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A narrowband photon pair source for quantum
communication applications

Peh Yu Xiang
Engineering Science, Centre for Quantum Technologies, Singapore

Abstract—We propose and experimentally realize a highly
non-degenerate spontaneous parametric down-conversion
(SPDC) source of narrowband photon pairs, with the signal
photons near the zero-dispersion wavelength of SMF-28e and
in the sub-THz bandwidth regime. Attempts are made to
produce this source using periodically-poled potassium titanyl
phosphate (PPKTP) in Type-II SPDC with 401 nm pump beam
and Type-0 SPDC with 405 nm pump beam. The generated
signal photons have temperature-tunable wavelength of 1307.5
nm and frequency bandwidth of less than 0.1 nm, limited
by spectrometer resolution. The low jitter of the source has
promising applications in quantum communication requiring
high time resolution.

Index Terms—Type-0 SPDC, PPKTP, narrowband, non-
degenerate, telecommunication O-band

I. INTRODUCTION

The heart of quantum communication and computation
involves detection and manipulation of light on the single
photon level. Generation of a stream of single photons can
be readily achieved through the use of a photon pair source
that creates strongly time-correlated photon pairs. It is often
desirable to reduce the bandwidth of the photons in the
photon pair as well, e.g. in quantum key distribution (QKD),
reducing the bandwidth of the coincidence window increases
the signal-to-noise ratio and yields lower error rates.

The spontaneous parametric down-conversion (SPDC) op-
tical process is commonly used to generate photon pairs, by
pumping light into an optical medium that couples with the
light in a non-linear manner. Owing to the weak coupling
coefficient of such media, the natural bandwidth of the photon
pairs generated is on the order of THz [1] [2] [3]. The band-
width of the SPDC can even be reduced down to the MHz
range through the use of cavities for spectral filtering. SPDC
lends itself nicely to quantum communication applications
since the frequency bandwidth of the photon output can be
tuned to fall within the sub-THz regime using highly non-
degenerate signal and idler photon wavelengths [4], without
the use of additional optical elements or sensitive cavity
alignment procedures.

A. Zero-dispersion wavelength

SPDC photon pair sources designed for quantum commu-
nication typically optimize for the C-band telecommunication
band of optical fibers near 1550 nm where the lowest attenu-
ation losses are exhibited [5] [4] [6] [7], to maximize bright-
ness. However there exists a non-zero chromatic dispersion in
the channel which introduces a wavelength-dependent change
in transmission time. This broadening increases unwanted
error rates during QKD, or timing uncertainty during clock
synchronization, so dispersion must be corrected for by
introducing additional dispersion compensation elements.

There exists a zero-dispersion wavelength in the O-band
telecommunication channel at which we can generate the

photons using SPDC, typically at or near the 1310 nm
wavelength for commercial telecommunication fibers. In ad-
dition, quantum communication protocols that utilize the
1310 nm frequency [8] can be also performed concurrently
with simultaneous transmission of Internet data typically in
the S-band (1460-1530 nm) and L-band (1565-1625 nm) [9]
[10], with lower noise coupling. By generating signal photons
at the zero-dispersion wavelength of SMF-28e with sub-THz
bandwidth, the total timing jitter from SPDC and chromatic
dispersion is on the order of sub-picoseconds, which is
beyond the resolution limit of even the most state-of-the-art
detectors. In other words, the resolution is not intrinsically
limited by the source of photon pairs itself.

B. Narrowband non-degenerate SPDC

Existing work done to investigate non-degenerate SPDC
have primarily focused on the production of narrowband
photons near the 1550 nm wavelength. For example, König
et al. [4] generated 1609 nm photons of 0.5 nm bandwidth
using bulk periodically-poled lithium niobate (PPLN), while
Kaneda et al. [7] produced 1590 nm photons with a band-
width of about 1 nm using bulk PPKTP. Other works on non-
degenerate SPDC to generate 1310 nm photons use cavity-
enhanced SPDC to spectrally filter wavelengths to sub-GHz
or MHz bandwidth regime instead [5] [11].

In this paper, we experimentally realize a non-degenerate
SPDC photon pair source using a periodically-poled potas-
sium titanyl phosphate (PPKTP) crystal. The signal output of
this source is centered near 1310 nm with a narrow bandwidth
of less than 0.1 nm, which can be temperature tuned to
optimize for transmission at the zero-dispersion wavelength
of SMF-28e optical fibers. Our proposed narrowband non-
degenerate source for 1310 nm, to the best of our knowledge,
has not yet been experimentally investigated.

II. EXPERIMENTAL SETUP

A. Optical setup

The optical setup for the down-conversion is shown in
Figure 1a and Figure 1b.

The 401 nm pump beam is coupled into a single mode
fiber with mode field diameter 2.0 — 2.4 µm at 350 nm
(ThorLabs P1-305A-FC-1). With an aspheric lens of focal
length 2.75 mm (ThorLabs C390TM-A), we create a 95 µm
beam waist at a distance of 21 cm from the fiber where
the PPKTP crystal is placed. The PPKTP crystal itself sits
in an oven mounted on a manual rotation stage (ThorLabs
PR01). A 3 mm thick longpass filter (Schott OG-530) with a
transmittance of < -50 dB at 400 nm is placed close to the
crystal to filter out the pump beam.

A shortpass dichoric mirror (DMSP1000T) separates the
co-linear signal and idler photons. The near-infrared signal
photons are coupled into a single mode SMF-28e fiber with



(a) Schematic of setup. LD: Pump laser diode; LPF Long-pass
filter.

(b) Actual experimental optical setup

Fig. 1: The experimental setup using the PPKTP crystal for
SPDC.

an aspheric lens of focal length 11 mm (ThorLabs C397TMD-
C). The visible idler photons are coupled into a single mode
fiber of mode field diameter around 4 µm at 488 nm with an
aspheric lens of focal length 4.51 mm (ThorLabs C230TMD-
A).

B. SPDC crystal

We use a periodically-poled potassium titanyl phosphate
(PPKTP) crystal for non-degenerate narrowband photon pair
generation. Two different SPDC processes were used in this
paper: the type-II SPDC uses a 401 nm pump beam for
401 nm (e) → 1310 nm (o) + 578 nm (e) and a PPKTP
crystal of a poling period of Λ = 7.875 µm at room
temperature fabricated by Raicol Crystals, while the type-
0 SPDC uses a 405 nm pump beam for 405 nm (o) →
1310 nm (o) + 586 nm (o) and PPKTP crystal of poling
period Λ = 3.875 µm. (e) and (o) represent the extraordinary
and ordinary polarizations.

C. Laser source

For Type-II phase matching with 405 nm pump and 1310
nm signal photons, an high oven heating temperature of
around 190°C is needed which is not ideal. The temperature
requirement can be reduced to a more reasonable 40°C by
replacing the 405 nm pump laser with a 401 nm pump laser.
The Nichia NDV4316 laser diode is used to generate the
pump beam, which has a center wavelength of approximately
401 nm and a multimode pump envelope. An external cavity
diode laser (ECDL) setup in Littrow configuration is used to
narrow the pump wavelength envelope, as shown in Figure 2.

Phase matching conditions for Type-0 SPDC with 405
pump are satisfied for a calculated oven temperature near
50°C. The single linewidth Ondax CP-405-PLR-40-4 laser
diode is used, which has a specified center wavelength of
405±0.5 nm and 160 MHz bandwidth using integrated volume
Bragg grating.

Fig. 2: Top-down view of the ECDL and coupling system.
The ECDL in Littrow configuration is marked by the red
rectangle.

D. Characterization devices

1) Single photon detectors: The total jitter from measuring
cross-correlation between detection events is given by the
convolution of all jitter contributions, including the intrinsic
jitter of photon pair generation, temporal broadening from
chromatic dispersion in the optical fiber, as well as the jitter
of the single photon detectors.

The Si and InGaAs single photon avalanche photodetectors
(APD) used in this paper are built in-house by the CQT
Quantum Optics group. The Si APD used has a jitter of about
500 — 600 ps and a dark count rate of about 100 per second.
The InGaAs APD used has a jitter of 200 — 300 ps and a
dark count rate of about 10,000 per second.

Another single photon detector used is the superconducting
nanowire single photon detector (SNSPD) which is a resonant
structure comprising of nanometer-wide waveguides typically
made from niobium nitride (NbN). It is designed for the near-
infrared regime and has a negligible dark count rate of a few
to around 100 accidentals per second. The jitter of the SNSPD
used in this paper is around 40 ps.

2) Spectrometers: The wavelengths of single photons can
measured using grating spectrometry, which uses diffraction
to select wavelengths for intensity measurement. The CDD-
based grating spectrometer (OceanOptics USB2000+) is sen-
sitive to light within the visible regime and has a wavelength
resolution of 0.5 nm in this regime. We also use a rotating
grating spectrometer in this paper borrowed from the NUS-
Singtel Lab, is designed for the near-infrared regime with a
wavelength resolution of about 1.0 nm.

III. RESULTS AND DISCUSSION

A. Type-II SPDC

The cross-correlation coincidence distribution obtained af-
ter Type-II SPDC is given in Figure 3. The jitter of the
distribution is 600 ps, which is limited by the resolution of
the detectors (specifically the Si APD). The signal photon
spectrum is measured, as shown in Figure 4. Three prominent
peaks at 1322 nm, 1334 nm, and 1349 nm can be seen,
indicating that the signal spectrum is not single mode. This
can be explained by the multimodal frequency distribution of
the pump laser in the ECDL, which will not produce the



desired single mode down-conversion signal photons after
Type-II SPDC.
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Fig. 3: Normalized cross-correlation between detection events
on the SNSPD for the signal photons and Si APD for the idler
photons, after Type-0 SPDC. The FWHM of the coincidence
distribution is 600 ps.
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Fig. 4: Wavelength distribution of signal photons after Type-
II SPDC with 401 nm pump beam from ECDL. The spec-
trum is clearly multimodal with multiple prominent peaks
at 1322 nm, 1334 nm, and 1349 nm, as well as several
other smaller peaks. The spectrometer resolution is 1.0 nm.
Detection of photon arrival events is performed using SNSPD.

B. Type-0 SPDC

We turn to the 405 nm Ondax laser diode for Type-0 SPDC,
which is measured to have center wavelength of 405.033
nm with a FWHM of 0.002 nm (frequency bandwidth of
3.7 GHz). The actual oven temperature after optimization
for heralding efficiency is 38.7±0.1°C, with the heralding
efficiency averaging around 8% obtained with the Type-0
SPDC. The g(2) cross-correlation has a jitter of 625 ps, as
shown in Figure 5, which means the total jitter of the cross-
correlation is still dominated by the jitter of the silicon APD.

The spectra of the signal and idler photons obtained is
shown in Figure 6a and in Figure 6b, respectively. The mea-
surements of bandwidth for both signal and idler are limited
by the resolution of the respective spectrometer. The desired
sub-THz bandwidth regime for the signal is achieved, since
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Fig. 5: Cross-correlation between detection events on the
InGaAs APD for the signal photons and Si APD for the idler
photons, after Type-0 SPDC. The FWHM of the coincidence
distribution is 625 ps.

the 1.0 nm bandwidth (175 GHz frequency bandwidth) of
the signal photon is an upper bound to the actual wavelength
bandwidth of the signal.

IV. CONCLUSION

We proposed a highly non-degenerate spontaneous para-
metric down-conversion (SPDC) source of narrowband pho-
ton pairs in the sub-THz bandwidth regime, and detailed
the experimental setup necessary to facilitate the down-
conversion of pump photons for both Type-II and Type-0
SPDC. The cross-correlation between the signal photon and
idler photon detection events was measured to verify the
presence of photon pairs.

The 1.0 nm FWHM of the signal wavelength envelope
indicates that our photon pair source is within the desired
sub-THz bandwidth regime, despite being limited by the
resolution of the spectrometers. The total jitter measured
for a photon pair source in this sub-THz bandwidth regime,
with the signal wavelength centered at the zero-dispersion
wavelength of SMF-28e, is on the order of sub-picoseconds,
which is very promising for high time resolution applications
in quantum communication.
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Chapter 1

Introduction

1.1 Narrowband photon pair source

The heart of quantum communication and computation involves detection and

manipulation of light on the single photon level. Generation of a stream of single

photons can be readily achieved through the use of a photon pair source that creates

strongly time-correlated photon pairs, i.e., the detection of one of the photons in

the pair can be used to signal the presence of the other photon.

It is often desirable to reduce the bandwidth of the photons in the photon

pair as well. In quantum key distribution (QKD), reducing the bandwidth of the

coincidence window increases the signal-to-noise ratio, as shown in Figure 1.1,

which yields lower error rates. Extremely narrow photons on the order of MHz can

even be used to interface with atoms with narrow atomic transitions and quantum

memory [1][2].

1.2 SPDC for quantum communication

The spontaneous parametric down-conversion (SPDC) optical process is commonly

used to generate photon pairs. These photon pairs are obtained by pumping light

into an optical medium, such as potassium titanyl phosphate (KTP) and barium

borate (BBO), that couples with the light in a non-linear manner. Owing to the

weak coupling coefficient of such media, the natural bandwidth of photon pairs is

on the order of THz [3][4][5]. The bandwidth of the SPDC can be reduced down

to the MHz range through the use of cavities for spectral filtering, such as the

bow-tie configuration [6][7], Fabry-Perot [2][8], or even the crystal itself as a cavity

mirror [9].

Notably, SPDC lends itself nicely to quantum communication applications since

the frequency bandwidth of the photon output can be tuned to fall within the sub-

1
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Figure 1.1: Cross-correlation between detection events on separate photon detec-
tors, where the red area is background noise and green area is the coincidence signal.
The green area is the same across (a) and (b). Narrower bandwidth photons mani-
fest as a sharper peak during detection in (a) as compared to (b). Integrating over
a smaller coincidence window yields a larger signal-to-noise ratio.

THz regime using highly non-degenerate signal and idler photon wavelengths [10],

without the use of additional optical elements or sensitive cavity alignment proce-

dures. The physical explanation for this phenomena is detailed in Chapter 2 of the

thesis.

SPDC photon pair sources designed for quantum communication typically opti-

mize for the C-band telecommunication band of optical fibers near 1550 nm where

the lowest attenuation losses are exhibited [1][10][11][12], to maximize the bright-

ness. However there exists a non-zero chromatic dispersion in the channel which

introduces a wavelength-dependent change in transmission time, as shown in Fig-

ure 1.2 (the dispersion equation is supplied by the manufacturer [13]). This arises

from the fact that the refractive index of the fiber (and hence speed of light in

the fiber) varies with the wavelength of the propagating light. This broadening

increases unwanted error rates during QKD, or timing uncertainty during clock

synchronization, so dispersion must be corrected for by introducing additional dis-

persion compensation elements.

There exists a zero-dispersion wavelength in the O-band telecommunication

channel at which we can generate the photons using SPDC, typically at or near

the 1310 nm wavelength for commercial telecommunication fibers as seen in Fig-

ure 1.2. In addition, quantum communication protocols that utilize the 1310 nm

frequency [14] can be also performed concurrently with simultaneous transmission

of Internet data typically in the S-band (1460-1530 nm) and L-band (1565-1625

2



1.2. SPDC for quantum communication
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Figure 1.2: Plot of dispersion per kilometer of Corning SMF-28e optical fiber as a
function of wavelength. The zero-dispersion wavelength for this fiber is 1313 nm.
The total dispersion can be obtained by integrating the dispersion curve over the
wavelength bandwidth.

nm) [15][16], with lower noise coupling by virtue of the larger wavelength separa-

tion compared to C-band (1530-1565 nm) wavelengths.

We can show that the sub-THz regime of the SPDC output bandwidth is suit-

able for quantum communication. Suppose we generate a signal photon centered

at 1313 nm with wavelength bandwidth of 1 nm, corresponding to a frequency

bandwidth of 174 GHz. Note that due to the uncertainty principle, there is an

intrinsic lower bound to the timing uncertainty between photon pairs during down-

conversion, given by Δ𝑡 ≥ ℏ
2Δ𝐸 = 1

4𝜋Δ 𝑓
= 0.5 ps. The dispersion of these photons

in a 10-km long optical fiber is approximately 0.2 ps using Figure 1.2. The total

timing jitter is thus on the order of sub-picoseconds, which is beyond the resolution

limit of even the most state-of-the-art detectors today, i.e. the resolution is not

intrinsically limited by the source of photon pairs itself. The use of non-degenerate

SPDC also allows the idler photon in the visible wavelength regime to be detected

by higher efficiency silicon photodetectors, increasing the heralding efficiency of the

down-conversion.
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Chapter 1. Introduction

1.3 Outline of thesis

In this thesis, we experimentally realize a non-degenerate SPDC photon pair source

using a periodically-poled potassium titanyl phosphate (PPKTP) crystal. The

signal output of this source is centered near 1310 nm with a narrow bandwidth of

less than 0.1 nm, which can be temperature tuned to optimize for transmission at

the zero-dispersion wavelength of SMF-28e optical fibers.

Existing work done to investigate non-degenerate SPDC have primarily focused

on the production of narrowband photons near the 1550 nm wavelength. For exam-

ple, König et al. [10] generated 1609 nm photons of 0.5 nm bandwidth using bulk

periodically-poled lithium niobate (PPLN), while Kaneda et al. [12] produced 1590

nm photons with a bandwidth of about 1 nm using bulk PPKTP. Other works on

non-degenerate SPDC to generate 1310 nm photons use cavity-enhanced SPDC to

spectrally filter wavelengths to sub-GHz or MHz bandwidth regime instead [1][2].

Our proposed narrowband non-degenerate source for 1310 nm, to the best of our

knowledge, has not yet been experimentally investigated.

The theory behind SPDC is detailed in Chapter 2 of the thesis, as well as

the equipment used to characterize the generated photon pairs. The experimental

setup and the results are described in Chapter 3. We finally conclude the thesis in

Chapter 4 and explore possible avenues for extending this work.
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Chapter 2

Preliminaries

2.1 Spontaneous parametric down-conversion

2.1.1 Heralded photon source

Spontaneous parametric down-conversion (SPDC) is a non-linear optical process

used to create photon pairs that are strongly time-correlated. Photons in the pump

laser beam are converted into pairs of downstream photons, termed as the signal

and idler photons, as they propagate through a crystal. This process manifests as

a result of the non-linearity of the crystal’s electric susceptibility 𝜒 under strong

electric fields, expressed as a power series in the electric field strength 𝐸 ,

𝑃 = 𝜀0

[
𝜒(1)𝐸 + 𝜒(2)𝐸2 + · · ·

]
(2.1)

where the polarization 𝑃 is a function of the familiar linear susceptibility 𝜒(1)

and the (second) higher-order non-linear susceptibility 𝜒(2) [17]. SPDC itself is a

second-order non-linear process that depends on 𝜒(2).

Photons generated by SPDC in the non-linear crystal must be generated as a

pair, with a timing separation typically within sub-picoseconds of each other. The

detection of one photon from a pair thus indicates the existence of the other photon

in the pair — in other words, the detected photon heralds the other photon. This

also means that when both photons are detected, there exists some time difference

𝜏 between the two detection events. The pairwise detection event is termed as a

coincidence event.

A related concept is the heralding efficiency 𝜂, defined as the ratio of photon

pair detection events 𝑃 to the geometric mean of single photon detection events on

both detectors 𝑆1 and 𝑆2, within this coincidence window,
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Chapter 2. Preliminaries

𝜂 =
𝑃

√
𝑆1 × 𝑆2

. (2.2)

2.1.2 Phase matching

The generation of photon pairs during SPDC is maximized when the phase match-

ing conditions are met, i.e., the set of energy and momentum conservation condi-

tions,

𝐸𝑝 − 𝐸𝑖 − 𝐸𝑠 = 0 (2.3)

Δ𝑘 = 𝑘 𝑝 − 𝑘𝑖 − 𝑘𝑠 = 0 (2.4)

are fulfilled between the pump 𝑝, idler 𝑖 and signal 𝑠 photons. 𝐸 = ℎ 𝑓 = ℎ𝑐/𝜆
is the energy of the photon, while 𝑘 = 2𝜋𝑛/𝜆 is the wavevector of the photon.

Note that 𝑘 is related to the wavelength-dependent refractive index of the medium

𝑛(𝜆). The direction-dependence of the wavevector is removed by assuming the

phase propagation direction of the pump, signal and idler photons are all co-linear,

which is true for the SPDC process used in this thesis. The wavevector mismatch

Δ𝑘 thus represents the relative phase propagation between that of the signal and

idler fields along the same direction.

The classical picture of SPDC is best used to explain how momentum conser-

vation can be satisfied. By using the coupled-wave equations of the SPDC and

modelling the output fields as plane waves, the intensity 𝐼 of the output waves can

be expressed as a function of Δ𝑘,

𝐼 = 𝐼 (max) sinc2
(
Δ𝑘𝐿

2

)
(2.5)

where 𝐿 is the length of the crystal used in the SPDC process. The plot of the

squared sinc function is as shown in Figure 2.1. The full treatment of the SPDC

process in both the classical and quantum picture is beyond the scope of this thesis,

but can be found in many reference texts [17][18][19].

We observe that the wavevector mismatch Δ𝑘 ideally should be as close to 0 as

possible for maximum brightness. It has been shown that perfect phase matching,

specifically when Δ𝑘 = 0, cannot be achieved with a single polarization in the

normal dispersion region of a medium [18], where the refractive index decreases

monotonically with increasing wavelength 𝜆. Figure 2.2 illustrates this particular
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2.1. Spontaneous parametric down-conversion

refractive index behaviour for the potassium titanyl phosphate (KTP) crystal at

room temperature, plotted using the Sellmeier equations [20][21][22].

Birefringence of the crystal can be used to compensate for the wavevector mis-

match Δ𝑘, as the refractive index differs between light of different polarizations.

Temperature can be used to further tune the refractive index of the crystal.
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Figure 2.1: Plot of the sinc squared function. Note that the zeroes of the function
occurs at integer multiples of 𝜋.
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Figure 2.2: Refractive index of birefringent KTP crystal as a function of wave-
length of light with ordinary and extraordinary polarization, at room temperature.
These curves are obtained using the experimentally-fitted temperature-dependent
Sellmeier equations. The crystal exhibits normal dispersion for each polarization.
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2.1.3 Quasi-phase matching

There are cases where birefrigence is still insufficient to compensate for the wavevec-

tor mismatch Δ𝑘.

A non-zero Δ𝑘 results in a phase difference between the pump and output fields

that accumulates throughout the length 𝐿 of the crystal. While the fields are in-

phase, energy couples from the pump field into the output field. Correspondingly,

the energy in the output field couples back into the pump field when the fields are

out-of-phase, resulting in a decrease in output intensity.

A technique known as periodic poling can be used to keep the fields in-phase.

When the pump and output waves accumulate a 𝜋 phase difference, the parity of

the crystal coupling coefficient can be changed by flipping the ferroelectric domains

of the crystal, thereby reversing the phase difference. This allows energy from the

pump field to continue coupling into the output field.

The periodic flipping of the ferroelectric domains with every 2𝜋 phase accumu-

lation across a periodic poling length of Λ contributes an additional momentum

term that compensates for the wavevector mismatch,

Δ𝑘 = 𝑘 𝑝 − 𝑘𝑖 − 𝑘𝑠 −
2𝜋

Λ
= 0. (2.6)

The poling period of the crystal for a desired down-conversion process can thus

be specified, accounting for the temperature 𝑇 and wavelength 𝜆 dependence of

the refractive index as well as the linear thermal expansion coefficient 𝛼𝐿 of the

crystal,

Λ (𝜆, 𝑇) = 2𝜋 (1 + 𝛼𝐿 (𝑇 − 25))
𝑘 𝑝

(
𝜆𝑝, 𝑇

)
− 𝑘𝑠 (𝜆𝑠, 𝑇) − 𝑘𝑖 (𝜆𝑖, 𝑇)

. (2.7)

The use of periodically-poled crystals, such as periodically-poled potassium ti-

tanyl phosphate (PPKTP), is often a desirable approach since crystals of different

periodicity can be engineered to compensate for a wide range of wavevector mis-

matches, as well as allow for co-linear operation.

SPDC can be subclassified by the orthogonality of polarization between the

pump, idler and signal photons. By convention, Type-0 SPDC denotes the use

of the same polarization across all three photons, Type-I SPDC denote orthogonal

polarizations between the signal + idler photons and the pump photon, while Type-

II SPDC denote orthogonal polarizations between the signal and idler photon.
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2.1. Spontaneous parametric down-conversion
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Figure 2.3: Plot of wavevector mismatch against signal wavelength for pump beam
of 405 nm, in room temperature PPKTP for Type-0 SPDC. The photon polariza-
tions all share the same polarization as the ordinary ray.

2.1.4 Non-degenerate photon pairs

In Chapter 1, we briefly mentioned that the use of non-degenerate signal and idler

photon wavelengths can lead to a significant reduction in frequency bandwidth.

This is best illustrated graphically, with Figure 2.3 showing a plot of wavevector

mismatch Δ𝑘 = 𝑘 𝑝 − 𝑘𝑖 − 𝑘𝑠 against wavelength of the signal photon 𝜆𝑠 for a pump

beam of 𝜆𝑝 = 405 nm and PPKTP at room temperature. The polarizations of

photons are assumed to be in the same polarization (Type-0 SPDC) to aid in

conceptual understanding.

There are three notable features in the graph:

1. The wavevector mismatch Δ𝑘 is never equal to zero within the normal dis-

persion regime.

2. The maximum value of Δ𝑘 occurs when the photon pairs are degenerate, i.e.

𝜆𝑠 = 𝜆𝑖 = 810 nm.

3. The points where the horizontal line intersect indicate the wavelengths for

which energy is conserved, e.g. 405 nm → 1310 nm + 586 nm.

For a given compensation of Δ𝑘 during quasi-phase matching, we obtain the
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Chapter 2. Preliminaries

wavelengths for which phase matching conditions are met. Near the degenerate

wavelength 𝜆𝑠 = 𝜆𝑖 = 810 nm, a small deviation in Δ𝑘 results in a relatively

wide bandwidth shift. This contrasts to when 𝜆𝑠 = 1310 nm, where a small Δ𝑘

deviation results in a relatively smaller change in bandwidth for the signal photon

and correspondingly for the idler. The use of non-degenerate photon pair generation

during SPDC decreases the wavelength bandwidth of photons in the pair.

2.2 Detection of photon pairs

2.2.1 Single photon detection

The total jitter from measuring cross-correlation between detection events is given

by the convolution of all jitter contributions, including the intrinsic jitter of pho-

ton pair generation, temporal broadening from chromatic dispersion in the optical

fiber, as well as the jitter of the single photon detectors. It is thus important

to understand the characteristics of the detectors used to measure the 𝑔(2) cross-

correlation.

Avalanche photodetectors

Single photon avalanche photodetectors (APD) rely on the avalanche effect to gen-

erate a signal pulse of significantly higher energy than that of a single photon.

Typical APDs maintain a large reverse bias voltage across a semiconductor PN

junction that exceeds the breakdown voltage. This metastable state is so sensitive

that the absorption of a single photon within the depletion region is sufficient to

trigger the multiplication of charge carriers that generate the avalanche current.

APDs are usually cooled to low temperatures to minimize thermal fluctuations

contributing to dark counts in the detectors.

The responsivity of APDs is wavelength-dependent, depending on the semicon-

ductor stack used. Silicon (Si) avalanche detectors have high detection efficien-

cies across the entire visible spectrum, while indium-gallium-arsenide (InGaAs)

avalanche detectors are sensitive in the near-infrared regime.

The Si and InGaAs APDs used in this thesis are built in-house by the CQT

Quantum Optics group. Figure 2.4 shows the Si APD. The Si APD used has a

jitter of about 500 — 600 ps and a dark count rate of about 100 per second. The

InGaAs APD used has a jitter of 200 — 300 ps and a dark count rate of about

10,000 per second. Note that the dark count rate of APDs is strongly correlated

to the operating conditions.
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2.2. Detection of photon pairs

Figure 2.4: Si APD built in-house by the CQT Quantum Optics group.

Superconducting nanowire

The superconducting nanowire single photon detector (SNSPD) is a resonant struc-

ture comprising of nanometer-wide waveguides, typically made from niobium ni-

tride (NbN). Figure 2.6 shows one such example of a nanostructure fabricated

for use as an SNSPD, provided by the USA National Institute of Standards and

Technology (NIST).

The SNSPD is kept in the superconducting state by cooling, and a bias current

just under the critical current is supplied across the SNSPD. The detection of single

photons in the SNSPD can be understood as the formation of a local hotspot within

the nanostructure upon absorption of a photon, causing the region to briefly become

non-superconducting and reflect the bias current into the output as a signal pulse.

The region subsequently cools and returns to the superconducting state for the

next photon detection.

While the SNSPD can be engineered to become sensitive to a wide variety of

of wavelengths, the efficiency of SNSPD is typically enhanced for a specified wave-

length through the use of resonant nanostructures and distributed Bragg gratings.

The SNSPD used in the thesis is housed within the 4K cooling stage of a

cryogenic fridge supplied by Entropy Cryogenics, as shown in Figure 2.5. It is

designed for the near-infrared regime and has a negligible dark count rate of a few

to around 100 accidentals per second. The jitter of the SNSPD used in this thesis

is around 40 ps. This jitter can be reduced using cryogenic electronics and related

work is still ongoing.
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Figure 2.5: SNSPD mounted on the 4K cooling stage of a cryogenic fridge. The
SNSPDs are circled in white.

Figure 2.6: False-color scanning electron micrograph of a sample SNSPD structure.
Image provided by NIST.

2.2.2 Spectral bandwidth measurement

The wavelengths of single photons can measured using grating spectrometry, which

using diffraction to select wavelengths for intensity measurement.

The CDD-based grating spectrometer typically has a fixed diffraction grating

which diffracts light into the pixels of a linear CCD camera. The OceanOptics

spectrometer (OceanOptics USB2000+) used in this thesis is based on this design.

It is sensitive to light within the visible regime and has a wavelength resolution of

0.5 nm in this regime.

A reflective grating can also be mounted onto a rotation stage that diffracts

light according to the grating equation. The diffracted light is then coupled into a

single mode fiber for subsequent detection by a single photon detector. The grating

spectrometer used in this thesis was borrowed from the NUS-Singtel Lab and is

designed for the near-infrared regime, with a wavelength resolution of 1.0 nm.
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Chapter 3

Experimental results

3.1 Type-II SPDC

In this chapter, we explore the use of a periodically-poled potassium titanyl phos-

phate (PPKTP) crystal for non-degenerate narrowband photon pair generation.

The PPKTP crystal is fabricated by Raicol Crystals with a poling period of

Λ = 7.875 µm at room temperature.

The PPKTP poling period for Type-II SPDC with 405 nm pump and 1310 nm

signal photons is 8.27 µm at room temperature, as calculated with Equation 2.7.

An oven heating temperature of around 190°C is needed to achieve phase matching,

which is not ideal due to the fire hazard: the wire jacket and solder can potentially

melt at the high temperature, shown in Figure 3.1, and fluctuations at high tem-

peratures can risk damaging the crystal. A large heating current also has to be

continuously drawn to maintain the temperature.

The temperature requirement can be reduced to a more reasonable 40°C by

replacing the 405 nm pump laser with a 401 nm pump laser. This gives the following

down-conversion process:

401 nm (e) → 1310 nm (o) + 578 nm (e)

where (𝑒) and (𝑜) represent the extraordinary and ordinary polarizations.

3.1.1 Experimental setup

Optical setup

The optical setup for the down-conversion is shown in Figure 3.2a and Figure 3.2b.

The 401 nm pump beam is coupled into a single mode fiber with mode field

diameter 2.0 — 2.4 µm at 350 nm (ThorLabs P1-305A-FC-1). With an aspheric

lens of focal length 2.75 mm (ThorLabs C390TM-A), we create a 95 µm beam
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Chapter 3. Experimental results

Figure 3.1: Damage to the wire jackets from heating the oven holder to 190°C.

Si APDSNSPD
LD

SMF-28

PPKTP

LPF

Dichoric

1310 nm

401 nm 578 nm

(a) Schematic of setup. LD: Pump laser diode; LPF Long-pass filter.

(b) Actual experimental optical setup

Figure 3.2: The experimental setup using the PPKTP crystal for SPDC.
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3.1. Type-II SPDC

waist at a distance of 21 cm from the fiber where the PPKTP crystal is placed.

The pump beam waist is chosen using the Bennink model [23][24], by optimizing for

heralding efficiency assuming no collection and detector loss. The PPKTP crystal

itself sits in an oven mounted on a manual rotation stage (ThorLabs PR01). A

3 mm thick longpass filter (Schott OG-530) with a transmittance of < -50 dB at

400 nm is placed close to the crystal to filter out the pump beam.

A shortpass dichoric mirror (DMSP1000T) separates the co-linear signal and

idler photons. The near-infrared signal photons are coupled into a single mode

SMF-28e fiber with an aspheric lens of focal length 11 mm (ThorLabs C397TMD-

C). The visible idler photons are coupled into a single mode fiber of mode field

diameter around 4 µm at 488 nm with an aspheric lens of focal length 4.51 mm

(ThorLabs C230TMD-A).

Coincidence measurement

The idler photons are coupled into the Si avalanche photodetector, while the signal

photons are coupled into the SNSPD. The signal output from the detectors are

converted into nim pulses using discriminator cards and fed into a timestamp card

for cross-correlation between photon detection events to identify the coincidence

peak.

Laser source

The Nichia NDV4316 laser diode is used to generate the pump beam, which has a

center wavelength of approximately 401 nm and a multimode pump envelope. An

external cavity diode laser (ECDL) setup in Littrow configuration is used to narrow

the pump wavelength envelope, as shown in Figure 3.3. This setup is achieved

through the use of a 3600 lines/mm reflective grating (ThorLabs GH25-36U) that

reflects the desired 401 nm wavelength as a feedback to the laser diode, forming an

external cavity between the grating and the diode. The alignment procedure for

the ECDL is referenced from MacAdam et al. [25].

The pump wavelength spectrum is initially characterized using the OceanOptics

spectrometer, as shown in Figure 3.4.

Crystal oven holder

The PPKTP crystal is housed within the aluminium oven, shown in Figure 3.2b,

which has a 5 Ω heating resistor and PID controller to stabilize the temperature

at around 40.0°C with fluctuations of less than 0.1°C. The heat loss from the oven

is further minimized by capping the oven with a thin aluminium housing to reflect

radiation and provide an insulating air layer.
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Chapter 3. Experimental results

Figure 3.3: Top-down view of the ECDL and coupling system. The ECDL in
Littrow configuration is marked by the red rectangle.
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Figure 3.4: Wavelength spectrum of pump laser diode in ECDL setup, obtained
using OceanOptics spectrometer. The center wavelength is 400.5 nm with a wave-
length envelope FWHM of 0.5 nm.
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3.1.2 Results and discussion

The cross-correlation coincidence distribution obtained after Type-II SPDC is given

in Figure 3.5. The jitter of the distribution is 600 ps, which is limited by the

resolution of the detectors (specifically the Si APD).

The signal photon spectrum is measured, as shown in Figure 3.6. Three promi-

nent peaks at 1322 nm, 1334 nm, and 1349 nm can be seen, indicating that the

signal spectrum is not single mode.

A Michelson interferometric spectrometer with resolution at least 1.0 parts per

million (Bristol Model 771) is used to characterize the pump wavelength spectrum

to a higher accuracy than is afforded by the OceanOptics spectrometer, as shown

in Figure 3.7. The pump laser still has a multimodal frequency distribution in

external cavity configuration which will not produce the desired single mode down-

conversion signal photons after SPDC.
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Figure 3.5: Normalized cross-correlation between detection events on the SNSPD
for the signal photons and Si APD for the idler photons, after Type-0 SPDC. The
FWHM of the coincidence distribution is 600 ps.
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Figure 3.6: Wavelength distribution of signal photons after Type-II SPDC with
401 nm pump beam from ECDL. The spectrum is clearly multimodal with multiple
prominent peaks at 1322 nm, 1334 nm, and 1349 nm, as well as several other smaller
peaks. The spectrometer resolution is 1.0 nm. Detection of photon arrival events
is performed using SNSPD.
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Figure 3.7: Spectrum of pump laser ECDL measured using spectrometer of reso-
lution of < 1.0 parts per million. The spectrum is multimode with a peak center
wavelength of 400.407 nm.
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3.2 Type-0 SPDC

Phase matching at multiple wavelengths arising from the multimode nature of the

laser can be mitigated by using a sufficiently single linewidth laser. The multi-

mode Nichia laser diode is swapped out for the Ondax CP-405-PLR-40-4 laser

diode, which is specified to have a center wavelength of 405±0.5 nm and 160 MHz

bandwidth using integrated volume Bragg grating.

A Type-0 SPDC down-conversion is performed using a different PPKTP crystal

of poling period Λ = 3.875 µm in the same experimental setup, with phase matching

conditions satisfied for a calculated oven temperature near 50°C for,

405 nm (o) → 1310 nm (o) + 586 nm (o).

The longpass color glass filter (Schott OG-530) was additionally removed from

the experimental setup due to the presence of fluorescence that increased the back-

ground count rate on the Si APD. The InGaAs APD, which has poor responsivity

with respect to the 405 nm pump wavelength that is coupled into the optical fiber

together with the signal photons, is used instead of the SNSPD for the photode-

tection of the signal photons.

3.2.1 Results and discussion

The actual oven temperature after optimization for heralding efficiency is 38.7±0.1°C,
with the heralding efficiency averaging around 8% obtained with the Type-0 SPDC.

The 𝑔(2) cross-correlation has a jitter of 625 ps, as shown in Figure 3.8, which means

the total jitter of the cross-correlation is still dominated by the jitter of the silicon

APD.

The wavelength spectrum of the pump laser is again characterized using the

high-resolution spectrometer (Bristol Model 771), as shown in Figure 3.9, in order

to verify single mode operation. The center wavelength of the pump beam is

405.033 nm with a FWHM of 0.002 nm (frequency bandwidth of 3.7 GHz), which

is single mode operation.

The spectra of the signal and idler photons obtained is shown in Figure 3.10a

and in Figure 3.10b, respectively. The measurements of bandwidth for both signal

and idler are limited by the resolution of the respective spectrometer. The desired

sub-THz bandwidth regime for the signal is achieved, since the 1.0 nm bandwidth

(175 GHz frequency bandwidth) of the signal photon is an upper bound to the

actual wavelength bandwidth of the signal.
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Figure 3.8: Cross-correlation between detection events on the InGaAs APD for the
signal photons and Si APD for the idler photons, after Type-0 SPDC. The FWHM
of the coincidence distribution is 625 ps.
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Figure 3.9: Spectrum of narrow bandwidth laser diode (Ondax CP-405-PLR-40-4)
at a supplied laser current of 72.5 mA. The center wavelength is 405.033 nm with
a FWHM of 0.002 nm.
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(a) Wavelength distribution of signal photons centered at 1307.5 nm with a FWHM of
approximately 1.0 nm. The rotating grating spectrometer of resolution 1.0 nm is used,
and the photon detection counts are measured using the InGaAs APD.
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(b) Wavelength distribution of idler photons centered at 584.9 nm with a FWHM of
approximately 0.6 nm, measured using the OceanOptics spectrometer of resolution 0.5
nm.

Figure 3.10: Wavelength distribution of signal and idler photons after the Type-0
SPDC using 405 nm pump laser. Both spectra are limited by the resolution of the
spectrometers.
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Chapter 4

Conclusion

We started this thesis by proposing a highly non-degenerate spontaneous paramet-

ric down-conversion (SPDC) source of narrowband photon pairs in the sub-THz

bandwidth regime in Chapter 1. The signal wavelength is centered at the zero-

dispersion wavelength of SMF-28e optical fiber which is the most widely-deployed

telecommunication fiber. A brief summary of how phase matching conditions for

the down-conversion can be fulfilled using a combination of temperature tuning

and quasi-phase matching is described in Chapter 2. In Chapter 3, we detailed

the experimental setup necessary to facilitate the down-conversion of pump pho-

tons for both Type-II and Type-0 SPDC. The cross-correlation between the signal

photon and idler photon detection events was measured to verify the presence of

photon pairs. The wavelength distributions of the signal and idler photons were

also plotted.

Multiple peaks in the distribution of the signal wavelength were present due

to the multimode frequency of the pump laser used in the Type-II SPDC, even

after using an external cavity for spectral filtering. The PPKTP crystal was then

swapped out for a different poling period in order to obtain phase matching of

Type-0 SPDC with a single mode pump laser, which yielded the desired single

mode signal wavelength distribution near 1310 nm. The 1.0 nm FWHM of the

signal wavelength envelope indicates that our photon pair source is within the

desired sub-THz bandwidth regime, despite being limited by the resolution of the

spectrometers.

Based on earlier calculations in Chapter 1, the total jitter measured for a photon

pair source in this sub-THz bandwidth regime, with the signal wavelength centered

at the zero-dispersion wavelength of SMF-28e, is on the order of sub-picoseconds,

which is very promising for high time resolution applications in quantum commu-

nication.
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Chapter 4. Conclusion

4.1 Outlook

The wavelength distribution of the signal photons can be determined indirectly

by measuring that of the idler photons to a sufficient accuracy — an etalon-

based cavity can be built to measure the transmission of light as a function of

the temperature-dependent resonant frequencies of the cavity, which can be shifted

through the use of temperature tuning. This can potentially result in a spectral

resolution of order of magnitudes better than the current CCD-based spectrometer.

Sensitivity tests with varying temperature across the crystal can also be performed

to verify long-term stability of the signal wavelength.

Subsequent entanglement of photon pairs, by introducing alternative down-

conversion paths through the same crystal and recombining them, will serve as

additional quantum resource for security in quantum communication applications.
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Appendix A

Alignment procedure for optical

setup

Before alignment, ensure that the desired pump beam is already coupled into a

single mode fiber. Single photon detectors for both down-converted output pho-

tons (signal and idler) should be available, along with a timestamp card for cross-

correlation of detection events between the two detectors.

1. Collimate the pump light emitted from the single mode fiber. Mount the

collimation system on a kinematic mount (with pitch and yaw degrees of

freedom). Adjust the distance of the lens from the fiber until desired focus

distance is obtained.

2. Reflect the beam off a mirror mounted on another kinematic mount. Using

two iris apertures on the same horizontal level and equidistant from the center

of the crystal, adjust both mounts such that the beam passes through both

irises. Ensure that the beam path also falls along the position of the crystal in

the oven holder (that has pitch and roll degrees of freedom, e.g. a kinematic

platform mount atop a rotation stage).

3. At the desired idler collection end, place another set of collimation system

and mirror. The aspheric lens in the collimation system should be mounted

on a Z-translation stage for fine Z adjustment. Couple laser light from this

end and repeat steps 1 and 2 for the same set of iris apertures.

4. Remove the laser light from the collection end and maximize the coupling of

the pump beam into the collection fiber, by adjusting the kinematic mounts

on the collection end, as well as the position of the collection aspheric lens.

5. Place the dichoric mirror in the path of the pump beam, and readjust the

coupling into the idler collection end. Repeat steps 3 and 4 with the signal
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Appendix A. Alignment procedure for optical setup

collection end as well.

6. Place in the crystal in the oven holder. Adjust the crystal such that the

backreflection from the crystal aperture overlaps the incident path of the

pump beam. Add an optional filter after the crystal to filter out the pump

beam, and do the same backreflection adjustment.

7. Couple the collection output fibers to single photon detectors connected to

the same timestamp card. Repeat the optimizations in step 4 for both signal

and idler collection ports, maximizing the heralding efficiency.
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