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We show that the quantum Zeno effect can be used to suppress the failure events that would otherwise occur
in a linear optics approach to quantum computing. From a practical viewpoint, that would allow the imple-
mentation of deterministic logic gates without the need for ancilla photons or high-efficiency detectors. We also
show that the photons can behave as if they were fermions instead of bosons in the presence of a strong Zeno
effect, which leads to an alternative paradigm for quantum computation.
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I. INTRODUCTION

A linear optics approach to quantum computing[1] would
have a number of practical advantages. Several devices of
that kind have been experimentally demonstrated[2–7], in-
cluding controlled-NOT (CNOT) logic gates and a small-scale
quantum circuit for photonic qubits[8]. These devices are
probabilistic in nature, however, and large numbers of ancilla
photons would have to be generated in entangled states and
detected with high efficiency in order to minimize the inher-
ent failure rate. Here we show that the quantum Zeno effect
[9–15] can be used to suppress those failure events, which
would eliminate the need for ancilla photons and high-
efficiency detectors. We also show that the photons can be-
have like noninteracting fermions instead of bosons in the
presence of a strong Zeno effect, which is of fundamental
interest.

All of the failure events in our original linear opticsCNOT

gate[2,3] correspond to the emission of more than one pho-
ton into the same optical fiber. In the quantum Zeno effect, a
randomly-occurring event can be suppressed by frequent
measurements to determine whether or not the event has oc-
curred. The basic idea of our approach is to use the Zeno
effect to suppress the emission of more than one photon into
an optical fiber, which would eliminate the source of failures.
Although these techniques can be applied directly to our
original CNOT gate, it is simpler to implement aÎSWAP

[16,17] gate instead. The motivation for the approach is dis-
cussed in Sec. II, along with a proposed implementation of a
ÎSWAP gate using two coupled optical fibers and the Zeno
effect.

The performance of the proposedÎSWAP gate is analyzed
in Sec. III for the idealized case in which a series of mea-
surements are made in order to determine the presence of
two or more photons in the same optical fiber. The system is
assumed to propagate in accordance with Schrödinger’s
equation between the measurements and to be reduced(col-
lapse) after each measurement as required by quantum mea-
surement theory. The results of these calculations show that
the coupled optical fiber device does function as aÎSWAP

gate in the limit of a large number of such measurements,
aside from a phase factor that has no effect on our ability to
perform universal quantum computation.

As is usually the case in the quantum Zeno effect, no
actual observations or measurements are required. Instead,
equivalent results can be obtained using strong two-photon
absorption within the optical fibers. Section IV describes a
density matrix calculation that was used to analyze this ap-
proach, which gives very nearly the same results as the dis-
crete measurements of Sec. III. A number of practical con-
siderations are also considered here, including an estimate of
the achievable rate of two-photon absorption in optical fibers
and ways to minimize the effects of single-photon scattering
and absorption.

The presence of a Zeno effect of this kind inhibits the
emission of more than one photon into the same optical
mode. As a result, the photons are forced to obey the Pauli
exclusion principle as if they were fermions instead of
bosons. This situation is discussed in more detail in Sec. V,
where it is shown that the evolution of the state vector for
photons in the presence of a strong Zeno effect is exactly the
same as it would be for non-interacting fermions(without the
Zeno effect). It is also shown that the quantum interference
properties of the photons are those of fermions instead of
bosons, and that the time-averaged field operators obey anti-
commutation relations.

The ability to perform universal quantum computation us-
ing noninteracting fermions would appear to contradict the
well-known no-go theorems[18,19] for noninteracting fer-
mions. This situation is discussed in Sec. VI, where it is
shown that the ability to perform quantum logic operations in
this way depends on the fact that the photons can be forced
to behave like noninteracting fermions in one part of a circuit
and like noninteracting bosons in other parts of the circuit.
This can be viewed as an alternative paradigm for quantum
computation.

A scalable approach to quantum computing would require
the errors in the quantum logic gates to be below the thresh-
old for quantum error correction. Section VII discusses a
two-qubit encoding[1] that has an error threshold of 1/4
when used in conjunction with our proposed Zeno gates. The
use of such an encoding would allow scalable performance
to be achieved even when the two-photon absorption rate is
limited.

We conclude with a summary in Sec. VIII, including a
discussion of the prospects for using Zeno gates for practical
applications.
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II. MOTIVATION AND ÎSWAP GATE

The implementation of quantum logic gates has always
been one of the main challenges in an optical approach to
quantum computing. Although logic operations are inher-
ently nonlinear, Knill, Laflamme, and Milburn(KLM )
showed that they could be performed using linear optical
elements, additional photons(ancilla), and post-selection and
feed-forward control based on the results of measurements
on the ancilla photons[1]. Roughly speaking, the devices are
designed in such a way that the quantum-mechanical mea-
surement process projects out a final state corresponding to
the desired logical output. Several groups have now demon-
strated a number of logic gates of this kind[2–8].

Despite the rapid progress in the development of probabi-
listic quantum logic gates using linear optical elements, their
reliance on ancilla photons poses a serious challenge. The
probability of a failure event or error scales as 1/n in the
original KLM approach, wheren is the number of ancilla
photons, while it scales as 1/n2 in an alternative approach
that we have suggested[20]. The ancilla can be generated in
the necessary entangled initial state using elementary logic
gates(post-selection), but the efficiency of an approach of
that kind decreases exponentially with increasing values ofn
[21]. In addition to generating the ancilla photons, they must
be detected with high efficiency in order to avoid errors in
the output of the logic gate. With this in mind, we have
recently been considering the possibility of hybrid ap-
proaches in which the need for large numbers of ancilla pho-
tons could be reduced or eliminated by combining linear
optics techniques with some amount of nonlinearity. The

Zeno gates described here are an example of a hybrid ap-
proach of that kind.

The origin of the failure events in our original linear op-
tics CNOT gates[22] can be understood by considering the
implementation shown in Fig. 1. This is a relatively simple
device consisting of two polarizing beam splitters, two
polarization-sensitive detectors, and a pair of entangled an-
cilla photons used as a resource. It can be shown that this
device will produce the desiredCNOT operation(aside from
any technical errors) if one and only one photon is detected
in each of the detectors, which occurs with a probability of
1/4. The output of the device must be rejected, however, if
two photons exit in any of the four output modes. Our most
recent experiments have all been implemented in optical fi-
bers, so that the failure events correspond to the emission of
two photons into the same optical fiber at one or more of the
beam splitters(fiber couplers). The basic idea is to use the
quantum Zeno effect to suppress the emission of more than
one photon into the same fiber core, which would prevent the
failure events and produce a deterministic logic gate that
succeeds 100% of the time.

In order for the Zeno effect to suppress the buildup of
undesired probability amplitudes, it is necessary to apply a
series of measurements on a time scale that is small com-
pared to the time required for the emission of two photons
into the same optical fiber. This requires that the beam split-
ter operation be performed continuously over a relatively
large time scale, which can be accomplished using the dual-
core optical fiber geometry shown in Fig. 2. Here the cores
of two optical fibers are assumed to run parallel to each other
in close proximity over some distanceL. The photons are
assumed to occupy only the fundamental transverse mode of
the fiber core with a fixed linear polarization. The overlap of
the evanescent fields of the two cores will gradually couple a
photon from one optical fiber core into the other in a manner
that is analogous to tunneling. Similar devices are available
commercially and are used as optical fiber couplers. They are

FIG. 1. Implementation of a controlled-NOT logic gate that suc-
ceeds with probability1

4. All of the failure events correspond to
situations in which two photons were emitted into the same optical
fiber. A more detailed description can be found in Ref.[22].

FIG. 2. Coupled optical fibers used to implement the beam split-
ting process in a continuous way, which allows the use of the Zeno
effect.(a) Side view showing the coupling between two optical fiber
cores via their evanescent field, which is equivalent to the tunneling
of photons from one core to the other.(b) End view showing a
dual-core optical fiber that could be used to implement such a beam
splitter. Devices of this kind are commercially available.
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equivalent to free-space beam splitters, aside from the
gradual nature of the transition from one core to the other.

Although it is possible to use the Zeno effect to suppress
the failure events for theCNOT gate shown in Fig. 1, it is
simpler to implement another logic gate that only requires a
single beam splitter. The resulting device is similar to the
square-root ofSWAP gate illustrated in Fig. 3(a). The SWAP

operation interchanges the values of two input qubits, while
the ÎSWAP gate is defined as producing theSWAP operation
when applied twice or squared, as shown in the figure. It is
well-known that theÎSWAP operation is universal for quan-
tum computation when combined with single-qubit opera-
tions [16,17].

Figure 3(b) suggests that it may be possible to implement
a ÎSWAP gate directly using the coupled-fiber geometry of
Fig. 2. If the lengthL of the interaction region is chosen
properly, a photon incident in one fiber core will be trans-
ferred to the other core with 100% probability. This will
implement theSWAP operation if the absence of a photon is
assumed to represent a logical value of 0 while the presence
of a photon represents a logical value of 1. If we reduce the
length of such a device by a factor of two toL1/2=L /2, as
illustrated by the dashed line in Fig. 3(b), then we will pro-
duce a device that gives theSWAP operation when applied
twice, or squared. This corresponds to the definition of a
ÎSWAP gate, which suggests that such an operation could be
produced using a lengthL1/2 of coupled fibers.

Such a situation is too good to be true, as one might
expect. We will show in the next section that the coupled-
fiber device of Fig. 3(b) does implement aÎSWAP operation
correctly if a total of 0 or 1 photons are input to the device.
Incorrect results are obtained, however, if a photon is present
in both of the input modes, which corresponds to a logical
input of 1 for both qubits. In that case, there is some prob-
ability that both photons will exit the device in the same fiber
core, which corresponds to an error state since only 0 or 1
photons represents a valid logical output. In fact, quantum

interference effects ensure that both photons will always exit
such a device in the same fiber core, which is equivalent to
the well-known Hong-Ou-Mandel dip[23] in coincidence
measurements using free-space beam splitters. Errors of that
kind are analogous to the failure events in our originalCNOT

gate, and we will see in the next section that the Zeno effect
can be used to suppress them.

III. DISCRETE MEASUREMENTS

In this section, the coupling of photons from one fiber
core into the other will be analyzed in more detail. For a
single incident photon, the behavior of the coupled system
will be found to be analogous to the Rabi oscillations of a
two-level atom. The ability of the Zeno effect to suppress
errors in which two photons are emitted into the same fiber
core will then be investigated by assuming that a series of
discrete measurements are made to determine whether or not
two photons are present in the same core. A more realistic
implementation involving two-photon absorption will be
analyzed in Sec. IV.

In the limit of weak coupling, the Hamiltonian for the
system described above can be written in the form

Ĥ = o
k

f"vksâk1
† âk1 + âk2

† âk2d + «sâk1
† âk2 + âk2

† âk1dg. s1d

Herek is the longitudinalk-vector describing the propagation
of the photons down the fiber," is Planck’s constant divided
by 2p, vk is the angular frequency of the photons, the op-
eratorsâk1

† and âk2
† create photons in each of the fibers, and

the parameter« determines the strength of the coupling be-
tween the two fibers. The zero-point energy has no effect in
this system and was omitted from Eq.(1).

If the bandwidth is sufficiently small that« is approxi-
mately independent of the value ofk, then we can work in

the interaction picture by writingĤ=Ĥ0+Ĥ8, whereĤ0 in-
cludes the energies of the photons. The unperturbed states
then correspond to photon wave packets propagating freely
down one of the fibers, while the perturbation Hamiltonian
has the form

Ĥ8 = «sâ1
†â2 + â2

†â1d. s2d

Here the operatorsâ1
† and â2

† create photons in the corre-
sponding wave-packet states in one of the two fiber cores.

An arbitrary input state can be expressed as a superposi-
tion of basis states in the computational basis. We will cal-
culate the time evolution of each of the basis states individu-
ally. From the linearity of quantum mechanics, those results
can be used to obtain all of the elements of the unitary trans-
formation matrix that describes the operation of the device.
This procedure is equivalent to conventionalS-matrix theory.

We first consider the case of a single incident photon,
where the Hamiltonian of Eq.(2) is equivalent to that of a
two-level atom coupled to a classical electromagnetic field.
Here the most general state of the system is a superposition
of the two basis statesuc1l= â1

†u0l and uc2l= â2
†u0l, whereu0l

is the vacuum state.(This forms a subspace of the original
Hilbert space.) In that basis, the perturbation Hamiltonian is
given by

FIG. 3. (a) Operation of theÎSWAP gate, which is defined in
such a way that it swaps the values of any two logical inputs when
it is applied twice(squared). If the operation is only applied once,
however, a quantum superposition of states is created and neither
qubit has a well-defined value, as illustrated by the question mark.
(b) Potential implementation of aÎSWAPgate by bringing the cores
of two optical fibers in close proximity, which allows a photon in
one core to be coupled into the other core. If lengthL produces a
SWAP operation, then half that length(dashed line) will produce the
ÎSWAP operation, aside from errors that can be suppressed using
the Zeno effect and a phase factor discussed in the text.
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Ĥ8 = S0 «

« 0
D . s3d

For the case in which a single photon is incident in path 1,
Schrödinger’s equation has the solution

ucstdl = S cosstd
− i sinstd

D . s4d

For simplicity, the timet has been expressed in units given
by " /«. This solution is equivalent to a Rabi oscillation in
which a photon wave packet is coupled back and forth be-
tween the two fiber cores in a periodic manner as it propa-
gates down the system, as illustrated in Fig. 4. It can be seen
that the system couples completely into the opposite path
after a time t=p /2 and a corresponding distanceL=ct
=pc" /2«. At half that distance,L1/2=L /2, the solutions to
Schrödinger’s equation correspond to that of aÎSWAP opera-
tion for a single incident photon without any need for the
Zeno effect. A similar solution exists for the case in which a
single photon is incident in path 2.

The situation is more complicated, however, for the case
in which a single photon is incident in each of the optical
fiber cores, which corresponds to a logical value of 1 for
both qubits. In addition to the initial state ofuc11l= â1

†â2
†u0l,

there is also a coupling into the two-photon statesuc20l
= â1

†2u0l /Î2 anduc02l= â2
†2u0l /Î2. In that basis, the perturba-

tion Hamiltonian has the form

Ĥ8 = Î2«10 1 1

1 0 0

1 0 0
2 . s5d

Now Schrödinger’s equation has the solution

ucstdl = 1 coss2td

− i sins2td/Î2

− i sins2td/Î2
2 . s6d

The probabilityP11std that the system is in the initial state
uc11l with one photon in each path at timet is simply

P11std = cos2s2td. s7d

It can be seen thatP11=0 after the photons have traveled a
distance ofL1/2 st=p /4d, which implies that both photons
are located in the same path at that point. Since a coupled
fiber device of lengthL1/2 is equivalent to a free-space 50/50
beam splitter, this result is consistent with the well-known
Hong-Ou-Mandel interference effect[23] as will be dis-
cussed in more detail in Sec. V. This situation corresponds to
an error state at the output of the device, since the only
logical states correspond to either 0 or 1 photon in each of
the fiber cores.

In order to investigate the ability of the Zeno effect to
suppress the emission of two photons into the same fiber
core, we assumed that a total ofN discrete measurements
were made during the timeDt=L1/2/c that the photons spend
in the coupled-fiber region. Each measurement was assumed
to be able to identify the presence of two photons in the same
fiber core, in which case the qubits were destroyed and the
operation of the device was considered to be a failure. The
absence of two photons in the same fiber core was assumed
to project the state vector into the orthogonal subspace(con-
sisting of stateuc11l), as required by the measurement pos-
tulate of quantum mechanics. Experimental techniques for
implementing measurements of that kind will be discussed in
Sec. IV.

The effects of such a sequence of measurements were
calculated by propagating the initial stateuc11l up to the time
of the first measurement att=Dt /N=p /4N using
Schrödinger’s equation. From Eq.(7), the probabilityPF of a
failure event in which two photons are detected in the same
fiber core is given by

PF = 1 − P11sDt/Nd = 1 − cos2s2Dt/Nd = 1 − cos2sp/2Nd.

s8d

The other possibility is that the system will be successfully
projected back into the initial state, which occurs with a
probability of PS=cos2sp /2Nd. After this process has been
repeatedN times, the overall probability of a successful out-
come(no failure events) is PS=cos2Nsp /2Nd.

The failure probabilityPE is plotted as a function of the
number of measurementsN in Fig. 5. It can be seen that
PE=1 if a single measurement is made at the end of the
process, as is consistent with the Hong-Ou-Mandel effect.
But the error probability approaches zero in the limit of large
N, wherePE=p2/4N, as would be expected from the quan-
tum Zeno effect[9–15]. The fact that the error is only in-
versely proportional toN may seem to imply that large val-
ues ofN would be required in order to meet the threshold for
quantum error correction. But a simple two-qubit encoding
[1] can be used to achieve small error rates even for moder-
ate values ofN, as is described in Sec. VII.

FIG. 4. Probability that a single photon will be found in path 1
of the coupled optical fiber device of Figs. 2 and 3. A single photon
was assumed to be incident in path 1 and Schrödinger’s equation
was solved using the Hamiltonian of Eq.(2). These results are
equivalent to Rabi oscillations in a two-level atom.
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By definition [16,17], a ÎSWAP gate applies a unitary
transformation in the computational basis given by

ÎSWAP= 3
1 0 0 0

0 s1 + id/2 s1 − id/2 0

0 s1 − id/2 s1 + id/2 0

0 0 0 1
4 . s9d

In order to facilitate comparison with a standardÎSWAP op-
eration, we assumed that a phase shift ofp /4 was inserted in
each of the output ports of the coupled-fiber device shown in
Fig. 3(b). In the limit of largeN, the final state of the system
corresponds to a unitary transformation given by

ÎSWAP8 = 3
1 0 0 0

0 s1 + id/2 s1 − id/2 0

0 s1 − id/2 s1 + id/2 0

0 0 0 i
4 . s10d

Aside from the calculations described above, these results
are apparent for the case of a single incident photon, where
they correspond to the usual results for Rabi oscillations.
They are also apparent for the case of two incident photons,
since the Zeno effect essentially eliminates the coupling be-
tween the fiber cores while the fixed phase shift ofp /4 in
each path is responsible for the factor ofi in the lower diag-
onal.

It can be seen that the unitary transformation of Eq.(10)
differs from that of a standardÎSWAP operation by a factor of
i in the lowest diagonal element. As a result, we will refer to
this operation asÎSWAP8, and we will denote its square by

SWAP8 ; sÎSWAP8d2 = 3
1 0 0 0

0 0 1 0

0 1 0 0

0 0 0 − 1
4 . s11d

The SWAP8 operation of Eq.(11) differs from a standard
SWAP by a factor of −1 in the lowest diagonal element.

We conclude this section by describing how theSWAP8

operation from the coupled fiber device of Fig. 3(b) can be
used to implement aCNOT logic gate. TheSWAP8 of Eq. (11)
differs from a controlled-Z operation(controlled phase gate)
only by the fact that two of its terms are off the diagonal.
Those terms can be put back on the diagonal by following
the SWAP8 operation by a standardSWAP, and the combined
effect of those two operations is to implement a controlled-Z
gate as illustrated in Fig. 6(b). For photonic qubits, theSWAP

can be applied by simply interchanging two optical fibers, as
shown in Fig. 6(a). The controlled-Z operation of Fig. 6 is
universal for quantum computation when combined with
single-qubit operations. In particular, it can be combined
with two Hadamards(beam splitter operations) to implement
a CNOT gate. Thus theSWAP8 operation allows any quantum
computation to be performed when combined with single-
photon operations and the interchange of optical fibers.

IV. TWO-PHOTON ABSORPTION

In the previous section, it was shown that a sequence ofN
measurements could be used to suppress failure events in
which two photons are emitted into the same optical fiber
core. As is usually the case in the Zeno effect, no actual
measurements or observations are required. Instead, the sys-
tem of interest can be coupled to a second system in such a
way that subsequent measurements on the second system
could provide the same information. In the situation of inter-
est here, that could be accomplished by inserting one or more
atoms into the cores of the optical fibers in such a way that
the atoms can absorb two photons but not just one. Subse-
quent measurements could determine whether or not the at-

FIG. 5. ProbabilityPE of an error in the output of theÎSWAP8
gate when a photon is incident in both input modes. The dots cor-
respond to the value ofPE as a function of the numberN of equally-
spaced measurements made to determine the presence of two pho-
tons in the same optical fiber core. The solid line corresponds to
similar results obtained in the presence of two-photon absorption,
where the parameterN is then defined asN=Dt /4tD, with Dt the
interaction time andtD the two-photon decay time.

FIG. 6. (a) Implementation of aSWAP operation for photons by
simply crossing two optical fibers.(b) A controlled-Z gate for pho-
tons constructed by applying theSWAP8 operation of Eq.(11) fol-
lowed by theSWAPoperation illustrated above. This circuit produces
only the identity operator for noninteracting fermions.
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oms were left in an excited state, which would indicate the
presence of more than one photon in the same core. As a
result, one would expect that strong two-photon absorption
should give the same error suppression as the sequence of
discrete measurements considered in the previous section.

In order to investigate this possibility, we assumed that
the two-photon statesuc20l and uc02l were absorbed at a rate
of 1/tD, wheretD is the corresponding decay time. It was
further assumed that the single-photon statesuc1l and uc2l
were unaffected by this process, so that we only needed to
consider the case of two incident photons with the interaction
Hamiltonian given by Eq.(5). In addition to these three
states, it was assumed that there was a quasicontinuum of
excited atomic states into which the two-photon states could
decay. The process could then be described by a density-
matrix calculation in which the rate of change of the density

matrix elements due to the interaction HamiltonianĤ8 was
given as usual by

ṙi j =
1

i"
o
k

sHikrkj − rikHkjd. s12d

In addition to the Hamiltonian evolution of Eq.(12), the
diagonal density-matrix elementsrdd associated with the
two-photon states were assumed to have an additional rate of
change due to two-photon absorption given by

ṙdd = −
1

tD
rdd. s13d

This coupled set of differential equations was solved using
Mathematica.

The solid line in Fig. 5 shows the results of a density
matrix calculation of this kind. In order to allow both sets of
calculations to be plotted on the same scale, the parameterN
was defined in this case asN=Dt /4tD. It can be seen that
strong two-photon absorption can inhibit the emission of two
photons into the same mode in very nearly the same way as
a series of discrete measurements. In the limit of smalltD,
this density matrix calculation gives the same unitary trans-
formation as the discrete measurements of Sec. III, namely
the ÎSWAP8 of Eq. (10).

It should be emphasized that strong two-photon absorp-
tion does not imply that there will be a large rate of deco-
herence due to rapid absorption of photon pairs. On the con-
trary, the existence of a strong two-photon absorption
mechanism will prevent the emission of pairs of photons into
the same mode in the first place, and there need be no dissi-
pation or decoherence associated with this process in the
limit of small tD.

The Zeno effect has previously been investigated as a way
to suppress Rabi oscillations in two-level systems
[10–12,15], and the same factor of 4(in N=Dt /4tD) has
previously been reported[13,14]. The use of linear dissipa-
tion in cavity QED systems has also been proposed by Beige
et al. [25–27] as a method of suppressing unwanted error
mechanisms. Although there is an obvious connection be-
tween these earlier approaches and our Zeno gate proposal,
we are not suppressing the usual Rabi oscillations of Fig. 4.
Instead, nonlinear dissipation(two-photon absorption) is
used to suppress the coupling into the undesired states with
two photons in the same fiber core.

Nonlinear effects such as two-photon absorption are com-
monly assumed to be small at single-photon intensities.
However, the possibility of strong two-photon absorption in
optical fibers can be understood by comparison with nonlin-
ear effects at low intensities in cavity QED experiments[28].
For example, a single-photon wave packet from a 100 fs
pulsed source would have a length of approximately 30mm
and would be confined in an area,1 mm in diameter, which
corresponds to a mode volume that is much smaller than that
commonly used in cavity QED experiments. The concentra-
tion of the photon energy into such a small volume can pro-
duce relatively large electric fields even at the single-photon
level and relatively large nonlinearities, including two-
photon absorption, can be expected as a result.

In order to estimate the rate of two-photon absorption in
optical fibers, we considered the case of hollow fiber cores
containing three-level atoms as illustrated in Figs. 7 and 8.
The upper atomic level was assumed to decay at a rate of
1/tC due to collisions. At the atomic densities at which Zeno
gates are expected to operate,tC!tR, wheretR is the radia-

FIG. 7. Expanded view of one of the optical fiber cores contain-
ing a single atom. The cross section for the absorption of a resonant
photon can be comparable to the area of the core itself, in which
case there can be a large interaction between two photons and a
single atom. The effects of detuning and collisions must also be
taken into account, but those effects can be compensated to give a
two-photon absorption rate comparable to that from this simple
picture.

FIG. 8. Energy-level diagrams illustrating the use of a three-
level atom to produce two-photon absorption. The atomic levels are
labeled 1 through 3 while the photons are represented by the ar-
rows. (a) Successive absorption of two photons whose energies are
on resonance with that of the atomic transitions.(b) Elimination of
single-photon absorption by increasing the energy of level 2, in
which case only two-photon absorption satisfies energy conserva-
tion. (c) A virtual process in which the two original photons with
wave vectork are absorbed, followed by the reemission of two
different photons with wave vectorsk18 andk28.
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tive lifetime of the upper atomic level due to spontaneous
emission. The photon wave packets were assumed to be
Gaussians with a length(one standard deviation) of LP. The
energy of the photons was assumed to be detuned by an
amountd from the energy of the intermediate atomic state, as
illustrated in Fig. 8(b), and the detuning was assumed to be
sufficiently large that the virtual transition could be described
by an effective matrix element in the usual way. For simplic-
ity, the field energy was assumed to be approximately uni-
form over the areaA of the hollow cores. The two-photon
absorption rate was then calculated using a density matrix
approach similar to that of Eqs.(12) and (13).

With these approximations, the density matrix calculation
gave a rateR2 for two-photon absorption that can be written
as

R2 =Î 2

p
NAfdfCfP

s0

A

1

tR
. s14d

Heres0 is the resonant cross section for the absorption of a
single photon. This cross section can be comparable to the
areaA of the optical fiber cores, as illustrated in Fig. 7, since
it is on the order of the square of the wavelengthl [29]:

s0 =
3

2p
l2. s15d

NA is the number of atoms in a lengthLR=ctR of optical fiber
and the factors offd, fC, and fP take into account the effects
of detuning, atomic collisions, and the length of the wave
packets, respectively, as described below. Two-photon ab-
sorption is well understood[30], and Eq.(14) simply casts
R2 in a form that is useful for optical fiber applications.

Detuning the photons from the energy of atomic level 2
reducesR2 by a factor of

fd = SM21

d
D2

, s16d

whereM21 is the atomic matrix element for a transition from
the ground state to the first excited state. Although this factor
is relatively small, it can be offset by the large value ofNA if
we choose the number of atoms to be given byNA=1/ fd. A
large value ofNA is also desirable because the atomic density
will become nearly uniform, and a perfectly uniform medium
does not scatter any nonresonant photons.

The factor fC represents the fact that collisions will in-
crease the linewidth of the atomic transition and thereby re-
duce the rate of transitions on resonance. It is given by

fC = tC/tR. s17d

This factor can range from 0.1 to 0.01 for typical atomic
vapor transitions. The factorfP reflects the fact that nonlinear
absorption is proportional to the square of the field intensity,
which increases asLP is decreased and the electromagnetic
energy of a photon is concentrated into a smaller volume.
This factor is given by

fP = ctR/LP. s18d

The increased atomic linewidth due to collisions allows the
length of the photon wave packets to be reduced toLP
,ctC, in which case the productfCfP,1.

For an optical fiber with a diameter of 0.783l, the factor
of s0/A in Eq. (14) is also equal to unity. Although
commercially-available optical fibers have diameters that are
typically somewhat larger than this, custom-made fibers can
be fabricated with core diameters of this size. All of the
factors in Eq.(14) then cancel out and the net two-photon
absorption rate reduces to

R2 , 1/tR. s19d

This corresponds to a two-photon absorption lengthl2 (1/e
distance) of l2,ctR. It can be seen that choosingfd=1/NA in
Eq. (16) eliminated the matrix elements and the detuning
from the calculations, which is responsible for the simple
form of Eqs.(14) and (19).

Aside from the density matrix calculations described
above, these results can be qualitatively understood by com-
parison with the idealized case in which both photons are on
resonance, the effects of collisions and Doppler shifts can be
neglected, and there is a single atom in each fiber core, as
illustrated in Figs. 7 and 8(a). If the diameter of the optical
fiber core is comparable tol, the probability that a resonant
photon will be absorbed by a single atom in the core is
approximately given bys0/A,1. Once one photon has been
absorbed, the atom will be left in an excited state with a
similar cross-section as illustrated in Fig. 8(a), so that a sec-
ond resonant photon could then be absorbed with a probabil-
ity that is also on the order of unity. In order to satisfy the
resonance condition, the length of the wave packets must be
comparable toctR. Both photons would then be absorbed
with a probability on the order of unity during the time re-
quired for the wave packets to pass by an atom, namelytR.
That gives a two-photon absorption rate of 1/tR, which is the
origin of the last factor in Eq.(14). For the nonideal case, the
effects of detuning are included in the factor offd which is
familiar from perturbation theory, while the expressions for
fC and fP are equally apparent. The density matrix calcula-
tion agrees with this simple argument to within a factor of
Î2/p.

Typical values ofl2 based on Eq.(19) would be on the
order of 5 m in the visible region of the spectrum. If the error
probability per gate operation is required to be less than
some valuePE, then the results of Fig. 5 would require that
the ÎSWAP gates have a lengthL1/2 that is greater thanl2 by
a factor of approximately 1/PE. As we mentioned earlier, the
two-bit encoding of Sec. VII allows the use of relatively
large values ofPE. As a result, the required length of the
devices should only be a few times larger thanl2.

As a practical matter, the main challenge in implementing
devices of this kind will probably be the losses due to single-
photon absorption or scattering. Under most conditions, the
single-photon scattering might be expected to be larger than
the two-photon absorption. For example, a frequent comment
is that there will be a “tail” for single-photon scattering that
falls off as 1/d2, and the effects of this tail may be larger
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than the two-photon absorption even for large detunings.
There are several reasons why that need not be the case,
however. First of all, the small mode volume greatly in-
creases nonlinear effects such as two-photon absorption as
compared to single-photon loss, as we mentioned above. In
addition, there is no scattering or absorption in the idealized
limit of a perfectly uniform medium with no impurities. In
the latter case, the “tail” in the single-photon scattering is
suppressed by interference between the scattering amplitudes
from different atoms. As an example, quantum key distribu-
tion depends on the fact that single photons can travel
through kilometers of optical fiber with very little loss, even
though they interact strongly enough with the atoms in the
optical fiber to produce phase shifts on the order of
109 radians/km.

In addition to the effects of a uniform medium, single-
photon scattering can be reduced using electromagnetically-
induced transparency(EIT), which has already been sug-
gested as a method for producing relatively large two-photon
absorption rates[31]. There may also be other mechanisms
for two-photon absorption, such as the four-wave mixing
process illustrated in Fig. 8(c), that can produce higher two-
photon scattering rates than the simple process considered
above.

Finally, the required length of the coupled fiber device can
be greatly reduced if mirrors are used at each end of the
fibers to produce resonant cavities. Iff is the finesse of the
cavities, then the required length of dual-core fiber scales as
1/ f2 and the single-photon loss scales as 1/f. For example, a
finesse of 100 would reduce the characteristic length of the
devices from,5 m to less than 1 mm. We believe that de-
vices of this kind are feasible and an initial experiment is in
progress.

V. FERMIONIC BEHAVIOR OF PHOTONS

As we have seen above, a strong Zeno effect can prevent
two photons from occupying the same mode, which is analo-
gous to the Pauli exclusion principle for fermions. In this
section, we will consider the possibility of fermionic behav-
ior of the photons in more detail. We note that the quantum
interference properties of the photons under these conditions
are those of fermions instead of bosons. We also show that
the dynamic evolution of the system is the same as that of
noninteracting fermions, and that the time-averaged creation
and annihilation operators obey anticommutation relations
instead of commutators in the limit of a strong Zeno effect.

It is well known that the quantum interference effects re-
sponsible for the Hong-Ou-Mandel dip are due to the
bosonic nature of photons; the fact that the photons always
emerge in the same output port of a beam splitter can be
viewed as an extreme example of photon bunching[32,33].
Electrons or other fermions would give just the opposite re-
sult, with both particles always exiting from different output
ports[32,33]. This difference in behavior can be traced to the
fact that the exchange of two identical fermions multiplies
the state vector by a factor of −1, whereas the exchange of
two bosons gives a factor of +1, which converts an interfer-
ence maximum to a minimum. It can be seen from Fig. 5 that

the properties of the photons, at least as far as these interfer-
ence effects are concerned, gradually change from that of a
boson to that of a fermion as the strength of the Zeno effect
is increased.

An entangled pair of photons in aFs−d Bell state will also
emerge into different output ports when incident on a beam
splitter [34]. But that is a characteristic property of bosons,
not fermions, since the spatial part of the state vector must be
antisymmetric if the angular momentum(polarization) part
of the state vector is antisymmetric. Here we are considering
a single polarization(spin) mode, in which case the predicted
interference effects are those of a fermion.

The fermionic properties of the photons can be further
understood by comparing the results obtained above with
what would be expected if true fermions(with no Zeno ef-
fect) were incident upon the coupled wave guide device of
Sec. III. Once again, we first consider the case of a single
incident particle, where there are only two independent states
of the system as in Eq.(3). The Hamiltonian for the system is
given by Eq.(2) for either fermions[18] or bosons, and it
corresponds to tunneling between the two wave guides in
either case. The matrix elements of the Hamiltonian can now
be calculated using the anticommutation relations

hb̂i,b̂j
†j = b̂ib̂j

† + sb̂j
†b̂i = di j . s20d

Here the parameters=1 for fermions, but we have written it
as a variable in order to facilitate comparison with the cor-
responding results for bosons using commutation relations

ss=−1d. The operatorsb̂i
† and b̂j

† create a fermion in the
corresponding wave guide.

If uil= b̂i
†u0l andu jl= b̂j

†u0l denote the two basis states con-
taining a single particle, then the off-diagonal matrix ele-
ments of the Hamiltonian can be calculated as follows:

ki uH8u jl = «sb̂i
†u0ld†b̂i

†b̂jsb̂j
†u0ld = «k0ub̂ib̂i

†b̂jb̂j
†u0l. s21d

Using Eq.(20) and the fact thatb̂iu0l=0 andb̂ju0l=0 reduces
the matrix element to

ki uH8u jl = «k0ub̂ib̂i
†u0l = «ku0u0l = «. s22d

It can be seen that the matrix elements are the same for
fermions or bosons(either sign ofs) for the case of a single
particle, as might have been expected. Given the one-to-one
correspondence between the single-particle states and the
matrix elements, it follows that the solutions to
Schrödinger’s equation have the same form for the single-
particle case whether we are considering fermions or bosons.

Next we consider the case in which two fermions are
incident, where the use of commutators vice anticommuta-
tors might be expected to play a role. In the case of fermions,
however, only a single state is possible in which one fermion
propagates in each wave guide, andH8 cannot couple the
system to any other state. As a result, the system simply
propagates in the initial state with a phase shift that is deter-
mined by the energy of the particles. But exactly the same
situation holds for the case of two incident photons in the
presence of a strong Zeno effect, which effectively elimi-
nates the coupling to states with two photons in the same
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wave guide. As a result, the system propagates in the initial
state with the same phase factor for electrons or photons(if
their energies are the same), and the solution to
Schrödinger’s equation is exactly the same in either case, as
was explicitly verified.

The preceding discussion shows that the dynamic behav-
ior of the system is exactly the same for photons in the pres-
ence of a strong Zeno effect as it is for noninteracting fermi-
ons(with no Zeno effect). Thus a coupled-wave guide device
of this kind would also implement theÎSWAP8 operation if
two noninteracting electrons were used, including the factor
of i phase shift.

If the photons truly behave like fermions, then we might
expect their creation and annihilation operations to obey an-
ticommutation relations. In order to investigate this situation,
we apply a unitary transformation to the interaction picture
in which the Zeno effect is included in the dressed-state op-
erators. As usual, the total Hamiltonian can been expressed
as the sum of two parts:

H = H0 + Hint. s23d

Here we chooseH0 to include the unperturbed photon ener-
gies as well as the two-photon absorption, whileHint includes
only the coupling between the two wave guides as given in

Eq. (2). An operatorÔS in the Schrödinger picture is then

transformed as usual into a time-dependent operatorÔstd in
the interaction picture[35] given by

Ôstd ; eiH0t/"ÔSe
−iH0t/". s24d

We will initially consider a single mode in a single fiber and,
in order to avoid confusion, we will denote the dressed op-

erators âstd and â†std by Âstd and Â†std, while the
Schrödinger-picture operators will be written simply asâ and
â†.

We first evaluate the equal-time commutation properties
of the dressed operators:

fÂstd,Â†stdg = ÂstdÂ†std − Â†stdÂstd

= seiH0t/"âe−iH0t/"dseiH0t/"â†e−iH0t/"d

− seiH0t/"â†e−iH0t/"dseiH0t/"âe−iH0t/"d

= eiH0t/"fâ,â†ge−iH0t/" = fâ,â†g. s25d

Here we have used the fact that the commutator is a nonop-
erator (a number) that commutes with the time evolution
operator. Thus we see that the Zeno effect cannot change the
equal-time commutation properties of the field operators.

At first these results may seem puzzling, since they seem
to imply that the photons obey commutation relations even
though their dynamic evolution is that of a fermion. The

results of Eq.(25) are due to the fact thatÂ†std instanta-

neously creates a photon, after whichÂstd immediately an-
nihilates it, whereas the Zeno effect requires a finite time
interval in order to take effect. But the dynamics of the sys-
tem really depend on time-averaged operators, as can be seen
from perturbation theory[35]:

ucstdl = ucs0dl +
1

i"
E

0

t

dt8Hintst8ducs0dl

+
1

si"d2E
0

t

dt8E
0

t8
dt9Hintst8dHintst9ducs0dl + ¯ .

s26d

This motivates us to consider the time-averaged product of

two operatorsÂstd and B̂std over the time intervalt, which
we define as

ÂB̂ ;
2

t2E
0

t

dt8E
0

t8
dt9Âst8dB̂st9d. s27d

For simplicity, we will assume that the photons are emitted
or absorbed on resonance with an atomic transition, which is
equivalent to neglecting the photon energies.

In order to evaluate the time-averaged commutation prop-
erties, we note that the first-order probability amplitudec1 to
emit a second photon, given that one already exists, vanishes
in the limit of a strong Zeno effect:

c1 =
1

i"
E

0

t

dt8Â†st8du1l → 0. s28d

Here u1l denotes a state with a single photon in the optical
fiber of interest. It follows from this and Eq.(27) that

ÂÂ†u1l = 0 s29d

in the limit of a strong Zeno effect. In a similar way, it can
also be shown that

ÂÂ†u0l = 1,

Â†Âu1l = 1, s30d

Â†Âu0l = 0.

It immediately follows from Eqs.(29) and (30) that

hÂ,Â†j = 1 s31d

when acting on the subspace of states(u0l and u1l) that are
allowed by the Zeno effect. Thus we conclude that the time-
averaged creation and annihilation operators obey anti-
commutation relations within the allowed subspace, which is
consistent with the other properties of the system.

Up to this point, we have considered the commutation
properties of the operators in a single optical fiber. If, in-
stead, we consider the field operators for two different fibers,
i and j , then it is apparent that

fÂi,Âj
†g = 0 si Þ jd. s32d

This result is consistent with an interpretation in which the
dressed photons in different optical fibers behave as if they
were different kinds of fermions(as would be the case for
protons vice electrons, for example). As a result, interchang-
ing two optical fibers containing two photons under the in-
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fluence of the Zeno effect as in Fig. 6(a) does not introduce
a minus sign such as the one in Eq.(11). The dressed-state
photons can still be viewed as fermions, however, but with a
different species in each fiber.

To summarize the results of this section, we have shown
that photons in the presence of a strong Zeno effect of this
kind are subject to the Pauli exclusion principle, that the
HOM interference effect corresponds to that of fermions,
that the dynamics of the system are identical to those of
noninteracting fermions, and that the time-averaged field op-
erators obey anticommutation relations. In that sense we can
say that the photons behave like noninteracting fermions.

VI. A PARADIGM FOR QUANTUM COMPUTING

Our conclusion that the photons behave like noninteract-
ing fermions in Zeno gates may seem contradictory at first,
since there are no-go theorems that show that quantum com-
putation cannot be performed using only noninteracting fer-
mions [18,19]. Here we show that our results are consistent
with the various no-go theorems for both fermions and
bosons[36,37]. In the process, we describe an alternative
paradigm for quantum computation.

We first consider what would happen if noninteracting
fermions, such as electrons, were incident on the controlled-
Z (controlled phase) gate of Fig. 6(b). Once again, we as-
sume that there is no Zeno effect and the fermions are truly
noninteracting. As we showed in Sec. V, the coupled wave
guide device of Fig. 3(b) will implement theSWAP8 operation
just as it does for photons in the presence of the Zeno effect.
However, interchanging the paths of two electrons as in Fig.
6(a) will implement theSWAP8 operation instead ofSWAP due
to the anticommutation relations obeyed by the electrons.
This can be seen in more detail by assuming that the system
is initially in a state given by

uc0l = b̂i
†b̂j

†u0l, s33d

which corresponds to one particle in each of the two wave
guides. Interchanging the two paths will then produce a state
uc8l that is given by

uc8l = b̂j
†b̂i

†u0l = − uc0l. s34d

The minus sign in the above equation shows that theSWAP8

operation will be implemented when two wave guides con-
taining two identical fermions are interchanged. Thus the
device shown in Fig. 6(b) will produce two SWAP8 opera-
tions, which implements the identity operator instead of a
controlled phase gate. This shows that our calculations are
consistent with the no-go theorems for noninteracting fermi-
ons [18,19].

There are also no-go theorems for noninteracting bosons
[36,37]. The ability to perform quantum computation using
single photons and the Zeno effect is due to the fact that the
photons can behave like noninteracting fermions in one part
of a circuit and like noninteracting bosons in other parts of
the circuit, as illustrated in Fig. 9. Here the particles are
forced to behave like fermions while their paths are inter-
changed, which implements theSWAP8 operation. The par-

ticles are then forced to behave like bosons while the paths
are interchanged again, which implements theSWAP opera-
tion. The combination of the two operations implements the
controlled phase gate as in Fig. 6(b), which is universal for
quantum computation. The operations illustrated in Fig. 9
can be viewed as an alternative paradigm for quantum com-
putation.

It has been suggested that Eq.(34) (and the conclusions of
this paper) must be incorrect because two electrons located at
different positions are “distinguishable,” in which case “sta-
tistics cannot play a role.” In fact, any two electrons are
identical regardless of their locations, and it is a fundamental
postulate of quantum field theory[38] that a fermionic field

operatorĉ†srW ,td must satisfy the anticommutation relations

hĉ†srW,td,ĉ†srW8,tdj = 0. s35d

Here the operatorsĉ†srW ,td and ĉ†srW8 ,td create identical fer-
mions at two different locationsrW andrW8, as in the argument
stated above. Thus the minus sign in Eq.(34) is correct,
however counterintuitive it may seem, and it becomes ob-
servable if the two paths are brought back together to pro-
duce interference effects. This type of confusion can be
avoided by thinking in terms of “identical” particles rather
than “indistinguishable” particles.

VII. TWO-QUBIT ENCODING AND SCALABILITY

A scalable approach to quantum computing would require
the probabilityPE of an error in a logic operation to be below
the threshold for quantum error correction. The results of
Sec. III show thatPE only decreases asp2/4N, whereN is
the number of measurements used to implement the Zeno
effect. This would seem to imply that a large number of
measurements or a large two-photon absorption rate would
be required for scalable operation. Fortunately, the two-qubit
encoding[1] of Knill, Laflamme, and Milburn(KLM ) can be
used to greatly reduce the value ofPE for a relatively small
value ofN.

In the original KLM approach[1] to linear optics quan-
tum computing, the failure events correspond to situations in
which the value of a qubit is measured in the computational

FIG. 9. An alternative paradigm for quantum computation. It is
assumed that a set of particles can be forced to behave like fermions
while their paths are interchanged, which implements theSWAP8
operation of Eq.(11). The particles are then forced to behave like
bosons while the paths are interchanged again, which implements
theSWAP operation. The combination of these two operations imple-
ments a controlled-Z gate(controlled phase gate), which is univer-
sal for quantum computation.
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basis. They showed that measurement failures of this kind
could be corrected if the logical qubitsu0Ll and u1Ll were
encoded in the quantum states of two photons in the follow-
ing way:

u0Ll ; u00l + u11l,

u1Ll ; u01l + u10l. s36d

Here u00l denotes a state with two physical qubits(photons),
q1 and q2, with logical values of 0, and similarly for the
remaining states in Eq.(36). If the value of one of the physi-
cal qubits, sayq1, is measured, then the logical qubit can be
restored to its original value by replacingq1 with an appro-
priate superposition state and then applying aCNOT operation
between the two qubits[1].

In our Zeno gate approach, failure events can occur if the
strength of the two-photon absorption is not sufficiently
large. In that case, the emission of two photons into the same
fiber core will not be totally inhibited and two photons may
actually be absorbed with a small probability. This process
will measure the values of both qubits to be 1 provided that
such events can be observed when they occur. For example,
a two-photon absorption event could be observed if one or
both of the secondary photons were detected in the four-
wave mixing process of Fig. 8(c). This differs from the origi-
nal KLM approach in that both qubits are measured at the
same time, which gives a somewhat lower error threshold as
we shall see.

In this two-qubit encoding, aCNOT operation between two
logical qubitsq (the control) and q8 (the target) can be ap-
plied by applying twoCNOT operations to the physical qu-
bits, as illustrated in Fig. 10. OneCNOT operation is applied
betweenq1 of the control andq18 of the target, while the
secondCNOT operation is applied betweenq2 of the control
andq18 of the target. We will assume that an individualCNOT

operation between two of the physical qubits fails with a
probabilityPF, and we will estimate the corresponding prob-
ability PF8 that the operation will fail at the upper, logical
level. Scalability requires thatPF8 , PF, in which case the
encoding could be concatenated[24] to produce an arbi-
trarily small error in aCNOT operation at the logical level. To
simplify the analysis, we assume thatPF!1.

In order for a failure to occur at the upper logical level,
there must first be a failure in one of the lower-levelCNOTs.
If the first CNOT operation fails with probabilityPF, that will
measure qubitsq1 andq18, but they can be corrected using a
subsequentCNOT operation for each. The probability that one
of these subsequentCNOT operations will fail is 2PF, so that
the overall probability of a failure at the logical level due to
this mechanism is 2PF

2.
An overall error can also occur if the secondCNOT opera-

tion fails, which will measure qubitsq2 andq18. The probabil-
ity of a failure at the upper logical level after an attempt at
correcting the qubits is once again 2PF

2, so that the total
failure probability at the upper logical level is 4PF

2. Scalabil-
ity requires thatPF8 , PF, or 4PF

2 , PF, which shows that the
threshold for the correction of these kinds of errors is
PF,1/4.

This two-qubit encoding cannot correct for more general
kinds of errors, such as bit flips or erasure errors. As a result,
the two-qubit encoding would have to be incorporated into
the lowest level of a more general encoding[24]. In addition,
the total probability for an error other than a measurement
error within the two-qubit encoding must be smaller than the
error threshold of the higher-level encoding. If the two-
photon absorption is sufficiently strong, then it may be pos-
sible to use only two or three layers of the two-qubit encod-
ing while minimizing other sources of errors. This is easier
to achieve using Zeno gates than it is in the original KLM
approach because the latter requires a large number of en-
coding layers along with the successful preparation and de-
tection of a large number of ancilla photons.

VIII. SUMMARY AND CONCLUSIONS

We have shown that the quantum Zeno effect can be used
to suppress the failure events that would otherwise occur in a
linear optics approach to quantum computing. The use of
Zeno gates of this kind would avoid the need for large num-
bers of ancilla photons and high-efficiency detectors, and the
logic devices would become deterministic in the limit of a
strong Zeno effect. We have also shown that a two-qubit
encoding can be used to achieve small error rates even when
the Zeno effect has limited strength, which is an important
consideration for a scalable approach to quantum computing.

As is usually the case in the Zeno effect, no actual mea-
surements or observations are required and the same results
can be obtained using strong two-photon absorption to in-
hibit the emission of more than one photon into the same
optical fiber. We have estimated the achievable rate of two-
photon absorption in optical fibers and we are optimistic that
single-photon scattering and absorption can be reduced to a
sufficiently small level for these devices to be useful in prac-
tical applications. The feasibility of the approach can only be
demonstrated by performing the relevant experiments, one of
which is now in progress.

The Zeno effect has previously been proposed as a
method of quantum error correction[39–41] or error reduc-
tion [42,43], and it is similar to the “bang-bang” method of
error reduction[44–48]. As we mentioned above, a some-
what similar use of decoherence to suppress unwanted error

FIG. 10. A two-qubit encoding that can be used to correct for
failure events in which a Zeno effect of limited strength allows the
absorption of two photons. Logical qubitq is encoded in the values
of two physical qubits(photons) q1 andq2, and similarly for logical
qubit q8.
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states in cavity QED logic gates has been discussed by Beige
et al. [25–27]. Although these earlier approaches obviously
have much in common with our proposal for Zeno gates,
they all make use of physical interactions to perform the
basic logic operations, combined with the Zeno effect to re-
duce the residual error rate. In our approach, there are no
physical interactions between the photons and the Zeno ef-
fect is totally responsible for the ability to perform the logic
operations.

From a basic physics perspective, we have shown that the
photons behave like non-interacting fermions instead of
bosons in the presence of a strong Zeno effect. The photons
are forced to obey the Pauli exclusion principle in the limit
of a strong Zeno effect and their interference properties in a
Hong-Ou-Mandel interferometer are characteristic of fermi-
ons instead of bosons. The dynamic evolution of the system
is the same as it would be for noninteracting fermions, and
the time-averaged creation and annihilation operators obey
anticommutation relations instead of commutators. The op-

eration of Zeno logic gates depends on the fact that the pho-
tons can be forced to behave like fermions in one part of a
circuit and then forced to behave like bosons in other parts of
the circuit, which gives rise to an alternative paradigm for
quantum computing as illustrated in Fig. 9.

In summary, we conclude that the use of the quantum
Zeno effect to suppress the failure events in linear optics
quantum computing may be of practical use in quantum in-
formation processing and it shows that photons can behave
as if they were fermions.
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