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ABSTRACT

Photonic Integrated Circuits (PICs) are a promising contender for quantum information technologies. The spectral purity of photons is one
of the key attributes of photon-pair sources based on nonlinear optics. We can obtain >99% purity in PIC ring-resonator photon-pair sources
by manipulating the pump pulse in the time domain. Here, we have developed a PIC to shape a pulse into dual, triple, and quadruple pulses
and investigated the effect of these pump pulse configurations on the purity. Our results show that more complex configurations, compared
to a two-pulse configuration, do not result in comparatively higher purity but allow more accurate control over choosing arbitrary values of

the purity.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0229514

I. INTRODUCTION

Quantum information is the foundation for many strategic
technologies, such as quantum computing and communication.'
Integrated photonics has shown to be a promising platform to
scale-up and stabilize quantum experiments while benefiting from
well-developed fabrication techniques.” Using photons as quan-
tum bits (qubits) requires a source of single photons, such as a
heralded single-photon source. Recently published results have pre-
sented various methods to improve the spectral purity of photon
sources, which is crucial for high-fidelity gate operation.® For exam-
ple, complex resonator designs’ and temporal manipulations of the
pulsed pumps”’ are two of the ways to achieve near unity purity, an
essential characteristic of photon pair sources for heralding.

Nonlinear light-matter interaction mechanisms such as spon-
taneous four-wave mixing (SFWM) are often used in photonic
devices in integrated photonics platforms (e.g., a silicon-on-
insulator platform) to generate photon-pairs, where two pump
photons are converted into a signal and an idler photon. A ring-
resonator is one such structure that enhances the production of
photon-pairs with high brightness and high purity.® The spectral
purity of this source is often quantified using the joint spectral

amplitude (JSA) of the emitted signal and idler photons. This is given
by Ref. 9, adapted to suit our use,

®(ws, w7) = f dapda o wp)a( @y )9(@p, w1, e 1)
x L(wp)L(w, ) L(ws)L(wi), (1)

where a(w) is the pump envelope, ¢ is the phase matching term,
and L(w) is the Lorentzian field enhancement terms arising from
the ring resonances, with the pump, signal, and idler frequencies: wj,
ws, and w;. The pump is spectrally confined by the ring resonance at
the pump frequencies, which causes correlations in the photon pairs.
Theoretically, the purity of a photon pair state generated in a ring
is limited to 0.92 for a single pulse pump.!’ However, by manipu-
lating the phase and temporal spectrum of the pump, the effect of
the resonance at the pump frequencies can be removed, leading to a
separable pair state and arbitrarily high purity,”

-1
Qtarget < L(“’p) X Qsingle- (2)

This ideal target pump can be approximated using a dual pulse
[Fig. 1(a)] of two 7 phase-shifted pulses, which has been theoretically
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FIG. 1. Target pulse for completely pure JSA, compared to dual and triple pulse
pumps. The dual pulse shown has a splitting ratio of 0.55 and a delay of 10 ps,
the best performing case. The triple pulse has splitting ratios of 0.8 and 0.8 and a
10 ps delay between each pulse.

shown to improve purity past 0.99° and was demonstrated exper-
imentally using fiber optics.” However, the pump configurations
were only stable for a relatively short period of time, and the tuning
ranges of the parameters were limited—only a 77 phase difference can
be chosen, and setting the amplitudes was cumbersome.

Here, we present the simulated and experimental results, which
explore alternate pump profiles, such as a pump containing three
pulses to, therefore, match, improve, or provide more control over
the purity of a dual pulse pump. We designed and used a PIC,
which allows multiple pump pulse configurations compared to the
literature”' and granular control over parameters while guarantee-
ing the phase stability of the composite pump pulse. The pump can
then be used with any conventional resonator source, allowing easy
integration into new or existing photonic experiments. Our theo-
retical results are all numerically calculated over a large number of
parameter spaces of our experiment.

Il. METHODS

The setup shown in Fig. 2(a) was used to create various pulse
pump configurations and record the spectral purity of our photon
pair source. Our experiment uses two 220 nm thickness silicon-on-
insulator chips with a waveguide cross-section of 500 x 220 nm?, the
first: the pulse shaping chip, fabricated by CORNERSTONE, and the
second: the resonator source chip, reported in Ref. 11, which is fabri-
cated by AMF, Singapore. We used a pulsed laser (PriTEL FFL) that
produces sech shaped single pulses at a 1546.12 nm wavelength with
a41 GHz Full-Width at Half Maximum (FWHM) and a 50 MHz rep-
etition rate. Such a pulse pump o, is described using the following
equation:

Asingle = sech((w — wo)/0), ©)

where w denotes the angular frequency, wy denotes the central fre-
quency, and o denotes the FWHM of the pulse. These pulses were
coupled to the first chip, denoted as the pulse shaping chip in the
figure, using a polarization controller to optimize the coupling into

pubs.aip.org/aip/apq

the chip using a vertical grating coupler and a beam splitter as a 10%
tap to monitor the input power in the chip.

Each single pulse is split into two using a Mach-Zehnder inter-
ferometer (MZI). The MZI is controlled using a thermo-optic phase
shifter to obtain the desired splitting ratio #,. The two pulses are
then temporally separated using a fixed delay (A7, ) line of 20 ps (A1,
=20 ps) and then recombined using another MZI. The relative phase
difference (¢, ) between the two pulses can also be set using another
thermo-optic phase shifter. At this point in the circuit, the result-
ing pulse configuration can be expressed by the following equation,
which can be denoted as a dual pulse:

Kdyal = [\/’1_1+ \V4 1- 1 €exp (_iArl(w - 0)0) + l¢1)] X asinglw (4)

The same process continues in series twice more before the resulting
pulse is output from the chip, allowing a pulse configuration of up
to four pulses to be created with arbitrary splitting ratios and phases
and with fixed 20 ps time delays between them. Therefore, a triple
pulse with another splitting ratio (#,), time delay (Ar2), and phase
(¢,) can be expressed as

iripie = [ /1 + /(1 = )z exp ((—iA71 (@ — wo) + i)

TV (1 - ’71)(1 - qz)exp (_iATZ(w - w()) + Z¢2)] X Osingle
%)

where all delays and phases are relative to the first pulse maximum.

A few configurations are plotted in Fig. 2(b), where the single
pulse, Eq. (3), was numerically fit to the corresponding output of the
chip, and the dual and triple pulses, Egs. (4) and (5), were fit using
the same values for #, A7, and ¢ as those set on the chip. The cou-
pling loss from the chip to the fiber using a grating coupler is 10 dB.
Once the desired pulse configuration was acquired, it was amplified
using an erbium-doped fiber amplifier (EDFA) to be used as a strong
laser pump for stimulated emission tomography (SET) in the second
chip.'” A VOA was used to bring the power to an arbitrary level, and
an extra dense-wavelength division multiplexer (DWDM) was used
to filter the noise after the EDFA. This was then coupled into the
second chip, with a 1% tap to monitor the combined power and two
PCs to optimize the coupling.

The second chip contains a racetrack resonator source with a
Q-factor of 26 000, which can produce photon-pairs through a non-
linear light-matter interaction through SFWM. To perform SET,
we have combined our pump laser (1546.12 nm) with a continuous
wave (CW) laser (Yenista TUNICS) as a seed field (1543 nm) using
a DWDM [Fig. 2(a)].

The racetrack resonator is followed by an asymmetric-MZI that
removes the pump field from the signals. The pump and the stimu-
lated idler fields were combined with a final DWDM, which filtered
out the seed field. The intensity of the generated idler photons was
measured using a (Finisar WaveAnalyser) optical spectrum analyzer
(OSA). Here, the input powers for the pulsed pump and the CW
signal field are 6 mW and 5-15 mW, respectively, and the idler field
output was recorded between 3 and 10 mW, depending on the pump
configuration. As our outcoupling loss was 8 dB per signal/idler
channel, the raw heralding efficiency for a single pulse is estimated
as —19 dB (1.3%) at the detectors.

A single pulse Joint Spectral Intensity (JSI) was collected using
SET first by configuring the pulse shaper circuit so that the original
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FIG. 2. (a) Experimental setup. Pulses from a laser enter the first chip, which generates pump profiles. These are combined with a stimulating signal field from a continuous
wave (CW) laser to generate a stimulated idler field in a ring resonator source on the second chip. An optical spectrum analyzer (OSA) then measures the idler field. PC:
polarization controllers, BS: beam splitters, PM: power meters, EDFA: erbium-doped fiber amplifier, VOA: variable optical attenuator, and DWDM: dense-wavelength division
multiplexer. (b) Single, dual, and triple pulses from experimental and simulated data, where the experimental data were collected using the OSA after setting the parameters
on-chip, and the simulated data were obtained from models using the same parameters. For the dual pulse, # = 0.8 and A7 = 20 ps [modeled with Eq. (4)]. For the triple
pulse, 77,7, = 0.8,0.2 and Aty = 20 ps, A1, = 40 ps [modeled with Eq. (5)]. An inverse Fourier transform was used to plot the simulated pulses in the time domain. The
slight mismatch between the measured and simulated pulses was due to the broad linewidth of the pulsed (>500 pm) laser drifting from the central frequency; however, the

spectral region of the resonances (60 pm) is small and, therefore, this slight mismatch does not make a significant difference in the purity of the resonator.

pulse was not split. Then, a triple pulse was created by splitting
a single pulse twice with a ratio of #, =7, = 0.8, and the JSI was
collected.

The JSA is approximated using experimentally measured +/JSI.
Alternatively, we simulate the JSA numerically in MATLAB with
Eq. (1) and the corresponding pulse shape (). We then calculate
the purity for each pulse pump configuration through a Schmidt
decomposition of the JSA.!” We have also simulated the in-resonator
field spectral distribution given by A,(w) = L(w — wp) X dpump[ (@
— wy)] and the corresponding temporal distribution using Fourier
transformations.

I1l. RESULTS

The pulse shaper circuit was characterized by creating single,
dual, and triple pulse pumps with varying splitting ratios, phases,
and delays. These matched up well with our model [Fig. 2(b)], show-
ing the chip is capable of a fine level of control. The single, dual, and
triple pulse pumps were modeled with Eqgs. (3)-(5).

An n pulse pump was modeled to investigate the purity of a
pump with an arbitrary number of pulses. A train of pulses was
constructed by adding # single pulses together with a constant time
delay between them, all 77 out of phase with respect to the first pulse.
Then, two different configurations, in terms of the pulse ampli-
tudes, were used. First, the pulse train was set so that after an initial
pulse, each next pulse had a constant, lower amplitude, as shown in
Fig. 3(a). Then, a pulse train was set, where the amplitude of each
subsequent #n pulse was reduced using a splitting ratio of #/2", as
shown in Fig. 3(c), similar to how the pulse shaper circuit oper-
ates. The JSA of a resonator source was simulated numerically with
Eq. (1), allowing the purity to be calculated for each pulse pump
configuration.

Both configurations showed similar results [Figs. 3(b) and
3(d)]. No improvement in purity over the dual pulse case was seen

a)
=
s
z
wv
LA A AAAA
0 B t : 0 20 40
9 ime (a.u) d) Number of Pulses
_ ——Pulse train
E —1/2" envelope
o
wv
c
]
=
MJ\W*—

Time (a.u)

Number of Pulses

FIG. 3. (a) An example of a pulse train used in the n pulse pump simulations.
Here, the amplitude is constant after an initial stronger pulse, with a time delay
At between each pulse. (b) Purity from simulated JSAs as the number of pulses
increases for the constant pulse train. (c) Pulse train where amplitude decreases
according to a splitting ratio # for each pulse n, as shown by the envelope. (d)
Purity as the number of pulses increases, with different delays (A7) between
them. Here, the pulse train amplitudes decreased according to a splitting ratio
n = 0.55, as shown in (c).

as the number of pulses increased. Furthermore, only a few cases
exceed the 0.92 purity limit, with the first configuration only plateau-
ing at the limit as the pulse train approximated a single pulse. Since
these configurations have fixed time delays and phases, to find higher
purity solutions, we focus on the triple pulse configuration [Eq. (5)],
where the splitting ratios and phases can be varied arbitrarily to
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explore a larger parameter space to illustrate any benefits over the
dual pulse case.

First, the two splitting ratios (7, ,) were varied while keeping
the delays (A11,,) and phases (¢, ,) constant at 20 ps and 7, respec-
tively. Then, #, and #, were both fixed to 0.8, and the phases were
varied, keeping the delays the same. The parameters were scanned,
simulating the JSA for each configuration, creating two heatmaps, as
shown in Fig. 4.

The results show (Fig. 3) that the purity does not reach higher
than the best dual pulse case, and only a few configurations perform
better than the single pulse limit. For simulations of the dual pulse
[Eq. (4)], the best performing configuration reaches a purity of 0.999,
with a large set of the parameter space going above 0.99.° On the
other hand, almost all of the space for the triple pulse gives purity at
or below the 0.92 limit, with only a small area in the phase simulation
reaching higher than 0.95. However, this shows that a wide range
of purity values can be selected simply by changing the phase and
splitting ratios, with high tolerance. This is another benefit of the
integrated circuit, where trivially changing the on-chip parameters
allows a fine level of control over the pump profile and, therefore,
the purity.

a) 1 b) 2n

pubs.aip.org/aip/apq

Figure 5 presents the simulated and experimental data collected
for a chosen triple pulse case to show the reduction in purity when
a third pulse is added. To establish a baseline with our experimen-
tal setup, we first recorded the JSI for a single pulse, as shown in
Fig. 5(a), which agrees with the simulated purity [Fig. 5(c)]. As seen
from the simulation, any triple pulse should show a 0.92 or lower
purity when both phases are set to be 77 out of phase. Here, #, and 7,
were set to 0.8 to improve the signal-to-noise ratio of the measured
JSL. The result shows an estimated purity of 0.845, which is very
close to the simulated purity of 0.828, where slightly higher purity
in the experimental case arises from a small but not insignificant
noise floor. A higher purity (98%) JSI data was also experimen-
tally recorded (see the supplementary material). This noise floor
was around 90 dBm and was mitigated by using an average of 64
recorded datasets.

We have simulated the in-resonator field (A,) to under-
stand the reduction in purity when more than two pulses are
used. Figure 6 depicts the spectral and temporal pump distribution
inside the resonator source. The spectral distribution is given by
Ap(w) = L(w — wp) X ctpump[ (@ — wp)], and the temporal distribu-
tion is obtained by using Fourier transformations. This figure shows

FIG. 4. (a) Purity as splitting ratios 7, and
11, are varied for a triple pulse with Aty
and A, set to 20 and 40 ps, respec-
tively, and ¢,, ¢, both set to 7. (b)
Purity as the phases of the second and
third pulses are varied relative to the
first pulse. Here, #, and 7, are both
0.8, with the same delays as previously

Purity

Triple Pulse
b) P = 0.845+0.008

he

Single Pulse
a) P =0.90+0.01

Experiment

c)P=0.933 d) P=0.828

o

Simulation
Aw. (Trad))

o
o
G
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FIG. 5. Experimentally collected JSIs
and the calculated purity P for a sin-
gle pulse (a) and a triple pulse (b) with
Ny =n,=08 and Aty =20 ps, A1,
=40 ps. Panels (c) and (d) show the
simulated JSIs for the same single and
triple pulse configurations modeled using
Egs. (3) and (5).
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FIG. 6. Simulated in-resonator pump fields for single, dual, and triple pulse pumps
in (a) the frequency and (b) time domains, with dual pulse configurations of
1 =0.55 and A7z = 10 ps and triple pulse configurations of », = 1, = 0.8 and
Aty =20 ps, Aty = 40 ps.

that the right configuration of the dual pulse matches best the tar-
get spectral shape (Fig. 1), while a triple-pulse adds extra lobes.
Adding the second pulse in the dual-pulse configuration signifi-
cantly reduces the temporal pump energy inside the resonator, as
denoted by the zero-crossing point, therefore, effectively broadening
the pump resonance and improving purity. A third pulse with the
same phase as the second adds significantly more energy to the resid-
ual energy from the second pulse, and hence, the effective reduction
in purity. While this can be alleviated somewhat by adjusting the
phases, the dual pulse still has a quicker energy reduction. The triple
pulse pumps investigated can get close to the desired target pump,
but the right dual pulse can fit better, as shown in Fig. I, meaning a
dual pulse results in higher purity than any of the tested triple pulses.

IV. CONCLUSION

This work investigated the temporal manipulation of a pulsed
pump with more than two pulses, both through simulation and by
using a photonic integrated circuit experiment, on the spectral purity
of a ring resonator photon-pairs source. Our results indicate that
there was no gain in purity for any pump with more than two pulses
for any of the pump profiles investigated. A dual pulse pump pro-
vides the best intrinsic match for a specific target pump shape, which
would result in theoretically maximum purity. An advantage found
with the triple pulse is an accurate level of control: with more para-
meters that are easily adjustable experimentally, the purity can be
selected within a large range to any desired value.

However, here the parameters investigated were chosen based
on results from the existing literature.”” In the future, a larger
parameter space could be more rigorously explored, either corrob-
orating these results or finding outliers with higher purity with
comparatively high brightness.

SUPPLEMENTARY MATERIAL

See the supplementary material for information on the reso-
nances and transmission spectra of the ring resonator used in this
experiment.
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