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Single photons on pseudodemand from stored parametric down-conversion
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We describe the results of a parametric down-conversion experiment in which the detection of one photon of
a pair causes the other photon to be switched into a storage loop. The stored photon can then be switched out
of the loop at a later time chosen by the user, providing a single photon for potential use in a variety of
guantum information processing applications. Although the stored single photon is only available at periodic
time intervals, those times can be chosen to match the cycle time of a quantum computer by using pulsed
down-conversion. The potential use of the storage loop as a photonic quantum memory device is also dis-
cussed.
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[. INTRODUCTION time to known intervals, the actual interval at which the pair
will be emitted still cannot be chosen on demand.

It is widely recognized that a reliable source of single A potential solution to this problem is illustrated in Fig. 1.
photons on demand is required for the realization of a varietA pair of photons is emitted by a parametric down-
of quantum information processing applicatidds?]. In the ~ conversion sourcéPDC) pumped by a train of short pulses
ideal case, such a source is often envisioned as a systelim, for example, a femtosecond mode-locked laser. The
capable of emitting a single photon at the push of a buttonPair can therefore only be emitted at one of the well-defined
with spectral and temporal properties engineered in such #mes defined by the repetition rate of the pulsed laser, but
way [3] that it can be used to demonstrate higher-order inthe specific pulse which actually produces the pair cannot be
terference effects with photons emitted from other indepenchosen in advance. Once a pair has been emitted, the detec-
dent sourced4]. Here we describe an alternative single-tion of one of the photons is used to activate a high-speed
photon source for applications of this kind in which a sing|eelectro-optic switch that reroutes the other photon into a stor-
photon can be switched out of a storage loop at periodic tim@d€ l0op. The stored photon is then known to be circulating
intervals. Since these time intervals can be chosen to matdf the loop and can be switched out at a later time chosen by
the cycle time of a quantum computer, a pseudodemantle user, providing a source of single-photons on pseudo-
source of this kind would be just as effective as a source ilemand. o
which the photon can be produced at arbitrary times. In this paper, we report a proof-of-principle down-

Because of the interest in single-photon sources on both gonversion experiment demonstrating a single-photon source
basic physics and app"cation_driven |eve|’ Searches for Qf thIS kind. The Currenii version of the eXperim(-Ent utilized a
practical system have been widespread. A partial list of cancontinuous-wave pumping laser, but an extension of the ap-
didate systems includes the use of single at¢&6], ions Paratus to a conventional pulsed-pump down-conversion
[7], molecule§8—-11], and quantum dofsl2—19, as well as  source should be straightforward.

Coulomb-blockadef20], diamond color-centef1,22, mi- The remainder of the paper is outlined as follows: In Sec.
crowave Cavitie$23], quantum interference Syste[ﬁ@_,za7 Il we describe the details of the down-conversion eXpeI’i-
and surface acoustic wave devid@$]. Strong evidence of
photon antibunching has already been demonstrated in many
of these systems, and several of them are rapidly being en-
gineered towards the ideal of a “push-button” single-photon

storage loop

source.
In contrast to most of these sources of single photons, b Ei?‘
spontaneous parametric down-conversion is a very conve- swite output
nient source of pairs of photong27]. Because down- PDC
conversion is a coherent process subject to phase-matching a
conditions[ 28], the photons of a chosen pair are known to be D,

emitted "_1 well-defined directions W_ith respect to one an- FIG. 1. A schematic overview of a source of single-photons on
other. This aspect of down-conversion has been extremelysq qodemand using stored parametric down-conversion. A photon
useful for the generation of heralded single photons, in thag,ir js emitted from a pulsed parametric down-conversion source
the detection of one photon of a pair signals the presence anfpc). cClassical information describing the detection of photon
direction of the other photon with certainf9]. Nonethe-  py detectoD, is fed-forward to the usei@long double wires who
less, down-conversion has not yet been used as a source gttivates a high-speed electro-opti#O) switch that reroutes pho-
single-photons on demand because the pairs are essentiaiyn b into a storage loop. Photdnis then known to be circulating
emitted at random timeg30]. Although the use of pulsed- in the loop and can be switched out on command by the user after
pump down-conversion restricts the possible pair emissiomny number of round trips in the ideal case.
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FIG. 2. Principle of operation of the electro-optic switch and -40 -20 0 20 40
storage loop. The switch consists of a polarizing beam splitter Relative Delay (ns)

(PBS and high-speed Pockels céPC) that is used to rotate the

polarization of the stored photon between vertical and horizontal FIG. 3. Measurement of the Pockels cell rise time of roughly 10

values. As described in the text, upon detection of the trigger phods. The data was taken by using a setup similar to that shown in Fig.
ton a, the user sends a classical putseto the PC to trap photoh 2. Additional polarizers and wave plates were used so that a down-
in the storage loop. After a chosen number of round-trips, the usefonversion photon pair coincidence detection event could only oc-

sends a second classical pufseto switch the stored photon out of cur if the Pockels cell was turned “on” at an appropriate time. The
the loop on command. data shows a plot of the number of coincidence counts per 60 s as a

function of Pockels cell turn-on time delay.

ment, which involvel a 4 mfree-space storage loop along  |n order to store photob in the loop, the user sends a
with a fiber optic delay line and a high-speed Pockels cell tashort classical pulsp; to the Pockels cell so that it is turned
implement the real-time electro-optic switch. In Sec. Il we «gn” only during the first pass of photoh. The polarization
present results which clearly demonstrate the desired switclbf photonb is therefore rotated from vertical to horizontal,
out of single-photons after a user-chosen number of roundausing it to be transmitted by the PBS and into the storage
trips through the loop. The possibility of a practical photonicloop for a second round-trip. Because the Pockels cell is
qubit memory device based on the use of this type of storaggirned “off” during the second and subsequent round-trips,
loop [31,32 is discussed in Sec. IV. In addition, we discuss photonb remains horizontally polarized and continues to cir-
the near-term benefits of this source within the context otulate around the storage loop.

efficient linear optics quantum computati88,34, focusing The user can then choose when to switch out the stored
on the use of a master pulsed laser to increase the synchrghoton by sending a second classical putse, The leading
nization of several sources and to overcome the problemgdge ofp, is timed so that the Pockels cell rotates the polar-
associated with false-triggering events. A brief summary iszation of photonb from horizontal back to vertical after a
provided in Sec. V. chosen numben of round-trips. In this way photot is
reflected out of the storage loop by the PBS and into the
output mode on command.

Based on this principle of operation, it is clear that the
A. Switching and timing round-trip timerg through the storage loop must be greater
than the rise-time of the Pockels cell. As is shown in Fig. 3,
the rise-time of the Pockels cell used in our experiment
(ConOptics Inc. model 360-80/D25vas measured to be
roughly 10 ns, which dictated a minimum free-space storage

II. EXPERIMENT

Our implementation of a high-speed electro-optic switch
and storage loop is outlined in Fig. 2. The switch is com-
prised of a polarizing beam splittdPBS), which reflects
vertically polarized photons and transmits horizontally polar-Ioop length of just over 3 m. We therefore constracte4 m

ized photons, and a Pockels céHC) that is used to rotate .
the polarization of the stored photon. The Pockels cell isstorage loop, which allowed the stored photons to be

configured in such a way that it will not affect the stored switched out at chosen intervals every 13.3 ns.

photon’s polarization unless it is turned “on” by a classical The initial delay7; shown in Fig. 2 is not part of the

L witching and storage loop, but was simply needed to ac-
ulse from the user. When it is turned on, the Pockels cel? : . ' :
\F/)vill rotate the polarization of the stored photon by 90°. count for the time required by the user to process the classi-

. . S cal detection signal fronb, and send the pulsp; to acti-

Photonsa and b of a down-conversion pair are incident . . .

L ; - vate the Pockels cell. As will be described in the next
from the left, and classical information describing the detec-_~ . X .
o . section,r; was on the order of 500 ns in our experiment.
tion time of photona by detectorD, is sent forward to the
user. Since the two photons of a pair are created at the same
time, the user knows that photdnis entering the storage
loop after a fixed initial delayr; . Because photob is ver- A schematic of the actual experiment is shown in Fig. 4.
tically polarized, it is reflected into the storage loop by theThe setup was a modification of our earlier experiment on
PBS, and would simply be reflected out of the loop and intofeed-forward control for linear optics quantum computation,
the output mode after one round-trip if the Pockels cell wereand additional technical details can be found in R8B].
left “off.” The down-conversion photon pair source consisted of a 1.0-

B. Experimental design
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m, PfI through the Pockels cell. As will be seen below, the timing of
p; was therefore set to a fixed value relative to a detection

> event atD,, while the timing ofp, was set to several dif-

ferent values to demonstrate the ability to switch out the

14 stored photon on command after a chosen number of round-
trips.

Before entering the storage loop, it was necessary to delay
E photon b to account for the time required to process the

mi

detection of photora and turn on the Pockels cell withy.
The total required initial delay; was therefore the sum of
the operation time of several components. The avalanche
fpc _&/ U"D photodiodeD , required 18 ns to produce the leading edge of
b Aber fo b its TTL output pulse[35]. Furthermore, the gate and delay
E§—~ t. delay line msN /M4 1 generators were configured with a dead time of 200 ns, so
— that the production of the trailing edge of actually re-
@ czliﬁcc;?fnce quired 300 ns. In addition, the TTL OR gate imposed 18 ns
; GD1 of delay, and the time required by the Pockels cell driver
ﬁ):[ n— 'gg‘ 1> drive amplifiers was roughly 38 nE35]. Various coaxial cables
used to connect these devices imparted an additional 60 ns of
delay. Therefore photoh had to be delayed by at least 434
ns. As shown in Fig. 4, this was accomplished by launching
FIG. 4. A schematic of the experimental setup described in thphotonb into a 120 m fiber optic delay lin€BM brand FS-
text. In the lower portion of the figure, the detection of the trigger 3224 single mode fibgmwhich provided over 500 ns of de-
photona by detectorD, is sent to two independent gate and delay |ay. Photonb was launched into and out of the fiber delay
generators GD1 and GD2. These units are used to produce the clgfe by fiber couplergfc) comprised of suitable microscope
sical pulse; andp, that drive a Pockels ce{PC) used to switch  gpjectives mounted on microtranslation stages. A standard

photonb into, and out ofa 4 m free-space Gaussian transmission-ﬁber polarization controlletfpc) was used to negate the ef-
line storage loop in the upper portion of the figure. Before beingfects of birefringence induced by the fiber.

sent into the storage loop, photbris delayed by a fiber optic delay After emerging from the fiber delay line, the vertically

line for the time required to process the classidalsignal. polarized photorb was steered by two mirrors into the main
polarizing beamsplitter and reflected and 4 mfree-space
mm-thick BBO crystal pumped by roughly 30 mW of the storage loop formed by a right angle prigpr) and mirrors
351.1 nm line of a continuous-wave argon-ion laser. Then; throughm,. The Pockels cell was placed inside the stor-
BBO crystal was cut for degenerate type-ll collinear phaseage loop with its fast and slow axes rotated 45° from the
matching and produced pairs of copropagating but orthogovertical direction. When we refer to the Pockels cell as being
nally polarized photons at 702.2 nf86]. The orthogonally turned “off,” it was actually dc biased in such a way that it
polarized photonsx and b of a given pair were separated would cause no rotation of any polarization state of phditon
using the auxiliary polarizing beamsplitter shown on the leftwhen triggered byp, or p,, the digital Pockels cell driver
side of Fig. 4. would turn “on” the Pockels cell by applying the measured
The trigger photora passed through a 10 nm full width of half wave voltage(roughly 115 V at 702.2 nin At these
half maximum bandwidth filterf, centered at 700 nm and switching times, the Pockels cell would rotate the polariza-
was detected bp,, a Perkin EImer model SPCM-AQR-12 tion of photonb by 9C° as described in section Il A. An
single-photon counting avalanche photodiode. The TTL outadditional half-wave plateN/2) was placed before the Pock-
put pulse ofD, was then sent to two independent Canberraels cell. The wave plate was nominally oriented so that it did
model 410A electronic gate-and-delay generat®@B1 and  not rotate the polarization, but it could be reoriented for vari-
GD2), which provided the TTL pulsep; and p, described ous diagnostic tests.
within the context of Fig. 2. The use of the two gate-and- In order to minimize beam divergence and maximize the
delay generators allowed precise and simple control of theotal number of possible round trips, @ m focal-length
timing of thep,; andp, pulses sent to the Pockels cell driver. lenses were used inside the storage loop. Note that one of the
Note that a TTL OR gate was used so that eitheror p, lenses and the right angle prisipr) were mounted on lon-
could be used to turn “on” the Pockels cell, as required. Thegitudinal translation stages. In this way, an unfolded version
minimum duration ofp; and p, in this configuration was of the storage loop can be viewed as a Gaussian transmission
100 ns, which was significantly longer than the round-tripline [28] that could be optimized by their relative positions.
time through tle 4 m storage loop. The timing qf; was  The degree of collimation produced by the output coupler
therefore adjusted so that the Pockels cell transition betweeffic) of the fiber delay line was then adjusted in an attempt to
“on” and “off” would occur immediately after the first pass mode-match the beam into the storage loop. The alignment
of photonb. In a similar manner, the timing gi, was ad- and focusing of this setup was accomplished by coupling
justed so that the transition from “off” back to “on” would bright light at 694 nm from a laser diode into the fiber delay
occur just before the arrival of photdnduring its final pass line.

351.1 nm
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FIG. 5. Results of a diagnostic test to characterize the quality of ” “
the storage loop with the Pockels cell turned off and half-wave plate 50 “
in the loop. The data shows a histogram of the number of coinci- 0 v . v,
dence countgafter 30 min as a function of the time of arrival of 10 20 30 40 50 60 70 10 20 30 40 50 €0 70
photonb at D, relative to the time of arrival of the trigger photan Relative Time (ns)

at D,. Coincidence peaks at multiples of the 13.3 ns round-trip

time are clearly seen. The data shown here did not involve any FIG. 6. Data demonstrating the concept of single-photons on
active polarization rotation by the Pockels cell. Instead, the wavedseudodemand from stored parametric down-conversion. In each of
plate was used to repeatedly rotate the polarization of the storete plots, the data shows coincidence count histogr@es2 min
photon to 45°, thereby giving it a 50% chance of being switchedanalogous to that shown in Fig. 5. In this case, however, the half-
out after each round-trip through the loop. As shown by the dashewave plate was not used, and the real-time user control described in
line, an ideal lossless storage loop would therefore show a decayec. Il was fully implemented. In pldg), the user chose to switch
that goes like §)". The data was better fit by a decay of roughly OUt the single photons after 2 round-trips, while in plds (c), and

Ly indicati | f hiv 26% d-trip. Th orit (d), the user chose to switch out on command after 3, 4, and 5
(77)" indicating a loss of roughly o per round-trip. The majonity round-trips, respectively. The integrated area under the peak of in-

of t?j I%ssf_ watshdutta to opltlcal losses of the various COmponem?‘erest in each of the plots is roughly consistent with the 26% loss
used fo define the storage 100p. per round trip deduced from Fig. 5. In addition, small peaks result-

After the desired number of round-trips, photbnwas ggt;reog]ost\évltchlng errors described in the text can be seen in each

switched out of the storage loop and into the output mode,
where it was detected by a second single-photon avalanche
photodiodeDy,. The output oD, as well as an additional storage loop, the 45° polarized phototherefore had a 50%
GD1 output signaling @&, event, were sent to a conven- chance of being reflected out of the loop by the polarizing
tional coincidence counting circuit which, in practice, waspeamsplitter, and a 50% chance of being transmitted back
used to record the time of arrival of the stored phdi@tDy,  into the loop for a second round-trip. The transmitted ampli-
relative to the time of arrival of the trigger phot@anat D,.  tude, which was horizontally polarized, was once again ro-
An accumulated histogram of the number of coincidencaated to 45° by the half-wave plate, and the cycle repeated
counts as a function of this relative time difference wouldindefinitely.
therefore show a series of possible peaks separated by mul- The accumulated peaks shown in Fig. 5 therefore provide
tiples of the 13.3 ns round-trip time ofél¥ m storage loop. an excellent diagnostic tool for testing the quality of the
storage loop and measuring the magnitude of any detrimental
Ill. RESULTS loop losses. If the loop were perfectly aligned and had no

. . optical losses, we would expect to see a coincidence count
Figures 5 and 6 summarize the results of our proof-of-

principle demonstration of a source of single-photons oriStogram that decays ag)(’, wheren is the number of
pseudodemand from stored parametric down-conversiofound-trips after the first pass through the loop. This ideal
Figure 5 shows a histogram of the number of coincidenc&aSe IS represented by the dashed line in Fig. 5. The data was
detections as a function of the arrival time of photoat D, better fit by a decay curve that went as;{", indicating a
relative to the arrival time of photoa at D, . For this data, loss of 26% per round trip through the loop. Of this 26%
the Pockels cell driver was intentionally disconnected, andoss, roughly 18% could be attributed to the various reflec-
the half-wave plate inside the storage loop of Fig. 4 was setion and transmission losses from the optics forming the stor-
with its fast axis rotated by 22.5° with respect to the verticalage loop, with the remaining 8% being due to imperfect
direction. alignment and focusing of the Gaussian transmission line.
Upon being reflected into the storage loop by the mainThis loop loss was lower than initially expected, and evi-
polarizing beamsplitter, photduis vertical polarization state dence of single photons completing up to 12 round-trips
was therefore rotated by 45fln this case the Pockels cell through the loop was seen in auxiliary experiments.
would do nothing but apply an overall irrelevant phase-shift The main results of this paper are shown in Figs)-6
for any applied voltage.After one round-trip through the 6(d). The data shows coincidence count histograms analo-
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gous to that shown in Fig. 5, but with the wave plate set to itdon loss errors here are of the same type as those encoun-
nominal position to cause no polarization rotation. In theseered, for example, in the Klyshko absolute detector-
examples, full user-control of the storage and switch-out otalibration scheme[37]. Down-conversion experiments
single-photons as described in Sec. Il was implemented. Figoerformed along those lines have shown that a near unity
ure 6a) shows the accumulated counts when the user demtio of detection rates can be achievege, for example,
cided to switch out the photon on command after two round{3g]). Furthermore, new techniques for efficiently coupling
trips, while Figs. b), 6(c), and @d), respectively, show down-conversion radiation into optical fibers have recently
switching out after choosing three, four, or five round-trips. peen demonstratd@®9].

The integrated area under the peak of interest in each of |n general, the source needs to be pumped in the conven-
the successive plots does decay in rough agreement with th@nal regime where the probability of two down-conversion
26% loss per round-trip deduced from Fig. 5. In addition,pajrs being emitted within the switching time is negligible.
small undesired peaks due to switching errors can be seen pyoblems associated with low quantum efficiency values of
each of the four p|OtS. We believe that these small SWitChingjetectorDa are not particu]aﬂy re|evant; in princip|e, an ad-

errors were primarily due to the fact that the photon beamyitional switch could be used to prevent untriggered photon
was diverging through the Pockels cell in the storage loopp's from entering the storage loop.

making it impossible to apply the correct half-wave voltage
to the entire wave front. In any event, the data shown clearly
demonstrates the concept of single-photons on pseudo-

demand from stored down-conversion. The use of “stopped light” in coherently prepared atomic
media has been suggested as a possible photonic memory

device[40]. Here we consider an alternative memory device
[31,32 using optical storage loops and switching techniques
A. False triggering and photon loss errors similar to those demonstrated in this paper.

In the current experiment, the effects of loop losses and A quantum memory device must be capable of storing

switching errors were relatively small compared to the ef_arbltr_a v qubits or super_pos,l_tlo_n states. For the case of
%olanzatlon-encoded qubits, it is clear that the polarizing
[

B. Prospects for quantum memory

IV. DISCUSSION

fects of false triggering events and photon loss errors. Fals . : ;
. . . ! eamsplitter-based switch demonstrated here would be insuf-
triggering events arise from the dark-count noise events of. _. . ) .
cient. We have previously described a path-encoded qubit

the trigger detectoD,. These dark counts are indistinguish-
. scheme for quantum memory based on the use of two phase-
able from real photom detection events and cause the user

. . ) e ~locked storage loops of the kind demonstrated l8fg32].
to mistakenly think that a photdnis .stored. S'”.‘"a”y' pho In that scheme, the qubit values 0 and 1 are represented by
ton loss errors occur when a real trigger photas detected

but the corresponding photdinwas lost before even entering 2’\‘/’\?” (ilttf)er;f;r: |gg|tc;c:|!1 dpzwi?éheach of which would have its

the loop. In practice, neither of these errors will represent a . : . . .

. : : Despite the encouraging results obtained in our relatively
major drawback for this type of single-photon source, as de-. . ; .

! simple storage loop setup, the main technical problem in the
scribed below.

In the present setup, however, both of these errors wer
significant. In addition to individual detector dark counts on
the order of 200 per second, the single-photodetection

Bath-encoded gubit memory scheme would be protecting the
ihdependent loops from thermally induced phase shifts. A
scheme that may be more practical in the near term involves
the use of polarization-encoded qubits in a single storage
rate at detectoD, was roughly 3250 counts per second, loop, with an interferometric-based electro-optic switch. A

while the single-photorb counting rate at detectdd, was L : . g X
only 200 counts per second. Furthermore, the observed ¢ roject involving an extension of the setup shown in Fig. 4 in

incidence counting rate between the two detectors was onl s direction is cgrrently u_nderway in our laboratory. Quan-
on the order of about ten per second. Most of this differenc m error correction techniques could event_ually be used to
! o P%reatly extend the useful memory storage time of these de-
between the two detectors’ counting rates was due to the fa
o : L ces[31,37.

that coincidence counting rates here were maximized by
fully opening the apertures which defined the path to detector
D,. Since there was photan loss due to coupling ineffi-
ciency into the fiber optic delay line, as well as significant  Although the single-photon source demonstrated here
losses at a connection between two fiber patch cords conmay be useful in a variety of quantum information applica-
prising the delay line, this strategy helped ensure that fotions, our primary motivation for this work was within the
each successfully launched photamrthe twin trigger photon context of efficient linear optics quantum computation
a would not be lost. [33,34. It has been showf83] that near-deterministic quan-

Although no serious efforts were made to reduce theséum logic operations can be performed on photonic qubits
losses and errors in our initial experiments, it should beusing only linear optical elements, additional ancilla photons,
noted that they do not pose serious problems for a practicalnd postselection with feed-forward cont{@5] based on
use of this type of source. The effects of detector dark countthe output of single photon detectors, as illustrated in Fig. 7.
can essentially be eliminated by the use of femtosecond In addition to the qubits of interest, the input to these
pulsed down-conversion which allows gating of the sourcedinear optics devices includes$ ancilla photons. A series of
and detectors. In addition, the problems associated with phaingle photon detectors and feed-forward control are used to

C. Use in linear optics quantum computation
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contained in its storage loop. At the predetermined gate-
D Do ... L hp ined in i I At th d ined
Pt 12 Py operation time, alN ancilla could therefore be switched out
input 1 | | _output 1 of their loops and into their input ports of the linear optics
LINEAR OPTICS DEVICE device.
ey — In order to be useful in this linear optics scheme, the
put 2 output 2

photons from each of the independent sources will be re-
quired to be indistinguishable in the sense that higher-order
interference effects can be observed among them. At the
present time, the most practical method for ensuring this in-
distinguishability appears to be the use of narrow-band pre-
filtering technigues proposed byiKowskiet al.[4] and used

in a variety of multiphoton down-conversion experiments
(see, for exampld42]). In the example of Fig. 7, the filter-

FIG. 7. A schematic illustrating the use of the single-photons onind Will need to be arranged in such a way that dispersion
pseudodemand from stored parametric down-conversion in efficier@nd wave-packet distortion cannot be used to distinguish
linear optics quantum computatid®3,34). In addition to the two ~ photons which have traveled a different number of round-
input qubits of interest on the lefy ancilla photons are required as trips through their respective storage loops. An alternative
inputs to a linear optics device. As shown by the dashed boxes, eadhethod for ensuring the indistinguishability of the ancilla
of theseN inputs would be supplied by a source of the kind dem-photons would involve the source engineering techniques de-
onstrated in this paper. The idea is that a master pulsed-laser woutribed by Walmsley’s groupt3]. The development of low-
be turned on well in advance of the predetermined gate operatioloss optical switches would also be required. Despite these
time and used for synchronized pumping of each ofMheources.  technical challenges, the single-photon source on pseudo-
The pump would be turned off for each of the sources as theyjemand demonstrated in this paper may facilitate a near term

became occupied with a single photon in their storage loopsNAIl - gemonstration of linear optics quantum computation.
ancilla photons would then be switched into the linear optics device

at the predetermined gate operation time.

ancilla 1 ancilla 2 ancilla N

V. SUMMARY

postselect the desired logical output, and the operations can In this paper we reported the results of an experiment that
succeed with an error rate that scales as low &€ iri the  demonstrated a source of single-photons on pseudodemand
limit of large N [34]. from stored parametric down-conversion. In our experiment,
A key requirement in this linear optics approach is clearlythe detection of one photon of a down-conversion pair was
the need forN sources of single ancilla photons. What is used to activate a high-speed Pockels cell that switched the
required is that at some predetermined time, each of thether photon into a free-space storage loop. The stored pho-
sources will, with near certainty, emit a single photon into itston was then known to be circulating in the loop, and could
assigned input mode of the linear optics device. An approache switched out on command after any number of round-
to this problem involving the use of an array of low-power trips. From a practical point of view, one of the attractive
pumped down-conversion crystals at each input port is beinfeatures of this source is that the stored photon is released
investigated by Migdall and co-workeffgll]. In that ap- into a well-defined mode as opposed to the randarnsdlid-
proach, detectors for one photon of each possible pair andngle emission found in many single-photon sources based
fast-switching are used to select the input photon based oon spontaneous decay of a single excited two-state system.
which crystal had successfully emitted a pair. An approach of In the current version of our experiment, the minimum
that kind would require a large number of efficient optical length of the storage loop was dictated by the relatively slow
switches and down-conversion crystals for each input port 010 ns rise time of the Pockels cell switch. Although efforts
the device. could be made to reduce this time, we emphasized that the
Our approach is based on the use of the single-photofpush-button” aspect of any single-photon source is not the
source demonstrated in this paper, which essentially requiregitical requirement for many quantum information applica-
only two efficient switching events per source. The experitions. What is required in many cases is simply to know, with
mental results shown in Fig. 6 indicate that the source ofear certainty, that a single photon will be emitted at some
single-photons on pseudodemand from stored downprearranged time in the future. The use of the source de-
conversion appears to be ideally suited for this task. Ascribed in this paper with pulsed-pump parametric down-
shown in the lower portion of Fig. 7, one source of this kind conversion appears to be an ideal candidate for these appli-
would be used at each ancilla photon input port of the lineacations.
optics device. The entire experiment would be pumped by a The losses and switching errors in our relatively simple
master femtosecond pulsed laser which would provide th@roof-of-principle experiment were lower than initially ex-
required synchronization, as well as reducing the problempected, which is encouraging for the discussion of a photonic
associated with dark counts. Pumping of the single-photomuantum memory device based on this kind of storage loop
sources would be started well in advance of the predetef31,32. Much lower losses should be achievable using suit-
mined gate-operation time. Each of the ancilla sources wouldble optical fiber components. We also described how such a
continue to be pumped until a single photon was known to besource of single-photons on pseudodemand may be ideally
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