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Abstract

The practical prospect of quantum communication and information processing relies on sophisti-
cated single-photon pairs, which feature a controllable waveform, narrow spectrum, excellent purity,
fiber compatibility, and miniaturized design. For practical realizations, stable, miniaturized, low-cost
devices are required. Sources with one or some of the above characteristics have already been
demonstrated, but it is quite challenging to obtain a source with all of the described characteristics
simultaneously. Here we report on an integrated single-longitudinal-mode, non-degenerate,
narrowband photon pair source that exhibits all the requirements needed for quantum applications.
The device is composed of a periodically poled, Ti-indiffused, lithium niobate waveguide with high
reflective dielectric mirror coatings deposited on the waveguide end-faces. Photon pairs with
wavelengths around 890 and 1320 nm are generated via type Il phase-matched parametric down-
conversion (PDC). Clustering in this dispersive cavity restricts the whole conversion spectrum to one
single-longitudinal mode in a single cluster, yielding a narrow bandwidth of only 60 MHz. The high
conversion efficiency in the waveguide, together with the spectral clustering in the doubly resonant
waveguide, leads to a high brightness of 3 x 10* pairs/(s mW MHz). This source exhibits prominent
single-longitudinal-mode purity and remarkable temporal shaping capability. In particular, due to
temporal broadening, we can observe that the coherence time of the two-photon component of the
PDC state is actually longer than that of the single-photon states. The miniaturized monolithic design
enables this source to have various fiber communication applications.

1. Introduction

Quantum communication and information processing (QCIP) [1, 2] currently is evolving from fundamental
research towards real-life applications. This process can be strongly fostered by the implementation of
integrated optical devices offering miniaturized and potentially low-cost components for applications in
quantum key distribution [1], long-distance quantum communication [3], quantum repeaters [4], and
quantum networks [5]. Moreover, compact and rugged integrated optical quantum circuits [6—10] with high
functionality can efficiently replace bulky implementations to pave the way to practical applications.

In particular, quantum repeater architectures have been proposed [4, 11, 12] to overcome the current
limitations of long-distance quantum communication due to transmission losses. These typically require
spectrally narrowband two-color photon pairs, for instance, to address the absorption line of the storage
medium in a quantum memory (QM) [13—18] with one photon and transmit the second over a fiber network.
Such QMs usually have their absorption in the visible or near infrared, i.e., far away from the telecommunication
range. The corresponding bandwidths are typically in the range of MHz to GHz, depending on different storage
regimes (like spin-wave storage in cold atomic ensembles and atomic-frequency-comb echoes in solid state and
room-temperature storage). Among the most promising materials for high-bandwidth QMs are solid-state
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Table 1. Recent results of cavity-enhanced PDC are shown in the table. All sources except ours, described in the last
column, used bulk crystals to generate narrowband photon pairs, which either feature single-mode operation, have high
brightness, or combine a fiber network with quantum memory. For comparison, the last column shows the results of the
integrated source reported in this paper.

Baoetal Scholzetal Chuuetal Fekete et al This paper
PDC [30] [31] [39] [41]
Wavelength (nm) 780 893 1064 606 + 1436 890+ 1320
Bandwidth (MHz) 9.6 2.7 8.3 1.7 60

. pairs 4 4

Brightness (SmWMHZ) 6 330 1.34 x 10 11 3% 10
Mode selectivity multi-mode single-mode — few modes single-mode
Fiber compatibility — — 4 v 4
Atom interaction Rb (MHz) Cs (MHz) — Pr (MHz) Nd (100 MHz)
Cavity locking single cavity double cavity no double cavity no

atomic ensembles, specifically rare-Earth ion-doped crystals or glasses [ 19—22] and QM at room
temperature [23, 24].

A widespread method to generate photon pairs is parametric down conversion (PDC) [25]. In sucha PDC
process, amedium with y® nonlinearity splits a single pump photon into two photons of lower energy, named
signal and idler, obeying energy conservation and phase matching. However, the loose phase-matching
condition for both bulk and waveguide sources usually leads to a continuous broad bandwidth, typically
exceeding several 100 GHz and a mixed state in frequency. To overcome this bottlneck, narrowband photon-
pair sources are desired with an adapted bandwidth and a high spectral brightness.

One promising approach to generate such narrowband photon pairs is to use resonance enhancement of
PDC within a cavity, also called an optical parametric oscillator (OPO), far below the threshold [27-44]. PDC s
enhanced at the resonances of the cavity but inhibited at non-resonant frequencies. An overview over the most
important resonant PDC sources published so far is given in table 1. Despite enormous progress—non-
degenerate photon pairs with linewidths of about 2 MHz oscillating on four longitudinal modes—which was
obtained in the bulk cavity [41], most of the bulk sources suffer from low pair-production efficiency, degenerate
frequency, bad mode selectivity, and complicated cavity-locking techniques.

To overcome these limitations, strong benefits from a monolithic implementation of this scheme can be
expected. Recently a high-Q cavity using a whispering gallery mode resonator has been demonstrated to achieve
single-mode photon pairs [42]. An alternative approach using a periodically poled lithium niobate (PPLN)
waveguide with dielectric mirrors deposited on its end-faces has been demonstrated to generate nearly
degenerate photon-pairs via a type I phase-matched PDC process in the telecom region [36]. However, it
exhibited alimited mode selectivity, because the spectrum consisted of a series of longitudinal modes due to the
small difference of the free spectral ranges (FSRs) of signal and idler close to degeneracy. A detailed theoretical
study [37] indicates that exploiting type II phase matching should strongly limit the number of longitudinal
modes, because the large birefringence provides a larger difference of the FSRs and thus fosters the spectral
narrowing.

The drawback of the resonant sources reported so far is that they either achieve narrow bandwidth, operate
single-mode, reach high brightness, or combine two wavelengths for atomic transition and fiber
communications. However, for practical quantum application, sources which provide simultaneously all the
above-mentioned properties are required. In this paper, we present the experimental realization of such a
miniaturized, two-color, integrated, bright narrowband photon pair source based on a doubly resonant
waveguide exploiting type II phase matching, exhibiting one longitudinal mode.

In section 2 we will discuss in detail the principle of operation and the underlying physical theory. In the
non-degenerate case, birefringence and material dispersion result in different FSRs for signal and idler. As
maximum efficiency is only obtained if both signal and idler are resonant simultaneously, PDC is generated only
in certain regions of the spectrum, the so-called ‘clusters’ [45, 46]. In this way the spectral density is redistributed
in comparison to the non-resonant case, and, thus, ideally a completely filter-free source with actively reduced
bandwidth can be realized without sacrificing any photon flux level. In sections 3 and 4, details on the waveguide
fabrication and the experimental set-up are given, respectively. The practical implementation is challenging,
because it requires loss minimization, short poling periods for phase-matching, and, specifically, tailored mirror
coatings for both signal and idler photons. In section 5 the experimental results are discussed and compared with
the theoretically predicted ones. Our engineered clustering in the dispersive cavity restricts the conversion to a
single longitudinal mode operation with a spectral linewidth around 60 MHz and high spectral brightness
3 x 10* pairs/(s mW MHz). Such a non-degenerate PDC photon pair source can be applied in a quantum
repeater, addressing a Nd-based QM with one photon and combining the other with a fiber network.
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2. Principle and theory

2.1.Nonresonant PDC process

PDCis an important process in quantum optics, used especially as a source of entangled photon pairs and of
single photons. Ina nonlinear y? medium pump, photons (at frequency w),) are split into pairs of photons
(signal @, and idler w;, respectively), obeying energy and momentum conservation. As for most cases the latter
cannot be obtained in homogeneous crystals, quasi-phase matching is exploited in a periodically inverted
medium. Thus, the phase-matching condition becomes:

Ak=k(wp)—k(a)s)—k(a),-)—27ﬂz0 (1)

where ki G=p,s, i)are the propagation constants of the pump, signal, and idler fields, and A is the poling
period. We express the state of the photon pairs generated by PDC up to the second-order expansion,

#henc [ dodonf (@, @) ()] (@0)]0)
+ fdwsdws’dwidwi’f(a)s, o)f (o), o] )al (w)al (@))a] (w)af (of)10), (2)

where @' ; (w ;) describes the photon creation operator at frequency w; ;, and f (@, ®;) is the joint spectral
function (JSF) of the nonlinear waveguide:
f (o, o) =a(ws+a)i) X ¢ (w5, 7). (3)
The a (w; + w;) describes the spectrum and the amplitude of the pump field, ¢ (w;, ®;), is a phase-matching
function sinc[Ak (ws, w;) %] exp [iAk (w5, ;) é].
The full-width at half-maximum (FWHM) of the PDC process in the waveguide is determined by the phase-
matching condition. Assuming a monochromatic pump, i.e., a (w; + ®;) « 6 (w; + ®;), Ak can be linearized

Ak () = Ako + ~[ng — ng) Awg, (@)
C

where 1, and ng; are the group index of signal and idler, respectively. The spectral characteristics of the PDC
process are given by a sinc? [Ak (w;, @;) %] function. Thus, the FWHM of the signal photons generated in a
waveguide of length L is given by:

c 1
AyfWEM 556 — ——————
2zL |ng5 — ngi|

; (5)

i.e., the spectral bandwidth is inversely proportional to the difference of the group velocities of signal and idler.
Thus, close to degeneracy the bandwidth is very large, whereas group velocity dispersion in most cases leads to a
much narrower bandwidth far away from degeneracy.

2.2.Resonant PDC

Our source exploits photon pair generation by PDC within a cavity. The schematic of the integrated source is
shown in figure 1(a). The resonant waveguide is a Fabry—Pérot cavity with asymmetric reflectivities (R;,; and
Ry, i), internal loss (a;), and effective indices n (w; ;) for the fundamental modes at signal and idler wavelength,
respectively. The photon-pair state generated within such a resonator can be expressed by:

#hwnc [ dodo (0, 0] (0,)d] (0))]0)
+ /da)sda)s’da)idw{fR(a)S, o) fy (00 of)al (w)al (@))a] (w)af (of)]0), (6)
where f, (0, w;)is the cavity-modified JSF: f (w5, @;) = f (@;, ;) A (w;)A; (@;), with f (w5, ©;) being the

conventional JSF for the nonresonant PDC. A ; (w, ;) are proportional to the field distributions inside the cavity.
They can easily be derived, treating the device as a classical Fabry—Pérot resonator with internal loss:

\/( 1 - Rls,i) (1 - st,i) e—sil/2

Asi(@yi) = 1 — /RIS,iRZS,i e~siLei2wgin (o) Ljc 7)
Therefore, we obtain an expression for the resulting joint spectral intensity,
2 2
Sk (@0 @) = |fi (@, 0| = |f (05 )| As(@) Ai (@), (8)
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Figure 1. An integrated compact narrowband photon pair source in a resonant waveguide and its working principle. (a) Integrated
doubly resonant waveguide: the source consists of a Ti-indiffused, periodically poled lithium niobate (Ti:PPLN) waveguide and
dielectric mirrors deposited on the waveguide end-faces. First-order type II phase matching was chosen to generate TE-polarized
signal photons around 890 nm (red) and TM-polarized photons around 1320 nm (blue) when pumped at 1,= 532 nmin TE
polarization. (b) Clustering effect: the cavity resonances form frequency combs at the signal and idler wavelength range (red and blue)
with different free spectral ranges (FSR; ;) due to the dispersion in the waveguide. Photon-pair generation by PDC, obeying energy
conservation w; = @, — @, and phase matching (with a spectral envelope indicated by the green dashed curve), occurs only if the
signal and idler are resonant simultaneously. Thus, the product of the two frequency combs and the phase-matching envelope (black
solid lines) determines the spectrum of the resonant PDC source with cluster separation Avyger. By increasing the finesse of the cavity
(i.e., narrowing the bandwidth of the individual comb lines), the side clusters and modes can be suppressed (bottom black one) to
achieve a single longitudinal mode operation.

where A ; (ws;) = |A; ;i (w,;) | are Airy functions of signal and idler photons, respectively. The bandwidth of

each cavity mode is related to the finesse; more details in appendix A. Therefore the spectral characteristics are a

product of the phase-matching sinc function and two combs of Lorentzian lines, spaced by the resonator’s FSRs.
The explicit form of the signal spectrum can be determined completely as

Se (@) o ‘/dwlfR(a)s, o)

x SinCZI:Ak(CUS)%]As(ws)Ai(wp - ). (9)

2.3. Cluster effect

In the dispersive waveguide, cavity resonances occur at distinct frequencies separated by the FSR of the
resonator. These resonances form frequency combs spaced with respective FSRs in the signal and idler
wavelength range (as shown in the supplementary movie).

c
Zﬂgs’iL

FSR;; ~ (10)

The FSR is the inverse of the round-trip time of a photon in the cavity.
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The FWHM of each resonance Av is related with the finesse 7 of the cavity:

_BSRy R R et (1)
o Al/s,i B (1 - ‘,Rls,ist,i e_“Sv"L) .

For the type I degenerate case, the frequency combs of signal and idler photons are identical. Thus, PDC
generation still happens at all comb frequencies within the phase-matching bandwidth. However, for type I
and/or a degenerate case, there are different FSRs in the resonant waveguide due to the different group
dispersions at the signal and idler wavelengths, as shown in the upper two curves in figure 1(b). Thus,
corresponding resonances of signal and idler only overlap at a certain frequency, but adjacent modes do not
coincide, as shown in the bottom curve in figure 1(b). For instance, if a pair is simultaneously resonant for, e.g.,
wy and wjg, the adjacent signal resonance lies at wyy + 27FSR;, and the corresponding idler frequency at

wjp — 2xFSR; is notin the resonance peak due to the different FSRs. The couple of simultaneous resonances for
signal and idler is called a cluster [37, 45]. However, after a certain number of FSRs, another cluster occurs again,
if the phase-matching bandwidth is broad enough. This happens when N, (where Nj is the number of FSRs in
one cluster) times the signal FSR equals Ny — 1 times the idler FSR. Thus, the cluster separation Aziyseer» i-€., the
frequency spacing between clusters, is given by:

1 c
Alguster = Np - FSRy = 77—, (12)

|ngi — ng| 2L

which is associated with the difference of the group indices. By comparing equations (5) and (12), we can see that
the cluster separation Az is slightly larger than half of the bandwidth of the PDC phase-matching envelope
AyFWHM Therefore, the maximum number of clusters within the phase-matching range is three. Theoretically,
if there is a dominant cluster in the center of the normalized phase-matching curve, two symmetric clusters will
occur at the side wings of the envelope with about 41% weight. However, the fine-mode structures inside clusters
are determined by signal and idler resonances. As shown in figure 1(b), the intensity of PDC emission in the two
side clusters is weaker than the central cluster. Within a single cluster, the number of resonances contributing to
the PDC generation depends on the bandwidth of the resonances and the difference of the FSRs.

Due to the spectral density redistribution in the cavity, PDC in the resonant waveguide is enhanced due to
cavity narrowing and the cluster effect. The enhancement factor M is given by

/de/da)i f(a)w 0)i)|2
M:
Jdos [do; |f (@, 0] "A(0) Ai (o)

where 7,,, is the photon pair escape probability defined by the ratio of the number of photon pairs, which leaves
the cavity to the number of pairs created inside the cavity. More details are discussed in appendix B. Equation (13)
tells us that the higher the finesse of the cavity is, the more enhancement can be achieved [27]. The enhancement
factor is roughly proportional to the square of the finesse of the cavity.

However, for a waveguide-based resonant PDC source, the internal losses must be considered. (In bulk-type
sources, these might be neglected due to the much smaller losses in bulk crystals compared to waveguides.) The
higher the finesse is, the larger the number of round-trips is. Thus, the probability that a created photon pair is
lost within the cavity increases with increasing the finesse. Hence, 77, decreases with increasing the finesse by

higher mirror reflectivities, keeping waveguide length and losses constant. On the other hand, the spectral
redistribution due to the clustering results in a N times increased spectral density at the synchronous signal and
idler resonance.

2.4. Two-photon cross-correlation function

To verify the photon pairs generation and to evaluate its efficiency, the standard way is to measure the cross-
correlation between two generated photons. The two-photon cross-correlation function G between signal
and idler photons defines the shape of the coincidence events. Each resonance of the frequency comb of signal
and idler can reasonably well be approximated by a Lorentzian function Ay ; (w;;) o« (7, ; + iwy; )1, where Yei
describes the damping constants of the cavity. Assuming only a single pair of signal w; and idler modes w; are
synchronously resonant with narrowband range 6w, we get the complex JSF

(o) = —L— T

_— . 14
¥, + 10w ¥, — idw (14)

The temporal Gs(l-l’ Y (z) is measured as the coincidence distribution of detection time differences 7 = #, — t;
between the signal and idler photons,
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G"V(@) = (4l (0a] (1 + Dt + Da0)) = | @] (15)

where fR () is the joint temporal function (JTF) defined as the inverse Fourier transform of the JSF. Thus, the
signal—idler correlation can be simplified as

GV (2) o u(2)e " + u(—7)e?r, (16)

where u (7) is the step function. This shows that the coincidence funtion is determined by two different
exponentially decaying functions, which are related to the damping of signal and idler photons, respectively.
Thus, in most cases G" (7) is asymmetric due to , # 7. The signal—idler correlation time is defined by

7. ~ 2(7; + 7;)/e. This means we can identify the lifetime of signal/idler 7, ; = (2y,; )~! from the signal—-idler
coincidence measurements. Only if 7, = 7;, which, for instance, is always the case if type I degenerate PDC

processes are exploited [36], one gets a symmetric cross-correlation with correlation time 7, ~ 4z/e.

2.5. Two-photon auto-correlation function

Besides the one-photon pairs generated in the PDC process, it is still possible to generate double or higher
photon pairs, as shown in equation (6). The temporal second-order auto-correlation function G (z) of signal
and idler photons, respectively, is related to the temporal coherence of the two-photon wave-packet component.
The measurement of the auto-correlation is usually performed by inserting a 50:50 beam splitter into the signal
(idler) arm and detecting the photons at the two output ports of the beam splitter with single-photon detectors.

If coincidence clicks are registered, a second- (or higher) order photon pair generation must have happened.
G (r)is defined by

GO(r)=(a"(na' (t + Dat+ 1)a())
=(a'ma®) (d' ¢+ at+ )
+(a'®a+0)) (d' (¢t +Da). (17)
Thus, the normalized second-order auto-correlation function g2 () is given by
(at@at+0) |

(2) =1
grm =1+ (awam)

=1+ ‘g(l)(r)|2. (18)

Consider a signal-cavity mode with a Lorentzian spectral distribution,

s Vi
o) = ———————; 19
f (6w) 7. + 16w y; — 16w (19)

the time-dependent correlation function is given by the inverse Fourier transform of its intensity spectrum,
(af@®a(t+1)
. 1 . -
= FT 1%(50))](;(560)] — Zysyie ¥ilel  e=vilzl

Vst 1 —v |z 1 —v.lr
%[E%e rlel = Lyenlel |,y £y,

2
=17 . (20)
Z%(1+]/S|T|)e_}’s|f|) =7
Correspondingly, equation (18) can be deduced as
g(z)(l’)
2
=1+ ‘gél)(r)‘
LSy g |
1+ e 2 v;€ 2 — e 2 s VL FY
o . (21)
1l 2
1+‘eys (1+}/S|T|>|, ]/S:}/l

The above equation shows that the decay of the auto-correlation is not an exponential decay anymore. For
our further analysis, it is useful to estimate the shape and half-width of the auto-correlation peak. By using a
Taylor expansion, the above complicated function can be approximately simplified to
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2
gP () =1+

e—%(}’s*’”)lrl(l + %(}/5 + yz)lfl)
~1 +(1 +B(n+n)r]2)—‘. (22)

From equation (22), we can conclude that the auto-correlation peak is symmetric, no matter which kind of
PDC process it produced. This shows an intrinsic difference to the behavior of the cross-correlation function
with its asymmetrically exponential decays. The decay of auto-correlation can be approximated as a Cauchy—
Lorentz distribution. We can define the auto-correlation time T, as the FWHM of the auto-correlation function
and obtain

4 2
Tou X N —1. (23)
v.+7v In2

We find that the auto-correlation time exceeds the cross-correlation time by a factor of around 2.8. Our
theoretical analysis is in good agreement with previous experimental observations [32, 40].

Another way of interpreting this auto-correlation is to consider the measurement from the multiple-photon
pair-generation point of view. If two single-photon detectors in the signal (or idler) arm register a coincidence
click, the second- (or higher) order part of the PDC state (second term in equation (6)) is probed. In contrast,
the cross-correlation measurement provides mainly information about the first-order part. The auto-
correlation time T, is the correlation time between the two-photon components of signal (or idler) photon
components, while the cross-correlation time 7, is the correlation time between signal and idler photons. In the
temporal domain, the auto-correlation time T,,, is larger than correlation time 7. Correspondingly, two photon
components have narrower frequency bandwidth (related to f (s, ;)f (@], ;)) than the one-photon pair
component (related to f (w;, @;)).

2.6. Heralded correlation function

To confirm the nonclassical property of generated narrowband photons, it is important to characterize heralded
photons. The conditional auto-correlation function is defined by [48]

Pssi (tsla ts2, ti)

(2) —
gheralded(tSI’ Is2 ti) - > (24)
3 (1,1) (1,1)
RigV(1g = 1) (1o - 1)
where Py; (L, ts, t;) is the triple coincidence rate and R is the pair-generation rate. After simplification, the
function of interest, g}(lir)al ded (r) = g}(lzzal ded (t;, t; + 7 |t;), can be represented as
2
2) (r) 1 — exp| -2 ﬂr (25)
gheralded ys + yl

which means the heralded correlation can be approximated by a Gaussian distribution. Tj,, is the heralded time
between one (signal or idler) photon component,

2 1
Tje ® = =T (26)
rtyo 2

3. Waveguide resonator fabrication

To study experimentally such a resonant PDC source, a PPLN waveguide with dielectric coatings at its end faces
was fabricated. It was designed to provide type II phase matching for a PDC process with a TE-polarized pump at
532 nm for the generation of photon pairs at 890 nm (TE-polarized) and 1320nm (TM-polarized).

3.1. Ti:PPLN waveguide
The waveguide was fabricated by an indiffusion of a lithographically patterned, 81 nm-thick, 5 ym-wide Ti-
stripe into the Z-cut LiNbOj; substrate. The diffusion parameters were designed to provide single-mode guiding
at the TM-polarized idler mode. At signal and pump wavelength, however, the waveguide supports several
guided modes.

Subsequent to the Ti-indiffusion, the periodic poling was performed. To obtain first-order phase matching
for the selected wavelength combination, a short poling period of only A ~ 4.44 um is required. This could be
achieved using a field-assisted domain inversion of the lithographically defined poling pattern. In the final

7
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Figure 2. Integrated narrowband photon-pair source composed of a Ti:PPLN waveguide with A = 4.44 um poling period and
dielectric mirrors deposited on the waveguide end-faces. (a) Top view onto the Ti:PPLN waveguide with a zoom to the domain
structures. The black dotted lines denote the inverted domains. (b) The photograph shows the actual size of the miniaturized device
compared to a one-cent euro coin (16.25 mm diameter). (c) Spectral characteristics of the cavity mirrors deposited on the waveguide
endface. The measurements have been performed on witness substrates coated simultaneously with the waveguide sample.

fabrication process the end faces were polished. Special care was taken to ensure flatness and parallelism of the
waveguide end faces to avoid excess loss of the resonating waves at the multiple reflections at these interfaces.

3.2. Resonator

Based on the theoretical design rules discussed in the previous section and appendix A, the resonator finesse
should exceed 20 to provide the spectral narrowing. The detailed structure of the integrated waveguide chip and
experimental setup to study this resonant source are shown in figure 2. The source consists of a 12.3 mm-long
Ti-indiffused waveguide in Z-cut PPLN and dielectric mirrors deposited on the waveguide end faces.

To implement the resonant source, dielectric layers composed of alternating layers of SiO, and TiO, were
deposited on the end faces of the waveguide. In practice, a stack with 17 layers deposited as a front mirror
provides a reflectivity of R, ; &® 99% for signal and idler wavelengths, and the rear mirror, consisting of 17 layers
has the targeted R, ; & 98% for both. The reflectivities of front and rear mirrors at 532 nm are around 15% and
13%, respectively, to enable efficient incoupling of the pump and to prevent triple resonance effects.

After mirror deposition, the resonator was characterized by measuring signal and idler decay times. As we
discuss in appendix B, we obtained a finesse of ¥ ~ 100 and F ~ 80 for the signal and idler wavelengths,
respectively.

With the asymmetry of the mirror reflectivities, the ratio of outcoupled signal (idler) photons to lost photons
before escaping this cavity isabout #, & 0.28 (1, & 0.18), respectively. Thus, the overall photon-pair escape
probability is given as 7, = #,1;, which means about 5% of the generated photon pairs leave the cavity as
couples at the desired output mirror. Therefore, the cavity-enhanced source provides high heralding efficiency.

The spatial profiles of signal and idler are determined by the waveguide properties. Both are the fundamental
modes of the waveguide. Thus, the profiles are well matched for fiber network applications.

4. Experimental setup

The experimental setup to study this resonant source is shown in figure 3. The sample is pumped with a laser at
532 nm with a specified bandwidth of less than 1 MHz. To mitigate photorefraction, pump pulses with a typical
length of about 200 ns and a repetition rate of about 100 kHz are extracted from the cw-source by using an
acousto-optical modulator (AOM). A half-wave plate (HWP) together with a polarizer enable pump peak power
tuning from 0.1-10 mW. The sample is heated to temperatures around 160 °C to obtain quasi-phase matching
for the desired wavelength combination and to prevent luminescence and deterioration due to photorefraction.
During the measurements the sample temperature is stabilized to about £1 mK. Coarse wavelength tuning can
be accomplished by changing the poling period, while fine tuning of the resonance frequency is accomplished by
varying the optical path length in the waveguide, for instance, by temperature tuning.

To characterize the generated PDC spectrum, the signal output from the waveguide is coupled to a
spectrometer system (Andor Shamrock 303i with iKon-M 934 CCD camera) with a resolution of about 0.15 nm.
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Figure 3. Experimental setup for the generation and characterization of the photon pairs, combining PDC characterization and
coincidence measurements. The cyan dashed circle means the optical beam paths are alternative. AOM: acousto-optical modulator;
HWP: half-wave plate; DM: dichroic mirror; SMFC: single-mode fiber coupler; MMF: multi-mode fiber; VBG: volume Bragg grating;
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This measurement method provides a coarse overview over the spectral structure, but the resolution is still
not sufficient to study details of the spectra within a single cluster. Thus, a volume Bragg grating (VBG,
OptiGrate 900) with a spectral bandwidth of 0.17 nm is inserted into the signal beam path, as shown in figure 3,
to actas a bandpass filter to select a single cluster. The filtered light is routed via a single-mode fiber to a scanning
confocal Fabry—Pérot resonator with 15 GHz FSR and a finesse of about 20. Its transmission is analyzed using an
avalanche photodiode (APD, Perkin Elmer SPCM-AQR-14) to record the signal photons transmitted from the
Fabry—Pérot, which is tuned by applying a voltage ramp to the piezo-driven mirror mount.

To study correlations between photon pairs, coincidences between signal and idler were characterized by
measuring the arrival times of the respective photons with the set-up shown in figure 3. The cross-correlation
could be determined measuring coincidences between signal and idler photons by spectrally splitting the photon
pair and routing them to separate single-photon detectors (Perkin Elmer single-photon APD for the signal and
idQuantique InGaAs APD model id201 for the idler photons). The signal-signal autocorrelation were
performed by splitting the signal radiation behind the VBG (i.e., a single cluster was selected) using a 50:50
single-mode fiber coupler (SMFC) and routing the two SMFCs’ output ports to individual silicon APDs.
Similarly, there are two InGaAs APDs to catch unfiltered idler photons behind an SMFC.

5. Results and discussion

5.1. PDC clustering and cavity-enhanced spectra

PDC spectra of one waveguide recorded prior and after mirror deposition are shown in figure 4. The spectrum of
the uncoated waveguide shows a main peak with a bandwidth (FWHM) of 0.4 nm (% 157 GHz), as predicted for
the interaction length. The spectra of the same waveguide with dielectric mirrors, however, shows a pronounced
sub-structure. Although the resolution of the spectrometer (=~ 0.15 nm) is too coarse to reveal details of the
spectra, one can already derive that the pair generation occurs within clusters with a cluster separation of about
0.24nm (= 90 GHz). This separation is determined by the beating of the FSRs of signal and idler, which
theoretically are FSR; ~ 5.2 GHzand FSR; ~ 5.5 GHz. Generally, there is one dominant cluster in the center of
the normalized phase-matching curve and another two symmetric clusters at the side wings of the envelope, as
simulated in figure 1(b).

A comparison of the spectral measurements of the coated and uncoated sample proves already the
enhancement of PDC generation in the cavity: If the cavity would only act as a comb filter, only a small fraction
of the generated PDC spectrum would ‘transmit’ through this filter. In this case we would have seen only a weak
signal for the resonant PDC, because the measured spectra are always convolutions of the real spectra with the
spectral resolution, i.e., a window function of about 60 GHz (= 0.15 nm) width. In the experiments, however,
we observed in both cases spectra with similar intensity levels. For the measurements shown in figure 4(a), all of
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Figure 5. Signal fine spectra at single-photon level in one cluster recorded at different temperatures around 151.16 °C. Multiple peaks
in the scans separated by around 200 V correspond to subsequente resonances of the analyzing Fabry—Pérot cavity.

the parameters, apart from adapting the temperature, have been kept constant. In particular, the pump power of
about 1 mW in front of the incoupling lens has not been changed. Thus, we can conclude that due to the cavity
there is a spectral density redistribution, resulting in an enhanced PDC generation at the resonances.

To study the spectral structure within a single cluster we performed measurements with the scanning Fabry—
Pérot resonator. Measured single-photon-level PDC spectra with ~700 MHz resolution are shown in
figure 4(b). They reveal the modal structure within a single cluster. The spectrum consists of only one
longitudinal mode. The scanning range of 15 GHz covers around 3 FSRs of the signal resonator. Please note that
the measured linewidth of each longitudinal mode of about 700 MHz is mainly determined by the resolution of
the scanning Fabry—Pérot, but it is not the natural bandwidth of the generated PDC photons.

The single-photon level PDC spectra with GHz resolution indicates that we are able to suppress the adjacent
‘satellite’ modes to single-mode operation by finely tuning the temperature—as shown in figure 5. A slight shift
of the temperature leads to the spectrum composed of always one predominant mode. Only at a certain
temperature does a weak two-mode operation happen.

5.2. Cross-correlation

The temporal second-order signal—idler cross-correlation function [49] is measured as the coincidence counts
between the signal and idler photons as function of the arrival time difference (more details were already
discussedin 2.4).

10



10P Publishing

NewJ. Phys. 17 (2015) 073039 K-H Luo etal

: : : : : : ; —'—v—'—v—'—v—'—r1 - T-151.49°C }"—v—'—v—'— 1000
Exponential Decay Fit 3

(a) 10l ingle mode ] (b) 800 L y

] -

€ 3

é 0.8 L

% 600 B

g 0.6 §

g o

= o

%’ © 400 1 F J100

o 04 ]

°

5 2 20

g 02 3 [ 1

H o

=z

0.0 0 Lo v L 10
20 15 -10 -5 0 5 10 15 20 -20-15-10 -5 0 5 10 15 20 -10 0 10
Time delay (ns) Signal- Idler Time delay (ns)
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corresponds to the coincidence between the signal and idler, which is ideally single-mode. (b) Signal-idler coincidences: measured
coincidences of photon pairs as a function of arrival time difference between the signal and idler photons using linear (left) and
logarithmic (right) scaling with exponential fits.

To compare the experimental result with the theoretically expected behavior we first simulated the cross-
correlation function for the used resonator parameters, assuming a truly single-mode PDC generation, as shown
in figure 6(a). The presence of the cavity implies that signal and idler photons may be emitted at distinct times,
corresponding to a different number of round trips within the cavity. Thus, the shape of the coincidence curve
should be determined by exponential functions. For the multi-mode case the distribution of time of emission
differences between the signal and idler modes should show well-defined peaks, with the peak separation
corresponding to the cavity round-trip time. However, in our experiment we could not resolve such oscillations
due to the finite temporal resolution of our detection system of about 500 ps. The convoluted results concerning
the resolution of the detector system is a smooth exponential decay curve as well. Taking into account this
limitation again by a convolution of the simulated curves, we find that the bandwidth of the coincidence peak is
independent of the number of modes and depends only on the bandwidth of each mode.

In the left diagram of figure 6(b), a result of such a coincidence measurement is shown. It reveals a
correlation time (FWHM of the coincidence peak) of about 4.8 ns. This is significantly broader than the
corresponding results obtained with non-resonant samples showing a width of about 0.5 ns, which is
determined by the finite resolution of our measurement system. The correlation time is inversely proportional
to the bandwidth of the down-conversion fields. From the measured correlation time 7, of 4.8 ns, according to
7. = 1/mAv, where Av is the bandwidth of the down-converted photons, a spectral bandwidth of about 66 MHz
can be deduced. This is in good accordance with the theoretically predicted width calculated for the given cavity
parameters, as shown in figure 6(a). In the right diagram of figure 6(b) the measurement result is redrawn, using
alogarithmic scaling together with exponential fits for the rising and falling parts. The slight asymmetry reflects
the different finesses of signal and idler, resulting in slightly different leakage times out of the resonator. The
different slopes of decay lines in logarithmic scaling give us the decay times of the resonators.

Based on the coincidence data and appendix B, the different lifetimes of signal and idler leaving from the
resonant waveguide are 7, ~ 3nsand 7; ~ 2.4 ns, respectively. Thus, the loss inside the waveguide cavity can be
determined to be aslowas o, & 0.016 dB/cm and ; ~ 0.022 dB/cm for signal and idler, respectively, as well as
cavity finesses of ; ~ 100 and F; ~ 80.

5.3.Brightness

The coincidence measurements can also determine the efficiency of the PDC generation process. From the ratio
of the coincidence to single counts, the generated photon pair rate can be determined. We found that this rate is
almost equal for non-resonant and resonant waveguides. For our source we determined a normalized
generation rate (inside the resonator) of about 50 X 10° pairs/(s mW). Assuming these are distributed over
three inequivalent clusters with different weights, we can estimate that about 90% of the generated photon pairs
are within the most dominant longitudinal mode, with 66 MHz bandwidth. Taking into account the photon-
pair escape probability of 5%, the spectral brightness can be estimated to be B = 3 X 10* pairs/(s mW MHz).

5.4. Auto-correlation

An alternative method to characterize the spectral properties of the source is the analysis of the auto-correlation

Glauber function g (7). The number of cavity modes N can be estimated from the measured normalized auto-
correlation function at zero time delay, according to g:nz) 0)=1+1 / N (more details are given in appendix C).
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Figure 7(a) provides the simulated and convoluted auto-correlation results for signal photons from the
resonant waveguide. In the ideal case of a pure single-cavity mode field, the second-order auto-correlation is
close to 2 at zero time delay. For a cluster obtained from this resonant waveguide, which consists of several
inequivalent modes (as shown in figures 1(b) and 4(b)), the temporal auto-correlation behavior should reveal
multi-mode interference as well. However, we cannot resolve the interference fringes due to the resolution of the
detection system. As a result, only one single convoluted peak with lower gn(f) (0) could be observed in the
experiment.

From the measured value gr(nz) (0) = 1.85,shown in figure 7(b), an effective cavity mode number of N ~ 1.2
can be estimated. This is in reasonably good qualitative agreement with the simulated auto-correlation function
shown in figure 7(a) and the measured spectra shown in figure 4, where we observed only one mode within a
single cluster. The signal auto-correlation time (~12.6 ns) is about 2.8 times broader than the signal—idler
correlation time (~4.8 ns), which is in good agreement with the theoretical analysis (equation (23)). The Lorentz
fit to the experimental curve also coincides with our theory model. Moreover, it indicates that shaping single-
photon wavepackets by using amplitude and phase modulators is possible [50], because the signal auto-
correlation time is much longer than the time jitters from detectors and electro-optic modulators.

5.5.Heralded correlation

To understand the intrinsic nature of the source, it is important to investigate the heralding performance for this
resonant waveguide. The heralding efficiency would suffer from the asymmetric reflectivities, because the
photon pairs escaping probability are impacted by the reflectivities of both dielectrics. However, the signal and
idler long wave-packets generated from the resonant waveguide could help to resolve the wave-packet of single-
signal photons due to the broadened temporal correlation length. The result of the normalized heralded second-
order correlation function is shown in figure 8. The g}(lgal 1eq(0) < 0.3 at high pump power (10 mW) confirms a
genuine sign of non-classicality. By using low-power pumping (~1 mW), the minimum dropped to

g}galded(o) < 0.02.

Comparing heralded correlation with auto-correlation, it is found that they have different distributions and
bandwidths. The heralded one (~6.0 ns) is roughly half of the two-photon auto-correlated one (~12.6 ns). The
higher-photon components’ contributions to heralded correlation measurements mainly influence the
minimum value, since the probability to generate single-photon pairs is absolutely higher than the probability to
generate double- or even triple-photon pairs.

6. Conclusion

In summary, we have experimentally demonstrated a compact single-longitudinal-mode, two-color
narrowband photon-pair source in a doubly resonant Ti:PPLN waveguide. This elaborate source with its
compact design demonstrates multiple strengths such as narrow bandwidth, single longitudinal mode, and high
brightness, addressing atom and fiber compatibility. Our work shows that clustering can be exploited to restrict
PDC generation to a single longitudinal mode. We have also observed several novel experimental phenomena
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behind the cavity-enhanced PDC, Cross-correlation time is smaller than auto-correlation time, and two-photon
components have longer wave-packets than single ones.

Although the measured bandwidth of about 60 MHz is still about one order of magnitude larger than the
smallest bandwidth demonstrated with bulk optical versions [41], our integrated source outperforms the bulk
optic realizations in many key features (see also the comparison in table 1). In particular, the rugged design, pure
wave-packet, and large brightness of about 3 x 10* pairs/(s mW MHz) are excellent properties of our device,
making it a versatile source for various quantum applications, for instance, to address a Nd-based QM with a
bandwidth of around 120 MHz [21], a Raman QM with a bandwidth of a few GHz [23], and quantum networks
[44]. In general, our source has a great potential for various QCIP applications due to pure state, excellent
temporal behavior, and good compatibility with fiber-based systems. Additionally, our device paves the way to
arbitrarily shaped single photons in the temporal domain by using integrated devices. Future activities can focus
on the development of pure single-mode sources using pulsed light and pulse shaping in a resonant waveguide
[43]. Combining clustering with double-pass pumping, to suppress PDC generation to a (filter-free) single-
cluster operation [39], and monolithic integration of an electro-optic modulator for fine tuning are further
attractive goals.
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Appendix A. Determining the finesse

In order to ensure that only a single combination of signal and idler modes is in resonance within a cluster, the
difference of the FSR for signal and idler must be larger than the spectral width of the single resonances.
Assuming that FSR; > FSR;, this leads to the following condition:

A
FSR, — =&

A .
> FSR; + 7” (A.1)

where Ay ; is the resonance bandwidth for signal and idler, respectively. That is, the difference between different
FSRsis required to be larger than the sum of two half-widths from signal and idler. As Ay, ; = FSR i/ F; ;, it
follows

FSR, — FSRi| >

1 | FSR; = FSR;
‘— + —. (A.2)

2| R OF

From this expression, we can determine the finesse to have only a single mode in the cluster by suppressing
adjacent longitudinal modes.

13



10P Publishing

NewJ. Phys. 17 (2015) 073039 K-H Luo etal

2R F, 1
>

(A.3)
”giri + ”gs}—; g |I’lgi — Mg

If we assume that the cavity has the same finesse for signal and idler, i.e., F; = F; = F;, the finesse is given by

Ngi + Mg

F> % . (A.4)

T’lg,' - Tlgs

Appendix B. Photon-pair generation rate and lifetime

In order to design a single-mode source with an integrated waveguide resonator with a precise value of the
finesse, one has to optimize the reflectivity of the rear mirror and the length of the waveguide to take into
consideration the losses inside the waveguide.

First, let us pay attention to the probability that a photon remains after a round-trip in the resonator,
Bemain = RiRe2%L where R, and R, are the reflectivities of front and rear mirrors, respectively, and a is the
internal waveguide loss coefficient. This means the probability that a photon is ‘lost’ in a round trip is given as:

Plost =1- R1R2€_2(XL. (B.l)

Obviously, the ‘losses’ of such a resonator concept are larger compared to the losses of a single-pass device.
Due to multiple round trips in the lossy waveguide, the probability that a photon is lost is increased. As a result,
the probability that a photon generated by the PDC process is coupled out of the resonator from the rear mirror
R, can be estimated as

1-R

= B.2
1-— Rlee_z"S:fL ( )

’75,1'

For a pair of photons generated by a PDC process, the photon-pair escape probability ,,, i.e., the
probability that a generated pair leaves the resonator at the ‘useful’ port (not necessarily in the same round trip),
is given as

1 — Ry, 1 — Ry
Mpp = s = 2al S2ail (B.3)
1- R15R25e 21— RliRzl'e !
Therefore, the efficiency of such resonant photon-pair sources is
Nsource = Mint X npp’ (B4)
where 7, is the internal generation efficiency in the waveguide.
Besides the source efficiency, we are also interested in the lifetime 7, ; of signal/idler photons in the
waveguide resonator,
Iflgs,iL
Tsi = ( B.5 )

c ln<1/Rls,iR25,ie‘“s‘iL) '

Interestingly, the cross-correlation study between signal and idler allows the determination of the cavity
performance at signal and idler simultaneously. From the different decay times of the cross-correlation
measurements, we can deduce the loss inside the waveguide cavity and the finesse as well at the same time, when
the mirror reflectivities are known.

Fi=——"—7-: (B.6)

Appendix C. Multi-mode correlation function

Assume several pairs of signal @, and idler modes ;,, with narrowband range w generated within the
broadband phase-matching envelope. Thus, we have a complex JSF

_ Y% Vi
fr (6) = znsnys+i(5w+a)5n);/i—i(5a)—win)) (D

where s, are different phase-matching weights.
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In the multi-mode case, the time-dependent signal—idler correlation function can be generalized as

Z Sn e—ia)m T
n

Itis found that the coincidence function includes interference terms, resulting in a multi-mode beating under
the exponential decay envelope.

If the difference between FSRs is negligible, there are alot of cavity modes inside one cluster. First, we
consider that N signal (idler) resonances occur at distinct central frequencies @y, (®;,) with equal spacing
Ap; = 27FSR; (Ap; = 2xFSR;). Thus, we rewrite equation (C.2) as

2
(2) -2 2y i,
G, (1) « u(r)e " + u(—1)e" e\ @in?

(C2)

N—-1N-n

G(z)(r) o« u(r)e " Zs + Z 225]s]+,, cos (nAFS )

n=1 j=1

N N-1N-n
+ u(—1)e*’ Zs”2 + Z ZZSij.M cos (nAF,-r) . (C.3)
n=1 n=1 j=1

This reveals that the two-photon coincidence from a multi-mode cluster is not only determined by two
exponential cavity decay times. Additionally, the superposition of different mode beatings contributes from
14, ;. From the above equation, it can be seen that the coincidence distribution consists of two combs of peaks
with equal separation, which corresponds to different round-trip times. Then, if the difference between FSRs is
large enough, only one mode in each cluster appears. Considering the cluster effect, we rewrite equation (C.2) as

G (1) & [u(z) e ™27 + u(—7)e7]

X [C1 + 2C, cos (ZnAydusterT) + 2C5 cos (47[Avdu5ter1)], (C4)

where C; are normalized constants from corresponding phase-matching weights. Both information of cavity
mode-beating and cluster modes’ interference are included in the two-photon cross-correlation. If we have a
stable PDC source with two or three single-mode clusters and a precise detection system, we would also obtain
the cluster separation Az, from such coincidence measurements.

Generally, for multi-cavity modes and the three-clusters case, the coincidence relationship is more
complicated, because mode beating and cluster beating both are involved. If the detection system with perfect
resolution could resolve the emission time from different round trips, we could characterize the cavity
performance and distinguish the modes’ performance, like FSR and cluster separation. However, the description
of realistic measurements must take into account the limited temporal resolution of the experimental system.
Actually, the time jitter of detector systems at least covers several periods of mode beating and even more periods
of cluster beating. Thus, we observed in the coincidence experiment the convolution between the real function
and a window function, which is determined by the temporal resolution.

Consider a multi-mode beam with an equally spectral superposition of several Lorentzian distributions,

_ v %
f (6w) _Zn ys+i(5a)+a)m)yi—i<6a)+a)sn). (C2)

The auto-correlation function gives
(2)()—1+i‘ ()|2+LNZ_12(N—n)cos[nA ]‘ ()|2 (C.6)
g¥ () = N 180 N & 7|8 ()]s .

where Ar is the angular FSR and N is the number of modes. When N = 1, the third interference term vanishes. In
this case, equation (C.6) is the same as equation (22).

For different mode numbers N, we always have g(z) (0) = 2, but only for a perfect time resolution. However,
realistic detectors suffer from finite time resolution. For our resonant PDC, the photon has longer temporal
wave-packets than the time window of the detectors. Therefore, our measurement provides information about
the correlation function with finite temporal resolution, which is different from the usual time-integrated
measurements, as given, for example, in reference [47] Assuming that the detection window at zero delay point
has a window with width T, then the measured g 2)(0) is given by the convolution of the real g (0) witha
detector window function. Concerning the realistic measurement, the time window of our detection system is
around 0.5 ns, and the Ag has a magnitude around tens or hundreds of GHz; i.e., the detector window covers
several beating periods. Thus, we observe a time-averaging over the beating periods, resulting in a measured
gfnz) (0) of
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Consequently, the number of cavity modes can be directly determined from the auto-correlation
measurements. Please note that this conclusion is similar for pulsed time-integrated correlations in reference
[47], but cavity modes are not Schmidt modes. As soon as we use a cw laser to pump, we cannot decompose our
resonant PDC state to two independent orthonormal bases.

The time-resolved auto-correlation measurement can be used to characterize the spectral longitudinal mode
properties of the source. A measured gr(nz) (0) value close to 2 tells that there is only one mode with a thermal
photon-number distribution. If more cavity modes are involved, APDs cannot distinguish between the different
thermal distributions. The measured value is a convolution between each individual thermal photon stream. It
causes the small grff) (0) value in the finite detector window, which tends towards a Poissonian photon-number
distribution after detection. If the measurements go further away from the auto-correlation time, the time-
averaged correlation function drops to its minimum value one, as expected.

A measured gs(jzi(l') characteristic for unfiltered signal and idler beams is shown in figure C1 . From the

measured value gr(nz) (0) = 1.25, an effective longitudinal mode number of N =4 can be estimated. This is in
reasonably good agreement with the simulated output spectrum shown in figure 1(b), where we estimated one
predominantly single mode together with several inequivalent modes within the whole phase-matching
envelope. Comparing these two auto-correlation curves, it is found that they have different temporal
bandwidths, T, ~ 12.6 nsand T,,,~ 9.7 ns, respectively, which correspond to the different decay times from the
signal and idler cavity. Although signal and idler should have the same bandwidth due to the energy conservation
and doubly resonant conditions, the auto-correlation still reveals the different cavity behaviors in the resonant
waveguide. The reason is that our pump has a 200 ns pulse length in order to synchronize the generation and
detection systems. This means that the pump still has finite bandwidths around 30 MHz in the spectral domain.
Besides, the positions of measured gjjl?i(o) slightly shift, just because of imperfect calibrations between two kinds
of different detectors (Silicon and InGaAs APDs).
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