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Abstract

An interdisciplinary collaboration at Queen’s is aiming to advance the frontiers of

nanophotonics through shared equipment that will be introduced to the new Queen’s

Nanophotonics Research Centre (NanoRC), enabling picometer- and picosecond-scale

observations with light intensities as low as a single photon. Notwithstanding, this

requires instruments with high powers (over megawatts of peak optical power) and

large footprints (up to multiple square meters). The designs described here interface

light sources, spectroscopy, and metrology equipment for this facility. Physical con-

straints require that equipment be deployed (1) in stations sometimes separated by

> 50 m and (2) in a flexible manner, so that multiple users sharing some equipment

can run dissimilar experiments in parallel.

Though my original intention was to design, integrate, and complete the first ex-

periments with components specific to the NanoRC, the pandemic shutdown shifted

my research direction: I led the launch of timing electronics in the facility, and,

with James Godfrey, performed experiments to lay preliminary steps for progress in

quantum optics at the NanoRC. At the time of writing, however, important com-

ponents like single-photon detectors, light sources, and a triple grating spectrometer

are on order or are awaiting purchase. Nevertheless, this facility under construction

involves many experimental research questions that need consideration. This thesis

i



explores these design questions with an eye to supporting the overall research effort

and providing a reference for future experiments.

Some of these experiments will involve materials and infrastructure intended for

future telecommunications networks. To understand this field, I pursued an intern-

ship at Telecom Metric, a local startup, where I aimed to understand the broader

context in which these materials would be used. I provided some design options for

telecommunications networks to be used to efficiently and accurately route emergency

calls to the closest responders. While this work did not reconcile quantum optics with

telecommunications, it provided a glimpse into the very ‘applied’ world of telecom-

munications, where secure single-photon communication and rapid switches based on

novel materials have promising futures.
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Chapter 1

Introduction and Background

Nanophotonics is the study of light interactions with materials at the nanoscale. A

few decades have yielded an expanding research field and a vast array of technolo-

gies, including solid-state lighting and displays, optical interconnects, solar power,

bio-imaging, spectroscopy, surface processing, and many more [1]. The experimental

research front is expanding, entering the realms of quantum optics, ultrafast pulse

propagation, photonic metamaterials, near-field optics, and others, which populate

the SPIE Journal of Nanophotonics. Nevertheless, nanophotonics is not yet prevalent

in fiber-optic telecommunications. I will briefly explore the gap in research develop-

ment to application in Chapter 4.

The term, nanophotonics, refers to the study of materials that exhibit distinctive

responses to light due to nanometer-scale spacial features. Since the clock rate of

a typical computer runs at a few GHz, advanced technology is required to go be-

yond resolutions of just 500 picoseconds [2]. The NanoRC is aiming to advance the

frontiers of nanophotonics, through a new suite of shared equipment in a versatile

facility, enabling picometer- and picosecond-scale observations. The collaboration at

the NanoRC will accelerate ongoing nanophotonics research at Queen’s.
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In this chapter, I will discuss important features of the components, so that the

reader may better understand how and why they are implemented in my proposed

design configurations in Chapter 2. This chapter will also be an introduction to the

scope of future group members’ research.

The new technology in the NanoRC falls into three broad classes: optical excita-

tion sources, sample probing and control, and high-precision measurement systems.

Most experiments couple optical excitation into a cryogenic microscope system and

route an optical signature from the analyzed system to state-of-the-art metrology, as

shown in Figure 1.1. I will explore a more precise configuration of these instruments

in this thesis.

Figure 1.1: General layout of the Nanophotonics Research Centre

1.1 Optical Excitation

Optical excitation sources include narrow-linewidth CW lasers, which will provide

linewidths of 200 kHz at 1550 nm and over 50 GHz of tuning. In addition, we

will use HeNe lasers as narrow linewidth sources. Tunable sub-picosecond pulses for

time-resolved and nonlinear optics studies come from a Yb:KGW laser system of

wavelength ranges between 650 nm to 2500 nm, pulse durations down to 25 fs, and

pulse energies up to 2 mJ. This laser, from Altos Photonics, contains a ‘Pharos’ pump

laser at 1028 nm, and an ‘Orpheus’ optical parameteric amplifier (OPA) [24].
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The specifications of the laser are shown in Table 1.1. Because its repetition rate

is 1 MHz, and the max power output is 10 W, pulse energies are at most 10 µJ.

Wavelength 1028 nm
Max Avg Power 10 W
Pulse Duration Range 290 fs - 10 ps
Max Pulse Energy at 1 MHz 1 µJ
Repetition Rate 1 MHz

Table 1.1: Pharos laser specifications [24].

The Pharos pump laser is constructed with a regenerative amplifier (RA). A Pock-

els cell inside the RA controls the extraction of amplified pulses, while the Pockels cell

outside the RA controls repetition rate by extracting every nth pulse or even bursts

of pulses. By reducing the voltage of the Pockels cell that is after the output of the

RA, pulses of lower energy can be emitted. A pulse stretcher and compressor can

pre-chirp a pulse up to 10 picoseconds. These options can be controlled with the

Pharos Service App software, which also monitors the Pharos. A USB cable connects

the laser to a computer [24].

I was involved in the selection process of the new laser. I evaluated two company

bids based on the request for proposals (RFP). This was a document laying out the

specifications we required for the laser. We met with an adjudicator to evaluate

three bids under a point system and explained where each bid had its strengths

and weaknesses. After the adjudicator revealed the final bid prices, we chose the

Altos laser for its price and versatility: the Orpheus-F-DPL is an OPA with a wide

tuning range that can be easily integrated with the Pharos pump laser. The OPA has

vertically polarized signal and idler beams that can operate between 650 and 2500

nm. The pump can be accessed by removing a mirror and beam blocker from within

the OPA [23]. A prism-based setup can compress the signal beam down to <60 fs in
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most of the tuning range, and in bulk material, the idler can be compressed down to

40 – 90 fs. The OPA must be connected to a computer, but can be controlled from

any smartphone or other computer connected to the same network. The wavelength

range, shutter, and chirp can be changed with the software [23].

1.2 Sample Probing and Control

Though experiments in the new facility are beyond the time frame of this thesis, it

is useful to consider possible experiments others want to accomplish upon its estab-

lishment. For these experiments, samples will be fabricated at Queen’s, the National

Research Council (NRC) in Ottawa, and other institutions. Two examples of sam-

ples that will be used in the setup are shown in Figure 1.2. Kurt Tyson and James

Godfrey are currently exploring methods of enhancing the photoluminescence signal

of monolayer transition metal dichalcogenides, which are also candidates as single

photon sources [47]. Nanowire embedded quantum dots shown in Figure 1.2(a) are

fabricated at the NRC, and will be explored as single photon sources, which have po-

tential applications in secure optical telecommunications or quantum computing [40].

This spectrum shows narrow linewidths at optical transitions that can be isolated

using instruments such as a new triple grating spectrometer, as described in Section

1.3.1. Additionally, samples can be used for narrow-band Raman spectroscopy and

high resolution fluorescence studies. Reference [27] provides an example of how narrow

various energy levels of samples can be, and that more precise Raman spectroscopy

would be required to understand some of the peak splitting from degeneracies in the

two-dimensional material.

The samples can be placed in one of three cryogenic workstations, shown in Figure
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(a) (b) (c)

Figure 1.2: Samples include a nanowire-embedded quantum dot from col-
laborators at NRC [38], (a), and 2D materials fabricated in-house, (c). (b)
shows the quantum dot’s low excitation power photoluminescence spectrum,
displaying sharp spectral lines that can be isolated in order to use this system
as an on-demand single photon source. Data and analysis was done by James
Godfrey. Preliminary experiments in (c) display enhanced photoluminescence
from 2D exfoliated MoS2 after acid treatment. Kurt Tyson fabricated the
2D samples, and James Godfrey collected data and performed analysis.

1.3. The samples can be simultaneously optically and electrically probed with piezo-

based nanopositioners in a Janis micro-manipulated probe system that reaches 3.5K.

Using moveable stages, lenses and other optics configured in-house, we will have

a cryostat for micron-scale spatial resolutions. Finally, we will have an optically-

coupled scanning probe microscope (SPM) in room 126 that can achieve single-atom

resolution.

Due to a highly controlled environment, with stable temperature, vibrational,

and positional control, the SPM will be ideal for precise assessments of surface mor-

phology. The SPM is a versatile microscope that can serve in the place of many

other instruments, such as various forms of atomic force microscopy (AFM), or the

various methods of examining the electronic properties with scanning voltage or scan-

ning resistance microscopy, just to name a few [19]. Most importantly, however, the
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(a) (a) (b) (b) (c) (c)

Figure 1.3: Three cryogenic workstations for sample observation and ma-
nipulation. (a) Cryogenic Electrical Probe Station. Obtained with permission
from [14]. (b) Cryostat for micron-scale spatial resolution. Obtained with
permission from [14]. (c) Scanning Probe Microscope. A CMOS camera can
visualize the focusing operation in real time [16].

SPM allows electromagnetic (EM) enhancement below the diffraction limit, enabling

nanometer scale excitation and high spatial resolution, c.f. Figure 1.3(c). One exam-

ple of this is tip-enhanced Raman spectroscopy (TERS). A laser excites a metal tip

(typically gold or silver) at a frequency corresponding to the sample surface’s dipoles.

The metal tip has a nanoparticle at the end of it, enabling sub-nanometer scale ex-

citation, an effect that cannot be explained by classical electromagnetic theory [5].

Without the probe in the SPM, the resolvable distance by these lenses would be given

by the diffraction limit [28]. The advantage of the SPM is realized with a one-atom

metallic tip. The incident EM field excites electrons in the conduction band, causing

a local dipole oscillation, which, in turn, enhances the EM field up to 1011 times, de-

pending on experimental conditions [39]. Due to this high precision, a combination of

Raman Spectroscopy and atomic force microscopy could be used to uncover defects in

two-dimensional materials, such as MoS2, MoSe2, or WSe2 [15,20,43]. As mentioned,
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these can be explored as single photon sources [47].

These three cryogenic workstations will need a continuous supply of liquid Helium.

Instead of purchasing Helium on a regular basis, a Helium reliquifier will occupy room

125A, and a large cylinder will be filled there before being transported to experiments.

1.3 High Precision Measurement

The versatile nature of the NanoRC enables the study of a wide variety of light-

matter interaction processes, so different experiments have different demands. For

example, Raman spectroscopy in the visible to near infrared examines vibrational

modes very close to the resonance frequency, but would be considered a moderate

signal compared to single-photon sources, and are explored for their quantized nature.

Therefore, metrology must also be very versatile.

1.3.1 Triple Grating Spectrometer

Light from samples will be sent to the metrology section, where a triple grating

spectrometer resolves features down to 5 picometers, utilizing up to three single-

grating units [36]. This allows for precise spatial filtering of the signal of interest

from other sources of light that might be nearby, such as the excitation signal, for

example.

Figure 1.4 shows the layout of the instrument and the path of light in additive

mode. Additive mode is when all three stages can contribute to positive light disper-

sion. The method of operation is shown in Figure 1.5(a). Polychromatic light enters

the first slit, whereupon it diverges onto the first grating. The other two slits between

stages allow a narrow band of frequencies to travel through them, which are incident
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on the gratings in the second and third stages. After the third grating, the light can

be coupled out to a detector or a fiber.

Figure 1.4: Trivista in subtractive mode, making use of all three stages in
one experiment. Image obtained with permission from [36]

Subtractive mode is shown in Figure 1.5(b). Just as in additive mode, polychro-

matic light enters the first slit, the grating in the first stage disperses it, and the slit

between the first and second stages acts as a band pass filter. However, the second

grating focuses the light through the split between stages 2 and 3, which becomes

very narrow to reject stray light. The second grating has exactly the opposite effect

of the first grating so as to ensure a precise band pass filter. The final grating dis-

perses the light onto the charge-coupled device (CCD) camera as in additive mode. If

the spectrometer is not used in subtractive mode, it can be used as three individual

spectrometers with three different experiments running simultaneously [49].
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(a) Additive Mode (b) Subtractive Mode

Figure 1.5: Triple grating Spectrometer configurations, shown with a CCD
detector. Figure adapted from [36]

Despite its high spatial resolution, at least 83 percent of linearly polarized light

fails to transmit through the triple configuration, primarily due to gratings that can-

not reflect all the light in one mode. Table 1.2 displays the effect of multiple reflec-

tions on two different options for materials. The transmission is given by Equation

1.1, where n refers to the number of mirrors or gratings in the spectrometer.

Transmission (T) = Reflectionnmirror × Reflectionngrating (1.1)

Data is not available for wavelength dependence. If only one section of the triple
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spectrometer is used, there are three mirrors and one grating, so the theoretical

throughput after these optics only is 51 % and 66 % for Aluminum-protected and

dielectric-coated mirrors, respectively. Therefore, the versatility of the three stages

enables higher throughput at the cost of lower resolution.

Material Mirrors
Mirror

Reflection
Efficiency

Gratings
Grating

Reflection
Efficiency

Transmission
(%)

Protected
Aluminum
(Al/MgF2)

12 0.9 3 0.7 9.7

Multilayer
Dielectric
+ Al/MgF2

12 0.98 3 0.7 26.9

Table 1.2: Material dependence on throughput of triple grating spectrom-
eter. Note that this is highly wavelength dependent, but the data for this
wavelength dependence is unavailable [48].

1.4 Detectors

While CCD detectors enable full spectral acquisition, sometimes sensitivity at a par-

ticular wavelength is preferred when analyzing time dynamics and photon statistics.

Therefore, detectors that can accurately measure the timing and number of incident

photons (each on the order of 10−19 J) are required.

Superconducting nanowire single photon detectors (SNSPDs) perform well in al-

most all of these specifications [11]. Detectors are only sensitive over a particular

range, and the SNSPDs from Photon Spot (our supplier) are manufactured for high-

est efficiency at either 900-1550 nm or 600-1100 nm. The detector element is a 5

nm-diameter nanowire, wrapped in a meandering serpentine-like shape, which oper-

ates at 1.5 - 5 K, which is well below the value the element becomes a superconductor.
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Figure 1.6: Experiment generating an instrument response function. A laser
emits light in periodic, short pulses. A fast photodiode detects the time at
which these pulses occur, and a single photon detector records those same
pulses, but attenuated.

The theory behind the operation is that an incoming photon causes a disturbance in

the initial zero-voltage state, causing a phase transition above the superconducting

critical temperature, resulting in increased resistance while an energy increase spreads

throughout the nanowire, and a voltage pulse ensues [10,17,18,41]. Photon Spot de-

tectors are capable of over 85% detection efficiency, less than 100 dark counts per

second, less than 70 picosecond FWHM timing jitter, and recovery times of roughly

50 nanoseconds [13]. The fact that they are single-mode fiber (SMF)-coupled allows

them to be placed on a table away from the light emitter.

Photon detection on an SNSPD relies on a mechanism similar to that of a bolome-

ter, different to “quantum” detectors, in which a photon of high energy generates an

electron-hole pair. In this case, the diode of choice is a single photon avalanche diode

(SPAD). The principle is that an incident photon creates an electron-hole pair, which,
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under a high reverse bias voltage, causes the electrons to collide with additional elec-

trons in the lattice, thus causing an “avalanche” effect, creating a current spike [31]. I

purchased a PerkinElmer SPAD, SPCM-AQR-12-FC PerkinElmer Photon Counting

Module, for the purpose of testing the timing electronics, which are described in Sec-

tion 1.5. It is rated for under 500 dark counts per second (cps), and 9% efficiency at

405 nm, and 50% at 838 nm [33]. James Godfrey also used a Micro Photon Devices

(MPD) 50 µm detector area Peltier cooled detector rated for under 100 dark counts

per second. The wavelength range was 400 nm to 900 nm, with detection efficiency

of 11% at 838 nm [26]. Unlike the Perkin-Elmer that was fiber-coupled, this detector

coupled light from free-space.

1.5 Time-Correlated Single Photon Counting

While it is critical that a detector can precisely determine the timing of individual

photons, equally important is the method by which the signal is converted to an

electronic signal, or “time tag.” This process is called time-correlated single photon

counting (TCSPC), and a time-to-digital converter (TDC), or time-tagger, will typ-

ically do this by generating a histogram of ‘time tags’. As shown in Figure 1.7, in

a given time window, the detector will generate a certain number of clicks. In each

of these ‘integration time windows,’ the TDC keeps track of the time differences be-

tween a reference signal (either an internal or external clock) and the time tag itself.

Each of the time differences is put into bins that can represent periods as short as

one picosecond. After one or more integration time windows has been recorded, the

TDC generates a histogram of counts in each time bin.

While newer TDCs can use their internal clock to generate ‘absolute’ counts, the
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Figure 1.7: Representation of time-tagger functionality. Reproduced with
permission from Reference [3]

reference signal is typically an external clock. The external clock can be an electronic

signal that is synchronized to the rate of the incoming photons. For example, a laser

driver that can control a laser to emit pulses every 40 ns with electronic gating can

also send this signal to a TDC, which determines the time periods over which the

TDC records counts. One way a TDC might accomplish this is in Forward Mode,

where the start channel actually starts the clock, and the stop channel stops it.

However, as shown in Figure 1.8, the clock must be reset any time a photon does
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not click the stop channel, so this is computationally inefficient for low count rates.

Therefore, a ‘reverse start-stop’ method, which is shown at the bottom in Figure 1.8,

is preferred. The TDC records the time between the last photon event and the next

incoming sync pulse, and subtracts it from the sync pulse spacing.

Figure 1.8: Above: forward start-stop. Below: reverse start-stop method.

As mentioned in section 1.4, to accurately determine the photon signal from an

excited sample, one must first obtain the instrument response function (IRF). This

can be convoluted with the sample’s photon response to determine the lifetime of

photons from a sample. The instruments involved are typically a fast photodiode to

detect the signal from the laser, the pulsed laser, a single photon detector, and the

TDC, cf. Figure 1.6.

Since TDCs are typically used for incident light at low intensity, multiple photons

hitting the detector should not be an issue. However, if many photons are present
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and the laser repetition rate is low, there is a bias towards detecting photons that

are incident at an earlier time, since the other photons hit the detector within the

detector’s dead time. For high repetitions above 50 MHz, and low photon counts,

this effect, known as pile-up, is not a problem [3].

If a detector has a non-uniform rise-time, this jitter will cause larger IRF width.

If this is due to the pulses being non-uniform in amplitude, a constant fraction dis-

criminator (CFD) can solve this issue. This is shown in Figure 1.9. I was tasked with

selecting the time-tagger, and my selection choice is described in Chapter 3.

Figure 1.9: Timing jitter from a leading edge trigger (left) and a constant
fraction discriminator (right). Reproduced with permission from Reference [3]

The remaining chapters will focus on three interrelated investigations: (1) de-

signing a network of hardware by outlining relevant constraints for the NanoRC; (2)

acquiring and delineating some of the new nanophotonics timing instrumentation,

before performing experiments with these timing electronics for applications in fu-

ture telecommunications; (3) designing a network of hardware for state-of-the-art

telecommunications.
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Chapter 2

Constraints and Design

The Nanophotonics Research Centre will be a multi-user, interdisciplinary facility,

where user stations and instruments are easy to access (both physically, and from

different rooms.) For example, optical fibers and Helium lines will need to travel

through hallways into multiple lab spaces. Independent experiments must be stable

for hours of collection time. In this chapter, I will lay out the design recommendations

for the new facility under these constraints, with the understanding that the next five

years of experiments have not yet been planned. The main source of funding for the

NanoRC is provided by the Canadian Foundation for Innovation (CFI), for which the

NanoRC’s collaborators’ wrote a grant proposal. While the CFI proposal provided a

rough idea of which instruments would be purchased for high precision measurements

of nanophotonic materials, there was no layout or integration of these instruments in

place.

2.1 Spatial Dimensions

In order to determine the position of each new instrument in the facility, an under-

standing of the dimensions of the facility and surrounding areas is necessary. Figure
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2.1 shows a diagram of the dimensions of room 129, determined from a 1:50 scale

drawing and confirmed in the lab, which I obtained from the architect overseeing the

renovations [4]. In order to obtain the correct dimensions, a printed floorplan and a

1:50 architect’s scale are required. James Godfrey and I verified these dimensions in

the lab itself.

Figure 2.1: Floor Plan, with labels referring to dimensions shown in Table
2.1.
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Label Measurement (Meters) +/- 0.1 m
1 1.3
2 1.3
3 1.1
4 3.8
5 0.7
6 0.6
7 0.3
8 3.6
9 3.6

10 0.3
11 0.2
12 1.5
13 1.1
14 1.9
15 1.4
16 0.6
17 4.7
18 4.8
19 0.6
20 4.2
21 1.1
22 4.2
23 1.0

Table 2.1: Dimensions of room 129

The dimensions are especially important for positioning large optical tables. The

research team considered two sizes of optical tables: 1.5m×3m and smaller, 4ft×8ft

tables. The larger tables have roughly 15 centimeters on either side at the top, but

only about 2 to 3 centimeters near the southern end of the right wall of 129. The

smaller tables have about 30 centimeters on either side at the top, and nearly 20

centimeters at the tightest spaces next to the right wall. Therefore, the smaller

tables were chosen, as shown in Figure 2.2. This choice would also allow Unistrut

(metal framing) to sit comfortably between the walls and the table. Cole van Vlack,
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Figure 2.2: 4ft×8ft tables in the NanoRC. Electrical panels are explicitly
shown in the top-left corner of the room.
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a summer student, designed the Unistrut for the lab in Stirling Hall 161C, which is

shown in Figure 2.3. My recommendations for Unistrut and shelves, which take into

account the curtain placement, are shown in Figure 2.4.

Figure 2.3: Unistrut configuration for Stirling lab 161C, as measured by
James Godfrey [8]. Dashed lines indicate framing at a height about 0.5 m
off the ground, underneath the optical table. Solid lines indicate framing at
a level to the top of the optical table.

One of the challenges associated with positioning instruments is that their con-

figuration is not necessarily linear. For example, the optical path may pass through

the triple grating spectrometer before the sample (to isolate the weak emitted spec-

trum from the strong excitation beam) and / or after the sample (to chromatically

filter laser light.) Inside the spectrometer, this can be arranged with a mirror for

the filtered light and a CCD for capturing the spectrum: at least two stages of the

triple grating spectrometer would be necessary. Therefore, the spectrometer must be

accessible from both the sample and the laser. For this reason, I recommend that it

is central in the configuration, as shown in Figure 2.5.
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Figure 2.4: Proposed Unistrut and shelving configuration. The shelves
should be suspended with an upper level of unistrut that is not shown. Ver-
tical pole positions are shown with circles.

The Janis cryostat with electrical probing capabilities does not need free-space

laser access, and can be connected to fiber, so it can reside in the top third of the

room.

The light source originates from the computer-operated Pharos (pump laser) and

the Orpheus (OPA). The manufacturer recommends that the whole system be con-

figured as compactly as possible to prevent long-term instabilities [23]. The timing

module has a BNC port that can retrieve the signal from an internal fast photodiode

to an oscilloscope or a TCSPC device, such as the QuTAG. The laser may require
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compressed gas: these cylinders are placed with straps to the top wall.

As mentioned in Chapter 1, the triple grating spectrometer can operate three

different experiments at once. However, since one computer controls all parts of the

spectrometer, three separate software instances would be required to control each

spectrometer if three different computers were used. Nevertheless, the configuration

of a virtual network may alleviate this issue.

2.2 Filtering Signals with a Triple Grating Spectrometer

Chapter 1 illustrates an important consideration: despite all of its versatility and

spectral precision of down to 5 pm, the spectrometer does have a significant weakness:

attenuation through the spectrometer - a maximum of around 27% transmission.

Note that Table 1.2 shows data for both Aluminum coating and dielectric coating.

Although dielectric coating has seemingly better specifications in terms of throughput,

a verification of minimal wavelength dependence (i.e. broadband functionality) is

necessary to truly compare the two. Even with 27% transmission, however, the input

and output ports of the Trivista will be fiber-coupled. First of all, this means that

the numerical aperture (NA) can be very large going into the spectrometer, so the

diverging field could stray outside of the mirrors and gratings, preventing its ultimate

collection. Additional collection optics would be needed to couple light back into the

fiber, also contributing to loss. The manufacturers have not yet provided ray-tracing

throughput results for this configuration. Finally, SMFs have the least amount of

loss when the beam is a Gaussian mode with its intensity centered at the core of the

fiber [25], and the spectrometer’s gratings may interfere with this. All of these sources

of attenuation will contribute to Poisson (shot) noise, simply because the relative
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Figure 2.5: Configuration of instruments in the NanoRC. The triple grating
spectrometer’s dimensions do not include dimensions of CCDs or other such
attachments.
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uncertainty of discrete signals in lower numbers is greater than higher numbers, as

explained by the Central Limit Theorem (CLT), a proof that can be found in any

introductory statistics textbook.

Therefore, for experiments where signal strength is very low, and neighboring,

narrow spectral lines must be isolated, a spectrometer might not be appropriate,

especially considering that SNSPDs were sourced for their high (85%) detection effi-

ciency.

Single photon experiments are such a case. James Godfrey has collected spectra of

non-resonant excitation of quantum dots. Using an incident power of roughly 10 nW

at 560 THz, he obtains a response of about 0.01 fW from all excited state emissions at

360 THz over a 0.3 µ2 area [9,38]. From these numbers, we can make a crude estimate

9 orders of magnitude difference between the excitation laser and the collected signal

of interest. This may be easy to filter out when the excitation frequency is 200

THz away from the emission frequency, but might be more challenging at closer

frequencies. An unanswered question that may be relevant for experimental success

is the degree to which the Trivista can filter stray light and / or a strong signal close

to a weak signal of interest. Recent research has addressed this issue by using custom

fabricated fiber Bragg gratings (FBG), showing an order of magnitude improvement

over monochromator-based techniques [29], as well as polarization-based filtering,

which allows for on-resonant excitation, and can suppress laser light by eight orders of

magnitude, with a signal-to-background ratio as high as 39,000 : 1 (in the Kuhlmann

et al. experiment [22].) The movement, however, should be towards an integrated

system, since large-scale quantum systems may likely rely on complementary-metal-

oxide-semiconductor (CMOS) - compatible silicon photonics in the future [21].
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2.3 Fiber to Other Laboratories

An SPM will reside in room 126, three meters across the hall from the NanoRC.

300 mm× 400 mm optical benches could facilitate free-space optical coupling into the

SPM, using its movable lenses. These would be positioned directly beneath the SPM’s

windows. It is not clear whether the SPM manufacturers have designed and included

these, so this is an outstanding issue that requires addressing. The light from 129

will be fiber coupled and sent to 126.

In addition to sending light to 126, light transport through fiber will be necessary

for experiments in the new Rotenberg lab and 161C, which can be as far away as 50

meters away. Light will be coupled to SMF, which does not not suffer from inter-

modal dispersion, but does undergo chromatic dispersion, especially when ultrafast

pulses - pulses with durations of femtoseconds to picoseconds - propagate through it.

Chromatic dispersion refers to the phenomena of light of different frequencies travel-

ing at different speeds. Through a fiber, chromatic dispersion can also occur due to

the waveguide, which results from the boundary conditions the EM wave must satisfy

when solving Maxwell’s equations.

Nevertheless, the primary cause of dispersion is the change in refractive index

change, n, which depends on the frequency of light propagating through the fiber:

different frequencies will travel at different speeds, and this is called chirp. Figure 2.6

shows chromatic dispersion versus wavelength for light traveling through a SMF that

is optimized for 980 nm. We can determine how much chirp a pulse from the pump

laser will experience in optical fiber, assuming a propagation distance of 50 meters.

At the pulse compressor’s emission of 1028 nm, the chromatic dispersion of the

SMF is roughly -48 ps / nm / km, cf. Figure 2.6. This means that for every kilometer
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the pulse travels and nanometer of bandwidth (the width of the pulse in wavelengths),

the pulse will be extended by 48 picoseconds. The fact that it is negative simple means

that the higher frequencies will travel faster than the lower frequencies. If a 1 nm

bandwidth pulse travels down 50 meters of fiber, the amount of chirp needed for the

pulse to return to its intended shape is −48 ps
1 nm·1 km ·

1 km
1000m

·50 m ·1 nm bandwidth ≈ 2.4ps.

There are other ways of pre-chirping the pulse besides using the pulse compressor.

For example, one can make use of gratings or prisms [42].

Figure 2.6: Chromatic Dispersion for a Thorlabs 125 µm cladding SMF
optimized for 980 nm [30].

To understand how to incorporate the fiber into the building, I obtained advice

from Dr. Martin Stevens, who implemented a similar configuration at the National

Institute of Standards and Technology (NIST) [44]. He recommends purchasing a

large spool, or spools of bare fiber, stringing it from lab to lab, and using a fiber

splicer (<$3,000) to splice connected pigtails in each lab. The fiber can be sent
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through existing holes in firewalls and across cable trays for ethernet or phone. If

there are parts of the hallways without this infrastructure, the building manager might

suggest drilling holes and zip-ties to ceiling suspensions. However, the consultation

with the building manager might be necessary due to unexpected occurrences, such

as setting off line-of-sight smoke alarms. Purchasing fibers in bundles might be more

convenient, so that only a single cable needs to be strung across the hallways. Dr.

Stevens also recommends using a pull line to guide the fiber around bends. This is

typically fed through first, and the fiber is attached to it after it has been fed all

the way through, as shown in Figure 2.7. The fiber should not be stressed or bent,

because imperceptible fractures may occur in the glass. Hence, people spaced 5-10

meters apart should guide the fiber through the hallway.

Figure 2.7: Feeding fiber through hallways. Figure adapted from [44].

The actual fiber that is used must be optimized for the wavelength of interest so

as to minimize transmission loss, while maintaining a single mode. The specific fiber

has not been chosen yet, but optimal throughput is of greatest concern when leaving

single photon sources and entering the SNSPDs. SNSPDs will be placed in 125A with

the Helium Reliquifier and power supply for the laser. The space accommodates flex
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lines emanating from the SNSPDs.

A Helium reliquifier will be installed in a room 125A with the SNSPDs. While

the unit is constructed with stainless steel piping, copper pipes for Helium-transfer

to the facility is permitted. Lines will be fed to room 129, an upstairs lab, and an

NMR machine in the Chemistry department in an adjacent building.

The power supply (PS) for the laser is air-cooled and will be located in 125A

in an effort to maintain lower temperatures inside the experimental section of the

facility. The PS and chiller are 19×31 inches in area, so they can occupy a 19-inch

width electronics rack. The air-cooled PS’s top, sides, and back panels must be open

to heat transfer as much as possible [24], and the recommended configuration in the

Pharos manual should not be used, since it does not follow these guidelines, and is

likely implemented in a water-cooled PS, which we did not purchase.
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Chapter 3

Exploiting a QuTAG’s Features for Quantum

Optics Experiments

An efficient and user-friendly design of infrastructure in the NanoRC is critical to

supporting nanophotonics experiments spanning a wide array of research interests.

As with any new experimental design, it is essential to develop a comprehensive un-

derstanding of the performance of new equipment. A critical component of the new

infrastructure is the timing electronics that will be used with the incoming SNSPDs.

I systematically characterized, purchased and tested one of the best available models

on the market, performing preliminary experiments characterizing the response of

the timing electronics alone, and used it in combination with two different models

of SPAD. This will provide a reference for future users that will be able to lever-

age the excellent time resolution of the timing electronics and SNSPDs to perform

measurements with < 80% single-photon detection sensitivity.
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3.1 Selecting a Time-to-Digital Converter

In selecting a picosecond resolution time-to-digital converter (TDC), the choice was

quickly narrowed down to two of the most prominent options on the market - QuTools’

QuTAG and PicoQuant’s HydraHarp 400. I compared the two instruments on the

most important parameters, and confirmed the QuTAG’s specifications by obtaining

justifications and jitter measurements from the CEO of QuTools, Henning Weier. It

was important to consider the price of each instrument, since CFI funds are fixed.

Therefore, saving tens of thousands of dollars would allow the NanoRC to justify

other expenses.

The QuTAG and HydraHarp 400 are compared in Table 3.1. The primary draw-

back is that the constant fraction discriminator (CFD) is not available for the QuTAG.

However, it is possible to activate, upon special request, a firmware-implemented

CFD that works for symmetric signals, which are, unfortunately, uncharacteristic of

SNSPDs.1 Similarly, the jitter specifications of the QuTag might only be valid for

pulses with the same shape; for pulses with large disparities in amplitude, the leading

edge discriminator would have less precision on the center of each pulse (compared

to CFD triggering in the PicoQuant), thereby increasing jitter. Since we anticipate

SNSPD voltage pulses to be fairly consistent in rise time and amplitude, we decided

that the absence of a CFD did not detract from the QuTAG’s other advantages, and

ultimately purchased it.

1The way the firmware works is the following: the same signal is connected to two channels,
where one is triggered at the rising edge, and the other is triggered at the falling edge, with the
same threshold bias voltage. After the two time tags are acquired, the average is calculated to
determine a signal independent of its height.
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Figure of Merit Hydraharp QuTAG

Time bin width 1 ps 1 ps
Pulse Tagging Yes Yes

Dead Time 80 ns 40 ns*
Timing Jitter (RMS) 12 ps 10 ps

Trigger Type CFD leading edge
cps / channel 12.5 Mcps 25 Mcps

Rate with sync divider 150 MHz 200 MHz
FIFO buffer Yes Yes

Table 3.1: QuTAG and HydraHarp 400 Comparison. Though the QuTAG
was a third of the price of the Hydraharp, there was little to no sacrifice in
performance. *As explained in the text, the real dead time is 5 ns, but 40 ns
is listed to meet the jitter specifications.

If used within specifications (e.g. under 25 MHz per channel2), the QuTAG will

record the arrival time of all incoming voltage spikes or drops (above or below a user-

specified threshold) relative to its internal clock or an external clock to which it could

be connected and synchronized. The time stamps of the voltage spikes (or drops) are

referred to as “events” or “counts” and are recorded using a first-in first-out (FIFO)

buffer.3 Events in a single channel cannot be within 40 ns of each other, which is the

QuTAG’s dead time.

Most events with the QuTAG are measured as time differences between a start

signal and a stop event. If two channels are used as stop channels, the QuTAG will

measure these differences instead, which can be accumulated in a histogram. There

are two other options that are worth mentioning. The diffs option shows a differ-

ence between each consecutive time difference collected for the histogram previously

2It should be noted that the “real” dead time is given by its clock, which operates at 200 MHz,
but pulse-to-pulse separation must be greater than 40 ns (25 MHz) in order to keep the timing jitter
below 10 ps.

3A FIFO buffer is a way of storing data in which the data gets sent and written to memory in a
serial stream, where the oldest event is processed first. This is efficient for the computer, since the
process does not require reshuffling, and the peak count rate is only limited by the write rate.
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mentioned. The Global option instructs the QuTAG to measure time differences

between any input channel, and could be used if differences between arbitrary stop

channels are of interest [37].

A sync divider setting can be used to effectively down-sample a sync signal that

handle sync signals >25 MHz.4 At these high rep rates, the diffs option should

be enabled: it calculates the differences of consecutive timestamps of different stop

channels [37]. It is possible to gather all events at 100 MHz by using Python, Lab-

View, or some other programming language besides the Daisy graphical user interface.

This is because the graphical user interface (Daisy) does a lot of calculations in the

background to generate histograms, etc., which cannot be turned off with the current

version of Daisy.

On the QuTAG, cf. Figure 3.1, the start channel has two SMA inputs adjacent

to it, unlike the other channels, which each have single inputs, respectively. The

lower input is an external clock input. The upper input is a start channel that can

also be used as a stop channel using the start as stop option that can be made

available, if we choose to purchase it.

Figure 3.1: QuTAG front panel. Figure adapted from [37]

4If the division set to an integer, n > 1, the internal clock will only reset on the nth pulse. In
other words, with a divider, the time difference is measured relative to the last event through it.
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3.2 Verifying Capabilities of Test Equipment; Progression Towards Quan-

tum Optics Experiments

In testing the QuTAG, I characterized the equipment used for the TCSPC experi-

ments, while providing direction for future preliminary SNSPD experiments. I started

with fewer instruments, and worked my way up to a setup that could be used for quan-

tum optics correlation experiments.5 Starting with just a waveform generator and a

QuTAG, I tested its timing jitter. Adding a detector enabled dark count experiments.

Adding lasers of different linewidths, a different detector with lower timing jitter, and

various experimental configurations identified variables contributing noise. In addi-

tion, due to the delay in the arrival of the SNSPDs, preliminary experiments with

quantum dots are soon to be underway using the available SPADs.

3.2.1 Timing Jitter on the QuTAG

The simplest experiment involves a function generator and a QuTAG. The function

generator sends a pulse with a fast rise time through a BNC cable that is split and

enters two channels ( start and stop ) on the QuTAG, which thereupon constructs

a histogram, cf. Figure 3.2. Since the BNC cables and signal generator are not

perfect, the FWHM of the Gaussian fit to this histogram provides an upper limit to

the root-mean-squared (RMS) jitter of the QuTAG. I found that this configuration of

BNC cables, a function generator, and QuTAG only added 1 ps to the rated timing

jitter for the QuTAG: the FWHM increased from 10 ps to 11 ps.

5A Hanbury Brown-Twiss (HBT) experiment is the archetypal quantum optics correlation exper-
iment: a light beam splits before reaching two detectors that can demonstrate the time-correlation
between the arrival time of these photons. If the source is indeed a single photon source, there will
be close to zero correlation at the time a photon passes through the splitter and reaches (only one)
detector, since no other photons will travel with it [7].
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Figure 3.2: Timing Jitter of QuTAG measured with a function generator
at 5 MHz and split BNC cable. The FWHM calculated with the Gaussian
approximation is 11 ps.

3.2.2 Dark Counts with a Detector

Upon characterizing arguably the most important attribute of our TCSPC device,

the next component I added was the detector. This involved a detector and the

QuTAG in the dark, where the purpose was to investigate dark counts. These are

assumed to be independent events that primarily arise due to thermally-generated

carriers in a semiconductor photon detector, and can be observed when no light is

incident on the detector, but the detector is still under voltage bias and connected to

the QuTAG. The manufacturer rates its PerkinElmer SPAD to have under 500 cps. I

benchmarked it using the QuTAG as a time-to-digital converter. A sync “clock” pulse

was attached to the QuTAG for start-stop measurements. I turned off the room lights

and deposited several layers of darkening fabric and cardboard to prevent stray light

from reaching the SPAD’s element. 108 1-second exposures produced an average dark

count rate of 221 cps (standard deviation: 9 cps). In another experiment in similar

environmental conditions, I integrated over 100 ms, finding an average dark count



3.2. VERIFYING CAPABILITIES OF TEST EQUIPMENT;
PROGRESSION TOWARDS QUANTUM OPTICS EXPERIMENTS 35

rate of 245 cps (standard deviation: 24 cps). These distributions overlap with each

other, confirming that the SPAD’s behavior is likely consistent, and that roughly 210

to 270 cps of a signal can be attributed to noise. Both of these values were under the

manufacturer’s rating, so my experiments are sufficiently protected from radiation.

The higher deviations at the lower integration time is due to the discrete nature of

the dark counts, which I will explore in the following section.

Poisson Distribution and the Limit at Large n

To confirm that the SPAD’s detection of dark counts reveals their discrete and random

nature, I modeled their distribution with the analytical form of a Poisson distribution,

Pois(n), which exhibits these properties and is given by

Pois(n) = α · e−λλn

n!
, (3.1)

where n is the number of events, α is an arbitrary normalization constant, and λ

is a rate parameter that is determined from the fit. To be explicit, the Poisson

distribution is the discrete probability distribution of the number of events that occur

independently of each other in a given time interval. The time interval here is set by

the ‘integration time’ of each sample in the experiment. An experiment taking one

minute with an integration time of 1 second could generate a distribution with 60

samples, where each sample contains some number of counts. The average count rate

(in counts per minute) of these 60 samples is λ.

In the limit for very large n, the Poisson distribution can be approximated by a

Gaussian [32], with a variance and mean equivalent to the rate parameter, λ. This
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means that there is no way of increasing the mean without also increasing the vari-

ance. It should be noted that a Gaussian probability distribution function PDF with

equivalent mean and variance does not imply a Poisson PDF: it implies only a ‘uni-

cornian’ distribution, as Helbert elaborates in his amusing but informative treatise on

the “Spatial Distribution of the Montane Unicorn” population [12]. Hurlbert states

that infinite possibilities of distributions with a mean-to-variance ratio of one “will

not be readily distinguished from the Poisson by his ‘eyeball’ test.” Therefore, the

Gaussian (continuous PDF) in this functional form does not necessarily convert back

to a Poissonian (a discrete PDF) with a small number of observations.

The approximation to Gaussian arises from the CLT, which essentially states that

the sum of a large number of independent quantities tends to have a Gaussian form,

regardless of their underlying PDFs. In other words, we can use the CLT when

averaging many measurements together.

So, in functional form, for a large number of observations, the Poisson distribution

can be approximated by:

p(x) =
e−(x−λ)2/(2λ)
√

2πλ
(3.2)

where x = n = λ(1 + δ), λ� 1, |δ| � 1, and 〈n〉 = λ.

Approximating Dark Counts as Poissonian

When the integration time is sufficiently low, as in Figure 3.3(a) (0.1 s), the number

of events is low enough that calculating Pois(n) is computationally feasible. A larger

integration time (1 s, Figure 3.3(b)) results in larger numbers of events, where n
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equals up to 280, meaning that n! is very large and difficult to compute. The Gaus-

sian approximation, where the mean and variance are equivalent, is computationally

feasible. As mentioned previously, I collected data in two different experiments. I

had a larger sample size in the experiment with a lower integration time Figure 3.3(a)

in Figure 3.3(b).

A summary of the curve-fitting6 results can be seen in Table 3.2. While the Gaus-

sian has a better fit (higher r-squared) than the Poisson distribution, its expected

value is not as close to the calculated count rate. The Gaussian fit does predict the

average count rate better at higher integration times, with a 5.6% difference (com-

pared to 14% difference) from the calculated average. Three observations suggest that

the PerkinElmer SPAD behaves as expected in the dark: (1) The Poisson distribution

fits the data to a high r-squared of 0.972. (2) The Gaussian does not predict the mean

as well as the Poisson in low integration times. (3) The Gaussian does a better job

predicting the mean at higher integration times than lower integration times, thereby

corroborating the CLT.

Integration Time (s) 0.1 1
Sample size 860 108
Average cps 245 221
Average cps (Poisson fit) 214 N/A
Average cps (Gaussian fit) 212 209
r-squared (Poisson) 0.972 N/A
r-squared (Gaussian) 0.976 0.941

Table 3.2: Comparison of Poisson and Gaussian distribution fit parameters
for 0.1 second and 1 second integration times.

6From the Python SciPy optimization package ( optimize ), the curve fit function was used,

specifically the Levenberg-Marquardt algorithm. It is a least-squares algorithm that minimizes the
sum of the squares of the deviations of the model curve to the data. Gradient descent is used to find
the local minimum. In this particular algorithm, the rate of descent is increased when the residuals
are not sufficiently reduced, and vice versa.
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(a) (b)

Figure 3.3: Dark Count Distributions for two different integration times,
modeled by a Poisson Gaussian PDF or a Gaussian. (a) Integration time of
0.1 s; (b) Integration time of 1 s.

3.3 Use of the Instrument Response Function to Characterize Experi-

mental Components

After characterizing the SPAD in the dark and rejecting the null hypothesis that

it cannot represent random events, I included more instruments to progress to an

IRF that could be used in a quantum optics experiment. Including each successive

instrument in the IRF experiment provides insight into its influence on the FWHM

of that function.

3.3.1 Initial IRFs with a Pulsed Laser

I connected a pulsed laser driver’s (PDL 800-B Picosecond Pulsed Diode Laser by

PicoQuant) synchronization clock to the QuTAG’s start channel and its output to

a laser head, PicoQuant P-C-405, which has a wavelength of 405 nm, beam dimensions

of 1.5 × 3.5mm, and a rated FWHM pulse width of < 50 ps [35]. This beam was

incident on a SPAD, cf. Figure 3.4, while I employed various modifications to better

understand such a system.

These parameters were the output intensity from the laser, and the focus and
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Figure 3.4: QuTAG test bed. 405 nm light is pulsed at 5 MHz and sent
through a 3.52 ND filter and a 150 mm lens onto the element of the SPAD.

alignment of the beam. This particular laser was susceptible to intensity-dependent

pulse width [34], so I evaluated the IRF with and without filters while keeping the

incident intensity approximately constant. In this setup, I found that running the

laser at minimum power above the lasing threshold was sufficiently low intensity at

the element of the SPAD to avoid damaging it. In experiments with the ND filter, I

measured the power from the laser to be 591 nW using a power meter. After the 3.52

ND filter in (c) - (d), the power was roughly 0.2 nW. Since the repetition rate of the

laser driver was 5 MHz, the pulse energy was calculated to be 3.6× 10−17J (222 eV).

Therefore, the average number of photons per pulse was 72. Incidentally, this is well

above the dark count rate, which is 221 dark counts / sec ÷ (5× 106 pulses/sec) =

1
23,000

dark counts per pulse. By comparing Figure 3.5(a) and (b) to Figure 3.5(c) and

(d): a laser at a higher initial intensity and lower initial intensity, respectively, I found

that decreasing the beam’s initial intensity actually increased the FWHM by about

300 picoseconds. In later experiments, Godfrey found that ND filters positioned at
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normal incidence produced back-reflections that increased the FWHM, so this may

have been the cause of the unexpected increase in FWHM when adding filters.

The other modification was to focus the laser onto the SPAD. This was because

the SPAD’s gain may have spatial dependence [46]. The laser is in fact more focused

on the active area: if we assume a collimated input beam diameter of 4 mm, and

no significant aberrations due to the lens, the spot size diameter on the detector is

given by Eq. 3.3, and equals 18.5µm. The PerkinElmer SPAD has an active area

of 175 µm, which is well above this value, and well below the beam’s dimensions of

1.5× 3.5mm.

Dspot =
1.22λ · 2 · flens

Dlaser

(3.3)

Indeed, in Figure 3.5, (a) compared to (b) and (c) compared to (d) shows at least

300 ps difference in the IRF’s FWHM simply by focusing the beam on the SPAD.

After completing experiments with the pulsed laser and the PerkinElmer SPAD,

I concluded that not focusing the beam on the SPAD and using normal-incidence

neutral density filters both caused more uncertainty in the photon arrival time.

3.3.2 IRFs with an Ultrafast Laser

Future experiments with on-demand single photon sources will require an ultrafast

laser due to its short, intense pulses that can excite electrons in the zero-dimensional

materials. I helped James Godfrey use the QuTAG to construct the instrument

response function using an ultrafast laser with a pulse width to be on the order of 100

fs, center wavelength of 838 nm, repetition rate of 76 MHz, and attenuated powers

(using ND filters) down to about 14 fW for free-space experiments, and 0.2 nW to
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Figure 3.5: IRF of the pulsed laser diode, Perkin SPAD, and QuTAG. (a)
shows the laser not focused on the SPAD without an ND filter. FWHM =
1.7 nm. The IRFs are delayed by an arbitrary time delay. (b) shows the
laser focused on the SPAD without the filter. FWHM = 1.2 nm (c) shows
the IRF from the focused laser and the ND filter with an increase in initial
laser power. FWHM = 1.8 nm Finally, (d), FWHM = 1.5 nm, shows a more
precisely aligned and focused laser with the ND filter with the power of (c).
The peach-colored pixels show the points where I estimated FWHM, which
are in units of nanoseconds.

0.3 nW out of SMF, cf. Figure 3.7. The foam wall, with an opening of several

centimeters, was placed around the beam to obstruct stray light. As mentioned in

Section 3.3, the reflective ND filters were placed at angles to prevent back reflections.

I processed the data for these experiments: this code is in Appendix A.

The conclusion to draw from this experiment is that the 405 nm laser increased

pulse broadening by 1.16 ns − 0.85 ns = 310ps. Despite this substantial decrease

in the FWHM, it is likely that the SPAD is the primary contributor to the IRF’s

FWHM.
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Figure 3.6: IRF of ultrafast laser, PerkinElmer SPAD, and QuTAG.

Figure 3.7: Free-space experimental setup, an experiment that James God-
frey conducted and for which I processed the data.

3.3.3 Comparing IRFs with Different Detectors

Our ultimate goal is to set up a quantum optics experiment, which would involve

two detectors for correlation experiments. Therefore, we borrowed an MPD detector,

described in Chapter 1, and constructed and IRF in the same setup, which is shown

in Figure 3.8.

While the free-space MPD detector does not match the fiber-coupled form factor

of the incoming SNSPDs, the timing jitter on this detector greatly improved upon the

PerkinElmer SPAD: the FWHM decreased from 852 ps to 140 ps. The focal length

of the lenses in front of the PerkinElmer SPAD and MPD SPAD were 150 mm and

75 mm, respectively. The diameters of the active elements of these detectors were

175µm and 50µm, respectively.
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Figure 3.8: IRF of ultrafast laser, MPD SPAD, and QuTAG.

3.3.4 Coupling into Fiber, a Microscope, and a Spectrometer

Eventually, we will conduct experiments with a microscope, where a sample will be

placed. In this experiment, the light traveled through a microscope, but did not hit

a sample, cf. Figure 3.9. As discussed in Chapter 2, future experiments will also

be conducted with a triple-grating spectrometer to spectrally isolate the signal of

interest, upon the spectrometer’s arrival at Queen’s. In this spectrometer, the pulse

traveled through two curved mirrors, and a flip mirror within the spectrometer. Since

the SNSPDs will be fiber coupled, and on-demand single photon sources’ ultimate

application is fiber optics, Godfrey coupled the laser into fiber before and after a

microscope (where the sample will eventually be placed), as well as the PerkinElmer

detector. In this setup, the IRF increased to 1.0 ns cf. Figure 3.10.

3.3.5 A Beamsplitter and two SPADs

Quantum optics experiments such as HBT will require beamsplitters to send the

signal to two different detectors simultaneously. James Godfrey and Ben Colmey

nearly completed this experiment, which tests the single-photon purity of a beam.and

for which a pulsed laser has a known result. After they configured the instruments
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Figure 3.9: Experimental configuration for an IRF utilizing fiber, spectrom-
eter, and a microscope. MMF and SMF refer to multi mode fiber and single
mode fiber, respectively.

Figure 3.10: James Godfrey’s experiment for establishing IRFs for signals
passing through fiber, a spectrometer, a SPAD, and the QuTAG (not shown).

with the added beamsplitter, cf. Figure 3.11, they tested the same IRFs in the new

configuration to make sure the system was well characterized and support the eventual

HBT; the raw experimental results will contain the jitter on the laser, SPAD, and

QuTAG and these IRFs will give a rough idea on the amount of noise a single photon

source. The experiment is shown in Figure 3.11, and IRFs are are shown in Figures

3.12 and 3.13 for the MPD SPAD and PerkinElmer SPAD. At 1 ns, they show slightly

larger FWHMs than the experiment without the beamsplitter. This may be due to

the difficulty in aligning the beam through the beamsplitter.
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Figure 3.11: James Godfrey’s experiment showing the free-space setup using
a beamsplitter with the spectrometer and fiber.

Figure 3.12: IRF of ultrafast laser, fiber, spectrometer, beamsplitter,
PerkinElmer SPAD, and QuTAG.
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Figure 3.13: IRF of ultrafast laser, fiber, spectrometer, beamsplitter, MPD
SPAD, and QuTAG.
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Chapter 4

Telecommunications Network Design

Designing the Nanophotonics Research Centre involves identifying physical constraints

and arranging instruments for multipurpose use, while considering the effects the new

configuration has on the physical properties of the new experimental configuration.

The exceptional precision in the new metrology section will facilitate exploration into

quantum dots as candidates that ensure secure communications [40]. To better un-

derstand how novel light sources might be deployed in telecommunications, I made

contributions to a telecommunications network that exploits state of the art technol-

ogy. I researched under the supervision of engineers at Telecom Metric, a company

that integrates existing voice and internet system components to provide voice over

internet-protocol (VoIP) services to businesses in and around the Kingston, Ontario

area. While this thesis did not bridge the gap between the nanosystems to be ex-

plored in the NanoRC and the commercial environment for which they are intended,

this opportunity provided a broader picture of our current network infrastructure for

future implementation.
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4.1 Background on 9-1-1 Protocol

Considering the scope and complexity of modern telecommunication networks, it

quickly became clear that I could only make contributions to a very specific and

narrow domain: routing 9-1-1 VoIP to Canadian emergency response centers. The

primary government institutions involved in 9-1-1 services are: Canadian Radio-

television and Telecommunications Commission (CRTC), Industry Canada, Public

Safety Canada, provincial / territorial governments, and municipal governments.

Telecommunications carriers provide the network infrastructure that enables 9-1-1

calls to be connected to Public Safety Answering Points (PSAPs), where emergency

dispatchers await. The CRTC regulates this implementation, enforces law and up-

dates them as technology changes. For example, as VoIP becomes prevalent, the

CRTC will write new laws that describe how VoIP 9-1-1 calls must be handled. In-

dustry Canada manages spectrum allocation for industries and public safety. Public

Safety Canada coordinates efforts across multiple federal, provincial and territorial

agencies, and other stakeholders. Provincial and territorial governments manage first

responders, policies, and the collection and distribution of finances for PSAPs.

Despite this well-formulated administration, some problems with the current 9-1-1

system remain, and VoIP caller location accuracy is among those problems [6]. One

of the benefits of VoIP phones is that they have no inherent location associated with

them, making international calls, for example, inexpensive. However, this poses a

problem for emergency responders, because location information cannot be readily

transmitted.

If a phone is connected to the Public Switched Telephone Network (PSTN), a 9-

1-1 call is simple. The caller’s phone company recognizes the number, and routes the
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call to a dedicated 9-1-1 switch, which can determine which PSAP is notified. When

9-1-1 was first implemented in 1970s, the operator at the PSAP requested information

regarding the emergency, location, and the call-back number; this information was

not automatically provided. Subsequently, the call-taker would use radio to alert

police, fire, and / or EMS to go to the scene. This approach is still used today, and

is called Basic 9-1-1. It allows 9-1-1 calls to be handled similarly to other calls. One

problem with this approach is that the PSAP operator wouldn’t know where to send

the dispatchers if location information is not provided, especially when the call-back

number is not provided in the event that the call gets disconnected. In addition,

telephone company networks were not necessarily configured to forward the 9-1-1 call

to the correct PSAP, which would cause loss of life in cases where PSAPs are over

hundreds of kilometers away [6].

Enhanced 9-1-1 was the solution to this problem, and is the most prevalent form

of 9-1-1 coverage today. In this scenario, the incoming call, along with the caller’s

name, telephone number, and location information is forwarded to the correct PSAP

responsible for the given area. The street address is provided for wireline phones,

and the GPS coordinates are provided for cellphones. As companies move away from

circuit-switched technology and rely more heavily on internet protocol (IP) technol-

ogy for greater network efficiencies and service opportunities, they must maintain

backwards compatibility. Many end-user devices, and most importantly, 9-1-1 call

centers, are not IP-enabled; the 9-1-1 system has historically been part of the PSTN.

This means that ancillary information, such as caller number and location, can be

misrepresented as it passes through the internet.
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As of now, the Canadian Government is making plans to implement “next gener-

ation” (NG) 9-1-1 services that will provide additional capabilities for IP phones, as

well as more detailed information about incidents through video streaming [45]. The

United States already has NG 9-1-1-enabled PSAPs in place in some states. How-

ever, the NG 9-1-1 will be difficult to implement in Canada due to inefficiencies in

the Public Safety sector of the government. Denton describes a lack of accountabil-

ity, disorganization, a disconnect between the users’ expectations and the system’s

current state, as well as a manageable way to deal with technological change, and

even financial concerns, among other areas for improvement [6]. Clearly, the current

system is not configured to deal with VoIP calls efficiently. Canadians can obtain

telephone numbers from different cities from which they are physically located and

can make 9-1-1 phone calls from any internet-connected location. So, users must

inform their VoIP service provider to update a customer information database when

they change locations. Additionally, a third-party call center must process 9-1-1 calls,

creating delays and possible inaccuracies due to human error [6].

4.2 VoIP and 3CX

In the early 1990s, VoIP was first used as a way to save long-distance charges by us-

ing a PC with audio and a microphone. VoIP has since expanded its applications to

augmented customer service, video communication, and as an enhancement to many

messaging platforms today. When VoIP call is made, it passes through a switched

network, meaning that a call from one area of the globe will pass through links to

get to the other area of the globe. In other words, a call from Kingston, Ontario

to Wagga Wagga, New South Wales may share some of the same lines (fiber optic
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cables, copper wires, etc.) as a call from Washington, DC to Gumly Gumly, New

South Wales, despite having different start and end points. In large company offices,

telephones connect to a switch that interfaces with telephone company lines. This is

called a private branch exchange (PBX), which is similar to the telephone company

switches, but adapted for enterprises, which can configure and connect phones in-

house, without relying on telephone company’s or internet service provider’s (ISP’s)

network. PBXs have various capabilities, such as routing calls, providing call-flow

diagrams for customers to reach the right end-point within the company, or handling

automatic messages, just to name a few examples. 3CX is a PBX that enables con-

nections to the PSTN or Internet. The software can be downloaded onto a computer,

or reached via a web browser, and even a phone application. In order to handle calls

that are switched between PSTN lines and the internet, 3CX must be installed on

a server. Though Canada has plans to upgrade the 9-1-1 system to be amenable to

internet-based communication, the process is still at its beginning stages. Therefore,

a temporary solution to some of the difficulties associated with 9-1-1 calls through

VoIP must be addressed.

Telecom Metric Inc. (TM) is a VoIP communications provider, which deploys

3CX software with custom settings for businesses in Ontario. It partners with Server

Cloud Canada (SCC) and ZipTel, enabling the use of cloud-based infrastructure for

cheaper and efficient communications. The partnerships enable lower costs compared

to leasing space from a telecom operator, such as Bell, and businesses that use Telecom

Metric’s services pay for the flexible communications provided by VoIP instead of

expensive phone calls on the PSTN.

The way that a 9-1-1 call typically makes its way from a VoIP phone is shown



4.2. VOIP AND 3CX 52

Figure 4.1: Typical routing for E9-1-1 calls in Canada. SIP refers to Session
Initiation Protocol, which is able to transfer analog phone calls over the
internet. (A) shows a viable route from the caller to the PSAP, but (B)
shows what would typically happen if the network infrastructure were not
put in place correctly: (B) has the danger of not being routed to the correct
PSAP due to the hosted PBX not necessarily carrying the correct location
information.

in Figure 4.1. The call goes from a VoIP phone to a server. In the case of Telecom

Metric, the call will go directly to a server hosted by SCC, then to a PSAP call center

called Northern 911. Emergency VoIP calls primarily use Northern 911 because it is a

PSAP already connected to the internet, and can receive emergency calls from VoIP

phones. A call-taker at Northern 911 will gather location information from the caller,

and subsequently route the call to the PSAP in the area. This approach is inefficient.

A call made by a cell-phone would save approximately 30 seconds if this re-routing

did not occur, which in some cases, is a matter of life and death. Therefore, either an

alternate configuration, or a software implementation is required to reduce the time,

and bypass Northern 911.
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4.3 Test configuration

I proposed several designs to reduce switch time and increase reliability. The first

makes use of the current hardware, but involves re-configuring phones and changing

protocols. I must first explain the original configuration below, cf. Figure 4.2.

Figure 4.2: E9-1-1 Testing configuration

The experiment I constructed was as follows: I connected the 3CX server, analog

telephone adapter (ATA), and IP phone to the internet via ethernet cables. The ATA

and analog phone is used to simulate a 9-1-1 call center. I configured the 3CX server

by downloading 3CX onto a dongle, and installing the system onto the server. The

3CX server has a network interface port for connecting to the internet. I connected

a Beronet gateway card to the motherboard of the 3CX server. After configuration,

this allows an IP phone to be handled by the server, and passed along to the ATA,

and subsequently to the simulated PSAP.

One of the primary issues regarding VoIP 9-1-1 calls through 3CX is that the

phone can be accessed with a computer or cell phone app that is not in the same
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location as the the IP phone, simply because the phone is connected to the internet.

Therefore, the server must be able to tell when a computer is calling versus an IP

phone, which is what my designs aim to address.

4.4 Design

My initial design involved re-configuring the existing infrastructure, by using the gate-

way to re-route signals based on IP addresses of the caller, cf. Figure 4.3. Normally,

a PBX would be used to route calls in this way. However, 3CX does not have this

functionality.

Figure 4.3: Using a gateway to route calls

The problem with this approach was that the ports for the gateway are all FXO

ports, meaning that ethernet cables cannot deliver information through them. If they

are first connected to the internet, the soft-phone or web-client will take on the IP

phone’s IP address before reaching the gateway. I attempted to make a phone call



4.4. DESIGN 55

with this configuration, but the setup did not work due to the incompatibility.

However, stand-alone gateways have one ethernet port, which would normally be

used for connecting to the internet. To add the connection to the IP phone, the

internet and the IP phone could connect to a switch (used as a splitter), and then

connect one line to the stand-alone gateway. That way, the IP phone can still make

it to the gateway with its own IP address (where we configure the dialplan rules) and

calls could still be made through the softphone, because they might still go through

the internet, switch, gateway, and then server, cf. Figure 4.4. However, in order

to make the call, the webclient and soft-phone still have to be registered with the

IP address of the phone. Unfortunately, there is no industry alternative that can

help circumvent the issue. Companies such as RedSky, Bandwidth, inteliquent, VoIP

Innovations, TCS (Comtech), or Intrado (formerly West) have had some success in

the United States, but none in Canada. These companies send information about the

caller’s location to Northern 911, but do not route the call directly to the appropriate

PSAP.

Figure 4.4: Using a switch to route calls based on IP addresses
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4.5 Summary

The original intention of choosing an internship in telecommunications was to better

understand the existing communications infrastructure that will need to be changed

if single-photon-based security were to be implemented. In my internship, I designed,

tested, and debugged various configurations in a step-by-step approach. While I did

not get definitive results, I did confirm which methods would not work and why

(e.g., due to hardware incompatibility, or software deficits.) I provided a better

understanding of the regulations and the hardware and software interfaces involved.

Perhaps most importantly, I came across a consideration that scientists should keep in

mind: changing hardware for the entire communications industry is an unprecedented

move, and would be driven primarily by the end user’s interest. In my internship,

I have seen that even a comparatively small change from a different VoIP service

provider is a huge leap for a business, let alone using entirely new hardware. It

would require technicians to be trained on unfamiliar programs, and spend much

time deploying the new software and fixing inevitable issues.

Should entangled photon communications become the only solution to solve the

threat to RSA encryption, much testing would have to be done to ensure its robust-

ness. Few clients in the Telecom industry would likely be willing to take on the risk

of adopting the new technology, unless the threat to the current system is too great.



57

Chapter 5

Summary and Future Work

The NanoRC sprung out of a successful proposal that the CFI awarded to a collab-

oration led by Professor Stephen Hughes, which provided the finance and vision for

the Research Centre’s innovations in nanoscience. The physical properties and posi-

tioning and bridging of additional infrastructure for these experiments require careful

consideration in the NanoRC and neighboring lab spaces, which this thesis outlines.

While the devices themselves had been mostly determined, their configuration and

the equipment that consolidates the infrastructure is the gap that I fill here. In ad-

dition, I facilitated the arrival of picosecond-resolution timing electronics, confirmed

specifications with experiments, and provided suggestions for use in quantum optics

and photoluminescence lifetime experiments. First, I confirmed picosecond resolution

with a function generator and a split electronic signal to the QuTAG. I proceeded

to build upon this initial experiment by successively adding instruments. Then, I

connected a SPAD to the QuTAG. Upon studying dark counts, I added a pulsed laser

to the setup and tweaked experimental parameters to determine variables affecting

the instrument response function. I aided James Godfrey to progress from this IRF,

where he replaced the picosecond-scale pulsed laser with a femtosecond ultrafast laser
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not unlike the incoming Pharos laser that will be incident on nanomaterials to exam-

ine their photonic properties. We produced more IRFs by coupling to a spectrometer

(that will eventually filter out the source beam from the signal of interest), a micro-

scope (to resemble the interaction with a sample), fiber (to resemble the input to the

incoming SNSPDs), and a beamsplitter with a second SPAD (to setup correlation

experiments.) As a result of my initial efforts, testing and preliminary experiments

are now underway in the Nanophotonics Research Centre. With quantum dots that

Godfrey has already spectrally characterized, correlation experiments can commence

even without the SNSPDs by using the latter architecture. Potential single-photon

sources from defect states in 2D materials and other candidates can also be examined

in this configuration.

The aforementioned on-demand single photon sources will be studied in the new

facility in due course, but their eventual successful integration in telecommunications

network requires an understanding of how these networks operate. In the latter part

of this thesis, I explored a specific area of telecommunications: emergency response

network configurations. By studying the software and hardware technicalities in these

networks, I provided designs to accelerate calls reaching emergency call centers, which

could save lives. In addition, my designs for the VoIP E-911 telecommunications

network provide a better understanding of the capabilities and regulations in the

current system.
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Appendix A

QuTAG IRF Dataprocessing



python 3.6

Class object to generate IRF or Lifetime
Measurements from QuTATT G
Author: H. Miller

October 2020

Please Read the following carefully before running anything.

Description and Features. Class irf_data  takes in a file path, and can output:

data
the smoothed IRF
fwhm points.

Shaded error bars represent the standard deviation of the data that includes background subtraction.

Method. Background subtraction is done by taking the average y for each x data point in the background
and the original data, and subtracting the averaged y of the original data from the background.

Running the program. Note that you must run every function in the order written in the class irf_data ,
since they each build off of each otherff . This is a good way to check your work! Also, you can check
variables individually by using your_class.variable_you_are_checking

The important variables you might inspect are:

fwhm
df['dt']  and df['bin_count'] -- original data 
df_bg['dt'] and df_bg['bin_count'] -- background data 
x_mean and  y_mean  -- non-smoothed data, averaged for each point, no background subtraction
x  and y -- non-smoothed data, averaged for each point, and made sparse with backgound 

subtraction
x  and smooth_data  -- final smoothed data
x std , y std  -- standard deviation. Check and plot this if the shaded regions don't appear.
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x_std , y_std   standard deviation. Check and plot this if the shaded regions don t appear
smoothed_grad -- gradient 

Adjusting parameters

Parameters for large_data_divisor  and filter_window_inverse  should be adjusted based on
how sparse the data is. You need to play around with these and YY filter order  to get the right amount
of smoothing for visuals and gradient calculation. Increasing both filter_window_inverse and
filter_order  decreases the amount of smoothing.

Note that the filter_window_inverse  variable is actually the inverse of the Savitzky-Golay filter
window, allowing that parameter to adapt to the length of the dataset. After dividing the length of the
dataset by filter_window_inverse , this number should be greater than the filter_order . This
means that as you increase filter_window_inverse , you have to decrease filter_order a little 
to stay between the bounds. If you don't follow this guidance, you will get the following error:

VValueError: polyorder must be less than window_length

The gradient is used to calculate the FWHM. Here, ratio_factor_nth  reduces the size of data to
minimize variations in the gradient that may lead to incorrect placement of FWHM points. Large values of 
ratio_factor_nth lead to inaccuracy , however.

File naming and x-axis naming. There is an optional parameter to name the experiment something
different from the file name. The scale can be changed if the data is not in nanoseconds with the variable ff
self.scale , which is set to , but the x axis label does not change from ns. In that case, you'll

need to find the plot in the code and change that yourself. :-)

Background and normalization. Background is assumed to be zero unless a file is entered. It is assumed
to have the same x-axis as original data. Normalization is done by taking the max of the smooth data to be
1.

This code is longer than expected for two reasons:

1. Data typically comes in large batches, since taking multiple IRFs is necessary for uncertainty analysis.
Therefore, the data needs to be condensed in such a way that information is not lost.

2. The full-width-half-maximum (FWHM) is done in such a way that does not rely on a curve fit: a
gradient is calculated at almost each point to determine which part of the curve the half-maximum is
located.
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Please pre-process all data:

...by combining the IRFs into one file using some bash script (this only works if you are using a unix shell,
which can be downloaded in Windows) such as the following (in parent directory):

for d in */ ; do
cd $d && cat M*.txt > merged.txt && ../
done

check to see if the merged files start correctly:

head */merged.txt

Inb[1]: # import python modules 
import pandas as pd 
import numpy as np 
# To smooth out the data: 
from scipy.signal import savgol_filter 
# To average the y values for each x: 
import numpy_indexed as npi   
import matplotlib.pyplot as plt 
# large font size for figures 
plt.rcParams.update({'font.size': 22}) 
%config InlineBackend.figure_format = 'retina' 

Inb[2]: class irf_data: 
     
    def __init__(self,  
                 main_dir,  # where all your data is 
                 sub_dir,  # where the data for this experiment is 
                 file,  # the file where you merged your data 
                 sub_dir_background=None,  # where you background data is 
                 background_file=None,  # where you merged your background data 
                 data_color = 'black', 
                 experiment = None,  # name of experiment 
                 save_loc='figures',  # directory to save figures 
                 scale=1e9,  # scale (set to nanoseconds) 
                 laser_on=0):  # time that laser turns on in seconds! 
                               # You need to adjust this if the peak is delayed 
        self.main_dir = main_dir 
        self.sub_dir = sub_dir 
        self.sub_dir_bg = sub_dir_background 
        self.file = file 
        self.data_color = data_color 
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        self.laser_on = laser_on 
        # can change the name of the experiment 
        if experiment == None: 
            self.experiment = self.sub_dir 
        else: 
            self.experiment = experiment 
        # add more variables here 
        self.file_path, self.df = (None,) * 2 
        self.scale = scale 
        self.save_loc = save_loc 
        self.sub_dir_bg = sub_dir_background 
        self.file_bg = background_file 
     
         
    @staticmethod 
    def make_window(inverse_window, x_values): 
        # initialize filter_window to be 
        # on the order of the length of sparse data 
        window = int(len(x_values) / inverse_window) 
        # make sure filter_window is odd 
        if window % 2 == 0: 
            window += 1 
        return window 
     
    # makes the dataframe 
    def make_df(self): 
        self.file_path = self.main_dir + r'/' + self.sub_dir + r'/' + self.file 
        self.df = pd.read_csv(self.file_path,  
                              comment='#',  
                              names=['dt', 'bin_count'],  
                              sep=';') 
        self.df = self.df.sort_values(by=['dt']) 
         
        if self.file_bg != None: 
            self.file_path_bg = \ 
            self.main_dir + r'/' + self.sub_dir_bg + r'/' + self.file_bg 
             
            self.df_bg = \ 
            pd.read_csv(self.file_path_bg,  
                        comment='#',  
                        names=['dt', 'bin_count'], 
                        sep=';') 
             
        # make the background zero if it is not entered 
        if self.file_bg == None: 
            self.df_bg = self.df.copy() 
            self.df_bg['bin_count'].values[:] = 0 
        self.df_bg = self.df_bg.sort_values(by=['dt', 'bin_count']) 
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        # !! this can only be run 1x (if run outside of the class) 
        self.df_bg = self.df_bg.reset_index() 
        self.df = self.df.reset_index() 
        # !! this can only be run 1x (if run outside of the class) 
     
    # simple plot showing data 
    def make_simple_plot(self, 
                         large_data_divisor=1, 
                         show=True,  
                         saving=False, 
                         normalization=True): 
        self.make_df() 
        self.large_data_divisor = large_data_divisor 
         
        # Note that most of the following code is not used in 
        # make_simple_plot 
         
        # function to decrease the amount of data 
        def sparsen(values): 
            return values[0::self.large_data_divisor].copy() 
         
        # group the y values for each x value and make the data sparse 
        self.x_mean, self.y_mean = \ 
        npi.group_by(self.df['dt']).mean(self.df['bin_count']) 
         
        self.x_mean_bg, self.y_mean_bg = \ 
        npi.group_by(self.df_bg['dt']).mean(self.df_bg['bin_count']) 
         
        # background subtraction to calculate std dev 
        self.y_after_sub_for_std = self.df['bin_count'] - self.df_bg['bin_count'] 
         
        # background subtraction for value of y 
        # this does NOT account for a different sized background 
        self.y_after_sub = self.y_mean - self.y_mean_bg     
         
        # calculation standard deviation 
        self.x_std_mean, self.y_std_mean = \ 
        npi.group_by(self.df['dt']).std(self.y_after_sub_for_std) 
 
         
         
        # dx is used to add a small amount 
        # since laser_on is not necessarily 
        # a value in the array of x values. 
        self.dx = 10e-10 
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        # Find the index of the x axis 
        # that corresponds to the laser_on 
        # value we specified in seconds 
         
        index_laser_on = \ 
        np.where(np.logical_and(self.x_mean >= self.laser_on,  
                                self.x_mean <= self.laser_on + self.dx))[0][0] 
         
         
         
        # make data sparse and shift according to when the laser turns on and off 
        # Also: shift the data to the left without 
        # chopping off the negative values 
        self.x, self.y = \ 
        sparsen(self.x_mean - self.laser_on)[index_laser_on:], \ 
        sparsen(self.y_mean - self.laser_on)[index_laser_on:] 
         
         
        # do the same for the standard deviation 
        # of the data (for the shaded uncertainties) 
        self.x_std, self.y_std = \ 
        sparsen(self.x_std_mean)[index_laser_on:], \ 
        sparsen(self.y_std_mean)[index_laser_on:] 
         
        # Don't take points off the end yet because 
        # this screws up the FWHM calculation 
         
         
        ########################### 
        # PLOT 
        fig = plt.figure(figsize=(15, 5)) 
        if normalization==False: 
            maximum = 1 
            maximum_bg = 1 
            label_y = 'averaged count \nfor each time stamp' 
        elif normalization==True: 
            maximum = np.max(self.y_mean) 
            maximum_bg = np.max(self.y_mean_bg) 
            if maximum_bg == 0: 
                maximum_bg = 1 
            label_y = 'normalized counts' 
        if show==True: 
            plt.scatter(self.x_mean * self.scale,  
                        self.y_mean / maximum,  
                        marker='o', s=10,  
                        color=self.data_color,  
                        label=f'experiment: {self.experiment}') 
            plt.xlabel('nanoseconds') 
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            plt.ylabel(f'{label_y}') 
            plt.title('Raw Data') 
            plt.legend() 
            if saving==True: 
                plt.savefig(f'{self.save_loc}/{self.experiment}.pdf') 
            plt.show() 
            fig = plt.figure(figsize=(15, 5)) 
             
            plt.scatter(self.x_mean_bg * self.scale,  
                        self.y_mean_bg,# / maximum_bg,  
                        marker='o', s=10,  
                        color=self.data_color,  
                        label=f'experiment: {self.experiment}') 
            plt.xlabel('nanoseconds') 
            plt.ylabel(f'{label_y}') 
            plt.title('Raw Data BACKGROUND') 
            plt.legend() 
            if saving==True: 
                plt.savefig(f'{self.save_loc}/{self.experiment}_background.pdf') 
                 
    # smooth plot without FWHM calculation                          
    def make_smooth_plot(self, 
                        filter_window_inverse=20, 
                        filter_order=1, 
                        show=True): 
        # we need these variables in other functions 
        # so we need to make them instance variables 
        self.filter_order = filter_order 
        self.filter_window_inverse = filter_window_inverse 
        self.filter_window = self.make_window(self.filter_window_inverse, 
                                              self.x) 
   
        # this function only works if the previous one is run 
        self.make_simple_plot(show=False, 
                             large_data_divisor = self.large_data_divisor) 
             
        # Sav-Golay filter to smooth data 
        self.smooth_data = savgol_filter(self.y,  
                                         self.filter_window,  
                                         self.filter_order,  
                                         mode='nearest') 
         
        # smooth out the standard deviation 
        self.smooth_std = savgol_filter(self.y_std,  
                                         self.filter_window,  
                                         self.filter_order,  
                                         mode='nearest') 
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        if show==True: 
            fig, ax = plt.subplots(figsize=(15,5)) 
            fig.suptitle('Checking Smoothing \nand Standard Dev') 
            # display smooth data 
            ax.plot(self.x,  
                    self.smooth_data) 
 
            # shaded error bars using smoothed standard dev 
            ax.fill_between(self.x,  
                            self.smooth_data - self.smooth_std,  
                            self.smooth_data + self.smooth_std,  
                            alpha=0.3,  # transparency 
                            facecolor='blue') 
             
    # gradient is used to find the FWHM         
    def check_gradient(self, 
                       filter_window_inv_grad=20, 
                       filter_order_g=1, 
                       ratio_factor_nth=4, 
                       show=True): 
        self.filter_window_inv_grad = filter_window_inv_grad 
        self.filter_window_g = self.make_window(filter_window_inv_grad, 
                                                self.x) 
        self.filter_order_g = filter_order_g 
        self.ratio_factor_nth = ratio_factor_nth 
             
        # the function check_gradient requires make_smooth_plot to run 
        self.make_smooth_plot(filter_window_inverse=self.filter_window_inverse, 
                              filter_order=self.filter_order, 
                              show=False) 
         
        # Calculate gradient 
        # not sure why, but 3 works LOL :-) 
        grad = np.gradient(self.smooth_data, 3) 
        self.smoothed_grad = savgol_filter(grad,  
                                           self.filter_window_g,  
                                           filter_order_g,  
                                           mode='nearest') 
 
        # ratio_factor_nth reduces the size of data 
        # for faster calculation of FWHM later on 
        self.smoothed_grad = self.smoothed_grad[0::self.ratio_factor_nth] 
         
        # PLOT 
        if show==True: 
            plt.title('checking gradient') 
            plt.plot(self.smoothed_grad, 'bo', markersize=2)  
            plt.show() 
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    # generate points for fwhm 
    def generate_fwhm(self, show=True): 
        self.check_gradient(filter_window_inv_grad = self.filter_window_inv_grad, 
                            filter_order_g = self.filter_order_g, 
                            ratio_factor_nth = self.ratio_factor_nth, 
                            show=False) 
         
        # initialize a list of the index 
        # and the difference between that 
        # value and the value at half 
        large_value_for_difference = 9999999 
        diff = [large_value_for_difference]*len(self.smoothed_grad) 
        # half of the max 
        half_of_max = (np.max(self.smooth_data) - np.min(self.smooth_data)) / 2   
        # assume that the first value of the signal 
        # is a good estimate of the dark noise offset 
        diff[0] = half_of_max - self.smooth_data[0] 
 
        self.index_half = [None]*2 
        for i in range(1, len(self.smoothed_grad)): 
            # difference between half of max and 
            # the smoothed value in question 
            # need to find index and the value 
            if self.smoothed_grad[i] > max(self.smoothed_grad) * 0.4: 
                # index is for smoothed_grad 
                # and I need to find the corresponding 
                # index for smooth_data  
                # therefore we multiply 
                # by ratio_factor_nth 
                diff[i] = min(np.abs(half_of_max  
                                     - self.smooth_data[i*self.ratio_factor_nth]),  
                              diff[i-1]) 
                if diff[i] >= diff[i-1]: 
                    self.index_half[0] = (i-1) * self.ratio_factor_nth 
                    break 
 
        diff2 = [large_value_for_difference]*len(self.smooth_data) 
 
        for j in range(1, len(self.smoothed_grad)): 
            if self.smoothed_grad[j] < min(self.smoothed_grad) * 0.4: 
                diff2[j] = min(np.abs(half_of_max  
                                      - self.smooth_data[j*self.ratio_factor_nth]),  
                               diff2[j-1]) 
                if diff2[j] >= diff2[j-1]: 
                    self.index_half[1] = (j - 1) * self.ratio_factor_nth 
                    break 
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        self.fwhm_points = [self.smooth_data[self.index_half[0]],  
                       self.smooth_data[self.index_half[1]]] 
     
        # calculate FWHM 
        self.fwhm = self.x[self.index_half[1]] * self.scale \ 
        - self.x[self.index_half[0]] * self.scale 
         
        # PLOT 
        if show==True: 
            x_axis = np.arange(0, len(self.smooth_data)) 
            plt.plot(x_axis, self.smooth_data) 
            plt.plot(self.index_half[0], self.fwhm_points[0], 'bo', markersize=20) 
            plt.plot(self.index_half[1], self.fwhm_points[1], 'bo', markersize=20) 
            plt.title('checking fwhm points') 
            plt.show() 
             
    # Final plot with FWHM in legend          
    def make_plot(self,  
                  laser_off = None,  # laser_off should be in seconds                 
                  saving=False): 
        self.generate_fwhm(show=False) 
        # rounding to 3 digits 
        self.fwhm_str = str(np.round(self.fwhm, 3)) 
        self.laser_off = laser_off 
        if self.laser_off == None: 
            self.laser_off = np.max(self.x) 
             
        # do the same for laser_off as previously done for laser_on 
        # but take the last value and subtract dx 
        index_laser_off = \ 
        np.where(np.logical_and(self.x >= self.laser_off - self.dx,  
                                self.x <= self.laser_off))[0][-1] 
         
        # subtract off the laser 
        self.x = self.x[:index_laser_off] 
        self.smooth_data = self.smooth_data[:index_laser_off] 
        self.smooth_std = self.smooth_std[:index_laser_off] 
         
             
         
        # plot the data 
        fig, ax = plt.subplots(figsize=(15,5)) 
        # display smooth data 
        ax.plot(self.x * self.scale,  
                self.smooth_data / np.max(self.smooth_data), 
                color = self.data_color, 
                label=f'experiment: {self.experiment} \n\n  FWHM: {self.fwhm_str} ns')
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Example

All of these jupyter notebook cells must be run in order.

1. Instantiate irf_data class for the data you want to represent

See the __init__ method for the dif ferent parameters you can enter here:ff

main_dir  -- where all your data is.
sub_dir  -- where the data for this experiment is.
file -- the file where you merged your data. 
sub_dir_background=None -- directory where your background data is located. If you don't have 

background data, this is automatically set to None  and there will be no background subtraction.
background_file=None -- file where you merged your background data. 
data_color='black' -- option to change the color of your plotted data. Automatically set to  
black .
experiment=None -- name of experiment. This changes the legend. If set to None , the name will

just be the name of the directory your data is stored.
save_loc='figures' -- directory to save figures. 
laser_on  -- you will need to shift the data to the left if the gradient is not correct (in the case when

the data is delayed). The units are in seconds.

        # shaded error bars using smoothed standard dev 
        # normalization with np.max(self.smooth_data) 
        ax.fill_between(self.x * self.scale,  
                        (self.smooth_data - self.smooth_std)  
                        / np.max(self.smooth_data),  
                        (self.smooth_data + self.smooth_std)  
                        / np.max(self.smooth_data),  
                        alpha=1.0,  # transparency 
                        facecolor='skyblue') 
         
        ax.set_xlabel('Time Delay [ns]', fontsize='large') 
        ax.set_ylabel('Normalized Counts', fontsize='large') 
        ax.legend(loc='upper right') 
         
        if saving==True: 
            plt.savefig(f'{self.save_loc}/{self.experiment}.pdf') 
        plt.show()   
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2. Make a simple plot

large_data_divisor=1 -- If the computer is taking a while for later steps, it might be because 
you collected a lot of data. If you want to increase the sparsity, increase this number.
show=True -- Option to show the plot here. 
saving=False  -- Option to save this intermediate plot. The file will be saved in the directory you

specified above. The name of the file is the name you specified for the experiment. The background
file will be saved as name_of_experiment_background.pdf .
normalization=True -- Option to either display the normalized data, or the average y value for 

each x.

Inb[6]: my_irf_data_class = irf_data('/home/heidi/Large-Data/2020-07-21-jg_optimiz_mira', 
                             'div8',  
                             'merged.txt', 
                             sub_dir_background='blocked_div8', 
                             background_file = 'merged.txt', 
                             experiment= 'Example_Experiment', 
                             save_loc='figures',  
                             laser_on=1e-9) 

Inb[7]: my_irf_data_class.make_simple_plot(large_data_divisor=1,
show=True,
normalization=False)
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Quick Example of how to change the value of a class variable

In this example, we will change the name of the experiment, which will change the legend and the name of
the file, if you choose to save it.

my_irf_data_class.experiment = 'New_Experiment'

Inb[9]: my_irf_data_class.make_simple_plot(large_data_divisor=1,  
                                   show=True,  
                                   normalization=False) 
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3. Make a smooth plot

This step is necessary for the step that follows, which will calculate the gradient.

filter_window_inverse=20  -- a larger filter window will use a larger window over which to
interpolate a curve. Therefore, the inverse of this will do the opposite.
filter_order=1  -- the order of the polynomial that is fitted over the filter window.
show=True -- option to show the plot 

I will first show two plots that are incorrect. The third plot is how the output of this step should appear.

<Figure size 1080x360 with 0 Axes>

Inb[10]: my_irf_data_class.make_smooth_plot(filter_window_inverse=300,
filter_order=5,
show=True)
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The above plot is not smooth enough, so we decrease the filter_window_inverse

<Figure size 1080x360 with 0 Axes>

The above plot does not accurately represent the data, so we increase the filter_window_inverse .

<Figure size 1080x360 with 0 Axes>

Inb[11]: my_irf_data_class.make_smooth_plot(filter_window_inverse=1,  
                                   filter_order=5,  
                                   show=True) 

Inb[12]: my_irf_data_class.make_smooth_plot(filter_window_inverse=30,
filter_order=5,
show=True)
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4. Check to make sure the gradient is accurate

If this is done successfully, the FWHM will be calculated properly. The parameters here have similar
meanings to those of the previous method. The parameters are filter_window_inv_grad=20 , 
filter_order_g=1 , ratio_factor_nth=4 and show=True . The ratio_factor_nth can 

further increase the sparsity. If the data is very noisy, this will be necessary.

If the FWHM step is incorrect, refer back to this step or Step 3, and change parameters such that the plot is
smooth, as shown below.

If the FWHM step takes a long time to run, increase ratio_factor_nth .

The x-axis has no meaning.

5. Check the FWHM

The x-axis has no meaning. There are no options for this method, except to show the plot. It should look
like Patrick's head from Spongebob.

Inb[13]: my_irf_data_class.check_gradient(ratio_factor_nth=2,  
                                 show=True) 
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6. Make the final plot

This makes the plot and shows the FWHM (in nanoseconds) in the legend. The only option here is to save
the plot. If the data is not sparse enough, the PDF will take a long time to render when you open it.

<Figure size 1080x360 with 0 Axes>

Inb[14]: my_irf_data_class.generate_fwhm(show=True) 

Inb[15]: my_irf_data_class.make_plot(saving=False) 
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