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One of the main requirements in linear optics quantum computing is the ability to perform single-qubit
operations that are controlled by classical information fed forward from the output of single-photon detectors.
These operations correspond to predetermined combinations of phase corrections and bit flips that are applied
to the postselected output modes of nondeterministic quantum logic devices. Corrections of this kind are
required in order to obtain the correct logical output for certain detection events, and their use can increase the
overall success probability of the devices. In this paper, we report on the experimental demonstration of the use
of this type of feed-forward system to increase the probability of success of a simple nondeterministic quantum
logic operation from approximatel§' to % This logic operation involves the use of one target qubit and one
ancilla qubit which, in this experiment, are derived from a parametric down-conversion photon pair. Classical
information describing the detection of the ancilla photon is fed forward in real time and used to alter the
guantum state of the output photon. A fiber-optic delay line is used to store the output photon until a
polarization-dependent phase shift can be applied using a high-speed Pockels cell.
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I. INTRODUCTION have also been proposéti4,15.
The nondeterministic logic operation chosen for this par-

In a recent paper, Knill, LaFlamme, and Milbu(dLM) ticular demonstration was a probabilistic quantum parity
showed that efficient quantum computation is possible usingheck[10,11], but the techniques and results presented here
only linear optical elements, ancilla photons, and postselecre expected to apply to other nondeterministic logic devices
tion based on the outcome of single-photon detecftts as well. The quantum parity check was chosen because of its
Roughly speaking, measurements made on the ancilla phéelatively simple structure, which involves an input of only
tons will project out the desired logical output state providedone target qubit and one ancilla qubit in analogy with the
that certain measurement results were obtained, which onl§xample shown in Fig. 1. In our experiment, these two qubits
occurs for some fraction of the events. Additional events car@'e derived from a parametric down-conversion pair, and the
be accepted as well if single-bit correctiofphase shifts and detection of the ancilla photon by one of two detectors de-
bit flips) are applied to the output qubits based on the resultéermines which single-qubit operation needs to be applied to
of the ancilla measurements, which increases the overalhe output photon. The output photon was stored for roughly
probability of success. Here we report the experimental deml00 ns using a fiber optic delay line while the classical de-
onstration of feed-forward control operations of this kindtection signal was amplified and fed forward to a Pockels
that were used to increase the probability of success of g€ll that was used to apply a state-dependent phase shift.
Simp|e quantum |ogic Operation from, in princip&lo % The remainder of the paper is outlined as follows: in Sec.

An example of a simple feed-forward control process isll we review the goals and theory of operation of the quan-
illustrated in Fig. 1. Here the results of measurements mad&/m parity check, highlighting the need for feed-forward
on a Sing]e ancilla photon are used to app|y one of the th:ontroIIed single-qubit operations. In Sec. lll we describe the
possible single-qubit transformations to the output. It can béletails of the experiment and present the results. In Sec. IV
seen that the feed-forward control process required fowe summarize and discuss the need for feed-forward control
probabilistic quantum logic gates is similar to the unitaryfor more general applications in a linear optics quantum
transformations that would be required for a complete implecomputing protocol.
mentation of conventional quantum teleportat{@}, given

the results of a Bell-state measurement. Feed-forward control [¥)in Linear ——
would also be needed for a variety of other quantum optics Optics |f---3=
proposalgsee, for examplg4,5]). ancillz—1 Device ] (%) out

The original proposall,6] for a nondeterministic gate
was based on an interferometer arrangement whose stability FIG. 1. A simple example of a nondeterministic quantum logic

was subsequently improved by Ralphal. [7]. The experi-  ,,eration demonstrating the use of feed-forward control. Here the
ments reported here are based on the use of polarizatiofsgic operation uses a single ancilla photon and postselection to
encoded qubits and polarizing beam split{@9], whichwe  perform a unitary transformation on an arbitrary input state of an-
previously used to demonstrate several nondeterministigther single photofw);, . Classical information describing the out-
quantum logic device$10,11]. A variety of other types of come of two single-photon detectors is fed forwéatbng double
probabilistic quantum logic operations have also been dewires) to control units that perform, for example, the single-qubit
scribed[9,12,13, and schemes that illustrate the basic prop-operationd or Z on the accepted output. The notation follows that
erties of nondeterministic logic gates in the coincidence basisf Ref.[2].
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FIG. 2. Implementation of a probabilistic quantum parity check

using a polarizing beam splitter and a polarization-sensitive detec- _ . .
tion package. The postselection process involves accepting the ouvt\fﬂfar;]a |l//i>_ta| T1>|\{I}1>+B|T2>I|V2t> mcl;:dgs amglltud?hs
put if exactly one photon is registered by one of the detectors igw Ic (.:antnz satisfy the postselection criterion and are there-
modes 2a or 2b. If the photon is found in mode 2a the desire Orlirz)erjrfcle(e] ('1) we see that direct measurement of the po
logical output is obtained, while a state-dependesghase shift Z e ) . . .
operation is required if the photon is found in mode 2b. From an Iar|zat|9n of the photon in mode 2 would determine the value
experimental point of view, the output photon must be delayed byt the input qubit and destroy the coherence of any subse-

some time intervalr while the classical information is processed duent operations. For this reason, an additional polarizing

and used to apply the single-quizitoperation. beam splitter (PBS is placed in mode 2 and oriented in a
basis that is rotated by 45° from the horizontal-vertical basis.
Il. PROBABILISTIC QUANTUM PARITY CHECK In this way the detection of the photon in modes 2a or 2b

The implementation of a probabilistic quantum parity provides no information regarding its origin. o :
check is shown in Fig. 2. The basic theory of its operation Expanding the relevant terms of &fj in the 45° basis of
has been presented elsewhgt€], but will be briefly re- the detector modes shows that
viewed here for self-consistency and to emphasize the use of 1
classically controlled single-qubit operations. - _

The quantum parity check utilizes polarization-encoded |¢T>_)2[|D2a>(a|Hl>+'8|V1>)+|D2b>( alHy)
gubits[16], where the logical values 0 and 1 are represented
by the horizontal and vertical polarization states of a single

photon. When the qubits have values of either 0 or 1, the

goal of the quantum parity check is to transfer the value ofvhere, for example|Dy) represents a single photon in de-

the qubit in mode 1 to the output, provided that its value istector mode 2b. This state is unnormalized due to the rejec-

the same as that of an ancilla qubit in modéeen parity. tion of|z,/;L}, which is responsible for the probabilistic nature
The device fails and produces no output if these two qubit§)f tgeui(;\gr??é) ilustrates the need for feed-forward and
have opposite value@dd parity. Basis-state parity checks q : . . ;

of this kind have been found to be extremely useful in aclassmally controlled single-qubit operations. Note that if the

: : : . o ancilla photon is registered by the detector in mode 2a then
variety of quantum information processing applicati¢sese, . . . : .
for example, Refs[8,17—21). In particular, we have shown the output is projected into the desired state, whereas if the

that the probabilistic quantum parity check shown in Fig. 2phpton is found in _mode 2b the projected outp_ut state re-
can form the basis of a quantum encoding operation and uires am-phase shift on theH,) component refative to the

nondeterministic controlledoT gate[10]. 1) component:
The operation of the parity check is more subtle when the

+BIV))], @)

two input states are superpositions of 0 and 1. In particular, D2a=[#)ou=alH1)+ BV1),
the case in which the ancilla photon is prepared in an equal
superposition of the computational basis statfs)anc Dap=|#)our=—alH1)+ B|V1). 3

=(1/J2)(|H,) +|V,)) is of special interest. In this case, the _ o _ _
quantum parity check is able to coherently transfer any arbil NS state-dependent-phase shift is equivalent to applying
trary superposition state of the input qubit);,=a|H,)  the Paulio, spin operator and is often referred to as a single-
+ B|V,) into the output. This aspect of the quantum parityqubit Z operation[2].
check device will be used for the demonstration of our feed- Each of the outcomes described in H§) is equally
forward control system. likely and occurs with a probability of. Therefore, if the

As shown in Fig. 2, the operation of the nondeterministicdevice is passively run such that only detections in mode 2a
quantum parity check consists of mixing the target photorire accepted, the success probability of the logic operation is
and the ancilla photon in a polarizing beam splitteBS), 3. This aspect of the quantum parity check has been experi-
and the postselection process involves accepting the outputtiientally verified[11]. However, if the other detection out-
and only if exactly one photon is received by one of the twocome is also accepted, and the classically controlled single-
single-photon detectors in modes 2a and 2b. Note that thgubit Z operation is successfully implemented, the overall
PBS would ordinarily transmit only the horizontal compo- success probability of the gate is increaseg t\s will be
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TTL logic| | goincidence mode 2 was used to prepare the ancilla photon in the re-
boar logic circuif quired state /) ,n.=1/V2(|H,) +|V,)) described in Sec. Il.
@:_J An additional rotatable half-wave plate in input mode 1 was
b 1L %D D used to prepare an arbitrary state of the target phdtan,
2 2 ' =alHy)+B|Vy).
I = f Note that the polarizing beam splitter PBS the detector
PBS’ =161 package, which was oriented at 45° in Fig. 2, was imple-
by mented in the actual experiment by a conventionally oriented
zljif PC driver polarizing beam splitter preceded by a half-wave plate used
x PBS to rotate the reference frame by 45°.
__ﬂ fe As described in the theory of Sec. II, the postselection
1 fc \ @ E 000! > process consisted of accepting the output in mode 1 only
photon . gofibep - fec when exactly one photon was found by one of the two de-
—{— ey e tectorsD,, or D,,. When this condition was met, the state

of the output photon was measured using a polarization ana-
lyzer 6, and an additional single-photon detecky. Since

FIG. 3. A schematic of the experiment designed to demonstratg, o probability of having more than two photons in the sys-

the use of feed-forward control in a basic nondeterministic quantuMarm at any given time was negligible, the postselection pro-
logic device. The target and ancilla photons derived from a Parasaqyre could be simulated by monitoring the coincidence

metric down-conversion pair are sent into a quantum parity Chec'&ounting rate between the output ports of the main PBS as a
device in analogy with the schematic of Fig. 2. PBS and P&r® function of 6;. This measurement scheme was immune to

f olarizing beam splitters, while th:(Z) are half'vlvavi platez used the effects oflbhoton loss and limited detector efficiency, and

or state preparatiorD,, D,,, andD,, are single-photon detec- . L . '

tors, andf represents 10-nm bandwidth filters centered at the wavegomp‘fjmsons .Of the a"er‘?‘ge Comc_'dence cou.ntnjg rates for
length of the down-converted photons. The fc units are fiber couYarious experimental settings provided a qualitative demon-
plers and fpc is a fiber polarization controller. The logical outputStration of the feed-forward system.

N[>

state is verified by polarization analyzé;, and the classically A conventional transistor-transistor logidTL) logical
controlledZ operation described in Sec. Il is implemented with a OR gate was used to enable C0|nC|Qence counting 'between
Pockels cell(PC). D, and eitheD,, or Dy, as shown in the upper portion of

Fig. 3. Thisor gate was a part of a custom designed logic

described in the following section, an experimental imple-P0&rd which also enabled the classical information fiopg

mentation of this procedure is the main result of this paper.© control the application of the single-quiditcorrection in
output mode 1. In our experiment, tdeoperation(i.e., state-

dependentm-phase shift required by Eq.(3) was imple-

[ll. EXPERIMENT AND RESULTS mented on the output mode by a transverse electro-optic
modulator(ConOptics Inc. model 360-80/D25 Pockels tell
oriented with its fast and slow axes in the horizontal-vertical

A schematic of the experimental set up used to demonbasis. The Pockels cell was first dc biased in such a way that
strate the use of feed-forward and classically controlledhe state of any photons passing through it would remain
single-qubit operations in the nondeterministic quantum parunchanged. Therefore, if the ancilla photon was detected by
ity check is shown in Fig. 3. As mentioned earlier, the targetD,,, the Pockels cell bias voltage was not changed. If, how-
and ancilla photons are derived from a conventional paraever, the ancilla photon was detectedDy,, an accurately
metric down-conversion photon-pair souf@2] which is not  amplified TTL signal was used to apply the measured half-
shown in Fig. 3, but is described in detail in REE1]. wave voltage(roughly 115 V at 702.2 ninto the unit. By

To briefly review, the down-conversion source consisteddefinition, this half-wave voltage imparts7aphase shift on
of a 1.0 mm BBO crystal pumped by roughly 30 mW of the the horizontal polarization component of the state with re-
351.1-nm line of a continuous-wave argon-ion laser. Thespect to the vertical component, as required by By.
crystal was cut for degenerate Type-II collinear phase match- One of the key features of this experiment was a method
ing and produced pairs of copropagating, but orthogonallyfor storing the output photon while the classical detection
polarized photons at 702.2 nf@3]. The two photons were signal fromD,,, was amplified and processed by the Pockels
separated with an initial polarizing beam splittaot shown  cell driver. As shown in Fig. 3 this delay, in output mode
and sent along input modes 1 and 2 of the PBS shown in Figl of the quantum parity check was implemented by using a
3, where the parity check was performed. In preparation fosingle-mode fiber-optic delay liné8M Inc. FS-3224. As
data collection, the input path lengths and various modewill be seen in the following subsection, the required time
matching criteria were tested and optimized by studying alelay of roughly 100 ns was large enough that a free-space
variety of standard Shih-Alley24] and Hong-Ou-Mandel delay line would have been impractical in our simple set-up.
[25] two-photon interference effects. Typical interferenceThe output of the main PBS was launched into and out of the
visibilities in this setup ranged from 75% to 80%. fiber delay line using suitable microscope objectivéiser

The horizontal-vertical computational basis was defineccoupler$ mounted on microtranslation stages, and the cou-
by the main PBS, and a half-wave retardation plate in inpupling efficiency was found to be roughly 50%. A standard

A. Experimental design
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300 The results of tests of the delay times of the individual
. devices used in our experiment were consistent with total
g 250 . delay indicated in Fig. 4. The single-photon avalanche-
3 200 photodiode detectors usdé&erkin Elmer, SPCM-AQR-12
o have built in preamplifiers which output a TTL pulse whose
2 150 width is roughly 33 ns. The time required to produce the
ﬁ . leading edge of the output pulse was measured using a trig-
g 1o gered high-speed pulsed diode laser and was found to be
8 50 . roughly 18 ns. The overall delay of the Pockels cell, includ-
FPE PRt RO BT S ing the driver amplifiers and 3-m triaxial connecting cables,
0 - was found to be roughly 38 ns by using a cw light source,

0 50 100 150 200 250

Relative delay (ns) crossed polarizers, and a high-speed photoreceiver. The de-

lay induced by our TTL logic board was electronically mea-
FIG. 4. Coincidence counting rate betweBp, and D, as a sured to be 18 ns, and miscellaneous coaxial cables used to

function of the relative delay between a fixed fiber optic delay andconnect the devices contributed an extra 26 ns of delay.
variable extra electronic delay placed in the Pockels cell driver FOr future linear optics quantum computing protocols in-
input channel. For this plot, the wave plates and analyzers wer¥0lving the use of many nondeterministic logic gates in se-
configured in such a way that a coincidence count could only occufi€s, one would obviously want to minimize the valuergf

if the half-wave voltage was applied to the Pockels cell at the cor-This can be done by using custom-made high-speed electron-
rect time. The results indicate a total system delay timeof  ics rather than the relatively slow, but commercially avail-
roughly 100 ns for our system, which was mostly composed ofable devices used here. In any event, the results of our tests
commercially available components. The data shown also providerovide a clear demonstration of the capabilities of a practi-
an indication of the response of the system to the 33-ns wide outputal feed-forward control system.

pulses of the single-photon detectors.

C. Results
paddle-wheel polarization controller was used to negate the The results of our demonstration of the use of feed-
effects of birefringence induced by the fiber delay line.  forward control to increase the success probability of a basic
nondeterministic quantum logic operation are summarized in
B. Required time delays Figs. 6—8. For these tests of the quantum parity check de-

vice, the coefficientsr and 8 defining the state of the input

In the set-up shown in Fig. 3, the total timerequired to qubit were arbitrarily chosen to be

process the classical signal fro®,, and apply the
Z-operation correction was determined by the operating pa- J3 1
rameters of the commercially available equipment used in |zp>in=7|H1)+ §|Vl>, (4
the experiment. Therefore, the length of the fiber-optic cable
determining the delay time needed to be carefully chosen.
If = was much shorter than, the output photon would pass which corresponds to a linear polarization state of 30°. The
through the Pockels cell before the half-wave voltage wasutput states predicted by E() for this choice of the input
applied, while ifr was too long, the half-wave voltage would state are illustrated in Fig. 5.
have been applied and reset before the photon arrived at the The data displayed in Fig. 6 shows the coincidence count-
Pockels cell. ing rate between detectoB, andD,, as a function of the
The total system delay, was measured by initially in- setting of the polarization analyze};. The results clearly
stalling a fiber delay line that gave a known optical delayshow the expected Malus’ law dependence on the analyzer
much longer than the expected value ef. The state- setting which is consistent with an output state polarized at
preparation wave plates and polarizgrwere then oriented 30°. Results of this kind were presented in Rfl] and
so that a down-conversion coincidence detection betidgen indicate the nonclassical ability of the parity check to coher-
andD,, was only possible if the half-wave voltage was ap-ently transfer the value of the input qubit into the output.
plied to the Pockels cell at the correct time. Therefore, a plot The data shown in Fig. 7 is analogous to that of Fig. 6, but
of the coincidence counting rate as a function of additionadisplays the coincidence counting rate between deteCors
electronic delay placed in the Pockels cell driver input chanandD,y . For this data run, the TTL input to the Pockels cell
nel provided a measure ef, as well as an indication of the driver was intentionally disconnected so that the classically
total system response behavior. The results of this test a@ntrolled Z correction was not applied. As shown in the
shown in Fig. 4. Since the temporal width of the down-illustration of Fig. 5, an uncorrected output state linearly
converted photon wave packets and their propagation timpolarized at 150° is expected in this case, and the results of
through the 10-cm long Pockels cell can be considered nedig. 7 are consistent with this prediction.
ligible, the results of Fig. 4 indicated the need for a minimum  The coincidence counting rates at the relev@nsettings
delay 7 of roughly 100 ns for our system. This correspondsof 30° and 150° in Figs. 6 and 7 average to 131 coincidences
to a 20-m long fiber-optic delay cable, which was subseper minute(the difference in the maxima of the two plots is
qguently used in the experiments. due to different overall detection efficiencies in thg, and
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FIG. 5. A graphical illustration of the predicted output states of © J’

the quantum parity check for an arbitrarily chosen state of the input 0 *

qubit | )i, = (y3/2) |H;)+ 3|V,) which corresponds to a linear po- 50 0 50 100 150 200 250

larization state at 30°. The postselection process described in Sec. 91setting (degrees)

Il shows that the input is coherently transferred into the output

mode, as desired, if the ancilla photon is detecte®dby. If, how- FIG. 7. Demonstration of the incorrect logical output obtained

ever, the ancilla is registered iD,,, a classically controlled when the ancilla photon is detected by, and the classically con-
mr-phase shift needs to be applied to the horizontal component afolled Z operation is not applied. As indicated in Fig. 5, a linearly
the output state. An experimental implementation of this phase shifpolarized output at 150° is expected in this case. The slight devia-
in real time is the main result of this paper. tion of the data from the expected value is due to small uncompen-
sated birefringences in our system. In any event, the data clearly
show the need for the classically controlledphase shift on the

D, channels By setting the state-preparation wave platesirizontal component of the output state.

and 6, to register the maximum coincidence counting rate

for otherwise identical experimental conditions, the coinci-

dence rate was found to average 440 coincidences pegrerform theZ correction in real time. As in Fig. 6, the data

minute. This number provides an estimate of the total rate o§hown in Fig. 8 is consistent with an output state polarized at

detectable down-conversion pairs entering the system and 80°, indicating the correct operation of the quantum parity

in qualitative agreement with the theoretically predicted succheck. In addition to the correct output state, note that the

cess probabilities of described in Eq(3). The discrepancy average coincidence counting ratefat= 30° is 247 counts

from the expected value df is due to the effects of birefrin- per minute. This data was obtained under the same experi-

gence and alignment errors. mental conditions of that shown in Fig. 6, and indicates that
Figure 8 shows the data obtained with the feed-forwardhe success probability of the device was approximately in-

control system in full operation, which represents the maircreased frong to 3.

result of the paper. The data shows the coincidence counting

rate betweerD; and the output of the TTIOR gate which

hasD,, andD,y, inputs as shown in Fig. 3. The data clearly 300
indicates that for those cases in which the ancilla photon was . i A4
registered byD,,, the Pockels cell was able to successfully ‘g’ ﬂ »/}
g 200 ;
150 3 y
[
g :
@ 8 100}.}
E o M sl
I §
o, s X
®
Q
S 0
3 / 50 0 50 100 150 200 250
E 50 -y K 0, setting (degrees)
[o]
© \}/ FIG. 8. Experimental demonstration of feed-forward control in a
0 nondeterministic quantum logic operation. In this case coincidence
-50 0 50 100 150 200 250 counts per minute are recorded betwé&enand eitheD,, or Dy,
61 setting (degrees) as a function ofg,. The data clearly show that for those cases in

which the ancilla photon is found iD,,, the feed-forward system
FIG. 6. Coincidence counts per minute betw&nandD,, as  was able to successfully implement the required single-dtibip-
a function of the analyzer setting, in the output mode 1. As eration on the output mode. As in Fig. 6, the data shown here are
expected from Fig. 5 in this case, the data are consistent with aoonsistent with a linearly polarized output state at 30°, thereby
output state that is linearly polarized at 30° and confirm the desiredéhdicating the successful operation of the quantum parity check. In
operation of the probabilistic quantum parity check device. Theaddition, the coincidence counting rate here is roughly twice that
solid line is plot of a cosine-squared function centered at 30° with ashown in Fig. 6, showing that the use of the feed-forward system
visibility defined by the maximum and minimum data values. doubled the success probability of the probabilistic logic operation.
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IV. SUMMARY AND CONCLUSIONS and the Bell-state measuremeh®5] are generalized by a

In summary. we have experimentally demonstrated th linear optics-based Fourier-transform operation followed by
Y P Y ingle-photon detections. Classical information from the

use of feed.-forward cont_rql to increase the .success_probabl single-photon detectors is fed forward and used to postselect
ity of a basic nondeterministic quantum logic operation. Th

. . o Elhe output mode that contains the correct output state, as well
experiment involved the use of two polarization-encode

hotonic qubits derived from a parametric down-conversion. to apply predetermined single-qubit corrections such as
gair Clasgical information descrl?bing the detection of one o he Z operation demonstrated here. The probability of an
the 'photons was fed forward in real time to a device whiche o " the gate operation using teleportation in this way

then either performed A correction or the identity operation scales as (Wt 1).’ which may ?”QW a scz_a\lanble approch o
to the state of the other photdg]. In our system, this feed- quantum computing. A recent *high-fidelity” approa¢Be]

forward and correction process was accomplished on a timrgeg:greeséhzrggb::tg;y (Ijef dar;rt]e(r:irlcl); tgt;?l;gggé(zi%#;:;g
scale of roughly 100 ns. This particular demonstration in- P g § 9

volved the use of a probabilistic quantum parity checkthe use of postselectiofall of the events are accepled

[10,11], but the techniques presented here are expected to lfeed—forward techniques similar to those presented here will
Y p(?ay an essential role in either approach.

of general use in many nondeterministic quantum logic op- The eventual implementation of a linear optics quantum
erations, as well as a variety of other quantum information . prem . P q
rocessing tasks computing procedure will require a system where the num-
P For exgmple .the use of fast feed-forward control is es_ber of ancilla is sufficiently large that quantum error correc-
sential in discrete-variable quantum teleportation systems jnion techniques can be used. In ad_d_ltlon to large numbers of
volving parametric down-conversion sourdeg6-29, and smglg photons on demand and efﬁqent S'Ug'e photon detec-
significant progress in this direction has recently been madteors’ itis clear that this procedure will hea_vny rely on the use
by DeMartini's group[30,31). The techniques presented hereof feed-forward control systems of_ th_e kind presented here.
may also be useful in’ ar.nong other things, linear opticsLarger scale systems will necessarily involve the use of com-
based error correctio’n[19] entanglement 'purification pI|c§ted sequences of clas§|cg!ly controlled single-qubit op-
[8,20,21, quantum repeate{éZ] and quantum relayks3] erations and time scales significantly shorter than those de-
Within the context of a complete linear optics quantumscr'be.d in- this basic demonstration. No_nethele_ss,_ _the
computing procedure, the most significant use of feed:[echn_lques aﬂd r_esults presented here provide a significant
forward systems of this type may be for output mode selec—Stelo in that direction.
tion and phase corrections in a generalized teleportation
scheme. Roughly speaking, one of the basic steps in the ACKNOWLEDGMENTS
original KLM program involves an ingenious generalization
of the Gottesman-Chuang protocf84] for implementing This work was supported by in part by ONR, ARO, NSA,
universal quantum logic gates through teleportation. In thisARDA, and Independent Research and Development funds.
procedurg[ 1], the standard two-photon Bell-state teleporta-We gratefully acknowledge the assistance of M.J. Fitch and

tion resource is replaced by amphoton entangled state,) useful discussions with M.M. Donegan.
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