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Abstract: Parametric down-conversion (PDC) offers the possibility
to control the fabrication of non-Gaussian states such ak Rtates.
However, in conventional PDC sources energy and momentmseceation
introduce strict frequency and photon number correlatiovisich impact
the fidelity of the prepared state. In our work we optimize peparation
of single-photon Fock states from the emission of wavegliB#®C via
spectral filtering. We study the effect of correlations vizofon number
resolving detection and quantum interference. Our measemts show how
the reduction of mixedness due to filtering can be evaludtedrfering
the prepared photon with a coherent state we establish arimgntally
measured fidelity of the produced target state of 78%.
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1. Introduction

A practical single photon source should meet the demandgybffldelity, brightness and ef-
ficiency. As a source of photon pairs, parametric down-cmive (PDC) enables conditional
state preparation—heralding on one of the twin photonstridiees exact timing information
about the other (signal). In addition to this, single pas<CPources have the advantage of
operational simplicity and the quality of the quantum sfae&paration is mainly limited by the
available detectors.

Recent experiments have demonstrated a full tomographi@cterization of Fock states or
photon added/subtracted states prepared from the PDCiemisghe low gain regime [1-5].
Nevertheless, since the photon-number distribution ohaigand idler is thermal, higher
photon-number components degrade the fidelity of the pegptarget state. This effect be-
comes prominent at higher gains i.e. if high preparatioesrate needed. In addition to photon-
number correlation, spectral correlation between the PB@agn pairs cannot be avoided in
conventional sources [6-9]. Although the spectral cofiabas a useful resource for the gen-
eration of highly entangled states [10-12], the prepamatfcnon-Gaussian states in one of the
twin modes leads to mixedness whenever the other field mddacisd out [13].

In the past, the manipulation of the spectral propertiestee in the interest of broad-
band and efficient non-linear classical frequency coneargi4]. More recently, tailoring these
properties has been suggested as a method of source engirfeerguantum optics [15, 16].
Several sophisticated methods have been proposed fodstaderelation, which unfortunately
often require means that are available only under specifiditions [17—-21]. Nevertheless, the
decorrelation of the PDC photons is always possible viatsplefiltering, which drastically
changes the shape of the spectral correlation functionirffhence of the spectral correlation
on the purity of a single photon state prepared by filtering firat experimentally demonstrated
by Wasilewskyet al.[22].

In addition to the optimal state preparation, a preciseatttarization of the prepared pho-
tonic states both in photon-number and spectral degreeseetfildm is required. The latest
developments in photon counting technologies allows taatiarize photonic states via the
direct detection of the photon-number statistics. One e$¢ttechniques applicable for pulsed
light is time-multiplexed detection (TMD), which enablekas-tolerant reconstruction of pho-
ton statistics [23, 24]. Regarding the spectral propertigsir impact on the state preparation
can be studied via Hong-Ou-Mandel (HOM) type interfererareginally applied to observe
the temporal length of PDC photons [25]. This experimentlmaimplemented with a symmet-
ric beam splitter and a coincidence counting device. Twastmjuishable photons impinging
simultaneously on the different ports of the beam splitterdh together and no coincidences
are detected. Thus, the measurement of HOM interferenceeatipeen signal and idler is a
measure of their spectral indistinguishability, or in atherds of their equity [12]. However,
for characterizing the fidelity of the prepared single photane must employ an independent,
spectrally pure reference field, which can be a highly atitzaicoherent state. The measure-
ment of HOM interference between these two independentcesallows to quantify their
spectral overlap, as evidenced in several studies [26-c3@}sidering the direct probing of
more evolved non-Gaussian states, such as displaced pimgiens, the determination of this
overlap is essential [31].

Lately, PDC sources with extreme high brightness have beeonaplished by employing
waveguided structures rather than bulk crystals [32]. Asrfilg happens at the cost of photon
flux, waveguides (WGs) can offer benefits for preparing highblitig single photons. In this
paper we show how to optimally adapt the bandwidth of the Siteh that the trade-off between
the fidelity and brightness of the source is balanced. In Sa® provide easy applicable tools
for analyzing and estimating the spectral correlation ofaaeguided PDC source and give a
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recipe of how to design a filter for optimal state decorrelatiThe spectral properties and the
performance of the employed filters are verified in Sec. 3. 1@ain focus, the characteristics
of the filtered state is presented in Sections 4 and 5; we shelstatistics of the heralded state
and finally determine the spectral overlap between signdreference. This allows us, to our
knowledge for the first time, to directly extract the ovefalklity of a heralded single photon

by utilizing the HOM interference.

2. Properties of the spectral correlation function

The quantum state of photon pairs generated via PDC is ysiedcribed as
9) =10)+¢ [ [ deadaagesa)les.@) +0(¢?). ®

where|{|?> < 1 is the pair creation probability proportional to the pungwer, and the la-
belss,i refer to signal and idler. The spectral correlation funcimws, @) arises as a conse-
guence of energy and momentum conservation. The formerristreoned by the spectrum
of the pump pulsex(ws, ) and the latter, being governed by the dispersion of the non-
linear optical medium of the length, is characterized by the phase-matching (PM) function
D(ws, @) = singAk( s, @ )L/2)dBk(@s@)L/2 We study the spectral correlation in the vicinity
of the central frequencies of pump, signal and idégr(u = p,s i), at whichAcw] = A + Ay’
andAk® = ks(w?) + ki () — kp(w) — 2 = 0. The grating period\ of the quasi-phasematched
structure can be used for adapting the desired central eraytis. (See e.g. [13]).

For simplicity, we describe the spectrum of the pump by a Giansenvelope

1 .\ 2
a(vs,v)) =e o2 )

wherev, = wy, — wﬁ is the detuning from the central wavelength. In addition,expand the

phase-mismatchk(ws, () appearing in the PM function in first order Taylor series abu
wﬂ and use the Gaussian approximation for the sinc-functitmsTthe PM function can be
estimated by

B(vs, ) v & (kv 2 g svs i), )
wherek,, = k;l(wﬂ) - k’p(wg) is determined by the group-velocity mismatch of the noedin

medium and the parametgr= 0.193 adapts the width of the Gaussian to the width of the
original sinc-function. Finally, the amplitude of the spatcorrelation function is written as

|(p(VS7Vi)| = a(VS7Vi)|q)(VS7Vi)|
1 L2 2 1 L2 )

~ep(~[w ]| FIrse @) @
SHYSKsK o+ YK vi

M

which represents an ellipse in tltes, vi)—space as illustrated in Fig. 1(a). For a decorrelated
and separable photonic state the ellipse is oriented phtalthe(vs, vi)—coordinates, i.e. the
matrix.# in Eq. (4) is diagonal. Non-vanishing off-diagonal termsrespond to a correlated
photonic state. We stress that these properties can beethldy modifying the pump bandwidth
or the PM properties, e.g. by adjusting the waveguide length

The width of the ellipse axes are determined by the eigergadiL# and are equal to

1 KsKi L2

_ 1 + (K2+K2)L2i\/ 1 + 2(K2+K2>2L4+ (5)
Gezllipseaxes_ o2 s '8 o* v I 64 VUZ 2’
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whereas the tilt can be extracted from the eigenvectorshérimit of spectrally broadband
pump (I/a? ~ 0) the tilt 8 is given by tarif) = ks/k; and the minor axis of the ellipse is
purely determined by the PM properties,

1 L2
2 VK ()
In Fig. 1(b) we show the behavior of this width as a functioh @bnsidering the expected ma-
terial properties of our WG. Even though this theoreticabjpoon gives an indication about
the PM properties, the actual spectral correlation fumctieeds to be accurately character-
ized. This is especially important for waveguided PDC agibre-ideal properties of the guide
typically influence the PM function significantly.

|p(ws, wi) €15
 OPM (a)

Widler

£ (b)
S 1.25

I
= 1.00
[T
a(ws,w;) 20.75
= 0.50
@0.25

©

<
0055 5 6 7 8
Wsignal Waveguide length (mm)

Fig. 1. (a) lllustration of the spectral correlation following from the pumgd M proper-
ties. (b) Predicted FWHM (full width at half maximum) of the PM at 796 nm wéspect to
WG length. Employed WG parameters: 4u®?2 cross section and 6 nm poling period.

In terms of Fock state preparation, the joint amplitude ghal and idler in Eq. (4) has to
be decoupled. To optimally achieve this goal we employ atsh, thus broadening the PM
bandwidth, and a femtosecond pump, which allows the staterdsation via a proper design
of the spectral filter. Filtering reduces the width of thepsié’s major axis and modifies the
correlation such that the ellipse evolves into a circul@pshor has a very small remaining tilt.
Thence, the bandwidth of the filter has to be matched with tidéwof the ellipse’s minor axis.

2.1. Simple estimation of the ellipse’s angle and axis

One of the most direct ways to characterize the tilt of thespécorrelation ellipse is to mea-
sure the unconditional spectral marginal distributionsighal and idler. The tilt is determined
by the simple relation tdi)) = A—o“js, whereAwy, (4 =1,s) is the FWHM of the marginal. How-
ever, several spatial modes can propagate in the WG and aratedetermination of the tilt via
this method becomes difficult [33]. Another possibilityieslon detuning the pump wavelength
and observing the respective change in the central waviblerd signal and idler. Similarly,
we can also employ narrowband filters in signal and idler aemd record the wavelengths at
which photon-number correlation appears, thus mappinggketral correlation function.

In all PDC measurements presented in this paper we emplogebnam long, type-Il, pe-
riodically poled KTP WG, which was pumped by a frequency dedbli:Sapphire laser oper-
ating at ultrafast regime (796 nm, 10nm FWHM, 170fs autodatie length and + 4 MHz
repetition rate). For the estimation of the ellipse’s ti separated signal and idler photons in
a polarizing beam splitter and launched them into singleen(&M) fibers. The single photon
spectra was measured with a sensitive spectrograph (Aaddrthe photon-number correla-
tion with avalanche photo diodes (APDs) as illustrated i R(a). First of all, we measured
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the spectral marginal distributions of signal and idler lasvwa in Fig. 2(b). After that, two
narrowband interference filters were set on the beam patsigioél and idler and the photon-
number correlation was mapped by tuning the filters. For twi@te determination of the
ellipse’s tilt the filter wavelengths were recorded with gpectrograph. From the results shown
in Fig. 2(c) we extracted the following value for the tift:= 54.7° + 1.5°.

L (b) «= |dler 800} (c)
== Signal 5
$08 ’I <
5 £ 795
206 ] 2
[}
< 2790
204 >
2 =
S C 785
0.2 5
~ 780
0.0
700 750 800 850 900 790 795 800 805 810
Wavelength (nm) Signal wavelength (nm)

Fig. 2. (a) Setup for measuring the tilt of the PM function. [The list of ablations appears
in Fig. 5.] (b) Nearly degenerate, measured marginal distributiongyofkand idler and
(c) the wavelengths at which coincidence counts between signal anaviellerrecorded.

Regarding the major axis of the correlation ellipse, not tts width is highly dependent
on the bandwidth of the pump as illustrated in Fig. 1(a). ThéHM of the major axis can
be roughly estimated from the marginal distributionsAng/ cog0) ~ A /sin(6). Our re-
sults indicate that pumping the WG with-11.5nm broad pulse leads to an approximately
35—40nm broad major axis, which increases to values between&®m, if the pump is
2—2.5nm broad.

According to Fig. 1(b) the exact determination of the PM haidath of our WG, i.e. the
minor axis of the ellipse, requires sub-nanometer reswiutinstead of employing sensitive
monochromators, we studied the second harmonic (SH) respainthe WG. In this process
two photons at the fundamental frequency give rise to a singkconverted one. Therefore,
the fundamental probe always lies on the lme= ws of the (ws, w3 )—space, as illustrated in
Fig. 3(a). In other words, tuning the frequency of the fundatal probe and measuring the
respective SH response allows us to characterize the wfdtied®M function. If the funda-
mental probe is narrow with respect to the PM bandwidgfy, and the tilt of the PM only
slightly deviates from 4% the envelope of the SH response is approximately equal to

| (VsH) ~ exp(—é”) . (7)

We recorded the SH response with a grating spectrometemirygtthe fundamental probe
(7957nm, Q6 nm FWHM, and 26 ps autocorrelation length) in steps of approximateRnbn
over the phase matching curve [setup shown in Fig. 3(b)].Unaase, the measurement is
limited by both the resolution of the spectrograpt8@hm at 800 nm) and the bandwidth of the
fundamental probe beam. Nevertheless, our results shakig.iB(c) indicate that we can probe
the shape of the PM function and that its bandwidth is on tderoof the probe bandwidth.

By combining our findings we are able to reconstruct the ¢ation ellipse|@(vs, v;)|? of
our photon source. Using the estimated values of the tiltveidth of the PM, and taking into
account a pump with FWHM of .8nm we obtain the ellipse shown in Fig. 4(a). The result
implies that signal and idler are highly frequency cormradiatwhich is a consequence of the
long interaction length of the PDC photons in the WG. Furtber, result suggests that the
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a) . > 1.0
@ S 3 _ (c)
s g = 795.2nm
3 £ 50.75 .
g
<
W0 bo.so
@
<
8 0.25
UJO Wsignal £
WG 0.00
397

(b)

Wavelength (nm)

HWP CF CF —sm

Fig. 3. (a) lllustration of how to scan the PM structure with SH measurem@)tSetup
employed in the SH measurement. [The list of abbreviations appears.ib.F{g) Meas-
ured SH responses to different fundamental wavelengths.

optimal filter bandwidth is on the order of@hm. Unfortunately, spectral filters at 800 nm with
high transmission and narrow bandwidth are rarely availabl consequence, we study in the
next section the decorrelation of the generated photoaie sy employing spectral filters with
1nm and 25 nm bandwidths. We expect slight remaining correlatioter gending the prepared
state through these filters as shown in Figs 4(b) and 4(q)ectively.

~
©

(a) (b) (c)

Q

95 796 797 798 799795 796 797 798 799
Signal wavelength (nm) Signal wavelength (nm)

00

N

o
~
©
Qo

< 0.6 nm

~
©
D

Idler wavelength (nm)
2
1

~
<

Idler wavelength (nm)
3
o

770 54.7° £ 1.5°

770 780 790 800 810 820
Signal wavelength (nm)

Fig. 4. (a) The reconstructed spectral correlation ellijgg@s, vi)|%. We applied in the
simulation 25nm broad pump at centered at 7B&m. Correlations remaining between
signal and idler after (b) 1nm and (c)5hm broad spectral filtering.

3. Decorrelation of signal and idler

The indistinguishability between signal and idler can hbeligtd via a HOM interference, where
signal and idler are superimposed in a 50/50 beam splitter fdill visibility is achieved either
if the correlation function is circular, or if it is symmaetrivith respect to the axis of energy
preservation, i.e. if the correlation ellipse is oriented% [34]. Here we employ this measure-
ment to test and corroborate the acquired knowledge abewictral ellipse.

We adapt the analysis of Avenhaus et al. [12] to the studyeoH®M visibility with spectral
filter. The interference between signal and idler can beattiarized by the overlap factor

J J dvsdvig(vs, vi)@* (vi, Vs)

T T lgva )P ©

Using the Gaussian approximation of the spectral cormidtinction, the overlap factor can
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be expressed as a product of a spectsplafd temporalt) overlap i.e.,0 = 0s0;. While
spectral mismatch results from an asymmetric spectraglaion function, temporal mismatch
originates from the phase terms, which are ultimately eeléd the properties of the birefringent
media. These can be inferred from the properties of the ledioa ellipse via Eq. (3). If perfect
overlap was necessary, the temporal mismatch could be amasal with an optical delay line.

The defined overlap factors depend on the ellipse’'®tdind aspect ratio7, defined as the
ratio between the major and minor axes. They can be exprassed

Os= 2 and (9)

V(L /%)L sirP (20)) + 272(1+ sirP (26))

2 ; 2 i 2
61— exp <_d [1—S|n2(?9)]ﬂf +[1—sin(26)] ) 7 (10)
2y [1+.74[1—sir?(20)] + 2.272[1+ sir?(20)]

where we take use of an estimation that the PM width and tigsels minor axis are equal.

Since the twin-photons of a type-Il process have orthogpoddrizations, we measured
HOM interference fringes between signal and idler by rotat half-wave plate in front of
a polarizing beam splitter and recording the coincidenestbetween the two output arms.
The experiment was realized in three different cases: @aout spectral filter, (II) including
in the setup a spectral filter with FWHM of%2nm and, (lll) decreasing the width of the filter
down to 1nm. The filters were inserted in the joint beam patbigal and idler as shown
in Fig. 5(a). According to auxiliary experimental obsefoas, the time delay between p- and
s-polarized modes is on the order of 700fs. Since the terhpaddéh of signal and idler, es-
timated by the filter bandwidth, is on the order of 2 ps and no delay line is inserted in the
setup, the temporal overlap cannot be neglected in our measnts.

SHG | pL DMCF  opoc WG

trigger
(idler)

Fig. 5. Setup for preparing and characterizing single photons froreguasted PDC source
applied for (a) measuring HOM interference between signal and idigre¢ording the
statistics of the heralded state, and (c) measuring the HOM interferetveedretwo inde-
pendent sources. Abbreviations: SHG = second harmonic genef@ttomm thick BBO),
L = lens, P = pinhole, DM = dicroich mirror, CF = color glass filter, HWP = hatve
plate, PBS = polarizing beam splitter, WG = waveguide, IF = interference, i\t =
neutral density filter, FC-PBS = fiber coupled PBS, APD = avalanchéopdiode, SG =
spectrographand SM = spectrometer(* only shown in Figs 2 and 3.)

The visibility is defined by = (Cnax— Cmin)/(Cmax+ Cmin), WhereC indicates the amount
of coincident counts. In terms of the overlap factor, thabilisy can also be expressed as
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V =(1+0)/(3— 0). The classical case, in which signal and idler are completistinguish-
able, corresponds to the situation of zero overlapM.e- 1/3. We measured, without any
background subtraction, the following visibilitie®:(l) = 0.344+0.02, V (Il ) = 0.58+ 0.02,
andV (lll') = 0.81+ 0.03, corresponding to each of the above mentioned cases. drhe ¢
sponding overlap factors must be compared with the theadgirediction given in Egs (9) and
(10). For this we approximate the aspect ratios in a striighard manner. When no filtering
is applied,« is estimated as the ratio of the experimentally extractegbmzand minor axes,
i.e, (1) ~ 90— 100. When spectral filtering is applied, we determirfeas the ratio of the
filter bandwidth to the PM width i.e7 (1l ) ~ 4.2 and<Z (111 ) ~ 1.7. As expected, the spectral
overlap alone does not explain our results, as can be seag.i.By including the temporal
overlap in the analysis, the employed model predicts thiet igndency, even though in the
experiment we do not have any compensation for dispersichigp.

1.00f - - -« e o
% 0 =0,0,

n # Experiment
2 0.75
c
2
S
£ 050
i
Q.
©
@ 0.25
>
(@]

0.00 . ]

1 100

Aspect ratio (Unitless)

Fig. 6. Measured overlap values (squares) together with theoretitabé&sn for the spec-
tral (dashed line) and total (solid line) overlaps with respect to the asmext\We consider
the PM tilt of 8 = 54.7° + 1.5° (indicated with the shaded areas).

We conclude that our model, which includes only experiminextracted characteristics
of the PM, explains with high confidence results of an indejeenh experiment. In addition,
it predicts how the spectral correlation between signalidie can be manipulated with the
selected filter. In the next sections we study how the hedaddate is affected by the higher
photon-number contributions and remaining spectral tatiog.

4. Measurement of the heralded statistics

In the low gain regime heralding of pure signal states is @disnrealized by considering a
single spectral filter at the trigger. However, at highenganultiple modes are excited simul-
taneously. Thus, filtering only the trigger results in théedéon of uncorrelated signal modes.
In addition to this, the higher photon number contributidesrease the fidelity of the heralded
single-photon state. We studied these effects by measumingthe heralded statistics depends
on whether or not a narrowband spectral filter is added inigr@barm. As before, we pumped
our PDC source with a frequency doubled Ti:Sapphire lades.fump beam was sent through
a simple spatial mode cleaner before being launched int&\@e After that, the pump was
filtered out and the twins were divided into two independethp. The idler was sent through
1nm broad interference filter and, finally, coupled into SMfib

We measured the heralded statistics in two different cordigans: either without filter or
with a 2.5 nm interference filter inserted in the signal artne Betup shown in Fig. 5(b) was
arranged such that the idler was used as a trigger and tli&istabf the signal was measured
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Fig. 7. Heralded statistics at different pump powers with (a) no filter Bpad. % nm filter in
signal. (c) Mean photon number of the statistics with respect to the pumgrpdiamonds
referring to plot (a) and squares to plot (b) are shown together withrlfitsedo the data.

with a “two-bin TMD”. This detector consists of a single 50/beam splitter, constructed by
using a half-wave plate in front of a polarizing beam splitiehe loss tolerance of the TMD
was achieved by accurate calibration of la$g) and convolution matriceS [35]. The signal
statisticsd was then deduced by inverting the click statisfiggx = CL(n)p with a maximum-
likekihood technique [36].

From our results one can observe that the heralded stattésents a large two-photon
contribution [Fig. 7(a)], which is reduced by placing a msvrband filter in the signal arm
[Fig. 7(b)]. We understand this result as an indication,tatthigher gains, a large amount of
distinct spectral modes are excited simultaneously. Ifitler photons are generated there is
a high probability that just one of them has a good overlah whie filter mode. Therefore,
by using a filter in the signal arm it is possible to reject tignal photon created together
with the spectrally mismatched idler. The click statistiesre inverted using the calibrated
efficiencies, which in both cases were 9%, correspondingeadtio of coincident counts to
singles. The highest trigger rate wa®kHz, which is equivalent to a heralding probability
of 0.16%. Regarding the single-photon state preparatim onhe-photon contribution of the
filtered signal was 95% at this trigger rate.

A comparison between the filtered and unfiltered statistiosva us to extract the degree of
mode reduction given by the filter. For that, we model the imdtle statistics as the convo-
lution of several uniformly occupied spectral modes [14, Ve begin the analysis with the
single-mode case. The heralded statistics, being condifion a trigger event, has the form

anclick
. 11
Pelick (D

Pn\click -

Moreover, the joint probability of having photons in signal and detecting a click from idler is
given byPyciick = PTPC[1— (1 — ny)"], wherery, is the efficiency at which the filtered mode is
detected and?”’PC the probability of creating signal (idler) photons, which always occur in
pairs for PDC. Since in the experimental realization losgesvery high, the joint probability
can be approximated B cjick ~ ntnPrf’DC. The overall click probability is estimated Bgjck =
S n Prnclick = 1 (N), where(n) indicates the mean photon number of the marginal PDC seatist
In this loss regime, the heralded statistics become indégdrof the trigger efficiency; and
its mean photon number can be evaluatedmgaided = ¥nNPyciick = (N?) / (n), with (n?)
being the second moment of the marginal PDC statistics.

In the case of a multimode PDC with several uniformly exciteades, the statistidg?P¢
is given by the convolution of the modes, each having the npbaiton numbetnsy) and the
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second momentn3,,). ForM excited modes we find théh) = M (nsm) and(n®) =M (nZ.) +
M(M — 1) {nsm)?, from which we can calculate the multimode mean photon numbtie her-
alded statistics. Considering a thermal single mode mardistribution,oS™= |x|?"(1—[x|?)
with |x| being the gain of the PDC mode, the mean photon number of treddeel statistics
can be approximated by

2
(Mheralded = i:z:s + (M =1) (Nsm
~ 1+(M+1)[x%. (12)

We conclude that, in the limit of low pump powers, such tixdt O pump power, the slope of
the mean photon number depends on the number of modes. IA(Ejgve show the mean pho-
ton number of the measured heralded statistics with respelese pump power. By comparing
the slopes, we estimate that the reduction in the number demdue to the filter at signal is
on the order of 30. We emphasize that the model used is anxapyaiion, where all modes are
treated similarly, even though the trigger mode is a speciel

5. Interference between independent sources

In this section we study the HOM interference between twepahdent sources: the heralded
signal and a strongly attenuated coherent field, here cedliedence. The visibility of the in-
terference dip depends, on the one hand, on the presenaghef fphoton-number components
and, on the other hand, on the spectral overlap betweenrtpet state and the reference. We
experimentally investigate the cases of two- and threg-FbdOM interferences. The former
case corresponds to the interference between signal asr@met neglecting the PDC photon-
number correlation, while in the latter case the signakstaheralded by trigger events.

We begin our study by considering a spectrally pure sigratestFurther, we decompose
the signal only up to the second order in the photon-numbsis pahich is justified under the
experimental conditions. After that, we complete our digsion by adding the effect of spectral
correlations between signal and idler. In the experimeagieas and reference are launched into
the portsa andb of a 50/50 beam splitter. The density matrix of the inputesfag, can be
written as

Pav = (Pol0) (01 + puI2) (1| +p212) (@) & (1) (B, (13)

in which p, (n = 0,1,2) corresponds to the statistics of the photon-number masige
nal mode withy,pn = 1. The reference field has amplituge and spectral distribution
u(w), such thatfdw|Bu(w)|?> = |B|2. Since mode &’ is spectrally pure, its one- and two-
photon components can be respectively describetiliy= [dw f(w)a'(w)|0)a and|2), =
(1//2) [dw [dé f(w) f(@) &T(w) AT(&) |0)a, in which the spectral distributiof{ w) is normal-
ized, i.e.[dw|f(w)|? = 1.

Interference does not take place when the two input pulsigeat the beam splitter at
different times. To model that, we explicitly write the eutibn of the fields considering a time
delayT. In the frequency domain, the beam splitter relations arergby

a'(w) = %[e*(w)fd“*(m)]éwf,
B(w) — %[e*(w)m"*(m)], (14)

in which ¢ and d are the two output modes. These equations allow us to cédctite
evolved statedyq. Finally, the probability of a coincident click can be cdited viaP =
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Tr{pea NMc®lq}, wherefle @ Mg = (1 —[0)c (0]) ® (I — |0)q ¢(0|) describes the POVM of
two simultaneous clicks in the APDs. Using the bosonic cotatn relationa(w),a"’(®)] =
d(w— &) and the fact that(w) | 8) = Bu(w) | B), the probability of detecting a coincident click
is given by

P = pol-e P ip1-elf®)—pT(r)pPe T
B*
4

b1 e PP e B (Tip T L), (15)

with 8’ = B/+/2. The functionsT () andT’(t) have the form
T(1) = [daor [der u(an) gleor, wa) u(an)el™ <), (16)
T'(1) = /dwl/dwz/dab/dah U* (o )U" (op) ( oy, @, @a, ) U( s U oy )&l T (@162 Ws—a),

whereg(ax, wp) = f(w) *(ar) andh(ar, wp, ws, ) = f (1) F(cp) *(cx) F* (con). At origin
(r = 0) these factors determine the spectral overlap of the amtveo-photon wave-packets
with respect to the reference. Finally, the visibility oétimterference dip is defined by
P(t — ) —P(1=0)

P(T — oo) ’

In order to simplify our model we compare the independentachf the one- and two-
photon components of signal on the visibility. Considerpegfect spectral overlap between
these components and the reference field, and appliyingsailij|?> compatible with the ex-
perimental realization, we estimate that the interferesfcie one-photon component would
have a visibility of above 98%, whereas the one of the twot@ih@omponent would be less
than 5%. Therefore, in the regime of power considered hieegyto-photon component of sig-
nal gives only a background contribution to the coincidendéus, we consider the spectral
degree of freedom exclusively for the one-photon compoaoésignal and reference. Further,
we approximate~#1” ~ 1— |B’|2, which is well valid within the experimental frame, and ne-
glect the terms arriving from the interference of more than photons (total number in mode
“a’ plus “b"). The remaining contributions are shown in Fig. 8 and thay be retrieved from
Eq. (15) as follows. The first term corresponds to accidergahts due to the two-photon com-
ponent of the reference and it can be re-expressegh@s— e*‘mz)2 ~ polB’|* [Fig. 8(a)].
The second and third terms account for the events where lgvthl and reference contain one
single photon [Fig. 8(b)]. The probability of simultaneacxidental clicks due to one photon
from signal and another from reference is given in the setemd aspy (1— e 8') ~ p,|B'|2.
Considering the first-order photon-number contributidig third term describing the quan-
tum interference between the one-photon components oélsayd reference can be rewrit-
ten asp;T(1)|B’|?. The fourth term takes into account accidental counts cgrfriom signal,
p2(1— %e“ﬁ"z) ~ $po [Fig. 8(c)]. The last term, corresponding to interferentatdeast three
photons, is an order of magnitude smaller the other termghaamte it is neglected.

With the described simplifications, Eq. (15) can be rewnmitis

P(r) = pol'[* + palB (1T (1)) + 5pe. a8)

After substituting Eq. (18) into Eq. (17), the visibility mdoe written with respect to the mean
photon number of the referen¢@|? as

vV =

(17)

7 (1BP) = — o =0

— (19)
Po5- +P1t P2z
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Fig. 8. Contributions affecting the HOM interference between signal efedence.

which reaches its maximum &2, = /2 p2/po.
In the experimental situation the joint-spectral disttibo of signal and idler is not separable,

and thus the prepared state is spectrally mixed. Our modebeadapted to this condition by
replacing the functioy(ws, a,) by a new one, in which a trace operation over the idler mode
is realized. The spectral density of the PDC state afterifiids given by

Opdc( WL, () (/dm (w1, @)@ (wr, @)t (w)/ts(wr) V/ts( @2 ) (20)

where the, (w) is the intensity transmission profile of the signal and idiléers employed in
the state generation amtlaccounts for the normalization.

Apart from the visibility, the width of the HOM interferenadip offers information about
the spectral properties of the prepared state. Using thesgauapproximation for the spectral
correlation function, reference, and filter profiles, theltiof the HOM interference dip can
be estimated via Eqg. (18). Disregarding the backgroundritarions, it can be written as

2
T
t

5|n26

where the temporal width of the interference dig,= 2 + + 14 , Is determined by

the inverse widths of the pump, referenceop, signal fllterats, and phase matchingpm, as
well as by the ellipse’s tilf. The amplitudel ™ describes the maximal expected value of the
overlap, ranging from zero to one. We emphasize that the awd-three-fold interference dips
have the same temporal width.

For the measurement of the HOM interference we used the sétojpn in Fig. 5(c). A
portion of the original laser beam was heavily attenuatedi lannched through a polariza-
tion maintaining SM fiber-coupler in s-polarization. Thgrgkl was launched to the fiber in
p-polarization and overlapped with the reference at a 5B&n splitter, consisting of a half-
wave plate and a polarizing beam splitter. Two 1 nm broadfetence filters were inserted in
the setup: one in the path of the trigger and the other in ihégom of the signal and reference.
We measured the HOM interference dip in the two- and thré&kdases for different ampli-
tudes of the reference. By blocking the reference arm we unedghe statistics of the signal
state and obtained the results summarized in Table 1.

Substituting the measured statistics back into Eq. (19) avefmd the maximal expected
visibilities of 7;13%, = 0.46 and 7313 = 0.75. In these values we disregard the spectral mis-
match, i.e.T = 1, and consider only the degradation due to the two-photompoment. Our
experimental results are shown in Fig. 9, where we plot thaswmed visibilities with re-
spect to the mean photon number of the reference bgfn The latter can be found by
measuring the single-counts rate of the reference in onbeofletectors while blocking the

signal, Psingles= 1 — e /2B ~ |B[2/2. The discrepancy between the expected and observed
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Table 1. Measured signal state statispiggn = 0, 1, 2) without loss inversion.

po(%)  pu(%)  p2(%)

2-fold 99.7896 0.2101 0.0003
3-fold 94920 5.065 0.015

visibilities is a consequence of the spectral mismatch. Xif@aet the value of the spectral over-
lap T from the measurement by fitting Eq. (19) to the experimeragd.dThe obtained overlap
values arel, sy = 0.41+0.02 andTztqig = 0.65+ 0.03. This clearly shows the increase in
purity achieved via filtered herald, i.e the degree of spéctirrelation between the twins is re-
duced for the selected conditioned events. Finally, thditijdef the prepared state is given by
F =+/(1]p|1) = /T p1, whereT is the spectral overlap arm is the one-photon component
of the inverted statistics shown in Table 2. Combining thsilts of both measurements we find
that the fidelity of the heralded state wé& o = 0.78+ 0.03.

0.6
0.5 ,.--f"*‘""i- ------------
0.4 * o
503 {
L T
> ]
0.2}/
0.1/\\'\'\\

060 001 002 003 004 005
Mean photon number of reference, |3/

Fig. 9. Visibility of the HOM interference dip with respect to the mean photamimer of
reference. Measured points are marked by diamonds (two-fold énégrée) and squares
(three-fold interference). Solid and dashed lines correspond to thiediitees from which
the spectral overlap value can be extracted.

Table 2. Statisticp,, of the heralded state in Table 1 inverted witB%+ 0.2% efficiency.

po(%)  p1(%) p2(%)
3-fold 0.2:-0.2 93.1:-0.6 6.6:0.6

In Figs 10(a) and 10(b) we show example measurements of theamd three-fold inter-
ference dips that were recorded with reference powers ttose optimized valueg3|2,,, in
Fig. 9. The measured visibilities wevs g = 0.18+ 0.02 and?3.5091¢ = 0.48+ 0.03, respec-
tively. The temporal width of the interference dips wa®2 0.2 ps. Following Eq. (21) we
theoretically study how this width changes as a functiomefRM bandwidth [Fig. 10(c)]. The
comparison of the measurement with our model suggests a FWHINb & 0.1 nm for the PM,
which is in good agreement with the value extracted from Sldsueements. Further exploring
our knowledge about the spectral correlation function, we Hgs. (16) and (20) in order to

#117996 - $15.00 USD Received 30 Sep 2009; revised 23 Oct 2009; accepted 21 Nov 2009; published 30 Nov 2009
(C) 2009 OSA 7 December 2009/ Vol. 17, No. 25/ OPTICS EXPRESS 22836



estimate the maximal spectral overl@ap®* in the two- and three-fold cases. In Fig. 10(c) we
illustrate the theoretical predictions and compare theth tyie measured overlap values. In
the three-fold case we find a good agreement with the modelelter, the measured value of
the two-fold overlap deviates largely from the expected. dxgeno selection of the detection
events by triggering is applied in the two-fold case, wedwlithat the properties of non-ideal
WG, such as fluorescence and higher order spatial modes witpler spectral structure, de-
grade the result. In addition to this, the expected values hat been achieved due to other
experimental imperfections, in particular mechanicatdbdities and spatial mode mismatch.
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Fig. 10. Measured HOM interference dips between the prepared sigdahe reference
in (a) two- and (b) three-fold cases. (c) Theoretical estimation of thpdeshwidth (black
solid line) and maximal spectral overlaps (three-fold: dashed line fatvdo-dotted line)
with respect to the PM bandwidth (employed FWHM bandwidths: purBpi, reference
and filters 1nm, and PM tilt® = 54.7°). Horizontal lines refer to the measured values of
overlap. Shaded area indicates the FWHM of the PM estimated by the tdrdjponadths.

6. Conclusions

We have studied the ability to tailor the spectral propsrtita conventional PP-KTP waveg-
uide. Information about the spectral correlation betwegna and idler was retrieved from
simple experiments, enabling to model our system with adstaththeory of parametric down-
conversion. The viability of this model was tested via thengi@u-Mandel interference be-
tween the twin beams. Since the production of more evolved®aussian states, as displaced
single-photon Fock states, requires an overlap betweesighal and an independent reference
field, we studied the quantum interference between thedetadtate and a coherent reference
field. The spectral overlap was directly extracted from tis#bility of the Hong-Ou-Mandel
interference. Further, we experimentally characteribedstatistics of the heralded state. Con-
sidering both the spectral overlap and the one-photon iboiion, we obtained by a direct
detection the fidelity of 78% between the prepared state amugte-photon Fock state. In ad-
dition, our observations show that heralding decreasesuh®er of modes only if both signal
and idler are spectrally filtered. Although we found thattie turrent experiment the spec-
tral overlap between the reference and the signal statet igehoptimized, we provide a clear
and simple recipe for tailoring the characteristics of thecsral correlation and for testing the
degree of decoupling, i.e., the fidelity of the heraldedestat
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