the nature of a state of a building block system that are required to
define asingle information bit.

A. Quantum Entanglement

In the mid thirties, Schrodinger discussed the argument by Einstein, Podolsky, and Rosen
(“EPR”) that the theory of quantum mechanicsisincomplete. In classical mechanics the
state of a system is essentialy alist of the system's properties — namely, the positions
and momenta of al the particles comprising the system. The theory specifies how
properties change in terms of alaw of evolution for the state, which Pauli characterized
as a ‘detached observer’ idealization.[Pauli] According to the Copenhagen interpretation,
such a description is not possible for quantum systems; the import of the state resides in
the probabilities that can be inferred for the outcomes of possible future observations on
the system. Einstein proposed arguments instead, showing that the quantum state is
simply an incomplete characterization of the system, as aresult of the missing parameters

or “hidden variables.”

Einstein's definition of a complete theory entailed certain conditions of separability and
locality for composite systems consisting of separated component systems: each
component system separately should be characterized by its own properties, even though



such properties may emerge stochastically, and it should be impossible to ater the
properties of a distant system by acting on alocal system. In Bell's extension of the EPR
argument made it apparent that these conditions, when suitably formulated as probability
constraints, are equivaent to the requirement that statistical correlations between
separated systems should be reducible to probability distributions over common causes,
be it deterministic or stochastic.

Two particles that are prepared from a source in a certain quantum state and move apart
retain matching correlations between both the positions of the two particles and their
momenta. Any measurement of either position or momentum on a particular particle
would allow with certainty the prediction of the outcome of a position measurement or
momentum measurement on the other particle. These measurements are, however,
mutually exclusive: either a position measurement can be performed, or a momentum
measurement, but not both simultaneously. Furthermore, either correlation can be
observed, but the subsequent measurement of momentum, say, after establishing a
position correlation, will no longer yield any correlation in the momenta of the two
particles. Thisisasif the position measurement disturbs the correlation between the
momentum values, forcing a puzzling conclusion that the quantum state of the particle
pair isinconsistent with the separate individual labeling of the particles that could be
associated with appropriately correlated values for the outcomes of position and

momentum measurements. EPR concluded that the quantum state was incompl ete.

Schrédinger coined the term ‘ entanglement’ to describe this peculiar connection between
guantum systems.[ Schroedinger] In the second part of the paper, Schrodinger showed
that, in general, a sophisticated experimenter can, by a suitable choice of operations
carried out on one system, ‘steer’ the second system into any chosen ‘ mixture’ of
guantum states. That is, the second system cannot be steered into any particular state at
the whim of the experimenter, but the experimenter can constrain the state into which the
second system evolvesto lie in any chosen set of states, with a probability distribution
fixed by the entangled state.



He found this conclusion sufficiently unsettling to suggest that the entanglement between
two separating systems would persist only for distances small enough that the time taken
by light to travel from one system to the other could be neglected, compared with the
characteristic time periods associated with other changes in the composite system. Most
physicists were swayed by this suggestion. This was unfortunate, because the study of
entanglement was ignored for thirty years until John Bell's reconsideration and extension
of the EPR argument.[Bell]

Bell looked at entanglement in simpler systems of matching correlations between two-
valued dynamical quantities, such as polarization or spin, of two separated systemsin an
entangled state. He showed that the statistical correlations between the measurement
outcomes of suitably chosen different quantities on the two systems are inconsistent with
an inequality derivable from Einstein's separability and locality assumptions — in effect
from the assumption that the correlations have a common cause. Bell'sinvestigation
generated an ongoing debate on the foundations of quantum mechanics. It led to
confirmation that entanglement can persist over long distances, [Aspect, et al] thus
disproving Schrddinger's supposition of the spontaneous decay of entanglement as two
entangled particles separate. But it had to wait until the 1980s before wide acceptance of
the non-local correlations of entangled quantum states was crytalized as a new kind of

non-classical resource that could be exploited.[Lo, et a; Nielson and Chuang]

B. Exploiting Entanglement - Quantum Teleportation

Consider again Schrodinger's realization that an entangled state could be used to steer a
distant particle into one of a set of states, with a certain probability. Suppose that two
persoons A and B share an entangled state of two photonsin an entangled state of
polarization. Person A hasin her possession one of the entangled photons, and person B
has the other. Imagine that A has an additional photon in an unknown state of
polarization, u, and that it is possible for A to perform an operation on the two photonsin
her possession that will transform B's photon into one of four states, depending on the
four possible (random) outcomes of A's operation: either the state u, or a state that is
related to uin adefinite way. A's operation entangles the two photons in her possession,

and disentangles B's photon, steering it into a state u*. Once A communicates the



outcome of her operation to B, B knows either that u* = u, or how to transform u* to u by
alocal operation. This phenomenon is known as “ quantum teleportation.”

A and B have managed to use their shared entangled state as a quantum communication
channel to destroy the state u of aphoton in A's part of the universe and recreate it in B's
part of the universe. Since the polarization state of a photon requires specifying the value
of an angle that can vary continuously, without a shared entangled state A would have to
convey an infinite amount of classical information to B in order for B to reconstruct the
state u precisely. The binary expansion of an angle variable is represented by a
potentially infinite sequence of O'sand 1's, or an arbitrary angle variable requires an
infinite number of bits. To specify the outcome of A's operation having four possible
outcomes with equal a priori probabilities, on the other hand, requires two bits of
classical information, B can reconstruct the state u on the basis of just two bits of

classical information communicated by A, apparently by exploiting the entangled state as
a quantum communication channel to transfer the remaining information.[Nielson and
Chuang; Joszal

C. Quantum Information

The amount of classical information we gain when we learn the value of a random
variable is represented by a quantity called the Shannon entropy, measured in

bits.[ Shannon and Weaver] A random variable is defined by a probability distribution
over a set of values. In the case of a binary random variable, with equal probability for
each of the two possihilities, the Shannon entropy is 1 bit, representing maximal
uncertainty. For all other probabilities the Shannon entropy islessthan 1. For the case of
maximal knowledge or zero uncertainty about the alternatives, where the probabilities are

0 and 1, the Shannon entropy is zero.

Since information is aways embodied in the state of a physical system, we can aso think
of the Shannon entropy as quantifying the physical resources required to store classical
information. Suppose A wishes to communicate some classical information to B over a
classica communication channel, say, in an email message. A relevant question concerns
the extent to which the message can be compressed without loss of information, so that B



can reconstruct the original message accurately from the compressed version. According
to Shannon's source coding theorem (noiseless coding theorem), the minimal physical
resource required to represent the message is given by the Shannon entropy of the source.

The natural next question is, what happens if we use the quantum states of physical
systems to store information, rather than classical states? It turns out that quantum
information is radically different from classical information. The unit of quantum
information is the *qubit’, representing the amount of quantum information that can be
stored in the state of the ssimplest quantum system, such as the polarization state of a
photon.[Schumacher] Aswe have noted earlier, an arbitrarily large amount of classical
information can be encoded in a qubit. This information can be processed and
communicated but, because of the peculiarities of quantum measurement, at most only
one bit can be accessed.[Holevo]

While classical information can be copied or cloned, the quantum ‘no cloning’ theorem
asserts the impossibility of cloning an unknown quantum state.[ Dieks; Wootters and
Zurek] To see why, consider how we might construct a classical copying device. A NOT
gate isadevice that takes a bit as input and produces as output either a1 if the input is 0,
or a0if theinput is 1. In other words, a NOT gate is a 1-bit gate that flips the input bit. A
controlled-NOT gate, or CNOT gate, takes two bits as inputs, a control bit and a target
bit, and flips the target bit if and only if the control bit is 1, while reproducing the control
bit. A CNOT gate functions as a copying device for the control bit if the target bit is set to
0, because the output of the target bit is then a copy of the control bit (i.e., the input 00
produces output 00, and the input 10 produces output 11). Insofar as we can think of a
measurement as ssimply a copying operation, a CNOT gate is the paradigm of a classical

measuring device.

Suppose we attempt to use our CNOT gate to copy an unknown qubit state. Since we are
now proposing to regard the CNOT gate as a device for processing quantum states, the
evolution from input states to output states must be effected by a physical quantum
transformation. Now quantum transformations are linear on the linear state space of
qubits. Linearity of the state space means that for any two qubit states that are orthogonal



in the space of qubit states, there are qubit states that are represented by linear
superpositions or sums of 0 and 1, with certain coefficients. Such superpositions, say, a
superposition with equal coefficients that could be represented symbolically as 0+1, are
non-orthogonal to 0 and to 1. Linearity of the transformation means that any
transformation must take a qubit state represented by the sum of two orthogonal qubits to
anew qubit state that is the sum of the transformed orthogonal qubits. If the CNOT gate
succeeds in copying two orthogonal qubits, it cannot succeed in copying alinear
superposition of these qubits. Since the gate functions linearly, it must instead produce a
state that is alinear superposition of the outputs obtained for the two orthogonal qubits.
That isto say, the output of the gate will be represented by a quantum state that isa sum
of two terms, where the first term represents the output of the control and target for the
first orthogonal qubit, and the second term represents the output of the control and target
for the second orthogonal qubit. This could be written as 00+11. Thisis an entangled
state and not the output that would be required by a successful copying operation, where
the control and target each outputs the superposed qubit (which could be written as
(0+1)(0+2)).

D. Quantum Cryptography

Linearity prevents the possibility of cloning or measuring an unknown gquantum state.
Similarly, it can be shown that if A sends B one of two nonorthogonal qubits, B can
obtain information about which of these qubits was sent only at the expense of disturbing
the state. That is, for quantum information there is no information gain without the
disturbance. The impossibility of copying an unknown quantum state is the basis of the
application of quantum information to cryptography. There are quantum protocols
involving the exchange of classical and quantum information that A and B can exploit to
share a secret random key, which they can then use to communicate privately.[Lo] Any
attempt by an eavesdropper to monitor the communication between A and B will be
detectable because no quantum information can be gained without incurring some
disturbance to the quantum communication channel.



E. Quantum Computation

Quantum information can be processed, but the accessibility of thisinformation is limited
by the Holevo bound as mentioned earlier. Deutsch first showed how to exploit quantum
entanglement to perform a computational task that isimpossible for a classical
computer.[Deutsch] Suppose we have a black box that evaluates afunction f. The
arguments of f (inputs) are either 0 or 1. The values (outputs) of f are either the same for
both arguments, i.e., fisconstant, or different for the two arguments, i.e., fissaidto be
balanced. We are interested in determining whether f is constant or balanced. Now,
classically, the only way to do thisisto run the black box twice, for both arguments 0 and
1, and to pass the values (outputs of f) to a circuit that determines whether they are the
same (for constant) or different (for balanced). Deutsch showed that if we use quantum
states and quantum gates to store and process information, then we can determine
whether f is constant or balanced in one evaluation of the function f. Thetask isto
design the circuit in a sequence of gates to produce the answer to a global question about
the function (constant or balanced) in an output qubit register that can then be read out or
measured.

Recall the quantum CNOT gate, with two orthogonal qubits 0 and 1 as possible inputs for
the control, and O as the input for the target. One can think of the input control and output
target qubits, respectively, as the argument and associated value of afunction. This
CNOT function associates the value 0 with the argument 0 and the value 1 with the
argument 1. For alinear superposition of the orthogonal qubits, say 0+1, asinput to the
control, and the qubit representing O as the input to the target, the output is the entangled
state 00+11, alinear superposition in which the first term represents the argument 0 and
associated value (0) of the CNOT function, and the second term represents the argument
1 and associated value (1) of the CNOT function. The entangled state represents al
possible arguments and corresponding values of the function as alinear superposition,
but this information is not accessible. What is accessible by a suitable choice of quantum
gates is information about whether or not the function has certain global properties. This



information is obtainable without reading out the evaluation of any individual arguments
and values.

The situation is analogous for Deutsch's function f. Here the output of f can be
represented as either 00 + 10 or 01 + 11 (in the constant case), or 00 + 11 or 01 + 10 (in
the balanced case). The two entangled states in the constant case are orthogonal in the 4-
dimensional two-qubit state space and span a plane. We can label this the constant plane.
Similarly, the two entangled states in the balanced case span a plane, the balanced plane.
These planes are orthogonal in the 4-dimensional state space, except for an overlap: a
line, representing a non-entangled two-qubit state. It is therefore possible to design a
measurement to distinguish the two global properties of f, constant or balanced, with a
certain probability (actually, 1/2) of failure, when the measurement yields an outcome
corresponding to the overlap state, which is common to the two cases. Nevertheless, only
one query of the function is required when the measurement succeeds in identifying the
global property. With ajudicious choice of quantum gates, it is even possible to design a

quantum circuit that always succeeds in distinguishing the two cases.

Deutsch's example shows how quantum information, and quantum entanglement, can be
exploited to compute a global property of afunction in one step that would take two steps
classicaly. There are quantum algorithms that achieve an exponential speed-up over any
known classical algorithm, and in some cases the speed-up can be shown to be
exponential over any classical agorithm. Essentially, thisis again due to the phenomenon
of entanglement. Indeed, the amount of information required to describe a general
entangled state of n qubits grows exponentially with n. The state space (i.e., Hilbert
space) has 2" dimensions, so a general entangled state is a superposition of 2" n-qubit
states. In classical mechanics there are no entangled states: a general n-bit composite
system can be described with just n times the amount of information required to describe
asingle bit system. So the classical simulation of a quantum process would involve an
exponential increase in the classical informational resource required to represent the
guantum state, as the number of qubits that become entangled in the evolution grows
linearly, and there would be a corresponding exponential slowdown in calculating the

evolution, compared to the actual quantum computation performed naturally by the



system. However, there are till significant debates as to what exactly explains the speed-
up. [Bub]

While Deutsch's problem has no interesting application, there now exist several quantum
algorithms for non-trivial problems, notably Shor's factorization algorithm for factoring
large composite integers in polynomial time and Grover's database search algorithm.[Lo,

Popescu and Spiller; Bub; Barenco]

2. Introduction to Quantum Computation Algorithm

By the early nineties it was known that a quantum computer could be faster than any
classica computer for certain problems. Nonethel ess these observations were largely
driven by academic curiosity. This changed when Shor devised a polynomial time

algorithm for factoring large numbers on a quantum computer.[ Shor]

The algorithm was viewed as important because the difficulty of factoring large numbers
isrelied upon for most cryptography systems. If an efficient method of factoring large
numbers is implemented most of the current encryption schemes would be worthless.
While it has not been proven that factoring large numbers can not be achieved on a
classical computer in polynomial time, the fastest algorithm publicly available for
factoring alarge number n (whose representation has log n bits) runsin, or exponential
time.

1/3 2/3

O(eC(Iog n)”“+(loglog n) )
In contrast Shor's algorithm runsin

O((logn)® +loglogn)

on a quantum computer, and then must perform O(logn) steps of post processing on a
classical computer. Overall, thistime is polynomial, and this discovery propelled the
study of quantum computing forward.
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Shor's algorithm hinges on a result from number theory: the function F(a) = x* modn is
aperiodic function when x is an integer coprime to n. In the context of Shor's algorithm n
will be the number we wish to factor. When two numbers are coprime it means that their

greatest common divisor is 1.

Calculating this function for an exponential number of a's would take exponential time on
aclassical computer. Shor's algorithm utilizes quantum parallelism to perform the
exponential number of operationsin one step. Since F(a) is a periodic function, it has
some period r. We know that X° mod n =1, and therefore X mod n =1, and x¥* mod n =1,
and so on.

Given this information and through the following algebraic manipulation:

X © 1 mod n

(X?)®-1° 0modn

and if r is an even number
(X?1)(X®+1)°0modn

We can see that the product ( X2 —1) (X + 1) isan integer multiple of n, i.e., the

number to be factored. So long as [x*/?| is not 1, then at least one of (X" 1) and

(X"? + 1) must have a nontrivial factor in common with n. So by computing
ged (X7-1,n), and ged ( X72+ 1, n), we will obtain afactor of n, where ged is the

greatest common denominator function.

Shor's algorithm tries to find r, the period of x* mod n, where n is the number to be
factored, and x is an integer coprime to n. To do this Shor's algorithm creates a quantum
memory register with two parts. In the first part the algorithm places a superposition of
the integers, which areto be a'sin the x¥* mod n function. We will choose our a'sto be the

integers O through q - 1, where q is the power of two such that n® £ q < 2 n®. Then the
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algorithm calculates x¥* mod n, where a is the superposition of the states, and places the
result in the second part of the quantum memory register.

Remember, the number n is represented by a[log n] bit string. We must calculate
x* mod n an exponential number of times, with respect to the length of the encoded input
to the algorithm.

Next the algorithm measures the state of the second register, the one that contains the
superposition of all possible outcomes for xX* mod n. Measuring this register has the
effect of collapsing the state into some observed value, say k. It also has the side effect of
projecting the first part of the quantum register into a state consistent with the value
measured in the second part. Thus, measurement of the second part results in exactly one
value, and causes the other partition to collapse into a superposition of the base states
consistent with the value observed in the second part.

After this measurement the second part of the register contains the value k, and the first
part of the register contains a superposition of the base states whose evaluation in

x? mod n produces k. We know x* mod nis a periodic function, therefore the first part of
the register will contain thevaluesc,c+r,c+ 2r, ..., where c is the lowest integer such
that xX* mod n. The next step is to perform a discrete Fourier transform on the contents of
first part of the register. The application of the discrete Fourier transformation has the
effect of peaking the probability amplitudes of the first part of the register at integer
multiples of the quantity g/r.

Measuring the first part of the quantum register will yield an integer multiple of the
inverse of the period with high probability. Once this number is retrieved from the
guantum memory register, aclassica computer can do analysis of this number, make a
guess as to the actual value of r, and from that compute the possible factors of n. This
post processing is treated in more detail below.[Shor]

Shor's algorithm for factoring a given integer n can be broken down into ssimple steps.
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Determine if the number n is a prime, an even number, or an integer power of a
prime number. If it is, we will not use Shor's algorithm. There are efficient
classical methods for determining if an integer n belongs to one of the above
groups, and providing factors for it if it does. This step would be performed on a
classical computer.

. Pick ainteger q that isthe power of 2 such that n®*£ q< 2r® This step would be
done on aclassical computer.

Pick arandom integer x that is coprime to n. When two numbers are coprime, it
means that their greatest common divisor is 1. There are efficient classical
methods for picking such an x. This step would be done on a classical computer.
. Create a quantum register and partition it into two sets, register one and register
two. Thus the state of the quantum computer can be given by: Ieft|reg], reg2).
Register one must have enough qubits to represent integers aslarge as g - 1.
Register two must have enough qubits to represent integersaslargeasn - 1.
Load register one with an equally weighted superposition of al integers from O to
g- 1. Load register two with the O state. The quantum computer would perform
this operation. The total state of the quantum memory register at this point is:

1 &*

\/_ao

alao>

Apply the transformation x* mod n to each number stored in register one and store
the result in register two. Due to quantum parallelism this will take only one step,

as the quantum computer will only calculate x® modn’
superposition of states created in step 5. This step is performed on the quantum

where la> isthe

computer. The state of the quantum memory register at this point is:

—5 |a, x* modn >

8
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. Measure the second register, and observe some value k. This has the side effect of
collapsing register one into a equal superposition of each value a between 0 and
q— 1 such that x*mod n = k. This operation is performed by the quantum
computer. The state of the quantum memory register after thisstep is:

1 é a k)
||A ” a=al A

Here A isthe set of a's such that xX* mod n = k, and || A || isthe number of elements
in that set.

. Compute the discrete Fourier transform on register one. The discrete Fourier
transform when applied to astate |a) changesit in the following manner:

4= A

This step is performed by the quantum computer in one step through quantum
parallelism. After the discrete Fourier transform the register isin the state:

1

g g > 2p|a c/q
I al A c=0

Measure the state of register one, call this value m, this integer m has a very high
probability of being a multiple of g/r, wherer isthe desired period. The quantum
computer performs this step.

Take the value m, and on a classical computer do some post processing which
calculates r based on knowledge of mand g. There are many ways to do this post
processing, and it is done on aclassica computer.

. Oncer isattained, afactor of n can be determined by taking ged (X"

+ 1, m and
ged (X™2- 1, m). If afactor of nisfound, then one stops, and if not, go to step 4.

Thisfinal step is done on aclassical computer.
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Step k contains a provision for Shor's algorithm failing to produce the factors of n. Shor's
algorithm can fail for many reasons; for example, the discrete Fourier transform could be
measured to be 0 in step i, making the post processing in step j impossible. At other times
the algorithm will sometimes find factors of 1 and n, which is correct but not

useful .[Williams and Clearwater]

Shor's algorithm is not the only algorithm that seems to be better on a quantum computer
than any classical computer for a problem, which is considered to be useful. Grover
devised an algorithm to find an item in an unsorted list of N elements in operations. No
classica agorithm can guarantee finding the item in lessthan N in 0.758VN operations,

and in the average case it would take N/2 operations.[ Feynman]

There are numerous references on quantum information and quantum computation, both
in published and unpublished form. In particular, the author have found the lecture notes
and monographs useful in developing his understanding of the basic issues as well as the
challenges that lie ahead.[Preskill; Stoltz and Suter]

3. Quantum Computation Roadmap, Version 2.0 (2004) [QIST Roadmap]

A. An Overview

Quantum computation (QC) holds out tremendous promise for efficiently solving some
of the most difficult problems in computational science, such as integer factorization,
discrete logarithms, and quantum simulation and modeling that are intractable on any
present or future conventional computer. New concepts for QC implementations,
algorithms, and advances in the theoretical understanding of the physics requirements for
QC appear amost weekly in the scientific literature. This rapidly evolving field is one of
the most active research areas of modern science, attracting substantial funding that
supports research groups at internationally leading academic institutions, national
laboratories, and magjor industrial-research centers. Well-organized programs are
underway in the United States, the European Union and its member nations, Australia,
and in other mgor industrial nations. Start-up quantum-information companies are
already in operation.
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Wide ranged experimental approaches from a variety of scientific disciplines are being
pursued to meet the fundamental quantum mechanical challenges involved. Y et
experimental achievementsin QC, although of unprecedented complexity in basic
guantum physics, are only at the proof-of-principle stage in terms of their abilities to
perform QC tasks. It will be necessary to develop significantly more complex quantum-
information processing (QIP) capabilities before quantum computer-science issues can
begin to be experimentally studied. To realize this potential will require the engineering
and control of quantum-mechanical systems on a scale far beyond anything yet achieved
in any physics laboratory. This required control runs counter to the tendency of the
essential quantum properties of quantum systems to degrade with time (“decoherence’).
Y et, it isknown that it should be possible to reach the “quantum computer-science test-
bed regime’—if chalenging requirements for the precision of elementary quantum
operations and physical scalability can be met. Although a considerable gap exists
between these requirements and any of the experimental implementations today, this gap

continues to close.

To facilitate the progress of QC research towards the quantum computer-science era, a
two-day “Quantum Information Science and Technology Experts Panel Meeting” was
held in La Jolla, California, USA, in late January 2002 with the objective of formulating a
QC roadmap. The panel’s members decided that a desired future objective for QC should
be “to develop by 2012 a suite of viable emerging-QC technologies of sufficient
complexity to function as quantum computer-science test-beds in which architectural and
algorithmic issues can be explored.” The panel’s members emphasize that although this
is adesired outcome, not a prediction, they believe that it is attainable if the momentum
in this field is maintained with focus on this objective. The intent of this roadmap is to set
apath leading to the desired QC test-bed era by 2012 by providing some direction for the
field with specific five- and ten-year technical goals. While remaining within the “basic
science” regime, the five-year (2007) goa would project QC far enough in terms of the
precision of elementary quantum operations and correction of quantum errors that the
potential for further scalability could be reliably assessed. The ten-year (2012) god
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would extend QC into the “architectural/algorithmic” regime, involving a quantum
system of such complexity that it is beyond the capability of classical computers to
simulate. These high-level goals are ambitious but attainable as a collective effort with

cooperative interactions between different experimental approaches and theory.

Within these overall goals, different scientific approaches to QC will play avariety of
roles: it is expected that one or more approaches will emerge that will actually attain
these goals. Other approaches may not—but will instead play other vitally important
roles, such as offering better scalability potential in the post-2012 era or exploring
different ways to implement quantum logic, that will be essential to the desired
development of the field as awhole. It was the unanimous opinion of the Technology
Experts Panel (TEP) that it is too soon to attempt to identify a smaller number of
potential “winners;” the ultimate technology may not have even been invented yet.
Considerable evolution of and hybridization between approaches has aready taken place
and should be expected to continue in the future, with existing approaches being

superseded by even more promising ones.

A second function of the roadmap isto allow informed decisions about future directions
to be made by tracking progress and elucidating interrelationships between approaches,
which will assist researchers to develop synergistic solutions to obstacles within any one
approach. To this end, the roadmap presents a“mid-level view” that segments the field
into the different scientific approaches and provides a simple graphical representation
using a common set of criteria and metrics to capture the promise and characterize
progress towards the high-level goals within each approach. A “detailed-level view”
incorporates summaries of the state-of-play within each approach, provides a timeline for
likely progress, and attempts to capture itsrole in the overall development of the field. A
summary provides some recommendations for moving toward the desired goals. The
panel members developed the first version of the QC roadmap from the La Jolla meeting
and five follow-up meetings held in conjunction with the annual ARO/ARDA/NSA/NRO
Quantum Computing Program Review (QCPR) in Nashville, Tennessee, USA, in August
2002. The present (version 2.0) update was developed out of afurther four meetings at
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the August 2003 QCPR; the roadmap will continue to be updated annually. The
guantum computer-science test-bed destination that we envision in this roadmap will
open up fascinating, powerful new computational capabilities: for evaluating quantum-
algorithm performance; allowing quantum simulations to be performed; and for
investigating alternative architectures, such as networked quantum sub-processors. The
journey to this destination will lead to many new scientific and technol ogical
developments with potential societal and economic benefits. Quantum systems of
unprecedented complexity will be created and controlled, potentially leading to greater
fundamental understanding of how classical physics emerges from a quantum world,
which is as perplexing and as important a question today as it was when quantum
mechanics was invented. We can foresee that these QC capabilities will lead into an era
of “quantum machines’ such as atomic clocks with increased precision with benefits to
navigation, and “quantum enhanced” sensors. Quantum light sources will be developed
that will be enabling technologies for other applications such as secure communications,
and single atom doping techniques will be developed that will open up important
applications in the semiconductor industry. We anticipate that there will be considerable
synergy with nanotechnology and spintronics. The journey ahead will be challenging but
it isone that will lead to unprecedented advances in both fundamental scientific
understanding and practical new technologies.

B. Background on Quantum Computation

The representation of information by classical physical quantities such as the voltage
levelsin amicroprocessor is familiar to everyone. But quantum information science
(QIS) has been developed to describe binary information in the form of two-state
guantum systems, such as: two distinct polarization states of a photon; two energy levels
of an atomic electron; or the two spin directions of an electron or atomic nucleusin a
magnetic field. A single bit of information in this form has come to be known as a
“qubit.” With two or more qubits, it becomes possible to consider quantum logical-" gate”
operations in which a controlled interaction between qubits produces a (coherent) change
in the state of one qubit that is contingent upon the state of another. These gate operations
are the building blocks of a quantum computer.
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In principle, a guantum computer is a very much more powerful device than any existing
or future classical computer because the superposition principle allows an extraordinarily
large number of computations to be performed simultaneously. For certain problems,
such as integer factorization and the discrete-logarithm problem, which are believed to be
intractable on any present-day or future conventional computer, this *quantum
paralelism” would permit their efficient solution. These are important problems as they
form the foundation of nearly al publicly used encryption techniques. Another example
of great potential impact, as first described by Feynman, is quantum modeling and
simulation (e.g.,for designing future nanoscal e el ectronic components)—exact
calculations of such systems can only be performed using a quantum
computer.[Feynman] This simulation capability has the potential for discovering new
phenomenol ogy in mesoscopic/nanoscopic physics, which in turn could lead to new
devices and technologies. (It is not known if quantum computers will offer computational
advantages over conventional computers for general-purpose computation.) To realize
this potential will require the engineering and control of quantum-mechanical systems on
a scale far beyond anything yet achieved in any physics laboratory. Many approaches to
QC from diverse branches of science are being pursued. Needless to say, these present-
day QC technologies are some orders of magnitude away in both numbers of qubits and
numbers of quantum logic operations that can be performed from the sizes that would be
required for solving interesting problems. A few experimental approaches are now
capable of performing small numbers of quantum operations on small numbers of qubits,
with realistic assessments of the challenges for scale-up, while the bulk of the field is at
the single qubit stage with optimistic ideas for producing large-scale systems.

There are both fundamental and technical challenges to bridging thisgap. A serious
obstacle to practical QC is the propensity for qubit superpositions of 0 and 1 to
“decohere’ into either O or 1. (This phenomenon of decoherence isinvoked to explain
why macroscopic objects are not observed in quantum superposition states.) However,
theoretical breakthroughs have been made in generalizing conventional error-correction
concepts to correct decoherence in a quantum computer. A single logical bit would be
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encoded as the state of several physical qubits and quantum logic operations used to
correct decoherence errors. These quantum error-correction ideas have been shown to
allow robust, or fault-tolerant QC with the encoded logical qubits, at the expense of
introducing considerable overhead in the numbers of physical qubits and elementary
guantum logic operations on them. (For example, one logical qubit may be encoded as a
state of five physical qubitsin one scheme, although the number of physical qubits
constituting a logical qubit could well be different for different physica QC
implementations.) It has been established, under certain assumptions, that if athreshold
precision per gate operation could be achieved, quantum error correction would allow a
guantum computer to compute indefinitely.

An essentia ingredient of quantum error-correction techniques and QC in general, is the
capability to create entangled states of multiple qubits on demand. In these peculiarly
guantum mechanical states the joint properties of severa qubits are uniquely defined,
even though the individual qubits have no definite state. The strength of the correlations
between qubits in entangled states is the most prominent feature distinguishing quantum
physics from the familiar world of classical physics. The unusual properties of these
states underlie the potential new capabilities of QC and other quantum technologies.
Although present-day QC experiments are making rapid progress, demonstrations of on
demand entanglement are few and the precision of gate operations is quite far from the
fault tolerant thresholds. However, experimental capabilities will progress and the fault-
tolerant requirements are likely to be relaxed once the underlying assumptions are
adapted to specific approaches. The overall purpose of this roadmap isto help achieve
these thresholds and to facilitate the progress of QC research towards the quantum

computer-science era.

C. Purpose and M ethodology of the Roadmap

This roadmap has been formulated and written by the members of a Technology Experts
Panel (TEP or the “panel”), whose membership of internationally recognized researchers
in guantum information science and technology (QIST) held a kick-off meeting in La

20



Jolla, California, USA, in late January 2002 to develop the underlying roadmap
methodology. The TEP membership was as follows:

Chair: Dr. Richard Hughes — Los Alamos Nationa Laboratory
Deputy Chair: Dr. Gary Doolen — Los Alamos National Laboratory
Prof. David Awschalom — University of California: Santa Barbara
Prof. Carlton Caves — University of New Mexico

Prof. Michael Chapman — Georgia Tech

Prof. Robert Clark — University of New South Wales

Prof. David Cory — Massachusetts I nstitute of Technology

Dr. David DiVincenzo — IBM: Thomas J. Watson Research Center
Prof. Artur Ekert — Cambridge University

Prof. P. ChrisHammel — Ohio State University

Prof. Paul Kwiat — University of Illinois. Urbana-Champaign

Prof. Seth Lloyd — Massachusetts I nstitute of Technology

Prof. Gerard Milburn — University of Queensland

Prof. Terry Orlando — Massachusetts I nstitute of Technology

Prof. Duncan Steel — University of Michigan

Prof. Umesh Vazirani — University of California: Berkeley

Prof. K. Birgitta Whaley — University of California: Berkeley

Dr. David Wineland — National Institute of Standards and Technology, Boulder

The TEP held a further five meetings in conjunction with the annual
ARO/ARDA/NSA/NRO Quantum Computation Program Review (QCPR) meeting in
Nashville, Tennessee, USA, in August 2002. The sheer diversity and rate of evolution of
this field, which are two of its significant strengths, made this a particularly challenging
exercise. To accommodate the rapid rate of new developments in this field, the roadmap
will be aliving document that will be updated annually, and at other times on an ad hoc
basis if merited by significant developments. Certain topics will be revisited in future
versions of the roadmap and additional ones added; it is expected that there will be
significant changes in both content and structure. At the La Jolla meeting, TEP members
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decided that the overall purpose of the roadmap should be to set as a desired future
objective for QC
“to develop by 2012 a suite of viable emerging-QC technologies of sufficient
complexity to function as quantum computer-science test-beds in which architectural

and algorithmic issues can be explored.”

The roadmap is intended to function in several waysto aid this development. It hasa
prescriptive role by identifying what scientific, technology, skills, organizational,
investment, and infrastructure developments will be necessary to achieve the desired
goal, while providing options for how to get there. It also performs a descriptive function
by capturing the status and likely progress of the field while elucidating the role that each
aspect of the field is expected to play toward achieving the desired goal. The roadmap
can identify gaps and opportunities, and places where strategic investments would be
beneficial. It will provide aframework for coordinating research activities and a venue
for experts to provide advice. The roadmap will therefore alow informed decisions about
future directions to be made, while tracking progress, and elucidating interrel ationships
between approaches to assist researchers to devel op synergistic solutions to obstacles
within any one approach. The roadmap is intended to be an aid to researchers and to

those managing or observing the field.

Underlying the overall objective for the QC roadmap, the panel members decided on a
four level structure with adivision into “high level goals,” “mid-level descriptions,”
“detailed level summaries,” and a summary that includes the panel’ s recommendations

for optimizing the way forward.
The panel members decided on specific ambitious, but attainable five- and ten-year high-
level technical goals for QC. These technical goals set a path for the field to follow that

will lead to the desired QC test-bed erain 2012.

The mid-level roadmap view captures the breadth of approachesto QC on the
international scale and uses a graphical format to describe in general terms how the
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different research approaches are progressing towards these technical goals relative to
common sets of criteria and metrics. The panel decided to first segment the field into a
few broad categories, with multiple projects grouped together in each category according
to their underlying similarities. The panel decided that two types of measures were
necessary to adequately represent the status of each category: a set of criteria
characterizes the “promise”’ of aclass of approaches as a candidate QC technology;
whereas a set of metrics captures the “status’ of the approach in terms of technical

advances along the way to achieving the high-level goals.

The “detailed summaries’ provide more information on the essential concept of each
approach, the breadth of projects involved, the advantages and challenges of the class of
approaches, and atimeline for likely progress according to a common format. These
summaries, written by subgroups of the panel members after soliciting input from their
respective scientific communities, are intended to provide a brief, readable account that
represents the status and potential of the entire approach from a world-wide perspective.
The panel has endeavored to provide a complete, balanced, and inclusive picture of each
research approach, but with the caveat that it is expected that additional content will need
to be added to each summary in future versions of the roadmap, after further input from
the scientific community. The panel members decided that it was not appropriate for the
roadmap to attempt to describe the relative status of different individual projects within
each approach.

The panel members found it especially challenging to adequately represent the status and
role of theory in the roadmap. Clearly, theory has been pivota in the development of QC
to its present state, providing often-unanticipated advances that have stimulated
experimental investigations. At the same time, it is difficult to schedule or define
meaningful “metrics’ for such future breakthroughs. For Version 1.0 of the roadmap the
panel decided that the primary focus would be on experimental approachesto QC and
limited the description of theory to its historical role. In the present Version 2.0 release
all sections have been updated to reflect advances in the 14 months since release of
Version 1.0. In addition new sections on cavity-QED approaches to QC and afull theory
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section, with coverage of decoherence theory, quantum information theory, quantum
algorithms and QC complexity, and quantum computer architectures, have been added. In
addition, each detailed summary for the different experimental areas provides an

overview of the specific areas in which additional theory work is needed.

D. High-Level Goals of the Quantum Computation Roadmap

Although QC is a basic-science endeavor today, it isredlistic to predict that within a
decade fault-tolerant QC could be achieved on a small scale. The overall objective of the
roadmap can be accomplished by facilitating the development of QC to reach a point
from which scalability into the fault-tolerant regime can be reliably inferred. It is
essential to appreciate that “scalability” has two aspects:. the ability to create registers of
sufficiently many physical qubits to support logical encoding and the ability to perform
gubit operations within the fault-tolerant precision thresholds. The desired 2007 and 2012
high-level goals of the roadmap for QC are therefore:

by the year 2007, to

- [@ncode a single qubit into the state of a logical qubit formed from several physical
qubits,

- [paform repetitive error correction of the logical qubit, and

- transfer the state of the logical qubit into the state of another set of physical qubits
with high fidelity; and

by the year 2012, to

- [lmplement a concatenated quantum error-correcting code.

Meeting these goals will require both experimental and theoretical advances. While
remaining within the basic-science regime, the 2007 high-level goal requires the
achievement of four ingredients that are necessary for fault-tolerant scalability:

[ creating deterministic, on-demand quantum entanglement;

- [Enooding quantum information into a logical qubit;

- extending the lifetime of quantum information; and
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- Ciommunicating quantum information coherently from one part of a quantum

computer to another.

Thisis achallenging 2007 goal—requiring something on the order of ten physical qubits
and multiple logic operations between them, yet it is within reach of some present-day
QC approaches and new approaches that may emerge from synergistic interactions
between present approaches.

The 2012 high-level goals, which requires on the order of 50 physical qubits, are to:

- [kexercise multiple logical quiits through the full range of operations required for
fault tolerant QC in order to perform a simple instance of arelevant quantum
algorithm; and

- [hpproach a natural experimental QC benchmark, i.e., the limits of fultscale

simulation of a quantum computer by a conventional computer.

The 2012 goal would be within reach of approaches that attain the 2007 goal. It would
extend QC into the quantum computer test-bed regime, in which architectural and
algorithmic issues could be explored experimentally. Quantum computers of this size
would also open up the possibilities of quantum simulation as originally envisioned by
Feynman. New ways of using the computational capabilities of these small quantum
computers could be explored, such as distributed QC and classically networked arrays
(“type 11" quantum computers), which recent work suggests may be advantageous for
partia differential equation simulations, even though in contrast to other potential QC

applications no exponential or polynomial speed-up would be possible.

Within these overall goals, different scientific approaches will play avariety of roles; itis
expected that one or more approaches will emerge that will actually attain these goals,
while others will not, but will instead play vitaly important supporting roles (by
exploring different ways to implement quantum logic, for instance) that will be essential
to the desired development of the field as awhole. It was the unanimous opinion of the
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TEP that it is too soon to attempt to identify a smaller number of potential “winners;” the
ultimate technology may not have even been invented yet. Considerable evolution of and
hybridization between the various approaches has aready taken place and should be
expected to continue in the future, with some existing approaches being superseded by

€ven more promising ones.

E. Mid-Leve View of the Quantum Computation Roadmap

The mid-level roadmap view is intended to describe in general terms how the entire field
of QC is progressing towards the high-level goals and provides a ssmple graphical tool to
characterize the promise and development status according to common sets of criteria and
metrics, respectively. The requirements for quantum computer hardware capable of
achieving the high-level goals are simply stated but are very demanding in practice. They

are:

1) a quantum register of multiple qubits must be prepared in an addressable form and
isolated from environmental influences, which cause the delicate quantum states to
decohere;

ii) although weakly coupled to the outside world, the qubits must nevertheless be
strongly coupled together to perform logic-gate operations; and

iii) there must be a readout method to determine the state of each qubit at the end of

the computation.

Many different routes from diverse fields of science to realizing these requirements are
being pursued. Consequently, in order to adequately represent progress, the TEP decided
to segment the field into several broad classes, based on their underlying experimental
physics subfields. These subfields are:

- [huclear magnetic resonance (NMR) quantum computation,

- [on trap quantum computation,

- [heutral atom quantum computation,

- [avity quantum electro-dynamic (QED) computation

- [optical quantum computation,
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- [®lid state (spirbased and quantum-dot-based) quantum computation,

- superconducting quantum computation, and

- unique’ qubits (e.g., eectrons on liquid helium, spectral hole burning, etc.)
guantum computation.

- [thetheory subfield, including quantum information theory, architectures,and

decoherence challenges.

Each of the different experimental approaches has its own particular strengths as a
candidate QC technology. For example, atomic, optical, and NMR approaches build on
well-devel oped experimental capabilities to create and control the quantum properties
necessary for QC, whereas the solid-state and superconducting approaches can draw on
existing large investments in fabrication technologies and materials studies. However, the
different approaches are at different stages of development. Insights from the more
developed approaches can be usefully incorporated into other, less advanced approaches,
which may hold out greater potential for leading to larger-scale quantum computers. The
panel decided that to adequately represent this diversity required a set of criteriafor the
‘promise’ of each approach, and a set of metrics for its ‘status' (state of progress towards
the high-level goals).

To represent the promise of each approach the panel decided to adopt the “ DiVincenzo
criteria.” Necessary conditions for any viable QC technology can be simply stated as:
) ascalable physical system of well-characterized qubits,
i) the ability to initialize the state of the qubitsto asimple fiducia stete;
iii) long (relative) decoherence times, much longer than the gate-operation time;
iv) auniversal set of quantum gates; and

V) a qubit-specific measurement capability.

Two additional criteria, which are necessary conditions for quantum computer
networkability are:

Vi) the ability to interconvert stationary and flying qubits; and

vii)  the ability to faithfully transmit flying qubits between specified locations.
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The physical properties, such as decoherence rates of the two-level quantum systems
(qubits) used to represent quantum information must be well understood. The physical
resource requirements must scale linearly in the number of qubits, not exponentially, if
the approach is to be a candidate for alarge-scale QC technology. It must be possible to
initialize aregister of qubits to some state from which QC can be performed. The time to
perform a quantum logic operation must be much smaller than the time-scales over which
the system’ s quantum information decoheres. There must be a procedure identified for
implementing at least one set of universal quantum logic operations. In order to read out
the result of a quantum computation there must be a mechanism for measuring the final
state of individual qubitsin a quantum register. The two networking criteria are necessary
if it is desired to transfer quantum information from one location to another, (e.g.
between different registers or between different processors in a distributed computing
situation).

4. Experimental Subfields of Approachesto Quantum Computation

A. Nuclear Magnetic Resonance (NMR) Approaches

More then 50 years ago Bloch, Purcell, and coworkers demonstrated the coherent control
and detection of nuclear spinsvia NMR. Shortly thereafter, pul se techniques were
developed (e.g., by Ramsey, Torrey, Hahn, and Waugh) to extend coherent control to
multispin systems, and to permit the measurement of decoherence and dissipation rates.
Since then, NMR technologies have advanced to permit applications ranging from
medical imaging, materials science, molecular structure determination, and reaction
kinetics.[ Abragam; Slichter; Ernst] The NMR approach to quantum information
processing (QIP) capitalizes on the successes of this well-proven technology, in order to
engineer a processor that fulfills the five requirements for a quantum computer as
outlined in the DiVincenzo criteria. Electron and nuclear spins turn out to be nearly ideal
gubits, which can be manipulated through well-devel oped radio-frequency (rf)
irradiation. The natural interactions (chemical screening, dipolar, indirect, and hyperfine)
provide the quantum communication links between these qubits and have been well
characterized. The amplitude of noise and imperfections are small and understood enough
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to realize proof-of-principle demonstrations of this technology for applications to

guantum information science (QIS).

By now, many algorithms and other benchmarks have been implemented on liquid-state
NMR QIPs, bringing theoretical ideas into the laboratory and enabling the quantitative
evaluation of lacks in precision and imperfections of methods for achieving quantum
control. In addition, manufacturers have begun work on improving commercially
available spectrometers so as to facilitate these and future implementations of QIP. While
liquid-state NMR is expected to remain the most convenient experimental testbed for
theoretical QIP advances for some time to come, its limitations (low polarization, limited
numbers of resolvable qubits) have been thoroughly documented.[Cory, Fahmy and
Havel, 1997; Warren; Braunstein, et al, 1999; Havel, et a, 2000; LaFlamme, et a].

Its success has, however, aso suggested several complementary new routes toward
scalable devices, and contributed greatly to the drawing of this roadmap. Most of the new
routes lead immediately into the realm of solid-state magnetic resonance, bringing NMR
into closer contact with many of the other approaches to QIP now being pursued. In
solid-state NMR, the manipulation of large numbers of spins has aready been amply
demonstrated [Warren, et a; Ramanathan, et al, 2000], e.g., by creating correlated states
involving 100 or more spins, and with sufficiently precise control to follow their
dynamics. This has enabled the first quantitative studies of decoherence as a function of
the Hamming weight of the coherence. Solid-state NMR further permits the engineering
of larger QIP devices[Cory, et a, 2000] than is possible in the liquid state, because: @)
polarizations of order unity have been achieved; b) the interactions are stronger and
hence two-qubit gates are faster; c) the decoherence times are much longer; and d) it is
possible to implement resetable registers. In the longer term, investigations will be
undertaken to achieve single-spin detection, by means of force detection, algorithmic
amplification and/or optical hyperfine interactions. By integrating the control learned in
the liquid state with the polarization and longer decoherence times of the solid state,
along with the detection efficiency provided by optics, a firm foundation on which to
design engineered, spin-based, and scalable QIP devices can be built. It is anticipated that
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this experience will be combined with the engineering developments of the spintronic and
solid-state proposals, as well as the knowledge on pure-state dynamics from optics and
ion traps to provide a complete solution to building a quantum computer. Preliminary
proposals for scalable implementations based on solid-state NMR have been suggested
and are starting to be explored experimentally.[Abe, et a; Suter and Lim)]

B. lon trap quantum Approaches

Schemes for ion-trap quantum-information processing (QIP) are derived from the basic
ideas put forth by Cirac and Zoller [Cirac and Zoller, 1995]. These schemes satisfy all of
the DiVincenzo criteria and most of the criteria have been experimentally demonstrated.
Scalability can be achieved by use of ion-trap arrays that are interconnected with: i)
photons [Cirac, et a, 1997; Pellizzari; DeVoe; Duan, et al2004]; ii) amovable “head” ion
that transfers information between ions in separate traps [Cirac and Zoller, 2000]; or iii)
by moving ions between trap nodes in the array [Kielpinski, Monroe and Wineland,;
Wineland, et al]. lon qubits can now be moved between nodes in a multiple-zone trap
without decoherence in atime approximately equal to the gate time.[Row, et al] Efficient
separation of ion qubits for transport to separate nodes will require smaller traps with
good electrode surface integrity. This can likely be accomplished with the use of existing
micro-electro-mechanical systems (MEMS) or nanofabrication technology. Multiplexing
can also be accomplished with optical interconnects; efforts are currently underway at
Garching [Guthoehrlein, et a] and Innsbruck [Eschner, et a] to develop efficient cavity
guantum electrodynamic (QED) schemes for information transfer between ions and
photons.

C. Neutral Atom Approaches

A system of trapped neutral atomsis a natural candidate for implementing scalable QC
[Deutsch, Brennan and Jessen, 2000] given the smple quantum-level structure of atoms,
isolation of neutrals from the environment, and present ability to trap and act on avery
large ensemble of identical atoms. In much the same way as the groundbreaking work on
QC inion traps,[Monroe] such a system builds on years of expertise in coherent
spectroscopy developed by the atomic/optical community for application in precision
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measurements, most notably in atomic clocks. One might argue that a quantum computer
is nothing more than a multi-atom atomic clock, with controlled interactions between the
constituent atoms. More recent advances in laser cooling and trapping technology open
the door to unprecedented levels of coherence and control,[Chu] as made evident [Anglin
and Ketterle] through the production of Bose-Einstein condensates (BECs) and Fermi
degenerate gases. The architecture of such a computer will depend strongly on the
specific trapping techniques and the method for coupling atoms. Two basic interactions
can be used to trap neutral atoms: fields interacting with the atom’ s induced electric
dipole moment or with its permanent magnetic dipole moment.

The best-studied trapping technology is the optical lattice,[Jessen and Deutsch], in which
electric dipole-force potential wells are produced by the standing waves of intersecting
laser beams. Thisvirtual crystal can be dynamically controlled through the parameters of
the trapping lasers or other external fields. Optical dipole forces can also be used to trap
atoms in other configurations, such as through engineered micro-optics [Birkl, et al;
Buchkremer, et a; Eckert, et a] and particular configurations of time-varying
fields[Milner, et al]. Magnetic trapping, especially in microtraps [Folman, et a; Reichel,
et al], has also been demonstrated. Trapped atoms can be cooled to the motiona ground
state of the potential wells, and the internal atomic states can be prepared in a desired
initial state using standard techniques of laser spectroscopy. The motional and interna
states provide a number of choices of levels for defining qubits. The trap itself and
additional fields make available a variety of “handles’ for coherent control of the
motional and internal states. That the atoms are neutral means that they are relatively
poorly coupled to the environment, thus reducing decoherence. By the same token,
however, the atoms interact only weakly with one another. Proposals for two-qubit gates
rely on: i) moving pairs of atomsinto close proximity to increase their coupling (coherent
transport of atoms in an optical lattice has been demonstrated;[Maandel, et a] ii) turning
on briefly much stronger electric-dipole or other interactions; or iii) both of these. These
techniques pose an inherent risk of opening up additional decoherence channels during
gate operation.
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To implement a neutral-atom quantum computer, the logical encoding for qubits, the
method for performing logical operations, and the read-out strategy must all be addressed
as awhole, with the design contingent on the specific atom to be used and the trapping
technology. For example, parallel operations are natural in the lattice geometry, but
because the atoms in afilled optical |attice are spaced |ess than a trap-laser wavelength
apart, there are difficult questions about how to address individual atoms. Various
approaches might be used to overcome this difficulty. As another example, magnetic
traps restrict the possible states available for logical encoding, but offer possible
advantages for integrating with solid-state devices. Whichever approach proves superior,
the highest priority for any experiment is to implement controlled high-fidelity quantum
logic operations. This might be achieved in a geometry that does not provide the clearest
route to a scalable guantum computer (e.g., ensemble operation without individual
addressing), but nonethel ess provide the proof-of-principle necessary to design such a
scalable system.

D. Cavity Quantum Electro-dynamic (QED) Approaches

In the context of quantum information ‘ cavity QED’ refers to the coherent interaction of a
material qubit (such as atrapped aom or semiconductor dot system) with the quantized
(usually single photon) field of a high-finesse optical or microwave resonator. To achieve
coherent dynamics with just a single photon and atom, a small, extremely low-loss build-
up cavity is used to enhance the electric field per photon such that the coherent Rabi
frequency of the atom-field interaction is faster than the spontaneous emission rate of the
atom or the decay rate of the field in the cavity—this is known as the strong coupling
regime. While thisis very challenging, this limit has been achieved in some 10
|aboratories over the past 15 years or so in both the microwave and optical
domains.[Berman; Mabuchi and Doherty; Raimand, Brun and Haroche; Walther, 2003;
Walther, 2001] Applications of cavity QED systems to quantum information processing
(QIP) derive mostly from the ability to coherently intra-convert quantum states between
material qubits and photon qubits. Using this basic primitive, many two-qubit gate
protocols have been developed for creating atom-photon, atom-atom, or photon-photon
entanglements [Pellizzari, et al; van Enk, Cirac and Zoller; Pachos and Walther; Duan,
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Kuzmich and Kimble, 2003; Yi, Su and You; You, Yi Su], and proof-of- principle
experiments have been performed for some of these ideas [Turchette, et al;
Rauschenbeutel, et al]. Scalable architectures have also been suggested using these gates.
More uniquely, cavity QED systems are featured in many ideas relating to distributed
guantum information processing and communication [Cirac, et al, 1997; van Enk, et a,
1997; van Enk, Cirac and Zoller, 1997; Briegdl, et a, 1998a; Briegel, et al, 1998b; Cirac,
et al, 1998; van Enk, Cirac and Zoller, 1998Briegel, et al, 1999; Gheri, Tormaand Zoller;
van Enk, et a, 1999] and provide a leading candidate for robust, controllable single and
multiple photon sources [Kuhn, et al, 1999; Law and Kimble; Lange and Kimble; Varcoe,
et a; Bertet, et a;Kuhn, Hennrich and Rempe, 2002; McKeever, et a]. Additionally, the
system provides an attractive method for single atom detection [Mabuchi, et a, 1996;
Hood, et a; Munstermann, et a; Shimizu, et a; Sauer, et al]. There are severa types of
systems:
i)Rydberg atoms in microwave cavities. the strong coupling limit has been achieved
in microwave cavity QED experiments employing highly excited (Rydberg) states of
neutral atoms. Some of the cleanest entanglement experiments performed to-date
have been in these systems. The major obstacle to this implementation is scaling:
microwave cavity QED experiments use atomic beams intersecting the cavity to
deliver atoms and hence atomic delivery to the cavity is stochastic;
it) Neutral atomsin optical cavities. the strong coupling regime is also well-
established in the neutral atom work with optical cavities. The principle obstacles to
be overcome relate to incorporating a scalable trapping geometry using optical and/or
magnetic trapping potentials, while still preserving the strong coupling regime. A key
element to this challenge is controlling the atomic motion and atom localization so
that the coupling is sufficiently well defined;
iii) Trapped ion cavity QED: recently there has been experimental work incorporating
linear ion traps with optical cavities.[Guthohrlein, et a; Mundt, et al] Achieving the
strong coupling regime is the major outstanding challenge facing this approach. This
requires shrinking the cavity size, without adversely affecting the fields confining the

ion; and
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iv) Other systems: there are several related systems that are actively pursued by
different groups. These are listed here, but are not included in this section of the
roadmap: Semiconductor quantum dots systems; Solid-state ion vacancy systems;
Superconducting junctions + cavity systems; and Neutral atom ensemble (many
atom) based cavity QED system.

E. Optical Approaches

Optical implementations of qubits have played an important role for quantum information
science. In addition to their successful application for experimentally realizing quantum
cryptography [Gisin, et a], photonic qubits have been among the first physical systemsto
enable the realization of multiparticle entanglement [Ou and Mandel; Shih and Alley;
Kwiat, et al, 1995; Strekalov, et a; Kwait, et a, 1999], quantum-state [White, et d;
James, et al] and quantum-process tomography [Chuang and Nielsen, 1997; Polyatos,
Cirac and Zoller; Mazzei, et a;Altepeter, et a; Mitchell, et a], teleportation

[Boumeester, et a; Pan, et a, 1998; Pan, et al, 2001; Boschi, et al; Furusawa, et al; Kim,
Kulik and Shi], decoherence-free subspaces [Kwiat, et al, 2000; Altepeter, et a, 2004],
and even simple quantum algorithms [Kwiat, et al, 2000; Takeuchi, 2000a; Takeuchi,
2000b; Bhattacharya, et a; Howell, Yeazell and Ventura, 2000; Howell and Y eazell,
2000b]. Photons have an intrinsic lack of decoherence, as well as an extreme precision
with which they may be controlled using standard off-the-shelf components. For these
reasons, optical qubits have played, and will continue to play, an important role in
investigating foundations of quantum information processing (QIP), and fundamentals of
QC in systems with small numbers of qubits.

Photonic qubits for QC are particularly attractive because they could interface
immediately to various quantum-communication applications (e.g., distributed QC). Due
to the extremely small photon-photon coupling available in existing materials, it was at
one point believed that optical qubits could never be used for scalable QC. However,
recent advances with slow light [Haw, et al; Kash, et a; Budker, et al] and “stopped’
light [Liu, et al; Phillips, et al] indicate that these limitations may be overcome [Lukin
and Imamoglu]. In addition, interesting results have appeared, which indicate that light



that isinitially prepared in a nonclassical “squeezed” state may enable additional gains
for QIP (so called “ continuous variable” encoding) [LIoyd and Braunstein; Gottesman,
Kitaev and Preskill]. Findly, it is now understood that the process of photo detection
itself can lead to effective photon-photon nonlinearities [Bartlett, et al]. For example, it
has been shown that deterministic single photon sources (SPSs) and high-efficiency
single-photon detectors (SPDs) may be used to realize scalable QC with only linear
optical elements.[Knill, LaFlamme and Milburn] Below, we concentrate on this scheme
as an example of optical QC. However, it should be emphasized that other approaches are
also being followed, and may be critical for the overall progress toward scalable QC,
even if these other approaches do not themselves realize it. For example, hybrid schemes
involving qubits, qudits, and continuous variables, as can be realized in optical systems,
have interesting and important properties—some of them display “ hyper-entanglement”
(smultaneous entanglement in multiple degrees of freedom), which may facilitate certain
tasks in quantum information processing [Kwiat, 1997; Atature, et a], such as
purification and quantum error correction. Similarly, optical systems can be used to
explicitly study decoherence in a controlled manner and to implement proposals for
avoiding the negative effects of decoherence (e.g., DFSs). It is afeature of optically
encoded qubits that decoherence can be controllably introduced by artificially coupling
the qubit to other degrees of freedom [Preskill]. This feature allows optically based

systems to simulate other qubit realizations in avery clean, controllable way.

Linear optics quantum computing (LOQC) is a scheme for QIP using linear optics, SPSs,
and SPDs.[Kwiat, 1997; Atature, et al] A number of authors have suggested
simplifications and modifications of the original scheme [Pittman, Jacobs and Franson,
2001; Knill; Hofman and Takeuchi; Ralph, White and Milburn]. We take a broader view
of optical QC that may aso include nonlinear elements as a crucial component, provided
those nonlinear elements are readily available or under development (e.g., entangled state
via spontaneous parametric down conversion [SPDC], quantum memories, etc.). A
number of simple experiments have been done to test the most elementary components of
the scheme [Pittman, Jacobs and Franson, 2002a; Pittman, Jacobs and Franson, 2002b;
O'Brien, et a; Pittman and Franson, 2002c; Kwiat, 2004]. All of these use SPDC
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sources, which require that experiments be done in a post-selective manner using
multicoincidence detection. Further progress in the KLM scheme will require on-demand
SPSs and very efficient discriminating SPDs. One of the main challengesin an LOQC
approach may be the generation of the required entangled ancilla states. This becomes
especidly difficult if the detector efficiency islow (less than 99%). Hence, development
of entanglement sources could play akey role in achieving LOQC. In addition, other
aternative schemes (not based on single-photon states) have been proposed. [ Gottesman,
Kitaev and Preskill; Ralph, et a]

F. Solid State Approaches

The work of recent years, starting in the mid 1990s, has uncovered a very large number
of possible solid-state systems in which quantum computing might be achieved,
reflecting the huge variety of quantum phenomena that are known in condensed matter
physics. Given the current state of discussions and progress on these proposals, it isthe
judgment of the TEP that the most important existing progress in the laboratory, and the
clearest prospects for continuing mid-term progress, is provided by localized “ spin” or
“charge’ qubits, which will be described here in detail. We do not exclude the possibility
that further progress on various other proposals, including electrons on liquid helium,
guantum Hall edge states, carbon tubes and balls, semiconductor nanowires, or others

might make them worthy of detailed assessment at a later date.

Many of the variations on the spin and charge approaches discussed here rely on the fact
that in many solid state systems, the spin states of localized electrons or of nuclei, form
well-defined, highly coherent two-level systems that are useable as qubits. The quantum-
gate implementations typically rely on the most natural physical interaction between
spins, the exchange interaction. It is envisioned that a highly miniaturizable, al-electronic
or optoelectronic qubit is conceivable in this area. Localized spins are available via
confinement to QDs or impurity atoms, by entrainment by surface acoustic wave (SAW)
techniques, and by other methods. While the necessary device-fabrication techniques for
QDs are available down to single-electron spins, thisis not the case yet for impurity
atoms. QDs are a versatile system for qubits; other schemes, including excitonic qubits
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with optical addressing and coupling, have been devised as well as optically driven spin
based QDs using a charged exciton as an optically induced transient high-speed gate.
Quantum mechanical systems, using nano-cantilevers, can also play arole in coupling

and reading out solid-state qubits.

In asystem using optically driven quantum-dot excitons, charge refersto the fact that the
state of the qubit is determined by the state of excitation of an electron-hole pair in a
semiconductor QD. In this case, the qubit becomes the optical Bloch vector. The
decoherence time in this system is then limited by the optical dipole, which determines
the radiative recombination rate. Measurements have shown that there are generally no
other dephasing mechanisms. The clock-speed is limited by the reciprocal pulse width
that would excite higher lying states of the dot. This leads to alimiting figure of merit
probably near or somewhat in excess of 103. QDs are produced either epitaxially or by
chemical synthesis. Two-qubit nonscalable devices can be demonstrated in single QDs
using orthogonally polarized excitonic transitions. The interactions between the two
gubits essential to creating entanglement are produced by higher-order Coulomb coupling
leading to bi-exciton formation. Scalable systems have been envisioned where nearby
QDs interact via dipole-dipole coupling, wavefunction overlap, or radiation coupling via
an optical cavity. The relatively fast decoherence, determined by radiative lifetime, is
often seen as alimiting liability in these systems. However, these systems represent the
prototypical optical excitation needed to enable optical manipulation of single-electron
spins for spin-based qubit.

Interestingly, the exciton QD is a charge-based system where the dot is neutral. In most
cases of interest, the spin-based qubit in a QD is charged. The optical excitation path uses
the same path as in the exciton system, but a second photon is needed to complete the
rotation of the spin. The basic ideas that are being pursued in this area were laid out by
Loss and DiVincenzo (QDs) [Loss and DiVincenzo], and were adapted to impurity spins
by Kane [Kang], and extended to optically driven spin-based systems by Rossi and Zoller
[Pazy, et al]. Two specific examples in solid state systems are impurity spins and spinsin
QDs.
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i) Nuclear spin of P donorsin Si
The nuclear spin (I = 1/2) of 31P isanatural two-level system embedded in a spin-free
substrate of 28Si (I = 0). The nuclear spins of 31P donors are separated by approximately
20 nm and there is a hyperfine interaction between donor electron spin and nuclear spin
(qubit). Interaction between qubits is mediated through the donor-electron exchange
interaction. The spins are maintained at MK temperatures in an external magnetic field of
several Tedla, perpendicular to the plane of the substrate. Nanoscale surface A and J gates
control the hyperfine and exchange interactions at qubit sites. Two distinct states have
been observed in ensemble nuclear magnetic resonance (NMR) experiments, but not in
single-spin systems. Radio frequency (rf) coils can be used to apply p-pulses (or surface
control gates can be pulsed in the presence of a continuous wave rf field Bac),
demonstrated in ensemble-spin systems but not single-spin systems. Rabi oscillations are
yet to be demonstrated for single spins. The system scales essentially linearly with
respect to resources (gates, donors, etc).

i) Electron spinin GaAs QDs
The spin of asingle electron confined in a QD provides a natural qubit which can be
manipulated either electronically or opticaly. The QD can be defined by 50-nm-wide
electrostatic gates on top of a AlGaAs/GaAs two-dimensional electron gas, or by three
dimensional (3-D) confinement in a patterned semiconductor heterostructure, with a
center-to-center distance between dots of about 200 nm. It is currently possible to isolate
asingle electron in each of two such QDs. In equilibrium at 300 mK and 5 Tedla (T), the
electrons will be in the ground state spin-up with > 99% probability. An essential idea of
the proposal is an all-electrical control of spin via electrical gates, i.e., to make use of a
“gpin-to-charge conversion” based on the Pauli’ s exclusion principle obeyed by electrons.
The spin of the electron is used as storage of quantum information, while the charge and
Coulomb interaction of the electron allows for fast gate operations and readout. In
addition, if the magnetic field is oriented perpendicular to the substrate, the leads provide
areservoir of spin-polarized electrons, which can serve as areference for qubit readout.
Pulsed microwave fields on resonance with the spins give single-qubit rotations, and
electrostatic control of the exchange interaction between spins in neighboring dots
permits two-qubit gates. Both types of quantum gates still need to be demonstrated. The
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resources (gates etc.) scale linearly with the number of qubits. An all-optical approach
allows us to exploit the advances in ultra-fast laser technology, potentially integrated on-
chip without the use of metallic gates and electrical coupling. QDs can be defined by 3-D
confinement in a patterned semiconductor heterostructure, with a center-to-center
distance between dots of about 200 nm. QDs can be doped with a single electron and
operated at 4K at magnetic fields of order of 7 to 10 T. Quantum logic-gate operations
involving spins of single electrons confined in QDs occur through the exchange
interaction of spin to nearby QDs through the spin-spin interaction. The gate interaction
is controlled by an ultra-fast solid-state laser, which transiently excite electron-hole pairs
(excitons or trions) that mediate the spin-spin interaction.

G. Superconducting Approaches

The qubits are superconducting circuits made with Josephson junctions and operating at
mK temperatures. The information is stored in either the charge on a nanoscale
superconducting island, the flux or phase drop in a circulating current, or in the energy
levelsin a single junction [Maklin, Schoen and Shnirman]. The interactions are either
capacitive for charge-based circuits or inductive for flux- or phase-based circuits.
Because these are electrical circuits, other electrical coupling elements are possible, such
as tunnel junctions, transformers, single-electron transistors (SETS), etc. The typical
energy-level splitting between the qubit states varies between 1 and 10 GHz. Clock
periods are estimated to be of the order of a nanosecond (this is the minimum time for a
one-qubit rotation). The qubits are prepared in their initial state by cooling the system to
their ground state. Then radio frequency (rf) electromagnetic pulses are used to

manipul ate the qubits to perform quantum operations. The manipulation of the
superconducting qubits can be controlled by on-chip, ultra-fast superconducting circuitry.
For example, simple single-flux quantum (SFQ) circuitry can operate at speeds up to 700
GHz with small power dissipation. There is a broad diversity of measurement options
appropriate to different speeds and measurement bases. Most measurement schemes are
based on superconducting quantum interference device (SQUID) magnetometers, SET
electrometers, or switching of Josephson junctions.
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H. “Unique’ Qubits Approaches

In addition to the relatively well-established methods for performing quantum
information processing (QIP) and quantum computing (QC) described in detail earlier in
this document, there exist potentialy fruitful approaches to QIP based on avariety of
guantum technologies. Virtually any quantum system that is addressable, controllable,
and coherent has the potential to perform QC. The situation is reminiscent of the early
days of digital computing, when switches and circuits were constructed from a variety of
technologies, including electromechanical relays, vacuum tubes, and even from purely
mechanical and hydraulic components in environments where electrical systems were
inappropriate. Even today, when virtually all computers are based on integrated circuits,
memory technologies exhibit considerable diversity. There are a variety of types of
integrated circuits for memory, as well as magnetic memories (hard disks) and optical
memories (CDs). Perhaps as aresult of the diversity of different memory technologies,
the Moore's law rate of increase of density of memory circuits has followed a more rapid
pace than that of processing circuits. Similarly, we anticipate that a variety of different
QIP technologies may be used for different purposes as the field matures further. This
section lists several such approachesto QIP. There exist tens of such “unique”
approaches, and not al will be described here. Rather, this section will concentrate on
approaches that have current, funded research programs. these approaches have been
thoroughly researched and found worth further investigation. It is anticipated that in the
future more unique approaches will arise; these will be evaluated as they arrive. In
addition, the ongoing research will serve to show which of these various approaches are

the most promising.

Summaries of existing efforts follow; which include general discussions of the state of
the art for input-output, coherent computation, and decoherence. For two of these
approaches, electronics on helium QC and spectral hole burning QC, short additional
write-ups are included in the following sections.

i) QIP using nanotubes and nanowires.
Carbon nanotubes and silicon nanowires represent a well-devel oped nanotechnology.
Such systems are known to exhibit significant degrees of quantum coherence for electron
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transport. Nanotubes can be used to create arrays of quantum dots (QDs) whaose coupling
can be turned on and off using silicon nanowires. Such systems share virtues and
deficiencies with lithographed QD systems and potentially possess additional features,
such as an enhanced degree of regularity of the dots due to the chemical synthesis of the
nanotubes. Experimental efforts exist: further research is being performed on input-
output, coherent control, and the properties of decoherence of electron spin in nanotube
systems.

i) Quantum logic using electrons on the surface of liquid helium
Electrons on the surface of liquid helium represent a clean system for registering and
processing quantum information. The electrons effectively float above the surface of the
helium, and their states can be manipulated by microwaves and by circuits embedded in
the silicon substrate below the helium film. Experiments have been performed exhibiting
single-electron detection, and are underway to exhibit coherent control of electrons on
helium by the application of microwaves. Further investigations are taking place into the
properties of decoherence and into the performance of quantum logic operationsin such
systems.

iii) Molecular spin arrays
Chemical techniques can be used to produce self-assembled arrays of molecules
containing electron spins. Such systems represent natural candidates for quantum
computers with a cellular-automata architecture. Experiments on such systems arein the
initial phase. Issues of decoherence, input-output, and coherent control are understood to
some degree in theory; more theoretical and experimental investigations are underway.

iv) Quantum hall effect QC
Quantum-Hall-effect systems are well studied experimentally and represent good
potential systems in which to perform QIP. Quantum information can be stored on highly
coherent, long-lived nuclear spins, then transferred to el ectron spins and excitons for
information transmission and readout. Coherence times have been measured in such
systems and are favorable for QC. Detailed studies of input-output characteristics,
decoherence, and quantum logic operations are underway.

v) QC using non-abelian anyons
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Topological methods for QC have attracted considerable interest because of their
intrinsically fault-tolerant properties. In such methods, quantum information is stored on
non-abelian anyons, and quantum logic operations are performed by ‘braiding’ the
anyons around each other in atwo-dimensional plane. Non-abelian anyons are relatively
exotic systems, which could potentially be constructed using arrays of quantum logic
gates (e.g., superconducting quantum logic circuits) or implemented using the higher
order fractional quantum Hall effect. Preliminary theoretical investigations of both types
of approaches indicate their feasibility. Experiments are forthcoming.

vi) QC using the fractional quantum Hall effect
QC can adso be performed in atopological fashion using abelian anyons, such as the
usua fractional quantum Hall quasiparticles. Abelian anyons share some, though not all,
of the fault tolerance of the non-abelian anyons discussed above, and have the advantage
that they have been investigated and manipulated experimentally. Theoretical and
experimental investigations are currently underway to determine levels of decoherence
for quantum Hall quasiparticles, and to perform simple quantum logic operations.

vii) Electro-mechanical systems for QIP
Nanofabricated mechanical resonators exhibit high Q’'s and quantum coherence. Such
mechanical devices represent natural structures on which to perform QIP. They can be
coupled to electronic systems for measurement and control purposes. They can be
interfaced, in principle, with superconducting quantum computers. Initial theoretical and
experimental investigations on guantum control and decoherence for such systems have
been performed; more extensive investigations are in progress.

viii) QC using spectral hole burning
Spectral hole burning is a well-established technique for addressing optically active
atomsin solids. It allows for a potentialy high density of quantum bits by using both
gpatial and frequency addressing techniques. A variety of models for quantum computing
using spectral hole burning have been investigated, using optical cavities and/or dipolar
coupling between spectral holes. Experimental investigations of the controllability and
coherence properties of spectral holes have been performed and indicate alevel of
controllability comparable to normal quantum optical approaches to QC, with reduced
coherence due to the solid-state nature of spectral-hole systems. Current experimental
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investigations are aimed towards €l ucidating the coherence structure of spectral holes and
towards coupling spectral holes to perform quantum logic operations.

5. Concluding Remarks

Between the Turing machine and the Church-Turing Thesis a strong foundation was
made for study of what was computable and uncomputable. Complexity analysis allows
for amore granular distinction between the tractability of any particular problem on a
Turing machine. The componentsin classical computers are rapidly shrinking to asize
where quantum behavior isinevitable. Through the principle of superposition in quantum
systems we can create useful memory components that are on the scale of an atom or
smaller. These quantum memory registers may facilitate exponential computational speed
increases by taking advantage of quantum parallelism. Peter Shor has provided an
algorithm, which makes factoring large numbers tractable, and in doing so has drawn
great attention to the field of quantum computing. Due to Shor's algorithm, we may
someday have to turn to other means of encrypting data than currently employed. L. K.
Grover's database search algorithm shows another noteworthy task that a quantum
computer can perform faster than any classical computer. (Brassard, Gilles. "Searching a
Quantum Phone Book," Science, 31 January 1997.)

The efforts to build a functional quantum memory register are in the most preliminary
stages. Operational quantum computers are by no means an inevitable consequence of
this research. The problems of keeping a quantum memory register isolated from any
disturbance long enough for a calculation to take place appears to be nontrivial, but
guantum computing will remain an exciting topic for experimentalists and theorists alike
for year to come. The existence of loosely organized efforts such as the 2004 quantum
computation roadmap demonstrates the intrinsic interests in the scholarly communities of
physics and other allied sciences and engineering and provides the basis for our

optimism.
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