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Demonstration of quantum error correction using linear optics
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We describe a laboratory demonstration of a quantum error correction procedure that can correct intrinsic
measurement errors in linear-optics quantum gates. The procedure involves a two-qubit encoding and fast
feed-forward-controlled single-qubit operations. In our demonstration the qubits were represented by the po-
larization states of two single-photons from a parametric down-conversion source, and the real-time feed-
forward control was implemented using an electro-optic device triggered by the output of single-photon
detectors.
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[. INTRODUCTION photon corresponds to the bit-flipped value of the initial qu-
) ) ) bit. In this latter case, a fast feed-forward-controlled bit flip
Large-scale quantum computing will require quantum ers ysed to restore the original qubit value.
ror correction(QEC) to protect qubits from the effects of A quantum circuit diagrani1] illustrating this encoding
noise and undesired measurements. The basic approach isgad feed-forward-control is shown in Fig. 1. A single-photon
encode a qubit in such a way that any errors can be identifiegubit in an arbitrary statéy) and an ancilla photon in the
and corrected without measuring the value of the qubit itselktate|0) are sent into an encoding device which produces the
[1,2]. Various QEC protocols have recently been demontwo-photon logical qubit ). If an unwantedZ measure-
strated in NMR[3-5] and ion-trap[6] approaches to quan- mentM; occurs on bit 1, and the value(ar 0) is found, the
tum computing. In linear optics quantum computing state of the photon in the lower path is bit-flippéar left
(LOQO), the most common error consists of a measuremer@lone to recover the original qubity). The same procedure
of the value of a qubit, which can occur during quantumis used to recovef) in the event of a measuremelt, on
logic operationg7]. Measurement errors of that kind can be bit 2 [16]. In either case, the two-photon logical qupi)
corrected using two-qubit encoding combined with fast feedcan be recovered by regenerating a new ancilla photon and
forward control [7]. Several encoding8-10] and feed- repeating the encoding process. . _
forward experiment§11-14 have recently been reported. In N our demonstration of the QEC technique of Fig. 1, the
this paper we combine these two techniques to demonstraf$Pit|#) and ancilla stat¢0) were represented by the polar-
QEC for measurement errors in LOQC. ization states o_f two smgle—photons from a parametric down-
In LOQC, failures in the probabilistic logic gates corre- Conversion pair. The encoding to produgg) was done
spond to situations in which the value of a Sing|e_ph0tonprobab|I|st|calIy using linear optics and post—se!ectlon, gnd
qubit is measured in the computational bagiZ measure- the feed-forwa}rd-controlled bit flip was accomplyshed using
men [7]. The same situation applies to the recent Zeno gatén electro-optic p_olanzatlon rotatéPockels cell triggered
approach as welll5]. However, these intrinsic measurement Py the output of single-photon detectors.

errors can be corrected by using the following two-qubit en- measurement based
coding[7,10]: encoding feed-forward
. —_—
(qubit)
1 - My
0) —[0) = (100 + [11), v) P [x]
v
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In this Co.de a Slngle—phot(_)n qubit with value (6r 1) is FIG. 1. Quantum circuit diagrafd] illustrating protection and

encoded mEO a '°9'Ca' qubit represented _by the t\_NO'phOtorPecovery from a&-measurement error in LOQ[@]. An ancilla pho-

Bell state ™ (or ¢_)' The value of the, logical _qu't COITe- {51 and encoding operation are used to convert a single-photon

sponds to the parity of the two physical qubits. The same&p;t|,) into the two-photon logical qubity ) according to Eq(l).

encoding must also be applied to superposition states.  The gashed boxedl; and M, symbolizeZ measurements which
From Eq.(1) it can be seen that if Z measurement 0C-  may or may not occur. If one does occur, and returns the value 1, a

curs on either of the two photons, and the value 0 is foundpit flip (X) is applied using feed-forward control. This procedure

the state of the remaining photon simply corresponds to tha&covers the initial qubity). If needed, the logical qubity ) can

of the initial single-photon qubit. On the other hand, if he then be regenerated by supplying a new ancilla photon and repeat-

measurement results in the value 1, the state of the remainingg the encoding operation.
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The basic idea of the experiment was to intentionally in- fiber delay
flict a Z measurement on one of the photons, and then verif " fiber Cog‘i:fgi':fd
the success of the QEC procedure by comparing the co p?;’s:,aﬁon connecf_”_s_, _’|L_C_|_’Z
rected polarization state of the remaining output photon witf s 1
the input statéy). The subsequent repetition of the encoding % 3
operation to regenerate the two-photon logical qukit was /'
PDC

not included in this demonstration. )
pair \HWPZ
0 PBS

II. ENCODING IN THE COINCIDENCE BASIS (ancilla 0)) encoding Z-measurement

qubit
analysis
D1

HWPJ

coincidence logic

Generating the two-qubit code of E(.) requires a non-
trivial entangling operation between the qubit and ancilla FIG. 2. Apparatus used to demonstrate LOQC QEC. The shaded
photons. In principle, operations of this kind can be per-areas relate key aspects of the apparatus to the quantum circuit
formed near deterministically in LOQC by incorporating diagram of Fig. 1. Details and symbols are described in the text.
large numbers of additional photons and very high-efficiency
detectord7]. Ill. ERROR CORRECTION EXPERIMENT

For laboratory demonstrations, however, these require-
ments can be greatly reduced by working in the so-called An overview of the QEC experiment is shown in Fig. 2.
“coincidence basis,” which utilizes destructive measure-The shaded areas are used to relate several key aspects of the
ments to ensure that photons were actually present in th@pparatus to the quantum circuit diagram of Fig. 1: qlit
desired optical pathgl7]. In many cases, this simplification Preparation, the encoding device described in Sec. &, a
can be used to successfully demonstrate the essential featuf@gasurement with feed-forward control, and qubit analysis
of a two-qubit logic operation while overcoming the effectsto verify the QEC procedure.
of random photon sources, loss, and limited detector effi- A type-l down-conversion sourc@®DC) produced pairs
ciency associated with current technology. For example, &f horizontally polarized photons at 780 nm that were used
coincidence-basis photonic CNOT gdt#8] was recently —as the qubit and ancillesource details can be found in Ref.
used to demonstrate the encodifand decodingof Eq. (1)  [8]). A half-wave platgf HWP2) was used to fix the polariza-
[10]. tion state of the ancilla photon at 48bgical |0)), while a

The encoding box of Fig. 1 can be further simplified by rotatable half-wave plattHWP1) could be used to prepare
exploiting the fact that the ancilla photon is always in thedifferent linear polarization qubit stat¢g).
fixed state|0). This allows one to use linear optics to con- ~ The qubit and ancilla photons were injected into a single-
struct a robust specific-purpose encoding device that dog¥ode fiber-coupled PBS for the encoding. For a general qu-
not require the general functionality of a full CNOT gate. In bit value|¢), the encoding operation can essentially be un-
our experiment with polarization qubits, this encoding wasderstood as a two-photon quantum interference effect that
done using a single polarizing beam splittBBS. The use Uses a beam splitter and post selection to generate polariza-
of a PBS to implement two-qubit logic operations has beeriion entanglementin the coincidence basigrom an initial
done in other contexts as welbee, for example, Refs. product state of two single photofh&1]. This required the
[19,20). photons to arrive at the PBS within a time defined by their

A PBS is a four-port device that transmits horizontally coherence lengths, and alignment of the encoder involved
polarized single photon§H)) and reflects vertically polar- optimizing  various  polarization-dependent ~ Hong-Ou-
ized single photong|V)). We use the following polarization Mandel-type quantum interference effef®2]. The fidelity
definitions for the computational basi$0>s(1/\e’§)(|H> of the encoded logical qubjt, ) was directly related to the

. o _ 5 lity of these two-photon interference effects. This, in turn,
+|V)) (a photon polarized at 45° and |1)=(1/v2)(|H) qua o oo ShE .
~V}) (a photon polarized at ~45° impacted the ability to recover the initial single qubit state

! ) X _ . ) after aZ measurement on one of these photons.
A qubit photon in an arbitrary stae)=«|0)+8|1) is sent | : . i . .
into one of the input ports of of the PBS, while the ancilla Fibers A and B containing the two-photon logical qubit

e . . : |41 ) were connected to fibers D and C which led, respec-
photon(in fixed statg0)) is sent into the second input port of _. - ! i}
the PBS. Provided that one photon exits each output port, Ilvely, to theZ measurement device and to the feed-forward

) : ) i ontrolled bit-flip and output qubit analysis zone. As shown
can be shown that the two-qubit code of &).is achieved: by the dashed arrows in the figure, these fiber connections

could be easily swapped to make the connectian€ and
al0) + gl1) — $(|00>+ |11)) +£(|01>+ |10). (29 B:DorA:D andB:C. This allowed us to make & mea-
V2 V2 surement on either of the photons comprising the logical
qubit |y ), and then correct the state of the remaining photon
For any qubit valugyy), the probability that one photon will to recover|y).
exit each output port is 1/2. This can be viewed as the ideal The Z measurement was accomplished using a second
success probability of this probabilistic encoding device. Infiber-coupled PBS. A fiber polarization controligPC was
our experiment, coincidence basis measurements were usaded to rotate the alignment of the transmission/reflection
to monitor only those cases in which that occurred. axes of this PBS into the computational basis. In this way, a
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-§ 3000| " j 4| DDy | 1| yes Z measurement error with an esti-
., o \ / / mated average fidelity of about

0
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photon with polarization corresponding to the sfdjewould  dence counts as a function @f This corresponds to &

be transmitted by the PBS to a single-photon deteBtgr measurement returning the value 0. In accordance with Eq.

while a photon with polarization corresponding to the state(1), no correction is needed, and the output qubit is expected

|0) would be reflected by the PBS to a single-photon detectofo be in the same state as the inpit The results agree with

D,. All detectors were preceded by 10 nm bandpass interfetthis prediction; a Malus’ law dependence @nconsistent

ence filters centered at 780 nm. with a linear polarization state of 45° is clearly seen. The
The feed-forward-controlled bit flip was implemented us-S9lid line is a sinusoidal fit to the data points, with a visibility

ing a Pockels celiPC) that was triggered only by the output ©f (92.2£0.3%. The data points obtained with the polarizer

of detectorD,. Additional technical details about this part of ¢ Set to £45°.(corresponding to the qubit§) and|1)) can

the experiment can be found in our earlier work on feedPe used to estimate a recovery W>0:|0> from the

forward control[12]. Here the PC was oriented with its fast Z-T€asurement error with a fidelity f98%.

axis in the horizontal direction, so that the application of a The solid-square data points in FigaBshow the number

: . of D1:D5 coincidence counts as a function @f This corre-
half-wave voltage pulse triggered liy; would cause a bit sponds to & measurement resulting in the value 1, which
flip in the computational basis.

' requires a feed-forward controlled bit-flip on the output qubit
Because this feed-forward control process took roughly,, recover|)=|0). Here, however, the PC was intentionally
100 ns[12], a 30 m fiber delay line was used to delay the jisconnected so that no bit-flip was applied. As expected, the
output photon before entering the PC. The polarization statgai is indicative of an output qubit). In this example, the

of the correctedor gncorrecte)jphotons ('axiti.ng the PC were (ashed line fit to the data had a visibility (§2.5+0.3%.
then measured using a rotatable polarization analyzemd The solid-triangle data in Fig.(8 correspond to the same
detectorD;. A coincidence logic circuit was used to record sjtyation, but with the PC connected and the bit flip applied.
only those events in which one photon was detected by thg this case the data clearly shows the recovered dubit
Z-measurement detectors, and the second photon was def0). The dotted-line fit to this data has a visibility of
tected byD;. This enforced the required coincidence-basis(92.1+0.3%, indicating the ability to successfully apply the
operation of the encoding device by rejecting those cases ifeed-forward-controlled bit flip using the PC.
which both photons of a PDC pair exited the same port of the From an experimental point of view, a comparison of the
encoding PBS. results in Figs. @) and 3b) highlights the nonclassical na-
ture of the encoding operation. The conditions were exactly
V. RESULTS the same for these two data sets, except thatidfothe qubit
' photon was delayed relative to the ancilla photon by roughly
In practice, the demonstration of quantum error correctiortwice its coherence length before entering the encoding PBS.
consisted of using HWPL1 to specify a qubit valg¢, and  This temporal information rendered the two photons distin-
then monitoring the coincidence counting rate between deguishable, which destroyed the quantum interference effects
tectorsD, andD,, or D; and D3, as a function of the ana- necessary for successful encodifP]. The resulting flat
lyzer angled. The results obtained for several different ex-lines in Fig. 3b) are what would be expected from “classi-
amples of{y) are shown in Fig. 3. cal” statistics in this case: roughly half of the photons emerg-
For the data shown in Fig.(8, the HWP1 was used to ing in fiber A were horizontally polarized, and the other half
prepare the qubit in the sta@) (a photon polarized at 45°  were vertically polarized.
and the fiber connectiond:C and B:D were used. The The data shown in Fig.(8) corresponds to the conditions
solid-circle data points show the number Bf:D, coinci-  of Fig. 3(a), except that the outputs of the encoding device
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were swapped by making the fiber connectiohd and the Z measurement errors intrinsic in probabilistic LOQC
B:C. The three sets of data are nearly identical to those ifogic gates. Within the coincidence basis, the two-qubit en-
Fig. 3(a), which demonstrates the ability of the two-qubit coding of Eq.(1) can be accomplished using a photonic
code (1) to recover from aZ measurement on either of the cnOT gate, as was first demonstrated in RaD], or by
two photons comprising the logical qubif; ). usin P ; ;
J E g a specific purpose encoding device such as the one

Fcc|>rttherdat:;1 sir;]ow:] meiig)S(i?tﬁnd g? ;T; Hch\j/(Pll/ YVE?S constructed here. The required feed-forward control was
used to prepare Input qubifes € S ates.l) a N implemented here using real-time polarization rotations via
X (|0y+|1)). In both cases, the Malus’ law dependencefon :

/ T the techniques of Refl12].

agrees with the expected output states. Similar results were All of these preliminary studies have shown that intrinsic

also obtained with the output fibers swapped. The averagg L oS
o . N rror correction is feasible in an LOQC approach. However,
visibility of the three fits in Fig. &) was 93.6%, while it was it should be noted that the two—qubi?codgpand feed forward

98.2% for Fig. 3e). The higher visibility in the latter case is dh i ¢ f | phvsical
due to the fact that the encoding operation does not depeﬂ@e ere cannot correct Tor more general pnysical errors
guch as bit flips, phase shifts, and loss. In order to overcome

on two-photon interference effects for the superposition stat .
P berp errors of that kind, the procedure demonstrated here would

=(1/y2)(|0)+|1)), which simpl ds to a hori-
[)=(1/+2)(0)+|1)), which simply corresponds to a hori need to be embedded in a more general QEC ¢a@tieThe

zontally polarized photon. The slight deviation from 100% lizati fh | q I .
visibility in this case can therefore be used to estimate thé€@lization of these more complex codes, as well as operation

magnitude of the remaining technical errors in the experiCutside the coincidence basis, will be based on quantum in-

ment. terference effects involving larger numbers of photons. In
The average visibility of the nonclassical two-photon in-this regard, the development of high-quality single-photon

terference patterns corresponding to the corrected qubits iPurces and supporting technologies may be more challeng-

Figs. 3a), 3(c), 3(d), and 3e) was 93.6%; in contrast, the NG than reducing the relatively small errors caused by the

visibilities in Fig. 3b) (with no quantum interferengavere  feed-forward control techniques used here.

essentially zero. These examples clearly show the ability to

recover the qubity) from aZ-measurement error.
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