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Abstract

We describe an experiment in which photon pairs from a pulsed parametric down-conversion source were coupled

into single-mode fibers. Detecting one of the photons heralded the presence of the other photon in its fiber with a prob-

ability of 83%. The heralded photons were then used in a simple multi-photon interference experiment to illustrate their

potential for quantum information applications.

� 2004 Elsevier B.V. All rights reserved.
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Because the parametric down-conversion

(PDC) process is known to produce pairs of pho-

tons [1,2], the detection of one member of a pair

can be used to herald the presence of the other
photon [3,4]. For certain quantum information

processing applications [5], it is important to have

these heralded photons in well-defined modes so

that they can be used in multi-photon interference

experiments with single-photons from other inde-

pendent sources. In recent years, one successful

approach to this problem has been to use pulsed-
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pump PDC followed by narrow-band spectral fil-

ters for temporal mode definition [6,7], and cou-

pling the photons into single-mode fibers for

spatial mode definition.
An important experimental parameter in such a

single-photon source is the heralding efficiency, H.

Given the detection of one member of a PDC pair,

H is the probability that the twin photon is actu-

ally present in its fiber. In this paper, we describe

measurements of the heralding efficiency using a

bulk-crystal Type-I PDC source pumped by pulses

derived from a mode-locked laser. These measure-
ments are related to earlier experimental work on

coupling polarization-entangled photon pairs from

both continuous-wave (cw) [8] and pulsed [9]
ed.
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Type-II PDC bulk-crystal sources into single-

mode fibers, and heralding single photons from a

pulsed Type-II nonlinear waveguide PDC source

in multi-mode fiber [10]. A source of heralded

PDC photons at telecom wavelengths is also being
developed [11]. Additional studies of PDC fiber-

coupling issues can be found in [12–14].

An overview of the source is shown in Fig. 1.

We used a fiber-coupling strategy based on the

method developed by Kurtsiefer et al. [8]. The ba-

sic idea is to image the region of the PDC crystal

that is overlapped by the pump pulses into sin-

gle-mode fibers, allowing for extra divergence of
the beams due to the PDC phase-matching condi-

tions over the wavelength range of interest.

In our experiment the PDC source was a 0.7-

mm thick BBO crystal pumped by frequency-dou-

bled Ti-Sapphire laser pulses at a repetition rate of

76 MHz and an average power of 79 mW. The

pump pulses were centered at 390 nm, with a dura-

tion of approximately 150 fs. The pulses were fo-
cussed to a beam diameter of roughly 0.6 mm at

the location of the crystal. The BBO crystal was

oriented in such a way that photon pairs at 780

nm emerged with a cone angle of h = 4.5�. Two
small diametrically opposed regions of the emitted

cone were coupled into single-mode fibers A and B

using aspheric lenses (L1 and L2) with identical fo-

cal lengths of 18.4 mm. These lenses were placed
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Fig. 1. Overview of the setup used to herald single-photons

from pulsed parametric down-conversion (PDC). The goal was

to have the detection of one member of a PDC pair (the trigger

photon) herald the presence of the other photon in fiber B with

a high probability. Symbols are described in the text.
69.4 cm from the crystal. Based on these parame-

ters, a Gaussian beam analysis of the setup showed

that photons emerging from the PDC crystal with

an angular spread of roughly Dh = 0.3� could be

coupled into the fiber cores.
The outputs of the fibers were collimated into

free-space beams using additional lenses L1 0 and

L2 0. These free-space beams were then focussed

onto single-photon detectors D1 and D2 with a fi-

nal set of lenses L100 and L200. Various spectral filters

F1 and F2 could be inserted into these beams to

study their effects on the heralding efficiency.

In contrast to the cw case, the heralding effi-
ciency in pulsed PDC is complicated by the fact

that the pumping pulses can have a bandwidth of

several nanometers. One simple method for illus-

trating these complications is to consider the

PDC ‘‘tuning curves’’ for several different values

of pump wavelength. For example, the three sets

of tuning curves in Fig. 2 show the calculated out-

put angle h of the down-converted photons as a
function of their wavelength for the case of a

(plane-wave) pump photon at the central wave-

length of 390 nm, as well as 389 and 391 nm. These

tuning curves were calculated from the wave-

vector phase matching conditions inside the crystal
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Fig. 2. BBO ‘‘tuning curves’’ calculated from the PDC wave-

vector phase-matching condition~kp ¼~kt þ~kh, where p, t, and h

denote pump, trigger, and heralded photons. To help visualize

the effects of the broad-band pumping pulses, the three sets of

curves show the tuning curves for a (plane-wave) pump photon

at the central wavelength of 390 nm, as well as 389 and 391 nm.

An angular spread of roughly Dh = 0.3� was coupled into the

single-mode fibers.
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[15], using the Sellmeier formulae for the wave-

length-dependent refractive indices of BBO.

From Fig. 2 it can be seen that the acceptance

angle Dh allowed down-converted photons with a

raw bandwidth greater than 100 nm to be coupled
into our fibers [16]. Such a broad bandwidth re-

sults in heralded photons whose coherence length

is too short to be used in typical multiphoton inter-

ference experiments [6]. Therefore, we use a spec-

tral filter F1 to reduce the bandwidth of the

accepted trigger photons, which causes the band-

width of the heralded photons to also be reduced.

In this way, the choice of F1 can be used to tailor
the spectral properties of the heralded photons.

The effects of the broad bandwidth of the pump

pulses in this scenario are illustrated in Fig. 3.

These plots simply zoom-in on the tuning curves

of Fig. 2 over a smaller wavelength range.

Fig. 3(a) show the effects of restricting the ac-

cepted trigger photon bandwidth to 10 nm (cen-

tered at 780 nm). Due to the broad bandwidth of
the pump pulses, the corresponding heralded-

photon bandwidth is nearly twice as wide. Therefore,

if an additional spectral filter F2 is used to reduce

background noise or prevent saturation of the her-

alded-photon detector, its bandwidth needs to be

significantly wider than that of the trigger-photon

filter F1. In contrast to the cw case, the use of

matched filters (F1 and F2) in pulsed PDC will
cause an undesirable loss of heralded photons.

This effect becomes more pronounced as the ac-

cepted bandwidth of the trigger photons is further
-6

-3

0

3

6

770 775 780 785 790

O
ut

pu
t a

ng
le

 θ
 (d

eg
)

Wavelength (nm)

F1 = 10 nm

(a)

Fig. 3. Zoom-in views of the tuning curves shown in Fig. 2: (a) shows

trigger photons to a bandwidth of 10 nm. Due to the broad bandwid

heralded-photons coupled into fiber B is roughly 18 nm; (b) shows th

case, the heralded-photon bandwidth is tailored to roughly 9 nm

experiments [6].
reduced. Fig. 3(b) shows the case of accepting trig-

ger photons over a wavelength range of only 1 nm.

In this case, the corresponding bandwidth of the

heralded photons is tailored to nearly 10 nm. We

concentrated on this case because, roughly speak-
ing, it results in heralded-photons with coherence

lengths above the threshold needed for non-classi-

cal multiphoton interference experiments using the

techniques of [6].

The data shown in Fig. 4 provide experimen-

tal support of the intuitive model of fiber-

coupled pulsed PDC illustrated in Fig. 3. For

these measurements we placed an interference fil-
ter F1 with a bandwidth of either 10 or 1 nm in

front of the trigger detector D1, and passed the

heralded photons through a spectrometer that

consisted of an interference filter F2 with a band-

pass of 2 nm centered at 780 nm. By twisting F2

away from normal incidence, the filter transmis-

sion shifted to lower wavelengths, which were

calibrated using a narrowband tunable diode
laser.

The data of Fig. 4 show the average number of

conditional detection events (e.g. twofold coinci-

dence counts between D1 and D2) per second, as

a function of the central wavelength of the her-

alded photons. In comparison with the simplified

model of Fig. 3, the lineshapes in Fig. 4 are com-

plicated by a number of factors, including the
response and limited resolution of the spectrome-

ter, the non-step shape transmission of F1, and

the pump pulse spectral profile. Nonetheless, the
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th of the pumping pulses, the corresponding bandwidth of the

e situation when filter F1 has a narrow 1-nm bandwidth. In this

, which can be suitable for typical multiphoton interference
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Fig. 5. Setup used to perform Hong–Ou–Mandel (HOM) [18]

and Rarity–Tapster (RT) [19] interference experiments with the

heralded-photons in fiber B. For the HOM test, fibers A and B

were connected to the inputs (labelled 2 and 3) of a 50/50 fiber

beamsplitter. For the RT test, the beamsplitter was fed with the

heralded PDC photons from fiber B, and weak coherent pulses

from fiber C. ·2 was the frequency-doubling crystal used to

convert the 780 nm laser pulses into 390 nm PDC pumping

pulses.
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Fig. 4. Measured spectrum of the heralded photons when the

bandwidth of the trigger photons was restricted by filter F1 to

10 nm (solid circles) or 1 nm (solid squares). Because the simple

spectrometer could only measure wavelengths lower than 780

nm, the dashed lines simply represent the mirror image of the

real data points.
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broadened bandwidths of the heralded photons

are evident.

The heralding efficiency H was obtained by

measuring the conditional detection efficiency of

heralded photons, and then correcting for the

losses in the heralded-photon analysis zone (the

upper shaded area shown in Fig. 1). The condi-

tional detection efficiency gD was simply defined
as the coincidence counting rate, Rc, divided by

the trigger photon detection rate, R1.

With a 1-nm bandpass filter F1 in front of the

trigger detector, and a fixed 1-nm bandpass filter

F2 in the heralded-photon analysis zone, we mea-

sured an average trigger detector rate R1 = 3068

Hz, and an average coincidence counting rate of

Rc = 139 Hz. This gave a conditional detection effi-
ciency of only gD = 4.5%. As illustrated in Figs. 4

and 3(b), in this ‘‘matched-filter’’ case the majority

of heralded photons exiting fiber B were simply re-

jected by the narrow 1-nm bandpass filter F2,

resulting in a low value of gD.
By replacing F2 with a fixed 10 nm bandpass fil-

ter, the coincidence counting rate increased to

Rc = 949 Hz resulting in a much larger conditional
detection efficiency of gD = 31%. As was expected

from the data shown in Fig. 3(b), the use of F2 fil-

ters with bandwidths wider than 10 nm did not in-

crease the conditional detection efficiency any

further.
Loss in the heralded-photon analysis zone of

Fig. 1 was due to a (manufacturer-specified) detec-

tor D2 quantum efficiency of 63% at 780 nm, and a

measured F2 transmission of 63% (for the 10 nm

bandpass filter). In addition, we estimate 4%
reflection loss upon exiting fiber B into free-space,

and an additional 2% loss due to the four anti-

reflection-coated surfaces of the two lenses L2 0

and L200. The total of these losses, along with the

measured conditional detection efficiency of

gD = 31%, implied a heralding efficiency of

H = 83%. In other words, the detection of a trigger

photon heralded the presence of the twin photon
in fiber B with a probability of 83% [17].

In order to test that all of the heralded-photons

were indeed members of PDC pairs, we performed

a Hong–Ou–Mandel (HOM) type interference

experiment [18], as shown in Fig. 5. Fibers A and

B were connected to the input ports (labelled 2

and 3) of a 3 dB (50/50) fiber coupler, and the rel-

ative delay between the photons was adjusted by
inserting translatable glass-wedges in the her-

alded-photon beam. In this experiment, filters F2

and F3 had identical 10 nm bandwidths. Fig. 6

show the resulting HOM interference dip with a

visibility of roughly 99%, which implies a negligi-

ble number of undesirable noise photons being

detected.
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Fig. 6. Experimental results of a Hong–Ou–Mandel (HOM)

[18] test using the PDC photon pairs. The data show the

number of coincidence counts between detectors D2 and D3 per

10 s, as a function of the relative delay between the photons. An

average of 19,500 counts on the wings, compared with an

average of 200 counts at the center of the dip, indicates a

visibility of roughly 99%.
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Fig. 7. Experimental results of a Rarity–Tapster [19] beamsp-

litter test using the heralded PDC photons, and photons from a

weak coherent state. The data show the number of threefold

coincident counts between detectors D1, D2, and D3 per 600 s.

The RT interference dip was fit by a simple Gaussian function

with a visibility of 78%.
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Finally, we performed a Rarity–Tapster (RT)
type experiment [19,20] to illustrate the use of

the heralded-photons in a higher-order interfer-

ence experiment with photons from other sources

[6], which is a key requirement for applications

such as linear optics quantum computing [5].

The RT experiment is essentially a gated-HOM

beamsplitter experiment, with one of the imping-

ing photons being the heralded PDC photon, and
the second impinging photon obtained from a

weak coherent state pulse. As shown in Fig. 5,

the weak coherent state pulses were picked off

from the original 780 nm laser beam, and coupled

into a third fiber C.

Fig. 7 shows the resulting RT interference dip

as a function of the delay of the photons in fi-

ber C relative to the heralded PDC photons in
fiber B. For these measurements, the trigger fil-

ter F1 again had a 1-nm bandwidth, while F2

and F3 had 10 nm bandwidths. The visibility

of 78% in this simple test can be viewed as a

measure of the indistinguishability of the photon

sources.

The motivation for this work was within the

context of a reliable periodic source of single-pho-
tons based on stored PDC [21]. The basic idea

there is to use the detection of a trigger photon

to actively switch the heralded-photon into a fiber
storage loop. The stored photon is then known to

be circulating in the loop, and can then be

switched out when needed. The two main technical

challenges in that type of periodic source are min-
imizing losses in the switch, and maximizing the

heralding efficiency H. These issues are also crucial

in other single-photon sources based on PDC

[22,23].

In this regard, the heralding efficiency of

H = 83% measured here using single-mode fiber-

coupled photons from a fairly typical pulsed

PDC source is encouraging, and their appear to
be possibilities for further improvements. In addi-

tion, a promising alternative for high heralding

efficiency would be to use photon pairs created in-

side optical fibers [24]. Furthermore, the use of

nonlinear waveguides as a PDC source (rather

than bulk crystals, as used here) provides accurate

spatial mode control that should allow efficient

mode matching into single-mode fibers in future
experiments [10].
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