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Experimental controlled-NOT logic gate for single photons in the coincidence basis
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We report a proof-of-principle demonstration of a probabilistic controNed-gate for single photons.
Single-photon control and target qubits were mixed with a single ancilla photon in a device constructed using
only linear optical elements. The successful operation of the contretledgate relied on post-selected
three-photon interference effects, which required the detection of the photons in the output modes.
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There has been considerable interest in a linear opticshown in Fig. 1a). Here the logical value of each of the
approach to quantum computihty,2], in which probabilistic  qubits is represented by the polarization state of a single
two-qubit logic operations are implemented using linear opphoton, where a horizontal polarization stHte represents a
tical elements and measurements made on a satasfdi- Vvalue of 0 and a vertical polarization stdi) represents a
tional (ancillay photons. Here we report a proof-of-principle value of 1. In addition to the two input photons, a pair of
demonstration of a probabilistic controlledT (CNOT) gate  ancilla photons in an entangled state™)=1/1/2(|00)
using a single ancilla photon. Two of the required single+|11)) are incident on two polarizing beam splitters as
photons were produced using parametric down-conversioghown. Polarization-sensitive detectors measure the state of
[3] while a third was obtained from an attenuated laser pulsethe ancilla photons in an appropriate basis when they leave
The use of only one ancilla photon required that all threethe beam splitters, and corrections to the output may be re-
photons be detected, in which case the device was known tguired based on the results of these measureni#8isPro-
have correctly performed @NOT logic operation. vided that one and only one photon is found in each of these

Logic operations are inherently nonlinear, so it is some-detectors, the output of the device will correspond to that of
what surprising that they can be performed using simple lin@cNoOT gate[6]. This corresponds to the casercf 2 and the
ear optical elementisl,4—10. The necessary nonlinearity is device succeeds in producing the correct output with a prob-
obtained by mixing the input photons withancilla photons  ability of ;.
using linear elements, and then measuring the state of the The basic operation of this controllesbT gate can be
ancilla photons after the interaction. The measurement pracoughly understood as follows: The lower beam splitter per-
cess is nonlineafrll], since a single-photon detector either forms the logical function of a controlledeT gate except
records a photon or not, and it projects out the desired logicghat one of its input qubits is destroyed in the lower detector
output state provided that certain results are obtained frorfe destructiveeNOT gate. The destruction of one of the input
the measurements. The results of the operation are known tjubits can be avoided by first copyitigncoding the value
be correct whenever these specific measurement results avé that qubit onto two output qubits. One of the copies
obtained, which occurs with a failure rate that scales as 1/

[1] or 1n? [2]_in the limit of large n, depending on the single ancilla
approach that is used. rq/ photon

In a series of earlier experimenf&2,13, we demon- L
strated several elementary logic gates for single photons, in control control
cluding a quantum parity check and a destructiweT gate. ph°t°_“. photon PY >
The latter device produced only a single outgilite target
qubit) and was equivalent to an exclusive-OR gate, since the
control qubit was destroyed. As a result, destructiveT entangled ancilla:
gates cannot be used for reversible computing or to demon (Photon pair)

PBS-1

strate the generation of entanglement, for example. Here wt PBS-2
describe the demonstration of a falNoT gate whose output —® A Y A >
includes both the target and control qubits. Although the gate target S target N
is probabilistic and the presence of both output qubits must Photon photon
eventually be verified by subsequent measuremghés so- % \¢\
called coincidence bagijsthe quantum features of both out- (a) (b)
1

puts can still be investigated. For example, the generation o

entanglement can be demonstrated using Bell's inequalities fiG. 1. Two implementations of anoT gate using linear optics

and both outputs of such a gate can be fed into subsequegfd ancilla photons(a Our previously proposed gafé], which

logic gates, provided that one can eventually verify that bothelies on two entangled ancilla photoris) The simplified imple-

outputs were produced. mentation, which requires only one ancilla photon and is the subject
We have previously showf6] that acNOT gate can be of this paper. PBS-1 and PBS-2 are polarizing beam splitters, with

implemented using the simple beam splitter arrangemer®BS-2 being rotated by 45°.
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is then input into the destructivenoT gate while the remain- Aa
ing copy serves as one of the required logical outputs. A

' ! : SPDC
quantum encoder of that kind can be implemented using the /\=>

upper beam splitter and the entangled ancilla photons as depump a 8¢ D¢

scribed in Ref[6]. The net result of these operations is a full P/$¢ | x2  (delay) \'\) _{a_ ’j'l._

CNOT gate with both of the input qubits preserved. %c -7
From an experimental point of view, the main difficulty qubt Aub

with the cNOT gate of Fig. 1a) is its reliance on heralded prep. analysis

entangled ancilla pairf14—16, which have not yet been

reliably demonstrated. However, the need for a pair of ancilla 1 I_’

photons in an entangled state can be avoided using the on¢ | L, > .

ancillacNoT gate shown in Fig. (b). This device is equiva- atten; i (dol2) Or -1

lent to that of Fig. 1a) except that a single ancilla enters the S )

upper beam splitter where a detector was previously located —H—D'L_

If the ancilla photon is in an equal superposition|@f and 0, Da

|1), then it can be shown that the value of the control photon

will be copied (encodedl into the two output ports of the  FIG. 2. Experimental apparatus used to demonstratectius

upper beam splitter just as before. However, the price thagate of Fig. 1b). Short laser pulses from a mode-locked Ti:sapphire

must be paid for using a single ancilla photon instead of ar@Ser(=150 fs, 76 MHz, 780 ninwere frequency doubled(2) to

entangled ancilla pair is that the correct logical output will Provide UV pulses(390 nm that were used to pump a 0.7-mm-

only be produced if a single photon actually exits from eac hick BBO crystal(labeled SPDCfor parametr_lc down-conversion.

of the three output ports of the device. Without reliable quan- he down-converted photons were coupled into the anoljagnd

tum nondemolition deviceEl7], this condition can only be _cqntrol qubit (C.) single-mode fiber Input ports of th? Upper polar-
ified b v d . h bit bh izing beam splitte(PBS-1. A small fraction of the original pump-

Zﬁgvlvi Fié]/ el\tl)()an'triziis{yp(z%?‘tl‘%%i;c? dglrjltcpeui)ggisl’:[ gpg::t?gnaﬁng pulse was picked off and used as the weak coherent state, which

i C was coupled into the target qubiT) port of PBS-2.\ c 1 Were
prohibits the use of the device in a scalable approach Baif-wave plates used for ancilla and qubit state preparation, while

quantum computing, but it does provide a convenient meang, \vere polarizers used for post-selection and qubit analysis.

of demonstrating the operation of @oT logic gate for Dac.r Were single-photon detectors, which were preceded by
single photong8]. 10-nm bandpass filters at 780 rimot shown. fpc was a calibrated

The operation of thenoT gate shown in Fig. (b) can be  fiber polarization controller used to rotate the reference frame of
understood by considering an input state consisting of th@Bs-2 by 45° with respect to PBS-1.

single ancilla photon in the required superposition state

1/2(|04) +[14)) and an arbitrary initial two-photon state of registers a single photon in the) state, provided that feed-
the control and target photonsay|0.0;)+ @,[0:1)  forward control techniqueid3] are used to bit-flip the output
+ a3 1.0.) + a4|1:1y), where 2i4=1 |a;|?>=1. It can be target state.
shown that(under ideal experimental conditionthis initial A simplified schematic of the experimental apparatus used
state is transformed into an output state of the form to demonstrate thenoT gate of Fig. 1b) is shown in Fig. 2.
Two of the three photons were produced using a pulsed laser
1 beam passing through a nonlinear crygferametric down-
|¢>out=—\/—|0A>(a1|0c0t>+az|0clt>+ as|1cly) conversion[3]), while the third photon was obtained by at-
22 tenuating the laser pulses themselves to the point that each
1 pulse had only a small probability of containing a single
+ ay|10p) + —=|1a)(@1]0c 1) + a5|0:0;) photon. Since the frequency of the laser beam was doubled
242 before the down-conversion process, the down-converted
3 pho;cons had r’:heI samebfrequency has the phor':ons obtainehd di-
N rectly from the laser beam. Furthermore, the use of short
T sl L0+ aallely) 2 1), @ laser pulses followed by narrowband interference filters en-
sured that all three photons were very nearly indistinguish-
where|, ) represents the normalized combination of ampli-able[19,20].
tudes that are orthogonal to the “coincidence basis” mea- Single-mode optical fibers were used to connect the beam
surement condition of one photon in each of the three outpusplitters and other components, which reduced the possibility
modes. of an error due to mode mismatch. Errors due to changes in
The first term in Eq(1) indicates that the detection of a the state of polarization of the photons were minimized using
single photon in th¢0) state byD 5 projects the output in the standard optical-fiber polarization controllers. The required
control and target modes into the desiredoT transform  45° rotation of PBS-2 was accomplished by using a cali-
[18] of the input. This occurs with a probability gf which  brated fiber polarization rotatdfpc) between the two beam
reflects the probabilistic nature of the device. The secondplitters and rotating the definitions [§f) and|1) by 45° in
term in Eq. (1) shows that the overall success probability the remaining ports of PBS-2. The polarization states of the
could be increased th by also accepting events in whi€h,  input photons could be varied by rotating half-wave plates
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3-fold Coinc. Counts

3-fold Coinc. Counts

0 50 100 150 200
0. (degrees)

FIG. 4. Typical experimental results obtained using a superpo-
FIG. 3. Experimental results from thenoT gate of Fig. 1b) sition state for the control qubit, which is expected to produce an
The da.ta éhovx?tehe neumaberesgttfree(;old coincio?ence cour?t.s e.r 15 %ntangled output state,\ﬂ(|00>+ |11)). The data show the num-

: . > Per Qber of threefold coincidence counts per 1500 s as a function of the
sasa fu_nctlon of the output qubit ana_lyzers for all possible InIC)Uttarget analyzer, with the control analyzer fixed at @tbit value
combinations of control and target basis states. |0)). The solid line is a sinusoidal least-squares fit to the data, with
placed before the beams entered the optical fibers, as shovgré\é'gg”grgo; (\?;lf: Q‘éi /‘(’e ;hea Sﬂ%gtf hv';ta:v;ﬁ'ngﬁlr; ézee fg
. - . . . . . .y T_

n F'g' 2. Th|§ allowed the I.o.glcal inputs to the device to incompletely compensated birefringences in the fibers.
consist of arbitrary superposition states.

In order for the three photons to be indistinguishable, itpeaks, while the smaller peaks correspond to incorrect re-
was also necessary for them to arrive at the appropriate beasults. It can be seen that the output of the device is clearly
splitters at the same time. The required path length adjustorrect, aside from overall technical errors of roughly 21%.
ments were optimized by maximizing the visibilities of vari- For a given input state, the distribution of errors among the
ous two-photorj21,27 and three-photon interference effects three incorrect output states was primarily determined by the
[23,24. The visibilities of these interference patterns wereextent to which they depended on destructive three-photon
typically in the range 85-95 % for two-photon interferencequantum interference effects. In addition, minor changes in
effects[21,22 at PBS-1, and 60—70 % for three-phot@e.,  the polarization states of the photons in the optical fibers
gated two-photoninterference effecti23,24 at PBS-2. The allowed small contributions from the output state associated
lower values for the three-photon interference effects weravith the detection of an ancilla photon in the stétg.
primarily due to the use of interference filters with a rela- It is important to demonstrate that quantum logic gates
tively wide bandwidth of 10 nn{19,20], and a decreased maintain the quantum-mechanical coherence of the input qu-
signal-noise ratio as described in R¢R4]. The use of bits when the latter are in superposition states of 0 and 1. As
smaller bandwidth filters would be expected to substantiallyan example of this coherence, Fig. 4 shows the results ob-
increase the three-photon visibilifg4], at the cost of lower tained when the incident control qubit was in the superposi-
counting rates. tion state 1{2(]0)+|1)) while the target was in the state

The output of the device was measured using polarizatiof0). In that case, the two output qubits should be produced in
analyzers followed by single-photon detectors, and eventan entangled state of the formyE/(|00)+|11)), which is
were only accepted if all three detectors registered a photonhe state ¢ ). This is an important example, sincecaoT
In accordance with Eq1), D, only accepted ancilla photons gate is expected to produce entanglement between two inde-
in the logical statg0), which was accomplished by fixing pendent input photons. The data in the figure correspond to
the orientation ofd, at 0° in the computational basighich ~ the number of threefold coincidence counts as a function of
was physically rotated by 45° due to the orientation of PBS+the target analyzer, with the control analyzer set to the logi-
2). In this initial demonstration, feed-forward control tech- cal value 0. In that case, a detection of a control photon
niques[13] were not used to accept events in which thecollapses the entangled state to just the first term, so that the
ancilla photon was found in the logical stdte). Since the target photon should also be found with logical value 0. The
attenuated laser pulses correspond to weak coherent statesgdta of Fig. 4 are consistent with that prediction. When the
was necessary to minimize the probability of there being twaanalyzer in the path of the control photon was set to logical
photons in a given pulse by reducing the probability of avalue 1 instead, then the entangled state collapsed to the
single photon to roughly 1C. second term and the target photon was found with logical

Using these techniques, it was possible to measure thealue 1, as expected. Analogous results were found in a basis
output of the device for all possible combinations of logicalrotated by 45°. Although these results demonstrate entangle-
inputs (0 or 1) as well as superposition states. The results ofnent between the two photons and nonlocal measurement
these measurements when the input qubits both had specifiesults, the data extracted from these plots were not sufficient

values of 0 or 1 are summarized in Fig. 3. The correct resultso allow a violation of Bell's inequality using the two output
from an idealcNoT gate[18] correspond to the four larger photons[25].
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In summary, we have experimentally demonstrated th&20%. Superpositions of input states were found to produce
operation of a probabilisticNoT gate for single photons in entanglement of the output qubits. Although the use of a
the coincidence basis using linear optical elements and gingle ancilla photon limits the performance of the current
single ancilla photon. Although the presence of the outpuflevice, which is not scalable, larger numbers of ancilla pho-
qubits must eventually be verified, the properties of both théons can be combined with more general linear optics tech-

control and target qubits can be investigated before they ardlduesi1,2] to reduce the probability of error and produce an

detected. Input qubits with specific values in the computagpproaeh that is scalable.

tional basis produced output states that corresponded to those This work was supported by ARO, NSA, ARDA, ONR,
of a cNOT gate aside from technical errors on the order ofand IR&D funding.
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