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Optical simulation of quantum logic
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A constructive method for simulating small-scale quantum circuits by use of linear optical devices is
presented. It relies on the representation of several quantum bits by a single photon, and on the implementation
of universal quantum gates using simple optical compongetsm splitters, phase shifters, gtFhis suggests
that the optical realization of small quantum networks with present-day quantum optics technology is a
reasonable goal. This technique could be useful for demonstrating basic concepts of simple quantum algo-
rithms or error-correction schemes. The optical analog of a nontrivial three-bit quantum circuit is presented as
an illustration.[S1050-294®8)50403-9

PACS numbeps): 03.67.Lx, 03.65.Bz, 42.56.p, 42.79.Ta

Quantum computation can be described as the task of peRef. [4], the simple duality between gquantum logic and
forming a specific unitary transformation on a set of quantunsingle-photon optical experiments has not been exploited in
bits (qubits followed by measurement, so that the outcomethe literature. Here, we use the fact that sevésayn) quan-
of the measurement provides the result of the computatiorium bits can be represented bysimgle photon in an inter-
This unitary transformation can be constructed with a finiteferometric setup involving essentially' paths, so that quan-
number of 4<4 unitary matrices, that is, using a quantumtum conditional dynamics can easily be implemented by
circuit utilizing only one-bit and two-bit quantum gatésee, using different optical elements in distinct paths. The appro-
e.g.,[1,2]). The universality of one- and two-bit gates in the priate cascading of beam splitters and other linear optical
realization of an arbitrary quantum computation has beemlevices entails the possibility of simulating networks of one-
proven in[2,3]. It has been shown recently that an opticaland two-bit quantum gatesuch as the Hadamard or the
realization exists for anyNX N unitary matrix[4], a result  controlledNOT gate; see Fig. )l and thereby in principle
that generalizes the well-known implementation W{2)  achieving universah-bit quantum computations. This is in
matrices using a lossless beam splitter and a phase shifteontrast with traditional optical models of quantum logic,
(see, e.g.[5]). Accordingly, each element df(N) can be where in generah photons interacting through nonlinear de-
constructed using an array 6fN?) beam splitters that form vices (acting as two-bit quantum gajeare required to rep-
an optical multiport withN input andN output beams. As a resentn qubits (see, e.g.[6]). Such models typically make
consequence, the simulation of universal quantum gates ugse of the Kerr nonlinearity to produce intensity-dependent
ing linear optics components should be feasible, and we prophase shifts, so that the presence of a photon in one path
pose a systematic method for assembling these opticallinduces a phase shift to a second phdas®e, e.g., the optical
simulated gates to build simple quantum circuits. realization of a Fredkin gatf7]). Instead, the model pro-

In this Rapid Communication, we discusscarrespon- posed here yields a straightforward method for “translating”
dencebetween quantum networks and linear optical setupsany n-bit quantum circuit into a single-photon optical setup,
and present as an example the optical realization of a threevhenevern is not too large. The price to pay is the expo-
bit quantum computation. This is achieved by introducing anential growth of the number of optical paths, and, conse-
single-photornrepresentation of several quantum bits, build-
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ing on the equivalence between traditional linear optics ele- 1 11 1%
ments(such as beam splitters or phase shiftensd one-bit a2

quantum gategsee, e.g.[6]). For example, in quantum cir- |, o> 10> oy 10> 10"
cuit terminology, an optical symmetric beam splitter is

known to act as a quantugNOT gate(up to a phase ofr/4) _an

if we use the pair of input modg61) (or |10)) to represent
the logical O(or 1) state of the qubit. If one input port is in
the vacuum statf®) and the second one is in a single-photon
state|1), the output ports are indeed in a superposition state +H 1 f

|01)+i|10). Similarly, a quantum phase gate can be ob- =

tained by use of a phase shifter acting on one mode of the £ 1. Example of optical simulation of basic quantum logic
photon. In other words, single-photon interferometry experi-gates.(a) Hadamard gate on a “location” qubit, using a lossless
ments can be interpreted in quantum circuit language, theymmetric beam splitteb) ControllednoT gate using a polariza-
“which-path” variable being substituted with a quantum bit. tion rotator. The location and polarization are the control and target
Although a general proof for the existence of an optical requbit, respectively(c) Same agb) but the control and target qubits
alization of an arbitrary quantum circuit is implicitly given in are interchanged by the use of a polarizing beam splitter.

1 1> 1>
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quently, of optical devices that are required. This will most > Iil ,BI 105415
likely limit the applicability of the proposed technique to the 4 LH] LH] Dol
simulation of relatively simple circuits. 10> ¢ DI
First, let us consider a single-photon experiment with a ° T ¢ ol

Mach-Zehnder interferometer in order to illustrate the optical , 1©> & Hl— o v

. . . I_I A% I_I "4
simulation of elementary quantum gatese Fig. 1. One B E F G

qubit is involved in the description of the interferometer in

terms of a quantum circuit: the “location” qubit, character- ~ FIG. 2. Quantum circuit for teleportatidfrom [10]). The initial
izing the information about “which path” is taken by the State of qubitA is teleported to the state of qubit Qubitso-and\
photon. Rather than using the occupation number represefitust be initially in statd0). QubitsA and, if measured at the end
tation for the photon, here we label the two input modesof th'e circuit, yield two classicalrandon) bits that are uniformly
entering the beam splitter B) and|1) (“mode description”  distributed.

representation The quantum state of the photeriting the

beam splitter then i$0’)+i|1’) or |1’)+i|0’), depending interference and which-path information are complementary
on the input mode of the photofT he factori arises from the is a manifestation of the quantuno-cloningtheorem: the
/2 phase shift between the transmitted and the reflectedcation qubit cannot be “cloned” into a polarization qubit.
wave in a lossless symmetric beam splifi@}.) This is the The optical analog of other basic quantum gates can be
JNOT gate discussed earlier. Placing phase shifters at thdevised following the same lines. For example, a polarizing
input and output ports as shown in Figall the beam split- beam splitter achieves a controlladT gate where the loca-
ter can be shown to perform a Hadamard transformation bgion qubit is flipped or notthe photon is reflected or not

tween input and output modes, i.e., conditionally on its state of polarization, as shown in Fig.
1(c). Fredkin, Toffali, as well as controlled-phase gates can

|0") 1/1 11}/|o) e_asily be simulated in the same manner bu_t will not be con-

(|1,>) = E 1 -1 (|1>)- 1) sidered here. The central point is that, in principle, a univer-

sal quantum computation can be simulated using these opti-
cal substitutes for the universal quantum gates. The optical
setup is constructed straightforwardly by inspection of the
@uantum circuit. A circuit involvingn qubits requires in gen-
gral n successive splitting stages of the incoming beam, that
s, 2" optical paths are obtained vid'21 beam splitters.
The use of polarization of the photon as a qubit allows using
"~1 paths only). This technique is thus limited to the simu-
lation of quantum networks involving a relatively small
number of qubits(say less than 5-6 with present technol-

In this sense, a lossless symmetric beam spligseipple-
mented with two— 7/2 phase shiftejscan be viewed as a
Hadamard gate acting on a location qubit. Recombining th
two beams using a second beam splitter in order to form
balanced Mach-Zehnder interferometer corresponds ther
fore, in this quantum circuit language, to having a secon
Hadamard gate acting subsequently on the gifit Since
H2=1, it is not a surprise that the location qubit returns to
the initial basis stat€0) or |1)) after two beam splitters. This

in one of the output ports, so that the photon always leaveg, di ional n thi ) b d th
the interferometer in the same direction as it entered. -dimensional space. In this respect, it can be argued that an

X - "o
More interestingly, consider now the same interferometePPtical setup requiring-2" optical elements to perform an

using polarized photonghe photon is horizontally polarized N-Pit duantum computation representsceassical optical
at the input. Assuming that none of the devices act on po-COmputer(see, e.g.[2]). Accordingly, the issue of whether

larization, the photon exits the interferometer with the samd'onlocality (which is at the heart of entanglemgig physi-

polarization. In a circuit terminology, this corresponds to in-Cally Present in the optical realization is a matter of debate.
troducing a “polarization” qubit(|0) stands for horizontal However that may be, our focus here is to provide an explicit

polarization, which remains in a product state with the lo- co_nstructive me’Fhod f(ximulatingsmall-n guantum circuits
cation qubit throughout the circuit. If a polarization rotator is YSiNg standard linear optics, which should prove to be useful
placed in one of the branches of the interferometer, flippind®" €xPerimentally testing nontrivial quantum circuits or
the polarization from horizontd0) to vertical|1), it is well  SImPle quantum algorithms. o

known that interference disappears since both paths become As an |Ilust_rat|on, we show that a quantum circuit involv-
distinguishable. This corresponds to placing a two-bit"d three qubits and eight quantum gatsse Fig. 2 can be
controllednoT gate[represented in Fig. (b)] between the Simulated optically using essentially nine beam splitters.
two Hadamard gates, where the location qubit is the control 1S Circuit has the property that the arbitrary initial state
and polarization is the target bit. Conditional dynamics isOf ubitA is “teleported” to the state in which qubitis left
achieved in the sense that the polarization of the photon jafter the proces_;%.ln the_ongmal teleportation schenfig1],
flipped conditionally on its location. The disappearance ofWO classical bitsresulting from a Bell measuremgrire
interference fringes then simply reflects the entanglement be€Nt Py the emitter, while the receiver performs a specific
tween location and polarization qubitthe reduced density Unitary operation on\ depending on these two bits. How-
matrix obtained by tracing over polarization shows that the

photon ends up in a mixed “location” state, i.e., it has a

50% chance of being detected in one or the other exif)port The term teleportation is used in the literature to refer to the
This suggests that Feynman’s rule of thurtmamely, that transfer of the state of a qubit to another.
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oo flip the polarization state of the photggubit o) condition-
o1 ally on the parity ofA+\ (mod 2, which is achieved by
/G// 00 I: inserting polarization rotators C at the appropriate positions.
o1 In other words, the polarization is flipped on path 01 or 10,
F' o . while it is unchanged on path 00 or 11.
The Hadamard gate D in Fig. 2 acts on qubjtirrespec-
o= -2 , L1 D tive of . This is achieved in Fig. 3 by grouping the paths in
G pairs with the same value of (i.e., crossing the pathand
m/ using two beam splitters D in order to effect a Hadamard
F transformation om\ (one for each value of). Similarly, the
D|, 1 AN controlledNOT gate E acting or\ (conditionally on the po-
t larization) is simulated by the use of two polarizing beam
cmm -2 splitters E after crossing the paths aggif]. The last Had-
B’ 1 00 Igl 0 o amard gate F in Fig. 2 corresponds to the last two beam
0 7p splitters F, and the final controlledsT gate G is simply
. S achieved by crossing the paths £0,1) in the lower arm
10 o1 (A=1) versus the upper armA(=0). In fact, the setup
M0, 0 could be simplified by noting that the conditional crossing of
paths achieved by G simply reduces to relabeling the output
FIG. 3. Optical realization of the quantum circuit for teleporta- Ports of beam splitter F in th&=1 arm. In Fig. 3, only
tion using polarized photons. The location qubitharacterizes the those phase shifters associated with the Hadamard [dzites
“which-arm” information at the first beam splitter, while qubit ~ 1(a)] that are relevant in the final detection are indicated.
stands for the “which-path” information at the second level of  The interpretation of this optical circuit in the language of
splitting. The initial location qubitA is teleported to qubih and  teleportation is the following. After being “processed” in
probed via the interference pattern observed at the upper or lowghis quantum circuit, a photon that was initially horizontally
(A=0,1) final beam splitter, for both polarization states<0,1)  polarized can reach one of the two “light” detectaisolid
of the detected photon. line in Fig. 3 with horizontal or vertical polarization. This
corresponds to the final measurement of quiAitand o in
Fig. 2, yielding two classicalrandon) bits: upper or lower
ever, it is shown irf10] that these unitary operations can be arm, horizontal or vertical polarization. The third qubit,
performed at the quantum level as well, by using quantuntontains the teleported quantum bit, that is, the initial arbi-
logic gates and postponing the measurement of the two bitsary state ofA. Since the location state of the photon is
to the end of the circuit. The resulting quantum cirdfity. initially |0) in the setup represented in Fig. 3, it always exits
2) is formally equivalent to the original teleportation schemeto the “light” detector and never reaches the “dark” one
(although no classical bits are communicates exactly the (dashed ling For any measured value &f (photon detected
same unitary transformations and quantum gates are inn the upper or lower arjnand o (horizontally or vertically
volved. While we do not claim that an optical realization polarized photo)) the entire setup forms a simple balanced
gives rise to “‘genuine” teleportation, this example circuit is Mach-Zehnder interferometer. Indeed, there are exactly two
instructive to demonstrate the correspondence between quaindistinguishablepaths leading to each of the eight possible
tum logic and optical devices. outcomeg(four detectors, two polarizationsthese interfere
In the optical counterpart of this circuigee Fig. 3, qubits  pairwise, just as in a standard Mach-Zehnder interferometer,
A and\ correspond to the location of the photon at the firstexplaining the fact that the photon always reaches the
and second splitting level, while stands for the polarization “light” detector (in bothA=0 andA =1 arms and for both
qubit. Note that the photons are initially horizontally polar- polarization$. In this sense, the initial “which-arm” qubiA
ized, i.e., in polarization stat@). The first beam splitter Ain has been teleported to the final “which-path” quhit Note
Fig. 3 acts as a Hadamard gate An as explained previ- that, as no photodetection coincidence is required in this op-
ously. For convenience, we depict the teleportation of statéical experiment, the setup is actually not limitedsiogle
|#)=10), so that the incident photon enters this beam splittephoton interferometry. This largely simplifies the realization
in the input port labeled0). However, as any operation in of the optical source since classical light fieldsch as those
U(2) can be realized optically, arbitrary state ofA can be  from a lasey can be used rather than number states. In this
preparedand then teleportgdy having an additional beam case, the optical circuit achieves a classical simulation of
splitter (with tunable phase shiftersonnected to both input quantum teleportation.
ports of beam splitter A. The second level of beam splitters An actual experimental realization of the setup in Fig. 3
B (and B’ [12]) corresponds to the Hadamard gate Bhoim should be straightforward, if nontrivial. First, in order to
Fig. 2. The four paths at this poifhA A =00, 01, 10, and )1  avoid unwanted polarization effects at any of the mirrors and
label the four components of the state vector characterizingonpolarizing beam splitters, one would want to arrange the
qubits A and\. The probability amplitude for observing the optics so that the various reflections occur at near-normal
photon in each of these four paths, given the fact the photomcidence(thereby removing the distinction betwesandp
enters thd0) port of beam splitters A and B, is then simply polarization$. The main difficulty in the setup is that various
the corresponding component of the wave vector. The compath lengths in the system should be the same. This could be
bined action of both controlledoT gates C in Fig. 2 is to achieved by adjusting for white-light fringes in each of the

E oo
7 o1
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subinterferometerge.g., the Mach-Zehnder interferometer nonlinear Kerr media to effect quantum conditional dynam-
formed by the beam splitters A and lower D; the interferom-ics, a severe constraint in the usual optical realization of
eter formed by the beam splitters B and upper E)getdth-  quantum circuits. A drawback of this technique is clearly the
out the additional phase shifters or polarization rotatorsexponential increase of the resourdestical devices with
These latter elements could then be “added” by simply ro-the size of the circuit. Nevertheless, as optical components
tating appropriate birefringent wave plates already in the systhat simulate one- and two-bit universal quantum gates can
tem. For example, an exaet phase shift is produced by pe cascaded straightforwardly, a nontrivial quantum comput-
simply rotating the slow axis of a half-wave retardation platejng optical device can easily be constructed if the number of
from horizontal to vertica[14]; a 90° polarization flip IS component qubits is not too large. We believe this technique
caused by rotating a half-wave plate from horizontal to 45°4 e applied without fundamental difficulties to the encod-
Finally, when each of the subsystems is properly adjusteqng and decoding circuits that are involved in the simplest

and the extra phase and polarization-rotation elements COfuantum error-correcting schemdss], opening up the pos-
rectly set, the entire system should perform as indicated, i-esibility for an experimental simulation of them.

a photon incident from the left should only exit via the right-
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