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FINAL PROGRESS REPORT
Foreword

This augmentation grant (DAAD19-03-1-0097) was for an investigation of a
linear optics approach to quantum computing. At the time of the proposal, it had been
suggested by Knill, Laflamme, and Milburn that quantum logic operations could be
performed using linear optical elements, but their theoretical proposal did not appear to
be feasible from an experimental point of view. As part of this proposal, we showed how
quantum logic devices of this kind could be implemented in a practical way using
polarization encoding. We went on to demonstrate many aspects of a linear optics
approach to quantum computing, including quantum logic gates, a prototype quantum
memory, a source of single photons on demand, small-scale quantum circuits, and
quantum error correction. More recently, we showed how the probabilistic nature of
these logic gates could be avoided by using the quantum Zeno effect to suppress the
inherent failure events in an approach of this kind. As a result of this work, a hybrid
optical approach of this kind appears to be one of the leading methods for a scalable
approach to quantum computing.

This grant was intended to augment an earlier grant (DAAD19-02-0069) to
increase the scope of the work. Both grants are for the same research topic and a similar
report will be submitted for both, as suggested by the sponsor in previous years.

It should also be noted that this work is being continued as part of a follow-on
grant for a consortium involving the Applied Physics Laboratory, the University of
[llinois, the University of Queensland, and other international groups. Although this is a
final report, it does not signify the end of this important area of research.

Statement of the problem

The ability to implement quantum logic gates using linear optical elements,
additional photons known as ancilla, and measurements made on the ancilla is illustrated
in Fig. 1. Here the two logical qubits are combined with the ancilla using a network of
linear optical elements. Measurements made on the ancilla after the leave the device are
used to determine the need for feed-forward correction on the output qubits. The
operation is probabilistic in the sense that certain measurement outcomes indicate that the
output qubits contain an uncorrectable error.

Although logic operations of this kind are very stable and relatively simple, there
are a number of problems that must be addressed: What is the best way to perform logic
operations with the smallest error rate? How can single photons be generated for use in
these devices. Is it possible to develop quantum memories for photonic qubits. Can
these techniques be used to build more complex circuits? Can quantum error correction
be performed using linear optics techniques? Answers to most of these issues were found
during the course of this work.
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Fig. 1. Basic approach used in linear optics quantum computing.

Summary of the most important results

During the course of this work, we demonstrated a number of quantum logic
operations, including a parity check, controlled CNOT gate, and full CNOT gate. Our
CNOT gate is illustrated in Fig. 2. It consists of two polarizing beam splitters, two sets of
detectors, and a pair of entangled ancilla photons. When one and only one photon is

detected in each detector, we know that the correct logical output has been produced.
This occurs % of the time.
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Fig. 2. The APL CNOT logic gate.

In order to demonstrate logic operations of this kind, it was necessary to develop a
source of three indistinguishable photons. A photograph of the source and the first
experimental demonstration of a CNOT logic gate for photonic qubits are show in Fig. 3.



Fig. 3. Source of entangled photons and the first experimental demonstration of a CNOT
gate for photonic qubits.

Another important logic device is a quantum encoder, which “copies” the value of
a single input qubit into two output qubits. Our implementation of a quantum encoder
and the corresponding experimental results are shown in Fig. 4.
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Fig. 4. Implementation of a quantum encoder and the corresponding expermental
results.



One of the most important advantages of an optical approach to quantum
computing is the fact that optical fibers or wave guides can be used to connect arbitrary
quantum logic elements in analogy with the wires of a conventional computer. This
capability is not a feature of most other approaches, such as ion traps. Fig. 5 shows our
demonstration of the first quantum circuit using photonic qubits, which shows that logic
devices can, indeed, be connected in this way. This circuit utilizes two XOR logic gates

to calculate the parity of three arbitrary input qubits.

XOR 1 onl
12000 T ;I sl
i n H
qubit 2 qubit 3 e N 0>
output 53000
\ gubit g 5
j > ap00
.ﬁ o =)
qubit 1 ’ XOR 2 £
XOR 1 = 4=l
%56 =5 0 300 B0

Relative Delay (fs)

Fig. 5. First demonstration of a small-scale quantum circuit using linear optical elements
and connections based on optical fibers.

Another important requirement for the development of a quantum computer is the
ability to perform quantum error correction. In a linear optics approach, by far the most
common error source is the accidental measurement of the value of a qubit. This type of
error can be corrected using the encoding illustrated in Fig. 6 along with our
implementation of it. The experimental results from this experiment are illustrated in

Fig. 7.
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Fig. 6. Parity encoding used to correct for arbitrary z-measurement errors.
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Fig. 7. Experimental results from the first demonstration of quantum error correction
using photonic qubits.

In order for any optical approach to quantum computing to be practical, it will be
necessary to have an efficient source of single photons on demand. As part of this grant,
we developed the single-photon source shown in Fig. 8. Here parametric down-
conversion is used to generate a pair of photons. The detection of one member of the pair
indicates that the other photon is present with nearly 100% probability. A high-speed
switch is then used to store the remaining photon in an optical storage loop until it is
needed, at which time it can be switched back out of the loop.
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Fig. 8. Single-photon source based on parametric down-conversion and storage of a
heralded photon in an optical storage loop.

We have also demonstrated a single-photon memory device based on a similar
storage technique. Both of these applictions are limited, however, by the performance of
the optical switch. Commercially-available switches are not designed for single-photon
use or low loss. This prompted us to begin the development of a more efficient switch



for use in single-photon applications. Some of the preliminary results from this switch
are illustrated in Fig. 9.
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Fig. 9. Preliminary results from an all-optical switch designed for use with single
photons.

Although all of the above results are very promising, the remaining difficulty with
a linear optics approach to quantum computing is the fact that the logic operations are
probabilistic. There are several ways to overcome this difficulty, including the use of
cluster states. We are investigating a different solution based on the quantum Zeno
effect, in which the occurrence of a random event can be suppressed by frequent
observations to determine whether or not it has occurred, as illustrated in Fig. 10.
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Fig. 10. Suppression of a random error by using the Zeno effect.

All of the failure events in our CNOT gate of Fig. 2 are due to the emission of two
photons into the same output path. This can be suppressed using the quantum Zeno effect
if two-photon absorbing atoms are present in all of the output paths. Roughly speaking,
the atoms continuously “watch” for the presence of two photons, which is sufficient to
prevent two photons from ever emerging into the same path. We are currently in the
process of developing Zeno gates of this kind by utilizing small resonant cavities to
enhance the rate of two-photon absorption compared to the single-photon absorption rate,
as illustrated in Fig. 11.
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Fig. 11. Small mode volume cavity fabricated from a hollow-core fiber with mirrors on
the ends.

In summary, this work has demonstrated many important aspects of a linear optics
approach to quantum computing. Combined with the quantum Zeno effect, this approach
has many potential advantages for the construction of a full-scale quantum computer.
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