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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 As is usually the case in the quantum Zeno effect, no
actual observations or measurements are required. Instead,
Alinear optics approach to quantum computfdgwould equivalgnt re_su!ts can be_ obtqined using_ strong two—_photon
have a number of practical advantages. Several devices @bsorption within the optical fibers. Section IV describes a
that kind have been experimentally demonstrg@e7], in-  density matrix calculation that was used to analyze this ap-
cluding controlledNoT (cNOT) logic gates and a small-scale Proach, which gives very nearly the same results as the dis-
quantum circuit for photonic qubitg8]. These devices are Créte measurements of Sec. Ill. A number of practical con-
probabilistic in nature, however, and large numbers of ancillsiderations are also considered here, including an estimate of

photons would have to be generated in entangled states afif achievable rate of two-photon absorption in optical fibers
detected with high efficiency in order to minimize the inher- and ways to minimize the effects of single-photon scattering

: nd absorption.
ent failure rate. Here we show that the quantum Zeno eff(?c?l The presence of a Zeno effect of this kind inhibits the
[9-15 can be used to suppress those failure events, WhICQ

Id eliminate th q f 12 ohot d hiah mission of more than one photon into the same optical
would efiminate the need Tor ancilla photons and Nigh-n,,4e As a result, the photons are forced to obey the Pauli

efficiency detectors. We also show that the photons can besycjysion principle as if they were fermions instead of
have like noninteracting fermions instead of bosons in the,osons. This situation is discussed in more detail in Sec. V.,
presence of a strong Zeno effect, which is of fundamentajynere it is shown that the evolution of the state vector for
Interest. photons in the presence of a strong Zeno effect is exactly the
All of the failure events in our original linear opti€NOT  same as it would be for non-interacting fermigméthout the
gate[2,3] correspond to the emission of more than one phoZzeno effect. It is also shown that the quantum interference
ton into the same optical fiber. In the quantum Zeno effect, groperties of the photons are those of fermions instead of
randomly-occurring event can be suppressed by frequertiosons, and that the time-averaged field operators obey anti-
measurements to determine whether or not the event has ocommutation relations.
curred. The basic idea of our approach is to use the Zeno The ability to perform universal quantum computation us-
effect to suppress the emission of more than one photon intimg noninteracting fermions would appear to contradict the
an optical fiber, which would eliminate the source of failures.well-known no-go theorem§l8,19 for noninteracting fer-
Although these techniques can be applied directly to oumions. This situation is discussed in Sec. VI, where it is
original cNOT gate, it is simpler to implement aSwaP  shown that the ability to perform quantum logic operations in
[16,17 gate instead. The motivation for the approach is disthis way depends on the fact that the photons can be forced
cussed in Sec. Il, along with a proposed implementation of @& behave like noninteracting fermions in one part of a circuit
VSWAP gate using two coupled optical fibers and the Zenoand like noninteracting bosons in other parts of the circuit.
effect. This can be viewed as an alternative paradigm for quantum
The performance of the propos€8wAP gate is analyzed computation.
in Sec. Ill for the idealized case in which a series of mea- A scalable approach to quantum computing would require
surements are made in order to determine the presence tife errors in the quantum logic gates to be below the thresh-
two or more photons in the same optical fiber. The system isld for quantum error correction. Section VIl discusses a
assumed to propagate in accordance with Schrodingersvo-qubit encoding1] that has an error threshold of 1/4
equation between the measurements and to be redaokd when used in conjunction with our proposed Zeno gates. The
lapse after each measurement as required by quantum mease of such an encoding would allow scalable performance
surement theory. The results of these calculations show thab be achieved even when the two-photon absorption rate is
the coupled optical fiber device does function asswAP  limited.
gate in the limit of a large number of such measurements, We conclude with a summary in Sec. VIII, including a
aside from a phase factor that has no effect on our ability taliscussion of the prospects for using Zeno gates for practical
perform universal quantum computation. applications.
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—— f— 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
1 of photons from one core to the othgh) 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.

Zeno gates described here are an example of a hybrid ap-
FIG. 1. Implementation of a controlladsT logic gate that suc- Proach of that kind. ) o ,

ceeds with probability;. All of the failure events correspond to . The origin of the failure events in our original linear op-

situations in which two photons were emitted into the same opticaficS CNOT gates[22] can be understood by considering the

fiber. A more detailed description can be found in Reg). implementation shown in Fig. 1. This is a relatively simple
device consisting of two polarizing beam splitters, two
Il. MOTIVATION AND  \SWAP GATE polarization-sensitive detectors, and a pair of entangled an-

cilla photons used as a resource. It can be shown that this
The implementation of quantum logic gates has alwayslevice will produce the desiredNOT operation(aside from
been one of the main challenges in an optical approach tany technical errojsif one and only one photon is detected
guantum computing. Although logic operations are inher-in each of the detectors, which occurs with a probability of
ently nonlinear, Knill, Laflamme, and MilburnKLM) 1/4. The output of the device must be rejected, however, if
showed that they could be performed using linear opticatwo photons exit in any of the four output modes. Our most
elements, additional photoiiancilla), and post-selection and recent experiments have all been implemented in optical fi-
feed-forward control based on the results of measurementsers, so that the failure events correspond to the emission of
on the ancilla photonfl]. Roughly speaking, the devices are two photons into the same optical fiber at one or more of the
designed in such a way that the quantum-mechanical medeam splittergfiber couplers The basic idea is to use the
surement process projects out a final state corresponding tuantum Zeno effect to suppress the emission of more than
the desired logical output. Several groups have now demorene photon into the same fiber core, which would prevent the
strated a number of logic gates of this kifiz--§. failure events and produce a deterministic logic gate that
Despite the rapid progress in the development of probabisucceeds 100% of the time.

listic quantum logic gates using linear optical elements, their In order for the Zeno effect to suppress the buildup of
reliance on ancilla photons poses a serious challenge. Thendesired probability amplitudes, it is necessary to apply a
probability of a failure event or error scales asnlih the  series of measurements on a time scale that is small com-
original KLM approach, where is the number of ancilla pared to the time required for the emission of two photons
photons, while it scales as 47 in an alternative approach into the same optical fiber. This requires that the beam split-
that we have suggest¢dO]. The ancilla can be generated in ter operation be performed continuously over a relatively
the necessary entangled initial state using elementary logiarge time scale, which can be accomplished using the dual-
gates(post-selectioy) but the efficiency of an approach of core optical fiber geometry shown in Fig. 2. Here the cores
that kind decreases exponentially with increasing values of of two optical fibers are assumed to run parallel to each other
[21]. In addition to generating the ancilla photons, they musin close proximity over some distande The photons are
be detected with high efficiency in order to avoid errors inassumed to occupy only the fundamental transverse mode of
the output of the logic gate. With this in mind, we have the fiber core with a fixed linear polarization. The overlap of
recently been considering the possibility of hybrid ap-the evanescent fields of the two cores will gradually couple a
proaches in which the need for large numbers of ancilla phophoton from one optical fiber core into the other in a manner
tons could be reduced or eliminated by combining linearthat is analogous to tunneling. Similar devices are available
optics techniques with some amount of nonlinearity. Thecommercially and are used as optical fiber couplers. They are
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0—=f 1 interference effects ensure that both photons will always exit
a ?
(@) 1 —mVSWAP| SWAP|_ 0 such a device in the same fiber core, which is equivalent to
the well-known Hong-Ou-Mandel di23] in coincidence
measurements using free-space beam splitters. Errors of that

S T N kind are analogous to the failure events in our origimabT
“_ /1 gate, and we will see in the next section that the Zeno effect
(b) =7 > can be used to suppress them.
/
1 \O . DISCRETE MEASUREMENTS
L - In this section, the coupling of photons from one fiber

_ N L _ . core into the other will be analyzed in more detail. For a

FIG. 3. (8 Operation of theySWAP gate, which is defined in = 416 incident photon, the behavior of the coupled system
such a way that it swaps the values of any two logical inputs when, ;i "he t3nd to be analogous to the Rabi oscillations of a
itis applied twice(squared If th.e. operation Is .Only applied ONCe, two-level atom. The ability of the Zeno effect to suppress
however, a quantum superposition of states is created and neither

qubit has a well-defined value, as illustrated by the question mark(.arrors in which two photons are emitied into the same fiber

(b) Potential implementation of &WAP gate by bringing the cores CF’re will then be investigated by assumlng. that a series of
of two optical fibers in close proximity, which allows a photon in discrete measurements ar.e made to determine whether O,r not
one core to be coupled into the other core. If lenggthroduces a _tWO photons_ are_prese_nt in the same core. A more _reallstlc
SwAP operation, then half that lengtidashed lingwill produce the ~ IMPlementation involving two-photon absorption will be
JSWAP operation, aside from errors that can be suppressed usingnalyzed in Sec. IV,

the Zeno effect and a phase factor discussed in the text. In the Iimi'g of weak coupling, the Hgmiltonian for the
system described above can be written in the form

equivalent to free-space beam splitters, aside from the . At A At A At A At A
gradual nature of the transition from one core to the other. H= 2> (o8 + ala0) + e(@),80 + L8], (1)
Although it is possible to use the Zeno effect to suppress K

the failure events for thenoT gate shown in Fig. 1, it is Herek is the longitudinak-vector describing the propagation
simpler to implement another logic gate that only requires &y the photons down the fibef, is Planck’s constant divided
single beam splitter. Thg resulting.dev.ice is similar to theby 2m, w, is the angular frequency of the photons, the op-
square-root oSwAP gate illustrated in Fig. @). The SWAP  eratorsal; anda), create photons in each of the fibers, and
operation interchanges the values of two input qubits, whil§he parametee determines the strength of the coupling be-
the \swAP gate is defined as producing ts@Ap operation  yyeen the two fibers. The zero-point energy has no effect in
when applied twice (wuared, as shown in the figure. It igpis system and was omitted from E@).

well-known that the/swAP operation is universal for quan- If the bandwidth is sufficiently small that is approxi-
tum computation when combined with single-qubit opera-mately independent of the value kf then we can work in
tions[16,17. the interaction picture by Writing:l:l:|0+|:|’, where I:|0 in-

Figure 3b) suggests that it may be possible to implement ;
a JSWAP gate directly using the coupled-fiber geometry Ofcludes the energies of the photons. The unperturbed states

Fig. 2. If the lengthL of the interaction region is chosen Eiho?\/qncg;reesoﬁ)‘otrr]g tf(i)bgrsmsv%i\lga;/hee pa(:rlfljel:;a?ir(;)r?aHgaar:;ri]I?o;rizily
properly, a photon incident in one fiber core will be trans- ' P

ferred to the other core with 100% probability. This will has the form
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 thédere the operatoré{ and é; create photons in the corre-
length of such a device by a factor of two tg,,=L/2, as  sponding wave-packet states in one of the two fiber cores.
illustrated by the dashed line in Fig(8, then we will pro- An arbitrary input state can be expressed as a superposi-
duce a device that gives thewapP operation when applied tion of basis states in the computational basis. We will cal-
twice, or squared. This corresponds to the definition of aulate the time evolution of each of the basis states individu-
VSWAP gate, which suggests that such an operation could belly. From the linearity of quantum mechanics, those results
produced using a length,,, of coupled fibers. can be used to obtain all of the elements of the unitary trans-
Such a situation is too good to be true, as one mighformation matrix that describes the operation of the device.
expect. We will show in the next section that the coupled-This procedure is equivalent to conventioSahatrix theory.
fiber device of Fig. @) does implement aSWAP operation We first consider the case of a single incident photon,
correctly if a total of O or 1 photons are input to the device.where the Hamiltonian of Eq2) is equivalent to that of a
Incorrect results are obtained, however, if a photon is presertvo-level atom coupled to a classical electromagnetic field.
in both of the input modes, which corresponds to a logicaHere the most general state of the system is a superposition
input of 1 for both qubits. In that case, there is some probof the two basis statdg/;)=al|0) and|i,)=41|0), where|0)
ability that both photons will exit the device in the same fiberis the vacuum statgThis forms a subspace of the original
core, which corresponds to an error state since only O or Hilbert space. In that basis, the perturbation Hamiltonian is
photons represents a valid logical output. In fact, quantungiven by

H' = e(ala, +ala). (2)
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1= cog2t)
_ () =| i sin2)12 |. (6)

08 — i sin(2t)/y2

i The probabilityP,4(t) that the system is in the initial state
|yn1) with one photon in each path at tinhés simply

P14(t) = cog(2t). (7)

It can be seen tha®;;=0 after the photons have traveled a
distance ofLq;, (t==/4), which implies that both photons
are located in the same path at that point. Since a coupled
fiber device of lengtlh;» is equivalent to a free-space 50/50
beam splitter, this result is consistent with the well-known
Hong-Ou-Mandel interference effe¢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

FIG. 4. Probability that a single photon will be found in path 1 l0gical states correspond to either O or 1 photon in each of

of the coupled optical fiber device of Figs. 2 and 3. A single photonth€ fiber cores. _ N
was assumed to be incident in path 1 and Schrédinger’s equation N order to investigate the ability of the Zeno effect to
was solved using the Hamiltonian of E(R). These results are Suppress the emission of two photons into the same fiber

Probability
s &
| I |

o
N
l

0 T T T T T
0 1 2 3 4
time (dimensionless units)

equivalent to Rabi oscillations in a two-level atom. core, we assumed that a total WNfdiscrete measurements
were made during the tim&t=L,,,/c that the photons spend

A 0 & in the coupled-fiber region. Each measurement was assumed

"= ( ) (3) to be able to identify the presence of two photons in the same

e 0 fiber core, in which case the qubits were destroyed and the

_ . _ S _ operation of the device was considered to be a failure. The
For the case in which a single photon is incident in path 1absence of two photons in the same fiber core was assumed

Schrédinger’s equation has the solution to project the state vector into the orthogonal subsyece-
sisting of statgi,)), as required by the measurement pos-
coqt) tulate of quantum mechanics. Experimental techniques for
(1)) = (_ o ) (4 implementing measurements of that kind will be discussed in
sin(® Sec. V.

The effects of such a sequence of measurements were

For simplicity, the timet has been expressed in units given . - .
by #/e. This solution is equivalent to a Rabi oscillation in g?lc?rl]aefedﬁ?gtpr?np:g:utlrg?ntstm'g;fﬂﬁ]}: uW;; jﬁlthistli?:ge
tv\v/\t“dr; rt:lhphtcv)\fm}i;varve Eacﬁﬁt IS C(r)iugliedmbancrlf ?nd E?rt? be'Schro'dinger’s equation. From K{), the probabilityPg of a

een the two TIber cores In a periodic manner as It propag ;.o event in which two photons are detected in the same
gates down the system, as illustrated in Fig. 4. It can be se

that the system couples completely into the opposite pateF?ber core is given by

after a timet==/2 and a corresponding distande=ct Pe=1-P;(At/N) = 1 - co(2At/N) = 1 - cog(m/2N).
=mchl2e. At half that distancel,,=L/2, the solutions to (8)
Schrodinger’s equation correspond to that aBaAP opera-
tion for a single incident photon without any need for the The other possibility is that the system will be successfully
Zeno effect. A similar solution exists for the case in which aprojected back into the initial state, which occurs with a
single photon is incident in path 2. probability of Ps=cog(m/2N). After this process has been
The situation is more complicated, however, for the caseepeated\ times, the overall probability of a successful out-
in which a single photon is incident in each of the opticalcome(no failure eventgis Ps=cosN(7/2N).
fiber cores, which corresponds to a logical value of 1 for The failure probabilityPg is plotted as a function of the
both qubits. In addition to the initial state bf,;)=ala}|0),  number of measurement$ in Fig. 5. It can be seen that
there is also a coupling into the two-photon statésy Pz=1 if a single measurement is made at the end of the
=a!?0)/\2 and|¢g)=2a}90)/\2. In that basis, the perturba- process, as is consistent with the Hong-Ou-Mandel effect.
tion Hamiltonian has the form But the error probability approaches zero in the limit of large
N, wherePg=72/4N, as would be expected from the quan-

01 1 tum Zeno effec{9-15. The fact that the error is only in-
Ar=yel1 0 0 5) versely proportional toN may seem to imply that large val-
Vee ues ofN would be required in order to meet the threshold for
100 quantum error correction. But a simple two-qubit encoding
[1] can be used to achieve small error rates even for moder-
Now Schrédinger’s equation has the solution ate values oN, as is described in Sec. VII.
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_ (b)
0 T 6'0 go 1(‘)0 FIG. 6. (a) Implementation of @waP operation for photons by
0 20 40 N simply crossing two optical fibergb) A controlledZ gate for pho-
tons constructed by applying tt8WAP operation of Eq(11) fol-
FIG. 5. ProbabilityPg of an error in the output of theSWAP’ lowed by theswap operation illustrated above. This circuit produces

gate when a photon is incident in both input modes. The dots coronly the identity operator for noninteracting fermions.
respond to the value ¥ as a function of the numbét of equally-
spaced measurements made to determine the presence of two pho-

100 O
tons in the same optical fiber core. The solid line corresponds to
similar results obtained in the presence of two-photon absorption / 2 001
( pre phou ption, SWAP = (VSWAP)? = (11)
where the paramete is then defined adl=At/47p, with At the 010
interaction time andp the two-photon decay time. 000 -1

By definition [16,17, a JSWAP gate applies a unitary The swaP operation of Eq.(12) differ's from a standard
transformation in the computational basis given by SwAP by a factor of —1 in the lowest diagonal element.
We conclude this section by describing how thear

operation from the coupled fiber device of FighBcan be
0 0 0 used to implement anoOT logic gate. TheswaP of Eq. (11)
(1+i)f2 (1-i)2 0 differs from a controlledZ operation(controlled phase gate
(1-D)/2 (1+D)/2 0 only by the fact that two of its terms are off the diagonal.
0 0 1 Those terms can be put back on the diagonal by following
the sSwAP operation by a standarsivap, and the combined

- . ) effect of those two operations is to implement a controlfed-
In order to facilitate comparison with a standa&IVAP op-  gate as illustrated in Fig.(6). For photonic qubits, thewap

eration, we assumed that a phase shiftré4 was inserted in - cgn pe applied by simply interchanging two optical fibers, as
each of the output ports of the coupled-fiber device shown ighown in Fig. 6a). The controlledZ operation of Fig. 6 is
Fig. 3(b). In the limit of largeN, the final state of the system ynjyersal for quantum computation when combined with
corresponds to a unitary transformation given by single-qubit operations. In particular, it can be combined
with two Hadamardgbeam splitter operationso implement

0 0 0 a CNOT gate. Thus theswAP operation allows any quantum
(1L+D)/2 (1-i)/2 0 computation to be performed when combined with single-
. . (10 photon operations and the interchange of optical fibers.
(1-1/2 (1+i)/2 O

0 0 i

VSWAP=

o O O Bk

|
VSWAP =

o O O B

IV. TWO-PHOTON ABSORPTION

Aside from the calculations described above, these results In the previous section, it was shown that a sequend¢ of
are apparent for the case of a single incident photon, whemneasurements could be used to suppress failure events in
they correspond to the usual results for Rabi oscillationswhich two photons are emitted into the same optical fiber
They are also apparent for the case of two incident photonsore. As is usually the case in the Zeno effect, no actual
since the Zeno effect essentially eliminates the coupling bemeasurements or observations are required. Instead, the sys-
tween the fiber cores while the fixed phase shiftrd# in  tem of interest can be coupled to a second system in such a
each path is responsible for the factori af the lower diag- way that subsequent measurements on the second system
onal. could provide the same information. In the situation of inter-

It can be seen that the unitary transformation of @)  est here, that could be accomplished by inserting one or more
differs from that of a standardswAP operation by a factor of atoms into the cores of the optical fibers in such a way that
i in the lowest diagonal element. As a result, we will refer tothe atoms can absorb two photons but not just one. Subse-
this operation asswaAP, and we will denote its square by  quent measurements could determine whether or not the at-
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core } energy

absorption
cross-section

atom

(b)

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 FIG. 8. Energy-level diagrams |IIustra_t|ng the use 9f a three-
photon can be comparable to the area of the core itself, in Whidl'evel atom to produce two-photon absorption. The atomic levels are

case there can be a large interaction between two photons and'@peled 1 througr_l 3 while the photons are represented by _the ar-
single atom. The effects of detuning and collisions must also p&OWs. (8) Successive absorption of two photons whose energies are

taken into account, but those effects can be compensated to give°§ resonance with that of the atomic transitiofi®.Elimination of

two-photon absorption rate comparable to that from this Simplesmgle-photon absorption by Increasing the_ energy of level 2, in
picture. which case only two-photon absorption satisfies energy conserva-

tion. (c) A virtual process in which the two original photons with

. . ) o wave vectork are absorbed, followed by the reemission of two
oms were left in an excited state, which would indicate thegjtterent photons with wave vectok§ andks.

presence of more than one photon in the same core. As a
result, one would expect that strong two-photon absorption It should be emphasized that strong two-photon absorp-
should give the same error suppression as the sequence tiafn does not imply that there will be a large rate of deco-
discrete measurements considered in the previous section.herence due to rapid absorption of photon pairs. On the con-
In order to investigate this possibility, we assumed thatrary, the existence of a strong two-photon absorption
the two-photon statess,) and|i,) were absorbed at a rate mechanism will prevent the emission of pairs of photons into
of 1/m,, where 7y is the corresponding decay time. It was the same mode in the first place, and there need be no dissi-
further assumed that the single-photon stdtg$ and|¢,)  pation or decoherence associated with this process in the
were unaffected by this process, so that we only needed timit of small 7.
consider the case of two incident photons with the interaction The Zeno effect has previously been investigated as a way
Hamiltonian given by Eq(5). In addition to these three to suppress Rabi oscillations in two-level systems
states, it was assumed that there was a quasicontinuum pf0-12,1%, and the same factor of &n N=At/47p) has
excited atomic states into which the two-photon states coulg@reviously been reportefd3,14. The use of linear dissipa-
decay. The process could then be described by a densitjion in cavity QED systems has also been proposed by Beige
matrix calculation in which the rate of change of the densityet al. [25-27 as a method of suppressing unwanted error
matrix elements due to the interaction Hamiltonidhwas ~ Mechanisms. Although there is an obvious connection be-
given as usual by tween these earlier approaches and our Zeno gate proposal,
we are not suppressing the usual Rabi oscillations of Fig. 4.

. 1 Instead, nonlinear dissipatioftwo-photon absorption is
pij = E% (Hikoig =~ piHi) - (12)  ysed to suppress the coupling into the undesired states with
two photons in the same fiber core.
In addition to the Hamiltonian evolution of Eql12), the Nonlinear effects such as two-photon absorption are com-

diagonal density-matrix elementsyy associated with the monly assumed to be small at single-photon intensities.
two-photon states were assumed to have an additional rate bfowever, the possibility of strong two-photon absorption in

change due to two-photon absorption given by optical fibers can be understood by comparison with nonlin-
ear effects at low intensities in cavity QED experimdi2g].

o1 For example, a single-photon wave packet from a 100 fs
Pdd ="~ T_Dpdd' (13 pulsed source would have a length of approximately.8®

and would be confined in an areal um in diameter, which

This coupled set of differential equations was solved usingorresponds to a mode volume that is much smaller than that
Mathematica commonly used in cavity QED experiments. The concentra-

The solid line in Fig. 5 shows the results of a densitytion of the photon energy into such a small volume can pro-
matrix calculation of this kind. In order to allow both sets of duce relatively large electric fields even at the single-photon
calculations to be plotted on the same scale, the pararNeterlevel and relatively large nonlinearities, including two-
was defined in this case &=At/4m,. It can be seen that photon absorption, can be expected as a result.
strong two-photon absorption can inhibit the emission of two In order to estimate the rate of two-photon absorption in
photons into the same mode in very nearly the same way asptical fibers, we considered the case of hollow fiber cores
a series of discrete measurements. In the limit of smgll  containing three-level atoms as illustrated in Figs. 7 and 8.
this density matrix calculation gives the same unitary transThe upper atomic level was assumed to decay at a rate of
formation as the discrete measurements of Sec. Ill, namely/ 7 due to collisions. At the atomic densities at which Zeno
the yswaP of Eq. (10). gates are expected to operatgs< 7r, wherery is the radia-
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tive lifetime of the upper atomic level due to spontaneous fp=crr/Lp. (19
emission. The photon wave packets were assumed to be o o
Gaussians with a lengtfone standard deviatipmof Lp. The The increased atomic linewidth due to collisions allows the
energy of the photons was assumed to be detuned by d@ngth of the photon wave packets to be reduced. go
amounts from the energy of the intermediate atomic state, as™ €7c, in which case the produdgfp~1.
illustrated in Fig. 8), and the detuning was assumed to be For an optical fiber with a diameter of 0.%8, the factor
sufficiently large that the virtual transition could be described®f o/A in Eq. (14) is also equal to unity. Although
by an effective matrix element in the usual way. For simplic-commercially-available optical fibers have diameters that are
ity, the field energy was assumed to be approximately unitypically somewhat larger than this, custom-made fibers can
form over the area of the hollow cores. The two-photon be fabricated with core diameters of this size. All of the
absorption rate was then calculated using a density matrifctors in Eq.(14) then cancel out and the net two-photon
approach similar to that of Eq&12) and(13). absorption rate reduces to

With these approximations, the density matrix calculation

gave a ratdR, for two-photon absorption that can be written Ry ~ 1. (19)
as This corresponds to a two-photon absorption lergt(il/e
distance of |, ~ c7g. It can be seen that choosifg=1/N, in

R, = \/EN f g gl 14 Eqg. (16) eliminated the matrix elements and the detuning

2N g AP A 14 from the calculations, which is responsible for the simple

form of Egs.(14) and(19).

Here o is the resonant cross section for the absorption of a Aside from the density matrix calculations described
single photon. This cross section can be comparable to th@bove, these results can be qualitatively understood by com-

areaA of the optical fiber cores, as illustrated in Fig. 7, sinceParison with the idealized case in which both photons are on
it is on the order of the square of the wavelenytf29]: resonance, the effects of collisions and Doppler shifts can be
neglected, and there is a single atom in each fiber core, as
3 illustrated in Figs. 7 and(@). If the diameter of the optical
o= ZT?\Z- (15) fiber core is comparable to, the probability that a resonant
photon will be absorbed by a single atom in the core is
approximately given byry/A~ 1. Once one photon has been
. absorbed, the atom will be left in an excited state with a
and the factors of;, fc, andfp take into account the effects . 155 section as illustrated in Figag so that a sec-

of dket;mmg, ato{ﬂ'cl CO”'S'(;”S’ "’.‘de”;)e lleng'glr_m of tEetwaveond resonant photon could then be absorbed with a probabil-
pac t? S _respelzlc 'VZ Y, ?S eoscn Z £ € g\‘!fv _wol-p 0 otn aqu that is also on the order of unity. In order to satisfy the
Sorption 1S well unders 00fB0], an 9'( ) SIMply Casts  asonance condition, the length of the wave packets must be
Rpina fqrm that is useful for optical fiber apphcatlpns. comparable tocrz. Both photons would then be absorbed
Detuning the photons from the energy of atomic level 2With a probability on the order of unity during the time re-

reducesR, by a factor of quired for the wave packets to pass by an atom, namely

N, is the number of atoms in a lengith=c7 of optical fiber

2 That gives a two-photon absorption rate ofd,/which is the
fy= (M_Zl) ' (16)  origin of the last factor in Eq14). For the nonideal case, the
) effects of detuning are included in the factor fgfwhich is

familiar from perturbation theory, while the expressions for
whereM,; is the atomic matrix element for a transition from f. and f, are equally apparent. The density matrix calcula-
the ground state to the first excited state. Although this factofion agrees with this simple argument to within a factor of
is relatively small, it can be offset by the large valua\yfif N
we choose the number of atoms to be givenNpy=1/f5 A Typical values ofl, based on Eq(19) would be on the
large value o, is also desirable because the atomic densityorder of 5 m in the visible region of the spectrum. If the error
will become nearly uniform, and a perfectly uniform medium probability per gate operation is required to be less than
does not scatter any nonresonant photons. some valuePg, then the results of Fig. 5 would require that

The factorfc represents the fact that collisions will in- the [Swap gates have a length,, that is greater thah, by

crease the linewidth of the atomic transition and thereby rea factor of approximately Hg. As we mentioned earlier, the
duce the rate of transitions on resonance. It is given by  two-bit encoding of Sec. VIl allows the use of relatively

large values ofPz. As a result, the required length of the

fe=1c/ R (170 devices should only be a few times larger than
As a practical matter, the main challenge in implementing

This factor can range from 0.1 to 0.01 for typical atomic devices of this kind will probably be the losses due to single-
vapor transitions. The factdp reflects the fact that nonlinear photon absorption or scattering. Under most conditions, the
absorption is proportional to the square of the field intensitysingle-photon scattering might be expected to be larger than
which increases akp is decreased and the electromagneticthe two-photon absorption. For example, a frequent comment
energy of a photon is concentrated into a smaller volumeis that there will be a “tail” for single-photon scattering that
This factor is given by falls off as 1/6°, and the effects of this tail may be larger
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than the two-photon absorption even for large detuningsthe properties of the photons, at least as far as these interfer-
There are several reasons why that need not be the casmce effects are concerned, gradually change from that of a
however. First of all, the small mode volume greatly in- boson to that of a fermion as the strength of the Zeno effect
creases nonlinear effects such as two-photon absorption &sincreased.

compared to single-photon loss, as we mentioned above. In An entangled pair of photons in@™ Bell state will also
addition, there is no scattering or absorption in the idealize@&merge into different output ports when incident on a beam
limit of a perfectly uniform medium with no impurities. In splitter [34]. But that is a characteristic property of bosons,
the latter case, the “tail” in the single-photon scattering isnot fermions, since the spatial part of the state vector must be
suppressed by interference between the scattering amplitudastisymmetric if the angular momentu¢polarizatior) part
from different atoms. As an example, quantum key distribu-of the state vector is antisymmetric. Here we are considering
tion depends on the fact that single photons can traveh single polarizatioiispin) mode, in which case the predicted
through kilometers of optical fiber with very little loss, even interference effects are those of a fermion.

though they interact strongly enough with the atoms in the The fermionic properties of the photons can be further
optical fiber to produce phase shifts on the order ofunderstood by comparing the results obtained above with
10° radians/km. what would be expected if true fermioigaith no Zeno ef-

In addition to the effects of a uniform medium, single- fect) were incident upon the coupled wave guide device of
photon scattering can be reduced using electromagneticallyfsec. Ill. Once again, we first consider the case of a single
induced transparencyEIT), which has already been sug- incident particle, where there are only two independent states
gested as a method for producing relatively large two-photomf the system as in E@3). The Hamiltonian for the system is
absorption rate$31]. There may also be other mechanismsgiven by Eq.(2) for either fermions[18] or bosons, and it
for two-photon absorption, such as the four-wave mixingcorresponds to tunneling between the two wave guides in
process illustrated in Fig.(8), that can produce higher two- either case. The matrix elements of the Hamiltonian can now
photon scattering rates than the simple process consideré calculated using the anticommutation relations
above. A o A

Finally, the required length of the coupled fiber device can {b,bf} =bib] +shfb; = 5. (20
be greatly reduced if mirrors are used at each end of th
fibers to produce resonant cavities.flfs the finesse of the
cavities, then the required length of dual-core fiber scales
1/f2 and the single-photon loss scales a$. Hor example, a ~ S o
finesse of 100 would reduce the characteristic length of théS=—1). The operatorshi and bj create a fermion in the
devices from~5 m to less than 1 mm. We believe that de- corresponding wave guide.
vices of this kind are feasible and an initial experiment is in  If |i)=b/|0) and|j)=b[|0) denote the two basis states con-
progress. taining a single particfe, then the off-diagonal matrix ele-

ments of the Hamiltonian can be calculated as follows:

Frere the parametes=1 for fermions, but we have written it
asa variable in order to facilitate comparison with the cor-
rsesponding results for bosons using commutation relations

V. FERMIONIC BEHAVIOR OF PHOTONS (i[H"lj) = &(b10)) iby(5!]0)) = (0BBBIBI0).  (21)

As we have seen ab0\_/e, a strong Zeno effect. can preve'ﬂ}sing Eq.(20) and the fact thalf)i|0>:0 and6-|0):O reduces
two photons from occupying the same mode, which is analofhe matrix element to !
gous to the Pauli exclusion principle for fermions. In this
section, we will consider the possibility of fermionic behav- (|H'[}) = (0|bib]|0) = £ 0]0) = . (22)
ior of the photons in more detail. We note that the quantum
interference properties of the photons under these conditions can be seen that the matrix elements are the same for
are those of fermions instead of bosons. We also show thdérmions or bosongeither sign ofs) for the case of a single
the dynamic evolution of the system is the same as that gbarticle, as might have been expected. Given the one-to-one
noninteracting fermions, and that the time-averaged creationorrespondence between the single-particle states and the
and annihilation operators obey anticommutation relationgnatrix elements, it follows that the solutions to
instead of commutators in the limit of a strong Zeno effect. Schrédinger’s equation have the same form for the single-

It is well known that the quantum interference effects re-particle case whether we are considering fermions or bosons.
sponsible for the Hong-Ou-Mandel dip are due to the Next we consider the case in which two fermions are
bosonic nature of photons; the fact that the photons alwaymcident, where the use of commutators vice anticommuta-
emerge in the same output port of a beam splitter can btors might be expected to play a role. In the case of fermions,
viewed as an extreme example of photon bunchB®)33. however, only a single state is possible in which one fermion
Electrons or other fermions would give just the opposite repropagates in each wave guide, afd cannot couple the
sult, with both particles always exiting from different output system to any other state. As a result, the system simply
ports[32,33. This difference in behavior can be traced to thepropagates in the initial state with a phase shift that is deter-
fact that the exchange of two identical fermions multipliesmined by the energy of the particles. But exactly the same
the state vector by a factor of -1, whereas the exchange afituation holds for the case of two incident photons in the
two bosons gives a factor of +1, which converts an interferpresence of a strong Zeno effect, which effectively elimi-
ence maximum to a minimum. It can be seen from Fig. 5 thahates 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 1t ) )
state with the same phase factor for electrons or phaions  [#(1)) = [4(0)) + Ef dt'Hin(t)[(0))
their energies are the sajeand the solution to 0

Schrddinger’s equation is exactly the same in either case, as 1 (! t/

was explicitly verified. + in? f dt’ j At Hin(t ) Hind(t")[4(0)) + -+ .
The preceding discussion shows that the dynamic behav- 0 0

ior of the system is exactly the same for photons in the pres- (26)

ence of a strong Zeno effect as it is for noninteracting fermi—Th. tivat i ider the time- q duct of
ons(with no Zeno effect Thus a coupled-wave guide device IS motivates us 1o consider the @e ayerage p“? ucto
of this kind would also implement théSWAP operation if ~ two operatorsA(t) and B(t) over the time interval, which
two noninteracting electrons were used, including the factowve define as
of i phase shift. — o (T "

If the photons truly behave like fermions, then we might AB = —f dt’J dt’A(t")B(t"). (27)
expect their creation and annihilation operations to obey an- 7?Jo 0

ticommutation relations. In order to investigate this SItUEEUIIOI‘LFOr simplicity, we will assume that the photons are emitted

we apply a unitary transformation to the interaction pictureor absorbed on resonance with an atomic transition, which is
in which the Zeno effect is included in the dressed-state op- . : . '
uivalent to neglecting the photon energies.

erators. As usual, the total Hamiltonian can been expresse%q . .
In order to evaluate the time-averaged commutation prop-

as the sum of two parts: erties, we note that the first-order probability amplituge¢o
H=Hy+Hi,. (23) ~ emita second photon, given that one already exists, vanishes
in the limit of a strong Zeno effect:
Here we choosél, to include the unperturbed photon ener- .
gies as well as the two-photon absorption, whl|g includes c = lf dt/AT(t/)|l> _o. (28)
only the coupling between the two wave guides as given in ihJg

EQ. (2). An operatorQs in the Schradinger picture is then Here |1) denotes a state with a single photon in the optical

transformed as usual into a time-dependent opel@orin  fiber of interest. It follows from this and E@27) that
the interaction pictur¢35] given by

ﬁm =0 (29

in the limit of a strong Zeno effect. In a similar way, it can
We will initially consider a single mode in a single fiber and, also be shown that
in order to avoid confusion, we will denote the dressed op-

6(0 = eiHot/ﬁé Se—iHOrm_ (24)

- . AATIO) =
erators a(t) and af(t) by A(t) and Af(t), while the AAT|0)=1,
Schrodinger-picture operators will be written simplygaand —
ar, ATA|1) =1, (30)
We first evaluate the equal-time commutation properties
of the dressed operators: ATA|O> —0.
[A®1),AT()] = ADAT(®) - ATDA(D) It immediately follows from Eqs(29) and(30) that
— (aHottiaa-iHotlhy (aiHotiat amiHot/h -
= (¢Mohge™ ot (gl gTeMotm) (AAN=1 (31)
_ (alHothiat oiHotify (miH ot & oiHot/fi
(?I crae o . (e Mae™o) when acting on the subspace of stat@ and |1)) that are
= gHoi[3,aM e Mol = [3,a]. (25)  allowed by the Zeno effect. Thus we conclude that the time-

averaged creation and annihilation operators obey anti-
Here we have used the fact that the commutator is @ nonogommutation relations within the allowed subspace, which is
erator (a numbey that commutes with the time evolution consistent with the other properties of the system.
operator. Thus we see that the Zeno effect cannot change the Up to this point, we have considered the commutation
equal-time commutation properties of the field operators. properties of the operators in a single optical fiber. If, in-

At first these results may seem puzzling, since they seemstead, we consider the field operators for two different fibers,
to imply that the photons obey commutation relations even andj, then it is apparent that

though their dynamic evolution is that of a fermion. The —
results of Eq.(25) are due to the fact thaA'(t) instanta- [AAT1=0 (i#]). (32)

neously creates a photon, after whigkt) immediately an-  This result is consistent with an interpretation in which the
nihilates it, whereas the Zeno effect requires a finite timedressed photons in different optical fibers behave as if they
interval in order to take effect. But the dynamics of the sys-were different kinds of fermiongas would be the case for
tem really depend on time-averaged operators, as can be se@tons vice electrons, for examplés a result, interchang-
from perturbation theory35]: ing two optical fibers containing two photons under the in-
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fluence of the Zeno effect as in Fig(@ does not introduce fermionic bosonic
a minus sign such as the one in Efl). The dressed-state behavior behavior
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, SWAP SWAP
that the dynamics of the system are identical to those of . . . :

. . . . : FIG. 9. An alternative paradigm for quantum computation. It is
noninteracting fermions, and that the time-averaged field op: . . .
. . . assumed that a set of particles can be forced to behave like fermions

erators obey anticommutation relations. In that sense we ¢

hat the oh beh lik . ing f . Afhile their paths are interchanged, which implements kAP
say that the photons behave like noninteracting fermions. operation of Eq(11). The particles are then forced to behave like

bosons while the paths are interchanged again, which implements

VI. A PARADIGM FOR QUANTUM COMPUTING the swap operation. The combination of these two qper.ation.s imple-
ments a controlled& gate(controlled phase gatewhich is univer-

Our conclusion that the photons behave like noninteractsal for quantum computation.
ing fermions in Zeno gates may seem contradictory at first,
since there are no-go theorems that show that quantum comicles are then forced to behave like bosons while the paths
putation cannot be performed using only noninteracting ferare interchanged again, which implements gheap opera-
mions[18,19. Here we show that our results are consistentjon. The combination of the two operations implements the
with the various no-go theorems for both fermions andcontrolled phase gate as in Figb§ which is universal for
bosons[36,37. In the process, we describe an alternativequantum computation. The operations illustrated in Fig. 9
paradigm for quantum computation. can be viewed as an alternative paradigm for quantum com-
We first consider what would happen if noninteracting pytation.
fermions, such as electrons, were incident on the controlled- |t has been suggested that E84) (and the conclusions of
Z (controlled phasegate of Fig. b). Once again, we as- thjs papey must be incorrect because two electrons located at
sume that there is no Zeno effect and the fermions are trulmiﬁerent positions are “distinguishab|e,” in which case “sta-
noninteracting. As we showed in Sec. V, the coupled wavejstics cannot play a role.” In fact, any two electrons are
guide device of Fig. @) will implement theswAP operation  identical regardless of their locations, and it is a fundamental
just as it does for photons in the presence of the Zeno effecpostulate of quantum field theof@8] that a fermionic field

Howe\./e.r, interchanging the paths C.)f two electrons as in I:'QOperatorzApT(r* ,t) must satisfy the anticommutation relations
6(a) will implement theswaP operation instead agwap due

to the anticommutation relations obeyed by the electrons. Sty R P —
This can be seen in more detail by assuming that the system WD, 0} =0. (35
is initially in a state given by Here the operatorg'(7,t) and J'(7",t) create identical fer-
sy mions at two different locations andr”, as in the argument
Y0y =Dy bj|o>’ (33 stated above. Thus the minus sign in Eg4) is correct,

which corresponds to one particle in each of the two wavd'0Wever counterintuitive it may seem, and it becomes ob-
guides. Interchanging the two paths will then produce a stat&ervable if the two paths are brought back together to pro-

|/) that is given by duce interference effects. This type of confusion can be
avoided by thinking in terms of “identical” particles rather
') = E)J.Tf,ﬂo) =— 4. (34)  than “indistinguishable” particles.
The minus sign in the above equation shows thatstiver’ VIl. TWO-QUBIT ENCODING AND SCALABILITY

operation will be implemented when two wave guides con-
taining two identical fermions are interchanged. Thus the A scalable approach to quantum computing would require
device shown in Fig. ®) will produce twosSwAP opera- the probabilityPg of an error in a logic operation to be below
tions, which implements the identity operator instead of ahe threshold for quantum error correction. The results of
controlled phase gate. This shows that our calculations arBec. Ill show thatPg only decreases as?/4N, whereN is
consistent with the no-go theorems for noninteracting fermithe number of measurements used to implement the Zeno
ons[18,19. effect. This would seem to imply that a large number of
There are also no-go theorems for noninteracting bosonsieasurements or a large two-photon absorption rate would
[36,37. The ability to perform quantum computation using be required for scalable operation. Fortunately, the two-qubit
single photons and the Zeno effect is due to the fact that thencoding1] of Knill, Laflamme, and MilburnKLM ) can be
photons can behave like noninteracting fermions in one panised to greatly reduce the value B for a relatively small
of a circuit and like noninteracting bosons in other parts ofvalue ofN.
the circuit, as illustrated in Fig. 9. Here the particles are In the original KLM approacH1] to linear optics quan-
forced to behave like fermions while their paths are intertum computing, the failure events correspond to situations in
changed, which implements tlewapP operation. The par- which the value of a qubit is measured in the computational
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q q' In order for a failure to occur at the upper logical level,
there must first be a failure in one of the lower-legsioTs.
O O If the first cNOT operation fails with probabilityPg, that will
measure qubits); andq;, but they can be corrected using a
/ \ / \ subsequentNOT operation for each. The probability that one
of these subsequentOT operations will fail is g, so that
o ® ® o the overall probability of a failure at the logical level due to
this mechanism is R2.
q q q' q' An overall error can also occur if the secoo”oT opera-

1 2 1 2 tion fails, which will measure qubits, andg;. The probabil-
ity of a failure at the upper logical level after an attempt at
correcting the qubits is once agairPé so that the total
failure probability at the upper logical level i33§. Scalabil-
ity requires thatPg < Pg, or 4P§< Pg, which shows that the
threshold for the correction of these kinds of errors is
Pe<1/4.

. i o This two-qubit encoding cannot correct for more general
basis. They showed that measurement failures of this kingings of errors, such as bit flips or erasure errors. As a resullt,
could be corrected if the logical qubit,) and |1,) were  {he two-qubit encoding would have to be incorporated into
gncoded in the quantum states of two photons in the followspe |owest level of a more general encodj@g]. In addition,
Ing way. the total probability for an error other than a measurement
10,) = |00) + |12), error within the two-qubit gncoding must be'smaller than the
error threshold of the higher-level encoding. If the two-
o hoton absorption is sufficiently strong, then it may be pos-
1) =101 +[10). (36) Fs)ible to use oFr)1Iy two or three layers of the two-qubit encod-
Here|00) denotes a state with two physical qukit$otons, ing while minimizing other sources of errors. This is easier
g, and g,, with logical values of 0, and similarly for the to achieve using Zeno gates than it is in the original KLM
remaining states in E¢36). If the value of one of the physi- approach because the latter requires a large number of en-
cal qubits, sayy;, is measured, then the logical qubit can becoding layers along with the successful preparation and de-
restored to its original value by replacimg with an appro- tection of a large number of ancilla photons.
priate superposition state and then applyir@naT operation
between the two qubitgl].

In our Zeno gate approach, failure events can occur if the
strength of the two-photon absorption is not sufficiently We have shown that the quantum Zeno effect can be used
large. In that case, the emission of two photons into the sam® suppress the failure events that would otherwise occur in a
fiber core will not be totally inhibited and two photons may linear optics approach to quantum computing. The use of
actually be absorbed with a small probability. This procesZeno gates of this kind would avoid the need for large num-
will measure the values of both qubits to be 1 provided thabers of ancilla photons and high-efficiency detectors, and the
such events can be observed when they occur. For examplegic devices would become deterministic in the limit of a
a two-photon absorption event could be observed if one ostrong Zeno effect. We have also shown that a two-qubit
both of the secondary photons were detected in the fourencoding can be used to achieve small error rates even when
wave mixing process of Fig.(8). This differs from the origi- the Zeno effect has limited strength, which is an important
nal KLM approach in that both qubits are measured at theonsideration for a scalable approach to quantum computing.
same time, which gives a somewhat lower error threshold as As is usually the case in the Zeno effect, no actual mea-
we shall see. surements or observations are required and the same results

In this two-qubit encoding, aNOT operation between two can be obtained using strong two-photon absorption to in-
logical qubitsq (the contro) andq’ (the target can be ap- hibit the emission of more than one photon into the same
plied by applying twoCNOT operations to the physical qu- optical fiber. We have estimated the achievable rate of two-
bits, as illustrated in Fig. 10. OneNOT operation is applied photon absorption in optical fibers and we are optimistic that
betweenq, of the control andg; of the target, while the single-photon scattering and absorption can be reduced to a
secondcNOT operation is applied betwear of the control  sufficiently small level for these devices to be useful in prac-
andq; of the target. We will assume that an individ@loT  tical applications. The feasibility of the approach can only be
operation between two of the physical qubits fails with ademonstrated by performing the relevant experiments, one of
probability Pg, and we will estimate the corresponding prob- which is now in progress.
ability P that the operation will fail at the upper, logical The Zeno effect has previously been proposed as a
level. Scalability requires thaP:<Pg, in which case the method of quantum error correctig89—417 or error reduc-
encoding could be concatenat§24] to produce an arbi- tion [42,43, and it is similar to the “bang-bang” method of
trarily small error in acNOT operation at the logical level. To error reduction[44—-48. As we mentioned above, a some-
simplify the analysis, we assume tHat<1. 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 qulgjtis encoded in the values
of two physical qubitgphotons g, andqs,, and similarly for logical
qubitq’.

VIIl. SUMMARY AND CONCLUSIONS
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states in cavity QED logic gates has been discussed by Beiggration of Zeno logic gates depends on the fact that the pho-
et al. [25-27. Although these earlier approaches obviouslytons can be forced to behave like fermions in one part of a
have much in common with our proposal for Zeno gatesgircuit and then forced to behave like bosons in other parts of
they all make use of physical interactions to perform thethe circuit, which gives rise to an alternative paradigm for

basic logic operations, combined with the Zeno effect to requantum computing as illustrated in Fig. 9.

duce the residual error rate. In our approach, there are N0 |n summary, we conclude that the use of the quantum
physical interactions between the photons and the Zeno efeng effect to suppress the failure events in linear optics
fect is totally responsible for the ability to perform the logic quantum computing may be of practical use in quantum in-

operations. . . . formation processing and it shows that photons can behave
From a basic physics perspective, we have shown that t s if they were fermions

photons behave like non-interacting fermions instead o
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- We would like to acknowledge valuable discussions with
ons instead of bosons. The dynamic evolution of the syster®.W.J. Beenaker, Michael Fleischhauer, Mark Heiligman,
is the same as it would be for noninteracting fermions, andsershon Kurizki, Gerard Milburn, Tim Ralph, lan Walmsley,
the time-averaged creation and annihilation operators obegnd Colin Williams. This work was supported by ARDA,
anticommutation relations instead of commutators. The opARO, ONR, NSA, and IR&D funding.
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