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Quantum Computing
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uantum computers will utilize nonclassical logic operations to perform
numerical calculations that are not feasible on conventional computers. The enhanced
capabilities of quantum computers result partly from their expected ability to perform
many different calculations simultaneously on a single processor. The Applied Physics
Laboratory is developing an optical approach to quantum computing.
(Keywords: Computers, Optics, Phase, Quantum.)

INTRODUCTION

Many kinds of numerical problems cannot be solved
using conventional computers because of the time
required to complete the computation. For example,
the computer time required to factor an integer con-
taining N digits is believed to increase exponentially
with N. It has been estimated that the time required
to factor a 150-digit number using the fastest supercom-
puters currently available would be longer than the age
of the universe. Future increases in the speed of con-
ventional computers will clearly be inadequate for
problems of that kind, which are often of considerable
practical importance. For example, the difficulty in
factoring large numbers forms the basis for the most
commonly used methods of cryptography.

It was recently shown' that quantum-mechanical
computers’’ could use nonclassical logic operations to
provide efficient solutions to certain problems of that
kind, including the factoring of large numbers. As an
example of a nonclassical logic function, consider the
conventional NOT operation, which simply flips a sin-
gle bit from O to 1 or from 1 to 0. In addition to the
usual NOT, a quantum computer could also implement

a new type of logic operation known as the square root
of NOT. When this operation is applied twice
(squared), it produces the usual NOT, but if it is applied
only once, it gives a logic operation with no classical
interpretation.

In addition to performing nonclassical logic opera-
tions, quantum computers will be able to perform a
large number of different calculations simultaneously
on a single processor, which is clearly not possible for
a conventional computer. This quantum parallelism is
responsible for much of the increased performance of
a quantum computer.

The operation of individual quantum logic gates
has been demonstrated recently, but no operational
quantum computer has been constructed. The feasibil-
ity of an optical approach to quantum computing
is currently being investigated at APL. The eventual
goal is to produce large numbers of quantum logic
gates on a single substrate, in analogy with current
semiconductor technology, which would allow the
development of quantum computers for practical
applications.
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QUANTUM BITS AND PARALLEL
PROCESSING

Quantum computers will use a binary representation
of numbers, just as conventional computers do. An
individual quantum bit, often called a qubit, will be
physically represented by the state of a quantum sys-
tem. For example, the ground state of an atom could
be taken to represent the value 0, while an excited state
of the same atom could represent the value 1. In our
optical approach to quantum computing, a O is repre-
sented by a single photon in a given path. The same
photon in a different path represents a 1.

Although classical bits always have a well-defined
value, qubits often have some probability of being in
either of the two states representing O and 1. It is
customary to represent the general state of a quantum
system by |‘I’>, and we will let |0> and |1> represent
the states corresponding to the values O and 1, respec-
tively. Quantum mechanics allows superpositions of
these two states, given by

%) =a|0)+4]1), (1)

where o and B are complex numbers. The probability
of finding the system in the state |0> is equal to ||’
the probability of the state |1> is |B[*.8
Quantum-mechanical superpositions of this kind are
fundamentally different from classical probabilities in
that the system cannot be considered to be in only one
of the states at any given time. For example, consider
a single photon passing through an interferometer, as
illustrated in Fig. 1, with phase shifts ¢; and ¢, inserted
in the two paths. A beam splitter gives a 50% proba-
bility that the photon will travel in the upper or the
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Figure 1. A single photon passing through an interferometer.
Such a photon can simultaneously measure the phase shifts in
both paths, even though it will always be found in only one path.

lower path. If a measurement is made to determine
where the photon is located, it will be found in only
one of the two paths. But if no such measurement is
made, a single photon can somehow measure both
phase shifts ¢, and ¢, simultaneously, since the ob-
served interference pattern depends on the difference
of the two phases. This suggests that in some sense a
photon must be located in both paths simultaneously
if no measurement is made to determine its position.
In a more complicated interferometer with many paths,
a single photon can simultaneously measure a linear
combination of the phase shifts in all of the paths even
though it can be detected in only one of the paths. A
more detailed discussion of nonclassical effects of this
kind can be found in an earlier Technical Digest article.’

The ability of a quantum computer to perform more
than one calculation at the same time is analogous to
the properties of the single-photon interferometer just
described. A quantum computer can provide results
that depend on having performed a large number of
calculations, even though a measurement to determine
exactly what the computer was doing would show that
it was programmed to perform only one specific calcu-
lation. To illustrate this, consider a computer pro-
grammed to perform a specific calculation based on the
value of N input bits, and assume that the result can
be described by N output bits, as illustrated in Fig. 2.
There are 2V different combinations of input bits, each
of which corresponds to a specific input state denoted
by input)->, where j takes on all the values from 1 to
2N, The equal number of specific combinations of
output bits is denoted by |outputk>. Each input state
can produce a superposition of possible output states,

|input]->—> :glﬁjk |0W5P“tk> ) (2)

where the complex coefficients B;, describe the calcu-
lation performed. In addition, the input state can
be a superposition of all of the possible inputs to the
computer:

N inputs N outputs

Figure 2. A general-purpose quantum computer with N input bits
and N output bits. Superpositions of different input and output
states allow the computer to effectively perform many different
calculations simultaneously.
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|mput> = zla i |mputj>. (3)
i=

In that case, the linearity of quantum mechanics gives
an output state of the form

2NN

|output> = -z1ajkz1 Bk |outputk>. (4)
i= =

The probability P, of getting a specific output state
k is then given by the square of its coefficient in

Eq. 4.8

zN
P, =|zlo‘;6jk|2 . (5)
i=

[t can be seen that the probability of getting a particular
output depends on all of the coefficients By, which
represent the results of all possible calculations on the
computer. The result also depends on interference
between all of the possible inputs, in the sense that P,
will be large if all of the input states contribute in phase
with each other. Conversely, P, will be small if the
contributions from all of the initial states cancel out.
The goal of quantum computing is to program the
computer in such a way that the desired result occurs
with high probability while all incorrect results occur
with negligible probability.

To illustrate the usefulness of superposition states of
this kind, suppose that we want to calculate the quan-

tity Q,

2N
Q=3ef(, (6)

i=1

where f(j) is a highly nonlinear function of j. The
quantity QQ corresponds to a weighted average of the
function f over all possible inputs to the computer,
which is a Fourier transform of sorts. Calculations of
this kind could be implemented on a quantum comput-
er by programming the computer itself to calculate f(})
and then creating a superposition of input states cor-
responding to the desired weighted average.

Peter Shor! of Bell Labs recently showed that quan-
tum computers could be used to efficiently factor large
numbers, which is responsible for much of the current
interest in quantum computing. Shor’s algorithm uses
interference effects to ensure that, with high probabil-
ity, the output of the computer will correspond to one

of the desired factors. A more detailed discussion of this
algorithm, which involves the calculation of functions
similar to Q, requires the use of number theory and can
be found in the references. Programming a quantum
computer is obviously very different from conventional
programming, and finding efficient algorithms for the
solution of other problems of interest remains an im-
portant task.

AN OPTICAL APPROACH TO
QUANTUM COMPUTING

Any practical implementation of a quantum com-
puter will probably require a modular approach in
which many separate logic gates can be connected with
some equivalent of the wiring in a conventional com-
puter. The ability to correct for the growth of errors in
the quantum states, known as decoherence, is also
essential. Individual quantum gates have been demon-
strated using the nuclear spins of ions in a trap.'® This
approach is not modular, however, and the transfer of
information from one ion to another is a very complex
process.

An optical approach to quantum computing appears
to offer a number of practical advantages. All quantum
computers are inherently dependent on interference
effects and must maintain the appropriate phases.
Optical interferometers are widely used in many current
applications because their phase is relatively stable and
can be controlled using feedback techniques. Interfer-
ometers based on charged particles, such as electrons,
do exist but are very sensitive to stray electromagnetic
fields. In addition, optical fibers or waveguides could
readily be used to connect optical quantum gates as
needed to perform the desired logic operations. For
these and other reasons, we believe that the most prac-
tical approach to the construction of quantum comput-
ers will be based on the use of optical devices.

It was recently shown that any logic operation or
numerical calculation can be implemented by combin-
ing a sufficient number of the controlled-NOT gates
illustrated in Fig. 3 with additional single-bit operations
that are easily implemented. The controlled NOT has

Figure 3. A controlled-NOT gate, which can form the basic logic
element of a quantum computer. Bit B is inverted if and only if bit
Ais 1.
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two binary inputs, A and B. Input A is always trans-
ferred to the output without change, while input B is
inverted (flipped) if and only if input A = 1. Thus, input
A can control what happens to input B. The develop-
ment of a practical controlled-NOT gate is the first step
toward the construction of a quantum computer.

A controlled-NOT gate can be implemented using
the optical arrangement illustrated in Fig. 4. Here, bit
A has the value 1 if a single photon is in the path
indicated by the dashed line, whereas it has the value
0 if that photon is in the path indicated by the solid
line. Input B is represented in a similar way by a second
photon; the two photons have different frequencies w,
and w,, which allow them to be distinguished. The two
paths for photon B are combined by a beam splitter to
form an interferometer with one arm passing through
a nonlinear medium. The phase shift experienced by
photon B depends on the index of refraction of the
medium, which in turn depends on the strength of the
electric field at that location (Kerr effect). If photon
A passes through the medium at the same time, its
electric field will introduce an additional 1 phase shift,
which changes the output path that photon B must
take. The net result is that photon A can control the
path of photon B.

The primary difficulty in such an optical approach
is that nonlinear effects of this kind typically require
high-intensity electric fields, whereas the electric field
associated with a single photon is normally quite weak.
However, the field from a single photon is inversely
proportional to the square root of the volume that
it occupies, and confining a photon to a sufficiently
small volume can produce electric fields as high as
10,000 V/m. A group at the California Institute of
Technology recently demonstrated nonlinear phase
shifts of this kind at the two-photon level,!! but their
approach involves the use of extremely high-quality
mirrors, atomic beams, and operation near the resonant
frequency of the atoms in the medium, none of which
appear to be practical for the construction of a working
quantum computer.

Figure 4. Opticalimplementation of a controlled-NOT gate based
on a nonlinear index of refraction in one arm of an interferometer.

QUANTUM COMPUTING

Our approach is based on a new physical effect, re-
cently predicted by one of the authors, that should
greatly enhance these kinds of nonlinear phase shifts.
Earlier nonlinear mechanisms involved the interaction
of two photons with individual atoms, which gives a
phase shift proportional to the number N, of atoms in
the medium. The new mechanism involves the inter-
action of two photons with pairs of atoms, which gives
a phase shift proportional to N,’, since that is the
number of pairs of atoms in the medium. As Fig. 5
shows, the proposed mechanism consists of the absorp-
tion of photon 1 and the emission of photon 2 by atom
A, followed by the absorption of photon 2 and the
emission of photon 1 by atom B. (The energy of a
quantum-mechanical system is uncertain over small
time intervals and need not be conserved during the
intermediate steps of this process.) This exchange of the
photons by a pair of atoms has no net effect other than
to cause a shift in the energy of the system, which
produces the desired phase shift. An experimental dem-
onstration of this effect is now in progress at APL.

For large values of N, this new mechanism should
produce much larger phase shifts at the two-photon
level. This in turn will allow other design requirements
to be relaxed, such as the need for high-quality mirrors
or atomic beams. As a result, this approach is eventu-
ally expected to allow the construction of large num-
bers of quantum gates on a single substrate, with optical
waveguides to provide the necessary logical connec-
tions. We are also investigating the use of some of the
same techniques that we previously developed for use
in quantum cryptography”!>!’ as a means of control-
ling the growth of quantum phase errors.

SUMMARY

Quantum computing is a promising new technique
that may eventually provide the ability to perform

Excited
state

Energy

Ground
state

Atom A Atom B

Time ———>

Figure 5. Predicted mechanism for the enhancement of nonlinear
phase shifts at the two-photon level. Atom A absorbs photon 1
while making a transition from its ground state to its excited state,
after which it re-emits photon 2. Atom B absorbs and re-emits the
photons in the opposite order. This interchange of the two photons
produces a nonlinear phase shift.
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numerical calculations not possible with conventional
computers. These enhanced capabilities result from the
use of nonclassical logic elements and the ability of a
quantum computer to perform many calculations in
parallel on a single processor. The advent of quantum
computers would revolutionize computer science and
information theory. However, a number of practical
difficulties must be overcome before quantum comput-
ing becomes a reality. APL is currently investigating
the feasibility of an optical approach to quantum com-
puting that appears to have a number of advantages
over other potential methods.
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