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Quantum Rangefinding

Abstract: Rangefinding has many applications in navigation, civil engineer, construc-

tion, military, surveillance and security. Most commonly rangefinders estimate the

distance to an object by measuring the time of flight of light for the journey to and

returning from the target. Conventional techniques use lasers as the light source of

choice in state of the art rangefinding systems. Lasers are nowadays cheap to manu-

facture and can produce amounts of optical powers excessive of the typically required

microwatts, yet, the particular state of light they are producing makes them also easy

to detect. Spontaneous parametric down-conversion is a quantum process, happen-

ing in non-linear crystals, that allows for one photon of shorter wavelength to be de-

stroyed while at the same time a photon pair of longer wavelength is created. If the

non-linear crystal is engineered carefully, one photon of such a pair will be in a quan-

tum state of light much closer to background radiation than other light sources, and

especially much closer than the quantum state produced by lasers. Such a photon-pair

source can be utilised for rangefinding by keeping the first photon of the pair locally as

a timing reference, while using the second photon to illuminate the target. The delay

between the first and the second photon, after its return from the target, can then be

used to estimate the time of flight to the target and back, effectively determining the

distance. The principle of measuring distance via the time of flight of light is common

to classical rangefinding and the rangefinding system presented here. However, the

state of light of one photon, produced in the down-conversion process, provides effi-

cient camouflaging against background light and therefore makes the detection of the

rangefinding signal impossible.
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Chapter 1

Introduction to Rangefinding

Rangefinding is the process of determining the distance between a target and an ob-

server. Naturally, knowing the distance between two objects has numerous applica-

tions and is of upmost importance in navigation, civil engineering and construction, as

well as in military, surveillance and security.

Distancemeasurements can claim a long history, and optical instrumentswere amongst

the first devices used for measuring distances. An example of an early rangefinder

used in nautical navigation is a sextant, an optical instrument to determine angular

distance between celestial bodies and the horizon. If a sailor can determine the an-

gle between the sun and the horizon, while also knowing the time of day, they can

estimate the latitude of the ships position.

Modern rangefinders [1] use electro-magnetic waves that are sent towards the tar-

get from which they reflected back towards the observer. By measuring the time that

has passed between the emission of the electro-magnetic wave and the receiving of

the reflected wave, the distance r to the target is easily determined by multiplying the

delay∆t with the speed of light c,

r =
∆t · c
2

, (1.1)

where the factor of 2 in the denominator arises since the electro-magnetic wave has

to travel towards the target and back, twice the distance between the target and the

observer (figure 1.1).

This principle is most prominently used in radio detection and ranging (RADAR)

which iswell known for its nautical and aeronautical applications. ARADAR transmitter

-1-



1 Introduction to Rangefinding

∆t·c
2

∆t·c
2

Target

Transmitter

Receiver

Figure 1.1: Working principle of a rangefinder. A radio transmitter sends a electro-

magnetic wave towards a targets which reflects a portion of the radio signal. The

returning energy is then collected by a receiver. Since, both, the outward and

return path, take ∆t
2 time, the distance r to the target can be calculated using

equation (1.1)

emits radio waves with wavelengths on the order of 1 cm to illuminate targets. These

wavelengths are commonly used since they have big advantages, compared to shorter

wavelengths, with regards to attenuation in the atmosphere. This is especially true in

foggy or rainy weather, since shorter wavelengths are either scattered or absorbed

by water in the atmosphere. Furthermore, the velocity of a target can be directly

measured, by determining the Doppler-shift of RADAR waves that are reflected off a

moving target.

Yet, losses due to the diffraction limit can cause problems when using long RADAR

wavelengths. The distance from the emitter in which the cross-section of a diffraction

limited beam doubles is called the Rayleigh length zR and is inversely proportional to

the wavelength λ

zR =
πω2

0

λ
, (1.2)

where ω0 is called the beam waist, and is its diameter at its thinnest point. As a conse-

quence, RADAR illumination can be inefficient if the target is far away, and the beam

diameter becomes bigger than the size of the target. Hence, during the later half of the

last century systems using shorter wavelengths have been developed. These systems

use bright sources, such as lasers, to produce short pulses of light. While the atmo-
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1.1 State-of-the-Art in Laser Rangefinding

spheric transmissionwindows are not aswide open as for the longer centimetrewaves,

there are narrower transmission bands in the mid-infrared (MIR), near-infrared (NIR)

and visible wavelengths bands that are usable for laser RADAR also called light detec-

tion and ranging (LIDAR) [2–4]. Drawbacks arising from scintillation and beamwander

caused by turbulence are acceptable out to distances of tens of kilometres [5, 6]. The

acronym LIDAR, nowadays well accepted, was originally a fusion between the word

light and RADAR.

1.1 State-of-the-Art in Laser Rangefinding

After the invention and steady improvement of laser technology, the laser became the

standard light source used in LIDAR systems. The laser’s low cost and high brightness

enabled cheap rangefinders for ranges of up to the tens of kilometres through the

atmosphere or even up to astronomical distances of ≈ 385, 000 km through space to

the moon [7].

Another important development for laser rangefinders were the proceeding devel-

opments in avalanche photodiodes (APDs). The high gain of APDs and the possibility

to operate them in Geiger mode enabled the construction of rangefinders using time-

correlated single-photon counting (TCSPC) [5]. APDs running in Geiger mode are also

called single-photon avalanche diodes (SPADs). They are reverse biased and produce

a detectable electric pulse on detection of a single photon. The possibility to count

single photons and correlate their arrival times with the modulated signal drastically

reduced the laser power needed for rangefinding systems. Instead of bright returns

that could be recorded with conventional photodiodes, returns of only a few photons

are sufficient, enabling laser rangers with transmitter powers of < 100µW [5].

With these advances, today, laser rangefinders do much more than measuring the

distance to a target. A good example is remote sensing of atmospheric gas concen-

trations [8–10]. A laser rangefinder slightly detuned from an absorption line of a at-

mospheric gas can predict the distance it travels through the atmosphere before it is

reflected back. The volume of atmosphere it is illuminating can be calculated from this

measurement while simultaneously measuring the return power. A second measure-

ment, with the laser tuned to the absorption line, then yields the a precise estimate
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of the concentration of the gas. Measurements of CO2 have been demonstrated in

[8–10] with [8] extending to CH4 and N2O.

Using multiple wavelengths can yield advantages for rangefinding and generally

broadens the versatility of the systems [11]. Obtaining spectral information is pos-

sible by measuring the relative returns in a multi-wavelength system. Additionally, if

it is momentarily impossible to use a certain wavelength for rangefinding, due to high

background levels, LIDAR spoofing, or weather dependent losses, the capability to

easily swap to another wavelength tremendously increases the utility of the system. A

rangefinder using TCSPC and six different wavelengths between 630 nm and 975 nm

is demonstrated in [11] with good performance at distances of up to 17 km.

Imaging of targets at a distance is another important application that rangefinders

accomplish by either scanning the target area [12–14] or by utilising SPAD arrays [15,

16]. The high sensitivity and precise timing information gained by employing SPADs

enable depth-imaging through translucent media [14] or out to kilometre ranges [12,

13, 17] with centimetre resolutions.

More advanced techniques use self-mixing interferometry [18] to achieve high ac-

curacy measurements of resolutions < 0.1µm [19], however, these techniques rely

on high returns and therefore are only feasible for short distances of a couple of me-

tres. The self-mixing technique simplifies the optical setup by removing the need of

an extra detector to measure the signal. This works by allowing a fraction of the light,

after reflection off the target, to enter the laser cavity again. The phase of the back

reflected light is φ = 2kr, where k is the wave vector k = 2π
λ and r is the distance

to the target. Therefore, the photo-diode, already included in most commercial laser

diode packages, can then detect amplitude modulations related to the distance of the

target (figure 1.2).

While improvements in the hardware of rangefinders contributed to the fast de-

velopment of the field, increased computational resources, available today, gave rise

to algorithms increasing the signal-to-noise ratio (SNR) and especially the contrast in

the case of range imaging. These algorithms make use of the fact that images typically

show strong spacial correlations. This is to say that a pixel and its neighbour are unlikely

to be at a different depth or show a different reflectivity/colour. With these tech-

niques, powerful image reconstruction algorithms have been developed in the recent
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Photo Diode Laser Cavity Laser Light Target

Figure 1.2: The self-mixing technique for rangefinding. Laser light leaves the cav-

ity and a fraction of it is allowed to re-enter after it was reflected off a target. The

phase carried by the reflected light is dependent on the distance to the target.

Hence, an amplitude modulation induced by the returning light can be measured

on a photo diode that is included in most modern laser diode packages. In this way

the need for an additional receiver is eliminated and the optical setup becomes

simpler.

past [20, 21]. These algorithms, for example, reconstruct images from sparse photon

counts per pixel, i.e., after a picture was taken over a fixed integration time, the most

likely result for each pixel would be that it did not record a single photon. Only some

pixels will contain one photon or more. Such a sparse set of data still contains enough

data to reconstruct clear images if the spatial correlations in the image are used as an

additional resource [21]. Similar work carried out by Kirmani et al. shows that a range

imaging system can reconstruct a depth image by recording as little as one photon per

pixel. This means that the distance of any pixel can be estimated by the first return-

ing photon and therefore will be noisy. Yet again, using correlation algorithms, a depth

image can be reconstructed [20].

Lastly, at the end of the last century photon-pair sources using spontaneous para-

metric down-conversion (SPDC) became efficient and more importantly bright enough

to be viable light sources for rangefinding [22, 23]. SPDC is a quantum process that

happens in a non-linear crystal during which a photon of shorter wavelength from

pump light gets destroyed and two photons of longer wavelength are created at the

same time. One of the photons, called the idler, is measured on a SPAD and the other

photon, the idler, travels to the target and back and then is also measured on a SPAD.

Again the time delay between the two photon events yields the distance to the tar-

get (figure 1.3). The novelty of this approach is the use of photon-pair sources and

the low light levels associated with this way of producing light. A demonstration of

rangefinding out to tens of metres is reported in [23].
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Detector 1

Target

non-linear

Crystal

Detector 2

Pump Light Sign
al Ph

oton

Idler Photon

Figure 1.3: A rangefinder using SPDC as its light source. Pump light is sent into

a non-linear crystal where it gets converted to two photons with a lower wave-

length, created at the same time. After the down-conversion process, detector 1

immediately measures the signal photon. The idler photon travels to the target,

reflects back, and is measured on detector 2. The distance to the target is calcu-

lated from the time difference between both photon detection events.

The work presented in this thesis brings together all the elements from [22, 23]

and [11] for the first time and demonstrates a multi-wavelength SPDC source for

rangefinding. This idea has interesting consequences when it comes to background

suppression or filtering of the return signal and especially for the covertness of the

rangefinding process.

1.2 Detecting a LIDAR System

Except for the work presented in [22, 23] every experiment visited in the previous

section is using a laser as its light source. Since laser diodes have become cheap

to manufacture and are readily available, they have become the most widely used

emitters in rangefinding. However, lasers produce particular light that is different from

any other light source and thereby are easy to detect. Yet, covertness can be a valuable

advantage especially in military and security applications of rangefinding. In this thesis

three detection methods were identified to which laser light is particularly susceptible

and at the same time are remedied by the use of a multi-wavelength/broadband SPDC

light source.
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1.2 Detecting a LIDAR System

1.2.1 Spectral Signature

Lasers emit a narrow spectrum, often< 1 nmwide. This featuremakes lasers especially

useful and is one of the main reasons why they became so successful as the light

source of choice for scientific applications. However, at the same time it makes them

easy to detect. Typical background light has spectral properties following Planck’s
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Figure 1.4: Planck’s law for black-body radiation at 5000K (left) compared to the

narrow spectrum of a laser diode typically used in rangefinding (right, Thorlabs

L1550P5DFB). The much narrower linewidth emitted by the laser diode makes it

useful in scientific experiments, yet, at the same time easy to detect.

law for black body radiation [24, p. 168]. In a daylight operation scenario, the sun

is the brightest light source, thus background is typically dominated by black body

radiation at 5000K. Figure 1.4 shows the spectrum of a black body at that temperature

and that of 1550 nm laser diode. Since a ≈ 500 pm bandwidth contains nearly all

of the laser diodes power, the radiance of a laser diode is easily detectable against

background radiation from the sun, even with low laser emission levels of < 100µW.

SPDC sources emit light at the single-photon level and are dim compared to any other

light source usually used in rangefinder systems. Sources with record brightness [25]

achieve photon-pair rates of 1.1MHzmW−1, i.e. powers of the order of hundreds of

femtowatts to tens of picowatt, depending on the pump power.

More importantly however, photon-pair sources can be engineered to convert pump

photons to a broad spectrum in signal and idler photons, and enable thereby a much

higher potential for camouflaging against background light. A more detailed expla-

nation on the theory and spectral engineering of non-linear crystals will be given in
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chapter 2.

1.2.2 Time-like Signature

Every rangefinder needs to modulate the signal it is sending out. Modern systems

use pseudorandom binary sequences (PRBSs) to encode bright ones and dimmer ze-

ros onto the light stream they are sending towards the target [26–28]. By doing so

the rangefinder removes any ambiguity in the targets distance since correlations be-

tween the bit sequence and the return signal will only occur at one time delay. Even

though the bit sequence that is used to modulate the laser brightness can be perfectly

random in an information theoretic sense, the laser light sent towards the target will

always show the fundamental frequency of the modulation process. Meaning that the

duration of a zero or one in the light stream is fixed, which will lead to a fundamental

frequency modulated onto the laser signal. Figure 1.5 illustrates this problem

−2 0 2 4 6 8 10 12 14 16 18 20 22 24

0

1

Time

B
it
V
a
lu
e

Pseudorandom Bit Sequence

Figure 1.5: PRBS used to modulate a laser’s brightness. Although the sequence

can be truly random a fundamental frequency, here of period1, is always visible in

the modulated laser light. This is to say that toggling between a zero and a one

always has to happen on a multiple of the fundamental period. The fundamental

period of 1 is indicated by the vertical grid lines in the plot.

Again, SPDC sources can remedy this problem. The points in time at which photon

pairs are created from the non-linear down-conversion crystal are truly random due
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1.2 Detecting a LIDAR System

to the spontaneous nature of the process, leaving no fundamental frequency in the

signal that is sent out towards the target.

1.2.3 Second Order Correlation Function

Looking deeper into the quantum nature of photons, the second order correlation

function g(2) becomes a powerful tool to categorise different species of light. It is

defined as

g(2)(τ) =
〈I(t) I(t+ τ)〉

〈I(t)〉2
, (1.3)

where 〈·〉 denotes a time average and I(t) is the intensity of the light at time t [29].

This function categorises light into three different groups, photon-bunched, thermal

or super-poissonian light with g(2)(0) > 1, coherent light with g(2)(0) = 1 and anti-

bunched light where g(2)(0) < 1. Since a laser emits coherent light, its g(2)-function at

a 0 time delaywill always be 1. Background or thermal light however is chaotic, and has

g(2)(0) > 1. This can be intuitively explained. Assume some chaotic light source with

an intensity that fluctuates around a mean value 〈I〉 the numerator of equation (1.3)

will then exaggerate bigger values over smaller values and hence 〈I(t)2〉/〈I(t)〉2 >

1 [29].

Thus, recording a second order correlation function becomes another possibility to

distinguish between a laser rangefinder and background light (figure 1.6). However,

one single mode, either signal or idler, of a photon-pair source shows photon statistics

exactly like chaotic background light [30, 31], enabling effective camouflaging against

background. Yet, on a side note, when heralding the presence of one photon of the

pair by measuring the other the remaining, unmeasured mode shows anti-bunched

behaviour.

-9-



1 Introduction to Rangefinding

−4 −3 −2 −1 0 1 2 3 4

1

1.5

2

Time Delay

g(2)-function

Thermal Light

Coherent Light

Figure 1.6: Second order correlation functions for different types of light. The

value for g(2)(0) in the case of thermal/chaotic light is > 0, i.e. shows bunched

behaviour. In the case of coherent laser light the value for 0 delay is 1. Hence, it

is possible to differentiate between coherent laser and chaotic background light

with the help of their second order correlation function. Note however that the

decay time of g(2) is governed by the inverse bandwidth which could be as short

as a few femtoseconds, thus nearly undetectable by our present day picosecond

resolution detectors.

1.3 A Covert Rangefinder

Section 1.2 identified three different methods to detect a laser rangefinder which at

the same time are circumvented by using SPDC as a light source for LIDAR. This sec-

tion now introduces the setup as it was proposed for this work. At this point the setup

will be explained without too much detail to motivate further content of this thesis.

An extensive description of the setup with all technicalities is given in section 4.1.

Figure 1.7 gives a brief overview of the proposed setup. The SPDC source used is

a collinear source, i.e. all fields (signal, idler and pump) are travelling in the same di-

rection, implemented in periodically poled potassium titanyl phosphate (ppKTP). This

non-linear crystal enables a mechanism called type-II quasi-phase-matching, which is

explained in detail in section 2.1.2, to allow for broadband signal and idler photonswith

different polarisations. After a polarising beam splitter (PBS) separates the photons ac-

cording to their polarisation degree of freedom, the signal photon is directly measured

and the idler photons travels towards the target. After reflecting back from the tar-

get that photon is then also measured and the time difference between both arrivals
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CW Laser

TIA

ppKTP

(broadband)

Filter
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n
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1
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Idler Detectors

Signal Detectors

Figure 1.7: Brief overview of a covert rangefinder setup. Similar to figure 1.3

a down-conversion process produces two photons at the exact same time. Af-

ter the bright pump beam has been removed by adequate filtering, signal and

idler are separated by polarisation. The signal photon is then immediately de-

tected and the idler photon travels towards the target. After reflection off the

target the idler photon gets detected and the time-of-flight, analysed on a time-

interval analyser gives an estimate for the distance to the target. A broadband

source is needed for efficient camouflaging against background light. However,

the need for broadband light removes the possibility of narrow filtering on the re-

ceiver side, allowing for high background levels. Energy conservation can be used

to predict the frequency of the idler when measuring the frequency of the signal

photon. By spreading out the light by wavelength onto n detectors a virtual filter

is implemented.
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is recorded using a time-interval analyser (TIA). The time difference can then be used

to give an estimate of the targets distance.

The requirement to emit broadband photons, tomimic background light (section 1.2.1),

also means that broadband photons have to be accepted at the receiver. This would

lead to high background levels on the detector and would make rangefinding in bright

scenarios impossible. However, the down-conversion process is restricted by the laws

of energy conservation in a way such that the frequency of signal, idler and pump

photons, νs, νi, νp, respectively, are related as follows:

νp = νs + νi. (1.4)

If now the frequency of the pump is known and the frequency of the idler photon is

measured by spreading the photon’s spectrum over n detectors, the frequency of the

signal photon can be predicted. This method allows for virtual filteringwhere the signal

and idler photons are sorted by their frequency onto n different detectors for both

modes. Instead of now considering photon events on all n2 possible detector pairs,

energy conservation allows to reduce the photon events onto n detector pairs, thereby

also reducing background by a factor of 1
n . This method is referred to as virtual filtering

in the context of this thesis.

1.4 Signal-to-noise Ratios in a Covert Rangefinder

Before carrying out the experiment as described in section 1.3 it is important to know

what performances to expect. Typically the performance of a rangefinder can be de-

scribed in terms of the SNR. The SNR equals the ratio of the average energy in the

signal S against the average energy in fluctuations or noise in the signal and the back-

ground N .

The least amount of noise that needs to be present in any (non-quantum) measure-

ment is called shot noise. This unavoidable noise stems from the statistics occurring

when repeating the same experiment with a discrete outcome for many times. These

statistics are called Poissonian and predict that the variance of a measurement is equal

to its mean µ, i.e. the standard deviation of such a measurement cannot be <
√
µ.

The fact that every physical measurement effectively represents a discontinuous out-
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come stems from the discreteness of the electrical charge in any electronic system.

In photon counting the same discreteness can be observed in the quantisation of the

energy in the light field represented by a photon with energy

E = ~ω. (1.5)

Since the photon count is directly related to the energy by equation (1.5), the SNR, in

the context of this thesis, will be calculated using Poissonian photon-counting statistics

as is also done in [14, 23, 32], hence

SNR =
S√
S +N

. (1.6)

The fluctuation in the signal
√
S and the fluctuations in all noise terms

√
N are added

up as a root sum of squares. The square root of this sum gives the overall fluctuations

in the system when all processes, noise and the signal, are shot-noise limited.

1.4.1 Quantum Illumination

While the shot-noise limit is a bound on the best possible classical measurement,

(certain) entangled quantum states of light are capable of beating that bound [33–35].

However, these states are easily perturbed under loss and background noise. In 2008

Lloyd made the exciting discovery that even in the presence of loss and noise the

correlations in a quantum state can still be used to gain performance over classical

light sources [36].

Intuitively Lloyds idea is, that if a photon is part of an entangled pair it is easier to

distinguish from background since its partner contains information about the photon

and can be probed towards this. This is exactly the idea of using energy correlations in

the down-conversion process to virtually filter the photons by frequency as described

in section 1.3. Consistently, Lloyd claims the same background reduction of a factor

of n when an entangled bi-photon state of n modes

|ψ〉QI =
1√
n

n∑
k=1

|k〉s |k〉i , (1.7)

where |k〉 denotes one photon in mode k, is employed, compared to a non-entangled

single photon state.
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However, this “advantage” is only true against single-photon states (distributed in all

rangefinding modes). When extending the analysis to Gaussian states of same mean

photon number the advantage of quantum illumination vanishes [37, 38].

Nevertheless, the covertness of the signal is still sustained as a unique trait of SPDC

sources for rangefinding. If covertness is desirable for a particular application, applying

the principles from quantum illumination helps to reduce the background noise in the

system.

1.4.2 Modelling Signal-to-noise Ratios in a Covert Rangefinder

Quantum illumination claims an advantage over classical light when illuminating a tar-

get with an entangled bi-photon state. The theoretical work involving it [36–38] quan-

tifies this by calculating error probabilities for discriminating two states conditional

on the presence or absence of a target. In rangefinding a target is always present and

the goal is to estimate the distance to this target. While, quantum illumination is ca-

pable of extracting a quantum advantage from the utilisation of entanglement, against

pure (unentangled) single-photon states, quantum rangefinding measures time of ar-

rival with highest possible precision to estimate the distance to the target and thereby

is not able to access correlations between all modes in the time-bandwidth product of

the detector. However, spectral correlations produced over n modes are still accessi-

ble.

The commonly used figure of merit to quantify the performance of a rangefinder is

the SNR. Hence, this section discusses a detailed SNR model for SPDC rangefinding

which was developed by the author and his supervisor [39].

While [36–38] are applying quantum information principles, the model presented

here has a rather straightforward approach and considers intricacies related to real-

world experiments. As stated in equation (1.6) the SNR is defined as the average

energy in the signal over the average fluctuations in the signal and noise terms com-

bined. The signal in a SPDC rangefinder consists of a time-correlated histogram of

arrival times between different photons of the same pair (TCSPC). The bin width of

such a histogram is δt and is fundamentally bound from below by the time-energy un-
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certainty following from bandwidth δλ

δt δλ ≥ λ2

4π c
(1.8)

This, in turn, limits the number of maximally possible modes or detector pairs n, if a

depth resolution of c δt
2 is required. The bandwidth of each frequency mode is directly

related to the full bandwidth∆λ of photons produced in the down-conversion process

by

δλ =
∆λ

n
. (1.9)

And hence,

n ≤ nmax =
∆λ

δλ
=

4π∆λ c δt

λ2
. (1.10)

However, any conceivable system is likely to be limited by the electronic jitter of cur-

rent state-of-the-art SPADs (50 ps – 1 ns) which is orders of magnitudes bigger than

the Fourier limit of, e.g., a 2 nm wide photon (0.1 ps).

The SNR model presented here considers three different sources of photon events

that can contribute to the time-correlated histogram with bin width δt. Events from

dark counts, background light, and photon pairs, can be combined on each of the 2n

detector pairs in any combination. This means that, in total, nine terms contribute to

the SNR, of which only one is contributing to the signal.

A first term Ndd counts events originating from dark counts, with rate cd, on both

detectors. The chance per unit time to create a coincidence within the time window

δt by an event with rate c1 and another independent event with rate c2 is c1 c2 · δt.

Hence, Ndd is equal to the dark count rate squared c
2
d multiplied by the bin width δt

and the integration time T over which the histogram was recorded.

Ndd = c2d · δt T. (1.11)

Similarly, the next term contains dark counts in the first (signal) detector and back-

ground counts from the environment B0 given in units of
Hz
nm
. The rate of background

photons is thereby the product of the bandwidth of each frequency channel δλ and

B0, i.e.

NdB = cd ·B0 δλ · δt T. (1.12)

And with equation (1.9)

NdB = cd ·B0
∆λ

n
· δt T. (1.13)
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The next term is a contribution from, again dark counts in the signal arm, and actual

down-converted photons in the idler arm. However, these photons are always also

paired with dark counts (and other noise contributors) and thereby contribute to the

noise in the system. Hence,

Ndi = cd ·Q
cp
n

· δt T, (1.14)

where cp is the photon-pair rate in all nmodes andQ is the optical gain fromwhen the

idler photon leaves the rangefinder system to its return to one of the detectors. This

“gain” is always < 1 since photons can only be lost in the atmosphere but are never

amplified.

Since background events from the source, i.e. residual laser light, can be efficiently

suppressed using high fidelity long-pass filters, the three terms containing background

light in the signal arm can be neglected. The assumption is that

Bs∆λ · δt T � 1, (1.15)

where Bs represents the background light in the source, similar to B0.

Two terms, accounting towards noise in the system are remaining, down-converted

signal photons in the heralding arm and dark counts, and background photons in the

rangefinding arm,

NsB =
cp
n

·B0
∆λ

n
· δt T (1.16)

and

Nsd =
cp
n

· cd · δt T, (1.17)

pairing down-converted photons in the signal arm with dark counts in the idler arm.

Finally, the signal term comprising all of the photon events that lead to a peak in the

histogram can be written as

S =
cp
n
Q · T. (1.18)

Note that the signal term does not have a factor of δt this is because it is assumed that

any signal-idler-pairs are created within the same bin in the histogram and therefore

always only contribute to a single time bin.

Combining all the terms in equations (1.11), (1.13), (1.14), and (1.16) to (1.18) in the

-16-



1.4 Signal-to-noise Ratios in a Covert Rangefinder

form

SNR =
n · S√

n · S + n
∑

l,mNlm

(1.19)

with l ∈ {d, s}, m ∈ {d,B, i} with m 6= i if l = s and l 6= s if m = i, gives the full

description of the SNR. The factors of n are necessary since every term above is given

per detector pair. With this it becomes obvious that the terms NdB , Ndi, Nsd, and S

are constants in the SNR, Ndd is proportional to the to the number of detectors n and

NsB is inversely proportional to n. Summarising the constant terms as

Nc = n (NdB +Ndi +Nsd) = (cd ·B0∆λ+ cd ·Qcp + cp · cd) δt T (1.20)

and

S′ = n · S = cpQ · T (1.21)

as well as rewriting the inversely proportional term as

N ′
sB = NsB · n2 = cp ·B0∆λ · δt T, (1.22)

the SNR becomes

SNR =
S′√

S′ +Nc + nNdd +
1
n N

′
sB

. (1.23)

When the SNR gets rewritten like this, the reduction in background noise of the factor

of 1
n , as claimed by Lloyd [36] becomes obvious. Figure 1.8 shows plots of the SNR

against increasing losses and background levels. The increase in SNR predicted by the

model as channel number n increases is apparent in both plots. Just as is claimed in

[36] the advantage caused by increasing channel numbers is only visible when back-

ground light and loss is present (B0 > 0 and Q < 1). In the regime of no loss and little

background light the curves in figure 1.8 show little difference for different n.

Also accounting for dark counts leading to accidental coincidences, which in turn

increase the background level in the time-correlated histogram, implies that a optimal

number of detectors nopt exists at which the adverse effects of additional dark counts

balance the advantage from reduced background noise. nopt can be calculated by

solving

∂ SNR

∂n

∣∣∣∣
n=nopt

= 0. (1.24)

When evaluated, equation (1.24) yields

nopt =

√
N ′

sB

ndd
=

√
cp ·B0∆λ

c2d
. (1.25)
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Figure 1.8: SNRs as predicted by the model developed as part of the work pre-

sented here. The plots show the SNR plotted against the increasing loss in (a)

and against increasing background levels in plot (b). Both examples are proofs

to an increase in SNR with increasing spectral mode number n. Another similarity

to Quantum Illumination becomes visible: Using multiple frequency channels be-

comes only advantageous under the presence of background light and loss. This

is manifested in the plots by the fact that the curves show little difference at the

beginning but diverge with increasing background and loss.

This value is also plotted in figure 1.8 as dashed lines.

For covertness, it is not only necessary that the spectra of the sent out idler photons

match that of the background light, the average photon number should also be similar:

ccovertp = B0∆λ. (1.26)

For the optimal number of detectors then follows

ncovertopt =
B0∆λ

cd
. (1.27)

Unfortunately, for typical values B0 = 100 kHz nm−1 (section 4.3), ∆λ = 200 nm,

cd = 500Hz, this number is on the order of 104. While such big detectors numbers

cannot be realised in a first demonstrator, it is still not unfeasible to be implemented

in the near future given the developments in SPAD arrays [15, 16, 32, 40–44].

Also note that the model presented here ignores any parasitic effects in photon-

counting detectors that could lead to false time correlations in a distance measure-

ment. Twowell knowphenomena of such kind are afterpulsing and breakdown flashes.

Afterpulsing describes a secondary pulse being generated from temporarily trapped
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1.4 Signal-to-noise Ratios in a Covert Rangefinder

charges inside the avalanche region of an APD after the first primary pulse. This sec-

ondary pulses occur on the time scale of microseconds [45] after the initial photon de-

tection and hence will introduce additional correlations at times corresponding to dis-

tances on the order of 102m. In the scenario of rangefinding this means that additional

peaks in the time-correlated histogram are to be expected before (if the heralding de-

tector exhibits afterpulsing) and after (if afterpulsing is present on the idler detector)

the genuine signal. Luckily, the afterpulsing probability of modern SPADs is typically

< 1% and is consequently negligible for practical purposes. This is especially true

since afterpulsing always only generates correlations within the same detector, which

are never considered in the quantum rangefinding scenario. Thus a genuine photon

detection event needs to be present in the detector prior to trigging correlations from

afterpulsing, guaranteeing the false peaks to be 102 times lower than a genuine signal

peak.

Breakdown flashes are photons emitted byfluorescence from the electron avalanche

on detection of a photon inside the SPAD [46]. While breakdown flashes can in gen-

eral have severe adverse effects on photon correlations, the configuration of quantum

rangefinding is immune to them. Since photon events from signal detectors are only

being correlated to events from the idler detectors, a photon stemming from a break-

down flash would have to traverse the down-conversion source and then be coupled

into the idler mode by reflections on an optical surface. This makes the probability

to generate correlations from breakdown flashes extremely small and is therefore also

negligible.

However, both effects, afterpulsing and breakdown flashes, can contribute to ad-

ditional uncorrelated noise generating unpaired photon counts. Since breakdown

flashes are unlikely to be detected in the opposing mode they were generated in and

afterpulsing would only increase every count rates in the Nc, Ndd, and N
′
sB terms by

< 1%, they can be omitted for all practical purposes.

Confidence Measures for Covert Rangefinding

In [36, 38], Lloyd and Shapiro are comparing the quantum illumination scheme to

classical types of illumination in terms of the error probability of distinguishing two

quantum states conditional on whether a target was present or absent.
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1 Introduction to Rangefinding

A similar analysis, can be performed for the model given here. The data recorded

by a photon-pair rangefinder is a time-correlated histogram of photon events. When

recording the same histogram many times for a certain integration time T , the noise

floor and coincidence peak height will reveal statistics with standard deviations of

the square root of their mean, assuming all measurements are shot-noise limited (see

figure 1.9).
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Figure 1.9: A typical time-correlated histogram of arrival times for rangefinding.

Here 600 recordings of the same histogram are overlaid (left hand side). The dis-

tributions of the bin heights in the histogram for the peak and the noise floor are

shown on the right side. Poisson distributions can be fitted to both of these dis-

tributions.

The average peak height in the histogram in figure 1.9 is S, implying that the distri-

bution on the right hand side of figure 1.9 should follow

PS(k) =
Sk e−S

k!
, (1.28)

giving the probability that a peak of height k will occur in the histograms. The same is
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1.4 Signal-to-noise Ratios in a Covert Rangefinder

true for the noise floor. Its mean value is N = Nc + nNdd +
1
nN

′
sB , such that

PN (k) =
Nk e−N

k!
. (1.29)

To determine the distance to a target, every bin in a single histogram has to be

examined and decided whether its height is more likely to represent a reflection of

a target or background light. The best decision rule to do so is to assign a bin with

height k0 to noise if it is more likely to belong to the noise distribution than the peak

distribution, i.e. if

P (PN | k0) > P (PS | k0). (1.30)

Applying Bayes’ theorem then yields

P (k0 |PN )P (PN )

P (k)
>
P (k0 |PS)P (PS)

P (k)
, (1.31)

with prior probabilities P (PN ) and P (PS). In the most general case, when assuming

no knowledge about the likelihood of a bin belonging to the background noise or not

the priors becomeP (PN ) = P (PS) =
1
2 . And consequently the decision rule becomes

P (k0 |PN ) > P (k0 |PS) (1.32)

or

PN (k0) > PS(k0). (1.33)

This decision rule is called the likelihood-ratio test.

k0 becomes more likely to belong to PN than to PS when k0 < kth. This decision

threshold kth can be easily calculated and describes the point onwhich both probability

distributions are as likely as the other

PN (kth) = PS(kth), (1.34)

or when solved for kth

Skth e−S

kth!
=

Nkth e−N

kth!(
S

N

)kth

= eS−N

kth log

(
S

N

)
= S −N

kth =
S −N

log
(
S
N

) . (1.35)
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The probability to decide correctly PX, whether a bin belongs to background or the

reflection of a target is given as

PX = P (PN (k0) > PS(k0) |PN ) + P (PS(k0) > PN (k0) |PS)

= P (k0 < kth |PN ) + P (k0 > kth |PS)

=
1

2

bkthc∑
k0=0

Nk0 e−N

k0!
+

1

2

∞∑
k0=bkthc+1

Sk0 e−S

k0!
(1.36)

where bkthc denotes the floor of kth. Evaluating the sums equates to

PX =
1

2

[
Γ(kth, N)

Γ(kth)
+
γ(kth, S)

Γ(kth)

]
, (1.37)

where Γ(kth, N) and γ(kth, S) are the upper and lower incomplete gamma functions

and Γ(kth) is the regular gamma function.
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Figure 1.10: Success probabilities for different background rates in quantum

rangefinding. The existence of a optimal detector/mode number n is obvious. Af-

ter nopt the success probability per recorded histogram falls down. In that regime

the additional background from dark counts introduced by additional detectors is

dominating the SNR. These plots were calculated with∆λ = 200 nm, δt = 750 ps,

cd = 500Hz, T = 1 s and Q = 10−6.

Unfortunately, this statement does not have an easy interpretation as is given in

[36], since kth also depends on N and S. Figure 1.10 shows a plot for success prob-

abilities of correctly deciding whether a bin belongs to the reflection off the target or

background against the number of considered modes/detector pairs n in the quantum
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1.4 Signal-to-noise Ratios in a Covert Rangefinder

rangefinder scheme. The optimal detector number nopt is at the position where the

probability peaks and changes for different background levels, as predicted by equa-

tion (1.27). The success probabilities might seem low at first, with only≈ 30% success

rates, however, they are measured per unit time and therefore grow exponentiallywith

increasing numbers of measurements.

In summary, while the idea of quantum rangefinding is different from quantum illumi-

nation, it is strongly inspired by it and consequently shares many similarities. Quantum

illumination promises real advantages in terms of error probabilities of target detec-

tion when using entangled photon states compared to single-photon states. Quan-

tum rangefinding offers similar improvements, if broadband photons are desired for

covertness or other reasons like spectral imaging (not discussed here). However, the

correlations harvested in the quantum rangefinder scheme are classically explainable

and hence can be emulated with classical light sources.

Yet, covertness is only guaranteed by the nature of the bi-photon state generated in

a SPDC process and this is the true quantum resource of the quantum LIDAR system

which will become more apparent in chapter 2 when the quantum theory of down-

conversion is discussed.
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Chapter 2

Non-linear Crystals - Theory and De-

sign

Over the course of chapter 1, it should have become obvious to the reader that us-

ing a SPDC source for rangefinding has certain advantages over using classical light.

However, so far it has not been discussed what SPDC exactly is and what principles

it follows. Broadly Speaking, SPDC is a quantum effect that is observed in non-linear

crystals.

When an electro-magnetic wave enters a dielectric medium, the medium gets par-

tially polarised as a response to the fields introduced by the light. The induced dipole

moment inside the non-linear crystal is, expressed as a Taylor expansion,

P (t) = ε0

(
χ(1)E1(t) + χ(2)E1(t)E2(t) + χ(3)E1(t)E2(t)E3(t) + . . .

)
. (2.1)

If any of the non-linearities χ(n) with n > 1 are non-zero for a given material, the

material is called non-linear. The induced polarisation of the crystal and the electric

fields are vectors, where the χ(n) is a tensor of order n+ 1.

Non-linear crystals have a variety of applications with SPDC being one of the best

known. Even more famously, this process can also operate in the reverse direction,

where light of a shorter wavelength is produced by absorbing two photons of a longer

wavelength. This process is called up-conversion, sum frequency generation (SFG) or

if the two absorbed photons are of the samewavelength second harmonic generation.

SFG and SPDC are both processes depending on the second order non-linearity χ(2)

of the material. The best known effect relying on χ(3) is the Kerr-effect [47], where

the refractive index of a medium is changed by the electric field itself. This has ap-
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2 Non-linear Crystals -Theory and Design

plications in self-focusing and self-phase modulation. Four wave mixing (FWM) [48]

is another effect dependent on χ(3) in this process two photons of some arbitrary

wavelength are absorbed and two photons of different wavelengths are re-emitted.

Alongside SPDC, FWM is the most commonly utilized process in the implementa-

tion of photon pair sources [25, 49–51]. In general, photon-pair sources gain much

interest in research because of the particular state of light they produce. In photonic

quantum computations, these pairs of photons can be used as single-photon sources

if one photon is used to herald the other. When configured respectively the photon

pair generated in a SPDC can be entangled in their polarisation degree of freedom and

can serve as building blocks for cluster states [52–58]. Besides in computational ap-

plications, photon-pair sources are used in sub-shot noise absorption measurements

and imaging and many other experiments [34, 35] . These examples are giving only a

small oversight on how versatilely applicable these sources are.

This chapter focuses on the processes of SPDC and discusses the quantummechan-

ics needed to explain the generation of light of longer wavelength from a pump beam

(section 2.1) as well as the states that are produced by the SPDC process (section 2.2).

In addition, limits on the performance of down-conversion sources, stemming from the

refraction limit and classical optics, are discussed in section 2.4. Finally, an overview

on how the crystals, used in this thesis, were designed, is given in sections 2.5 and

2.6.

2.1 Spontaneous Parametric Down-conversion

The following derivation follows [59, section 11.2.2] and will show how the solution

of the Schrödinger equation can be used to find the spectral properties of the down-

converted photon pairs.

The evolution of a quantum mechanical state under some Hamiltonian Ĥ in the

Schrödinger picture is described by

|ψ(t)〉 = exp

(
− i

~

∫ t

0
dt′ Ĥ(t′)

)
|ψ(0)〉 . (2.2)

The Hamiltonian describing the evolution of the SPDC process is fully described by

the interaction between the (electric dipole induced) polarisation P of the crystal and
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2.1 Spontaneous Parametric Down-conversion

the electro-magnetic field of the pump light Ep,

HSPDC =

∫
dr3P ·Ep (2.3)

contained within in the volume of the crystal. For SPDC the interactions can be re-

stricted to the second order non-linearity, since the interaction involves three different

light fields: The pump light inducing the crystal’s polarisation, and the signal and idler

fields. Thus, following equation (2.1) and with the subscripts s and i denoting signal

and idler fields,

HSPDC ∝
∫
dr3 χ(2)Ep(r, t)Es(r, t)Ei(r, t), (2.4)

where the constant ε0 was omitted. Quantisation of the signal and idler fields can then

be easily achieved by replacing the electric fields with the quantum field operators for

plane waves

Êx(r, t)
(−) = Êx(r, t)

(+) † = Ax

∫
dωx exp [i (kx(ωx) r − ωx t)] â(ωx), (2.5)

where â(ω) is the annihilation operator for a photon with frequency ω and A sum-

marises all constants. While quantising the signal and idler fields is necessary to ex-

plain the quantum effect that is SPDC, the pump field can be treated classically, as it is

orders of magnitude brighter. Consequently, the pump field is described by a classical

(non-quantised) plane wave

Ep(r, t)
(+) = Ep(r, t)

(−) ∗ =

∫
dωp α(ωp) exp [i (kp(ωp) r − ωp t)] , (2.6)

where α(ωp) is the spectral density of the pump light. Combining equations (2.4), (2.5),

and (2.6), while at the same time constraining the fields to be propagating collinearly

to the z-axis, the Hamiltonian for SPDC becomes

ĤSPDC ∝ χ(2)

∫ L
2

−L
2

dzE
(+)
p (z, t) Ê(−)

s (z, t) Ê
(−)
i (z, t) + h. c. . (2.7)

Since finding exact solutions for the time evolution under the Hamiltonian given in

equation (2.7) can be difficult, equation (2.2) can be written as a perturbation expan-

sion,

|ψ(t)〉 = |0〉+ i

~

∫ t

0
dt′ Ĥ(t′) |0〉+

(
i

~

)2 ∫ t

0
dt′ Ĥ(t′)

∫ t′

0
dt′′ Ĥ(t′′) |0〉+ . . . (2.8)

Therefore, starting with a vacuum state in signal and idler modes |0〉 and truncating

equation (2.8) after the first order, the state produced by down-conversion is

|ψ〉SPDC ≈ |0〉+ i

~

∫ t

0
dt′ĤSPDC(t

′) |0〉 , (2.9)
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where the second terms evaluates to∫ t

0
dt′ĤSPDC(t

′) |0〉 = B

∫ t

0
dt′

∫ L
2

−L
2

dz χ(2)

∫∫∫
dωpdωsdωi α(ωp)

× exp
[
−i (ωp − ωs − ωi) t

′]
× exp [i (kp(ωp)− ks(ωs)− ki(ωi)) z] â(ωs)

†â(ωi)
† + h. c., (2.10)

where, again, B comprises all constants.

Because the state of interest exists at times long after the interactionwith the actual

non-linear crystal (on optical time scales) it is valid to extend the bounds of the t′

integration to ±∞. The integral
∫∞
−∞ dt′ exp [−i (ωp − ωs − ωi) t

′] then is an identity

for δ(ωp − ωs − ωi), where δ(·) denotes the Dirac delta function. This reflects the

energy conservation within the SPDC process and shows that the sum of the photon

energies of signal and idler photons must be equal to the photon energy of the pump

light,

~ωp = ~ωs + ~ωi. (2.11)

Subsequently, carrying out the integral of the pump frequency ωp becomes easy and

yields

∫ t

0
dt′ĤSPDC(t

′) |0〉 =

∫ L
2

−L
2

dz χ(2)

∫∫
dωsdωi α(ωs + ωi)

× exp [i∆k(ωs, ωi) z] â(ωs)
† â(ωi)

† + h. c., (2.12)

with ∆k(ωs, ωi) = kp(ωs + ωi) − ks(ωs) − ki(ωi) being the phase mismatch. Now,

defining the phase-matching function Φ(ωs, ωi) as

Φ(ωi, ωs) =

∫ L
2

−L
2

dz χ(2) exp [i∆k(ωs, ωi) z] (2.13)

one can rewrite the quantum state after the interaction with the non-linear crystal as

|ψ〉SPDC = |0〉+
∫∫

dωsdωi α(ωs + ωi)Φ(ωs, ωi) â(ωs)
†â(ωi)

† |0〉 . (2.14)

In equation (2.14) the conservation of energy is reflected by expressing the pump

spectrum α as a function of the sum of signal and idler frequencies ωs + ωi. The con-

servation of momentum is manifested in the phase-matching function Φ. The product

of both f(ωs, ωi) = α(ωs+ωi)Φ(ωs, ωi) is called the joint spectral amplitude (JSA) and

fully determines the bi-partite state of signal and idler photons.
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If a crystal has a constant χ(2) along the propagation axis of the light z. The resulting

phase-matching function is a Fourier transform of a top hat function with width L and

height χ(2). The solution to this is easily found and yields the well-known, typical sinc

dependency of the photons’ joint spectrum

Φ(ωs, ωi) = χ(2)

∫ L
2

−L
2

dz exp [i∆k(ωs, ωi) z] = χ(2) L sinc

[
∆k(ωs, ωi)

L

2

]
(2.15)

Yet, this sinc shape gives rise to problems when using SPDC as a heralded single-

photon source [60], i.e. one of the two photons of the pair is measured to infer the

presence of the other. The main application for single photons is quantum information

processing, which uses interference effects in quantum circuits to solve computation-

ally hard problems [61], such as the factoring of prime numbers [62]. However, the

visibility of these interference effects, and thereby the quality of the quantum com-

putation relies heavily on the purity of these photons [63]. Evaluating the trace over

the signal photon’s Hilbert space yields the state of the idler photon after the detec-

tion of the signal photon. The trace of the square of the idler state’s density operator

ρ̂i = |ψ〉i 〈ψ|i yields the purity γ of a quantum state

γ = tr ρ̂2i , (2.16)

where γ = 1 for a pure state. Yet, this ideal value can only be reached when the JSA

is separable, i.e. f(ωi, ωs) = fs(ωs) fi(ωi). However, complete separability is typically

difficult to achieve due to artefacts of the sinc-function being present in the JSA as

shown in equation (2.15). This problem is usually mitigated with suitable spectral fil-

tering, however, at the cost of efficiency of the SPDC source [60]. This becomes even

more problematic since high purities γ → 1 can only be achieved for narrow filter

bandwidth ∆λfilter → 0, which would diminish any reasonable heralding efficiency.

2.1.1 Birefringent Phase-matching

Equation (2.13) shows that when ∆k 6= 0 the phase-matching function Φ(ωs, ωi)

equals zero if the integration bounds span a multiple of 2π
∆k . This means generally

no electric field is built up while the light propagates through the crystal and down-

conversion cannot occur under these conditions.

Birefringent phase-matching achieves ∆k = 0 by using the birefringence of the

crystal materials it occurs in. The structure of down-conversion crystals can lead to
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different refractive indices nj depending on the polarisation and propagation direction

of the light. For an appropriate choice of crystal orientation and pump polarisation

this birefringence can be used to equate ∆k to 0, since

∆k = kp − ks − ki =
2π np
λ0,p

− 2π ns
λ0,s

− 2π ni
λ0,i

, (2.17)

where λ0,x denotes thewavelength in vacuum. Because, the phase-mismatch depends

on the refractive index of the different electro-magneticwaveswhich are playing a part

in the SPDC process, birefringence can be used to make the phase mismatch vanish.

This means in birefringent phase-matching, the electro-magnetic waves travel along

different paths, effectively mixing the refractive indices defined by the principle axes

of the crystal lattice. Different polarisations also lead to different refractive indices,

such that any phase mismatch ∆k can be cancelled out. In barium borate (BBO), and

other birefringent phase-matched crystals, this leads to the well known cone shape in

which the down-converted light is emitted (see figure 2.1).

Pump Light

BBO

Figure 2.1: Cone shape of emitted light from a birefringent phase-matched down-

conversion process. The cones are a result of different refractive indices for dif-

ferent angles of propagation through the crystal. The angle and wavelength de-

pendence of the refractive indices lead to constructive interference, i.e. ∆k = 0,

on cone shaped emissions from the crystal.

2.1.2 Quasi-phase-matching

Quasi-phase-matching [64] is fundamentally different from birefringent phase-

matching, as it does not rely on the crystal lattices’s natural asymmetry to find an

angle that will satisfy the phase-matching condition for certain wavelengths and po-

larisations. Quasi-phase-matched crystals are carefully grownwith a suitably designed

poling structure inside the crystal. In contrast to the cone shaped sources brieflymen-

tioned before (figure 2.1), these crystals typically are made to produce light-fields in
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a collinear manner, where pump, signal and idler photons are all travelling along the

same direction. This has the advantage of easier collection of photon pairs, since the

sensitive placement of collection optics at opposite angles on cones, corresponding

to wavelengths related by the law of energy conservation to each other, can be diffi-

cult.

As mentioned in section 2.1.1, an electro-magnetic field will, on average, not gain

any intensity unless the phase-mismatch ∆k is close to zero. This is because during

the integration of the phase-matching function (equation (2.13)), vectors on the com-

plex plane are added up, yet different phases, i.e. directions of the vectors, lead to

destructive interference and will not generate an output field (figure 2.2)

<

=

→ <

=

Figure 2.2: Integration of the phase-matching function on the complex plane.

The vectors represent complex electric field amplitudes that are collected within

a short propagation time inside the non-linear crystal. If ∆k 6= 0, the vectors

are constantly rotated (left) and their sum will lead to an average amplitude gain

over the length of the crystal that vanishes. This is because every contribution

is cancelled by the opposing vector, adding up vectors from the full circle on the

complex plane yields 0 on average (right).

Quasi-phase-matched crystals are specially grown such that the positive and neg-

ative charges in their lattice structure swap with a certain period Λ throughout the

crystal. Swapping the charges also implies that the polarisation inside the crystal is

changed. Figure 2.3 shows this flip of the crystal’s polarisation P (equation (2.1)),

effectively changing the sign of χ(2) in equation (2.15). This causes χ(2) to be a func-

tion of z with alternating signs along the propagation axis. Hence, flipping the crystal
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structure introduces a π phase-shift between the crystal polarisation and the electro-

magnetic waves every time the structure changes from one to the other. Introducing

P

d0

P

d1

P

d2

P

d3

Figure 2.3: The crystal structure changing in between domains in a quasi-phase-

matched crystal. Since the crystal is grown in a way, such that positive and nega-

tive charges swap over after every domain, the polarisation vector P flips as well.

This leads to an effective π phase-shift between the electric fields.

a π phase-shift, every time the collective phase-mismatch also has π phase, resets

the over-all phase shift to 0 and allows for a growing field throughout the crystal (fig-

ure 2.4). This technique is called periodic poling and every section of one polarisation

is referred to as a domain. Therefore, one poling period Λ contains two domains of

opposite polarisations. The increase in electric-field happens with a slower rate than

in birefringent phase-matching. Birefringent phase-matching, for ∆k = 0 generates

down-conversion intensities proportional to χ(2) L2 (equation (2.15)). Quasi-phase-

matching still is proportional to the L2, yet, the non-linearity χ(2) has to be replaced

with a lower value χ
(2)
eff

= π
2χ

(2), due to a stepped half-sine shaped increase in intensity

that happens over the length of every domain [59, section 11.4.1]. This behaviour is

depicted in figure 2.5.

Poling the crystal structure, however, can only introduce a phase-shift of exactly π.

The most effective scheme to build up fields while the light is propagating through

the crystal is to introduce this phase-shift whenever the fields have just collected a

π phase-mismatch. With this, calculating the poling period becomes straightforward.

The length within which the electro-magnetic waves, with phase mismatch ∆k, have

collected π in phase-shift is l = π
∆k . As such, the poling period, comprised of two

domains, equals

Λ =
2π

∆k
. (2.18)
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<

=

ei π

→ <

=

E

Figure 2.4: Effect of quasi-phase-matching on the integral along the propagation

axis through the non-linear crystal. The integration only happens along the top

half of the complex planes. The lower part is skipped by the π phase-shift occur-

ring on every domain interface (left). As a consequence the electric field E can

grow throughout the crystal and has a amplitude larger than zero (right). This is in

strong contrast to the integration depicted in figure 2.2.

More advanced techniques in quasi-phase-matching can involve varying the duty

cycle D within the poling period, i.e. one domain within the period would be longer

than the other, or changing the order m of the quasi-phase-matching. Higher order

quasi-phase-matching is achieved by allowing the electric field to build up, then col-

lapse and then build up again (for orderm = 3). For higher values ofm the field would

build up and collapsem− 1 times. It is intuitively obvious that this implies a lower ef-

fective second order non-linearity χ
(2)
eff
. Looking back at equation (2.15), χ(2) can now

be regarded as a function of z with not only different signs but also different values

depending on the orderm and the duty-cycle D. The non-linearity seen by the pho-

tons is

χ(2)
m = χ

(2)
eff

2 sinπD

mπ
(2.19)

Phase-matching, in general, can be categorised into three different classes depend-

ing on the polarisations of the fields involved in the down-conversion process. Type-I

is the case in which signal and idler photons are polarised orthogonally to the pump
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Figure 2.5: Stepwise increase of the intensity of down-converted light in quasi-

phase-matching. The intensity of the down-converted light is plotted against the

distance light has travelled through the crystal in units of crystal length L. While

quasi-phase-matched down-conversion shows an increase in intensity with the

square of the distance travelled through the crystal, the quasi-phase-matched pro-

cess shows smaller growth rates. This is due to the stepwise increase of the light

field happening within every domain of the poling structure and is equivalent to a

birefringent phase-matching with a effective non-linearity of χ
(2)
eff
.

light, i.e. the pump is polarised along the ordinary axis of the crystal and signal and

idler photons are polarised along the extra-ordinary axis, or vice versa. If the pump is

polarised along with either the signal or idler beam and orthogonally with the other,

the phase-matching is called type-II. Type-0 phase-matching describes the case when

all three polarisations are aligned along a common axis and is only possible using the

techniques of quasi-phase-matching meaning it can’t be realised using birefringent

phase-matching. Birefringent phase-matching requires ∆k = 0, however, for normal

dispersion, i.e.

dn

dλ
< 0, (2.20)

this is impossible the satisfy when all three polarisations align. For birefringent phase-

matching, equation (2.17) needs to satisfy
np

λ0,p
= ns

λ0,s
+ ni

λ0,i
, but energy conservation

constrains the wavelengths to λ0,p < λ0,s and λ0,p < λ0,i while normal dispersion
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restricts np > ns and np > ni and thereby

np
λ0,p

>
ns
λ0,s

+
ni
λ0,i

, (2.21)

as every individual term on the right hand side is already bigger than the term on the

left hand side.

Not only does quasi-phase-matching enable the crystals producing light of type-

0. It opens up numerous possibilities to tailor the spectral properties of the down-

converted light to the specific needs of an experiment. In [65] the non-linearity of

the crystal was designed, using equation (2.19), such that it’s profile (in propagation

direction through the crystal) would stepwise approximate a Gaussian function. Earlier,

equation (2.15) showed that ifχ
(2)
m (z) can be regarded as a function of the propagation

direction z, the phase-matching function Φ(ωs, ωi) is its Fourier transform. Such a

poling structure increases the purity of the photons, when using the SPDC source

as a heralded single-photon source, since the Fourier transform of a Gaussian is also

Gaussian, which guarantees the separability of the JSA [66]. Recent work [67] is using

a simulated annealing algorithm to find an optimal poling structure to produce any

spectrum that is fed to the algorithm.

Nowadays, quasi-phase-matching is much more widely used than birefringent

phase-matching. It’s advantages, such as easier optical alignment, wider range of spec-

tral engineering and the freedom to choose any combination of polarisations for sig-

nal, idler and pump light, outweigh the reduced conversion efficiency of quasi-phase-

matched crystals. This is also why recent records in entangled photon generation

rate [68] and purity [69] were all achieved using periodically poled crystals.

The two most commonly used materials for quasi-phase-matching are without a

doubt ppKTP and periodically poled lithium niobate, with the latter being used for

wavelengths in the mid-IR where lithium niobate exhibits better transmission proper-

ties than potassium titanyl phosphate (KTP). Nevertheless, manymore kinds of crystal

materials exist and depending on the application should be considered as well. An up-

to-date list with references on material properties can be found at [70], where more

than 150 pages list non-linear crystal materials. The list is published as part of a free

software suit called SNLO by AS Photonics.
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2.1.3 Sellmeier Equations

The phase mismatch ∆k depends on the refractive index of the non-linear material,

as equation (2.17) shows. Because most crystal lattices do not show a rotational sym-

metry, the refractive index is different for different polarisations of light aligned with

different principal axes of the crystal lattice. Additionally, the refractive index also de-

pends on the wavelength of the light, i.e. different wavelengths are experiencing dif-

ferent refractive indices while travelling through the crystal. This effect is called dis-

persion. As mentioned before, in equation (2.20), normal dispersion means that the

refractive index decreases with increasing wavelengths.

The formula typically used to describe the relationship between wavelength λ and

refractive index n is the Sellmeier equation:

n2(λ) = A+
B

1− (C/λ)2
−Dλ2. (2.22)

It was empirically found and proposed by Willhelm Sellmeier in 1871 and stays up to

date the most accurate model for dispersion. The coefficients are commonly given

without units, but reflect the right orders of magnitude when the wavelength is given

in micro-metres.

Table 2.1 summarises values for the Sellmeier coefficients A, B, C , and D from two

different research papers [71, 72]. Knowing the dispersion for different polarisations

Material Crystal Axes Reference A B C D

KTP x [71] 2.16747 0.83733 0.21473 0.01713

KTP y [71] 2.19229 0.83547 0.22293 0.01621

KTP z [71] 2.25411 1.06543 0.23422 0.02140

KTP x [72] 2.1146 0.89188 0.20861 0.01320

KTP y [72] 2.1518 0.87862 0.21801 0.01327

KTP z [72] 2.3136 1.00012 0.23831 0.01679

Table 2.1: Summary of different results for Sellmeier coefficients. Knowing these

coefficients becomes important when designing poling structures for specialised

applications since they directly influence the phase-mismatch and consequently

the poling structure.

and materials is important when using quasi-phase-matching to design crystals with
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specialised spectral properties. The refractive index at a certain wavelength directly

influences the phase-mismatch ∆k and thereby the necessary poling structure.

Refractive indices not only changewithwavelength but are also sensitive to changes

in temperature. This change with temperature was studied in [73]. The presented

work models the difference in refractive index∆n from the refractive index at 25 ◦C as

given by the Sellmeier equation (equation 2.22). Furthermore, changes in temperature

also changes the overall length of the crystal and consequently the poling period. This

means that when designing custom polings the thermal expansion coefficient should

be regarded as well. Since temperature can influence important quasi-phase-matching

parameters, crystals are typically set into an oven to thermally stabilise them. These

ovens can be bought off-the-shelf but are normally only capable of heating and not

cooling the crystal. Designing a crystal to work at temperatures well above the room

temperature is therefore advisable.

2.2 TheTwo-mode Squeezed State

Squeezed states of light [74] are one of the few examples where the quantum prop-

erties of light can be observed with bright, i.e. measurable power, light beams, and

thus is of strong interest in research [75–77]. Coherent states can be squeezed along

their quadratures x̂ and p̂ or any other direction in phase space. From the uncertainty

principle it is known that

∆x̂∆p̂ ≥ ~
2
. (2.23)

However, the standard deviation of x̂ can be reduced when increasing the standard

deviation of p̂, or vice versa. Light is regarded to be squeezed if it is featuring a standard

deviation, in any direction, smaller than that of a coherent state. Phase-squeezed light,

i.e. light that exhibits higher sensitivity tomeasurements of changes of the phase in the

light field, has recently contributed with great success to the discovery of gravitational

waves [78, 79].

The operator generating such a squeezed state |ζ〉 is defined by

Ŝ(ζ) = exp
[
−ζâ†2 + ζâ2

]
, (2.24)

with the characteristic dependence on the square of the creation and annihilation op-
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erators. The single-mode squeezed vacuum state can then bewritten as |ζ〉 = Ŝ(ζ) |0〉,

where ζ is the squeezing parameter determining the amount of reduction of the stan-

dard deviation. Another kind of squeezing is established between two different modes

(â and b̂) with the operator Ŝ2

Ŝ2(ζ) = exp
[
−ζ â† b̂† + ζ â b̂

]
. (2.25)

Ŝ2 is called the twomode squeezer and creates inter- instead of intra-beam squeezing.

Comparing this to the Hamiltonian for SPDC (see also equations (2.5) and (2.7)):

ĤSPDC ∝
∫∫

dωsdωi f(ωs, ωi)â(ωs)â(ωi) + h. c., (2.26)

it becomes immediately obvious that the state produced by SPDC is a superposition

of two mode squeezers in different spectral modes.

2.2.1 Photon Statistics

In section 1.2.3 the possibility to detect a laser rangefinder using the second order

correlation function is discussed. Section 1.3 claims that this detection technique can

be circumvented by using SPDC as an illlumination source for rangefinding. However,

a proof of why SPDC is achieving this is not so far given. This will now be detailed in

this section. In [80] a straightforward derivation of the photon statistics of one mode

of a two-mode squeezed state is discussed, which this section will follow.

The resemblance of the down-conversion and the two-mode squeezing operators

becomes even more obvious if a singular value decomposition gets applied to the JSA

where

f(ωs, ωi) =
∑
k

rk φ(ωs)ψ(ωi), (2.27)

with rk defining the distribution of new separable orthonormal basis functions φ(ωs)

and ψ(ωi). The new annihilation operators in these new spectral modes are then

written as

Âs,k =

∫
dωs φ(ωs) â(ωs) (2.28)

Âi,k =

∫
dωi ψ(ωi) â(ωi), (2.29)

and the Hamiltonian for SPDC becomes

ĤSPDC ∝
∑
k

rk Â
†
s,k Â

†
i,k + h. c. . (2.30)

-38-



2.2TheTwo-mode Squeezed State

If this operator is now compared to equation (2.25) it is apparent that ĤSPDC is a su-

perposition of different squeezers, at different wavelengths. The number of squeezers

is then given by the number of basis functions φ(ωs) and ψ(ωi) that fully reconstruct

the JSA. On a side note, comparing to equation (1.7) shows the similarity between

the state used in quantum illumination and covert quantum rangefinding. Further-

more, the weights rk contain the optical gain QSPDC of the down-conversion and the

probability of occupying a certain spectral mode pk. Since the gain QSPDC is the same

for every spectral mode, the weights can be rewritten as rk = QSPDC pk. With this, it

follows for the Schmidt numberK of the down-converted state,

K =
1∑
k p

4
k

. (2.31)

The Schmidt number equates the number of modes if pi = pj ,∀i, j, i.e. if all Schmidt

modes are equally likely populated.

The second order correlation function g(2) [81] is now calculated by first weighing

it with the detection window of the detectors and then Fourier transforming it such

that it can be expressed in the frequency space,

g(2) =

∫∫
dωsdω

′
s 〈â(ωs)

† â(ω′
s)

† â(ωs) â(ω
′
s)〉∫

dωs 〈â(ωs)† â(ωs)〉
∫
dω′

s 〈â(ωs)† â(ωs)〉
. (2.32)

This, of course, is then also a valid expression when expressed using the separable

modes Âk,s and Âk,i,

g(2) =

〈(∑
k Â

†
s,k Âs,k

)2
〉

〈∑
k Â

†
s,k Âs,k

〉2 , (2.33)

where normal ordering is implied and similarly holds for the idler modes. Since, apply-

ing squeezing to the mode operators Âs,k yields

S2(ζ) Âs,k S2(ζ)
† = cosh(rk)Âs,k + sinh(rk)Â

†
i,k, (2.34)

the g(2)-function for the two-mode squeezed state becomes

g(2) = 1 +

∑
k sinh(rk)

4

(
∑

k sinh(rk)
2)2

. (2.35)

Because all values of rk are small, due to the small gainQSPDC in the down-conversion
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process, it is true that sinh(rk) ≈ rk = QSPDC pk, and consequently

g(2) = 1 +

∑
k Q

4
SPDC p

4
k(∑

k Q
2
SPDC

p2k
)2

= 1 +

∑
k p

4
k(∑

k p
2
k

)2
= 1 +

∑
k

p4k

= 1 +
1

K
. (2.36)

This behaviour is exactly what is observed in broadband thermal emitters. Photon

bunching (g(2) = 2) is only witnessed when a true single mode, spatially and spectrally,

i.e. K = 1, is measured. As soon as the mode number increases the measured g(2)-

function tends towards that of a coherent statewith g(2) = 1 asK → ∞. This property

of SPDC sources has been experimentally studied in [30, 82] and [31], where narrow

bandwidth SPDC sourceswere used to prove the photon statistics of a single squeezer.

Note that the term Schmidt “number” can be confusing as it is calculated from a po-

tentially infinitely large JSA. Meaning that the Schmidt number only converges due to

contributions in the JSA becoming negligibly small outside the spectral area of inter-

est. It only ever represents the number of modes if, as is stated below equation (2.31),

all modes are populated with equal probability. Nevertheless, when carefully choos-

ing the computational parameters, such as resolution and area of interest, it can be

numerically approximated to a good degree [83]. Independent from the Schmidt num-

ber’s interpretation as the number of modes, it is always true that the spectral mode in

SPDC represented by the broadband annihilation operator Âs,k show photon statistics

identical to those of thermal light. In any case, no matterwhether the light is stemming

from one half of a down-converted state or from thermal radiation, when combin-

ing many modes (spectrally or spatially) the bunching effect in the g(2)-function will be

smeared out and approximate Poissonian statistics. This behaviour, ultimately, is what

makes the quantum rangefinder immune against detections by measuring a correla-

tion function.
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2.3 Spectral Indistinguishability

Section 1.2 identified three different ways to detect a rangefinder when using a laser

as the source of light. It is already mentioned there that SPDC circumvents being

detected by time-like signatures due to the spontaneous-emission of photons in the

down-conversion process. Now, section 2.2.1 showed that the g(2)-function of down-

converted light exhibits the exact same behaviour as thermal background light. This

leaves only the spectral indistinguishability between the down-converted light and

background radiation to be addressed.

For this, the key question to ask is how likely a target is to be able to distinguish be-

tween background light and one half of the down-converted state, given their spec-

tral distributions. The optimal strategy for the target is not necessarily to measure the

frequency of every photon, that it suspects to be emitted by a rangefinder, but rather

accumulate them and perform a collective measurement on all of them.

The minimum error probability to distinguish between two states with density

matrices ρ̂0 and ρ̂1 is Pe = 1
2

(
1− 1

2 ||ρ0 − ρ1||tr
)
, where || · ||tr is the trace norm

||ρ||tr = tr [
√
ρ∗ ρ] [84]. For the n copy state the minimum error probability becomes

Pe(n) =
1

2

(
1− 1

2
||ρ⊗n

0 − ρ⊗n
1 ||tr

)
(2.37)

The trace norm is closely related to the fidelity F between two states

F (ρ0, ρ1) = ||√ρ0
√
ρ1||tr = tr

{√
(
√
ρ0
√
ρ1)

∗ √
ρ0
√
ρ1

}
(2.38)

and fulfils the following inequality with F

1− F (ρ⊗n
1 , ρ⊗n

2 ) ≤ 1

2
||ρ⊗n

1 − ρ⊗n
2 ||tr ≤

√
1− F (ρ⊗n

1 , ρ⊗n
2 )2. (2.39)

Because it is difficult to calculate the trace norm of ρ⊗n
1 −ρ⊗n

2 for the most general case

where no assumptions are made about the background and down-converted light’s

spectra, the relation in equation (2.39) can be used to find a upper and lower bound

on the minimum error probability

1

2

(
1−

√
1− F (ρ⊗n

1 , ρ⊗n
2 )2

)
≤ Pe(n) ≤ 1

2
F (ρ⊗n

1 , ρ⊗n
2 ) (2.40)

Both states of half of the down-conversion and the background light are maximally

mixed and as such their density matrices, can be written as diagonal matrices with
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spectral densities f(ω) and g(ω),

ρ̂d =

∫
dω f(ω) |ω〉 〈ω| (2.41)

ρ̂b =

∫
dω g(ω) |ω〉 〈ω| , (2.42)

respectively. Calculating the fidelity between those two states then yields

F (ρ⊗n
d , ρ⊗n

b ) = ||
√
ρ⊗n
d

√
ρ⊗n
b ||tr (2.43)

= Tr

{√(√
ρ⊗n
d

√
ρ⊗n
b

)∗ √
ρ⊗n
d

√
ρ⊗n
b

}
. (2.44)

Furthermore, since f(ω) and g(ω) are positive and real, and the density operators are

diagonal,

F (ρ⊗n
d , ρ⊗n

b ) = Tr

{√
ρ⊗n
d ρ⊗n

b

}
=

∫∫∫
dω1 . . . dωn

√
f(ω1)g(ω1) . . .

√
f(ωn)g(ωn)

=

(∫
dω

√
f(ω) g(ω)

)n

= (O)n . (2.45)

The overlap O between two spectral densities is defined as O =
∫
dω

√
f(ω) g(ω).

Combining equation (2.40) with equation (2.45) then results in

1

2

(
1−

√
1−O2n

)
≤ Pe(n) ≤ 1

2
On (2.46)

Figure 2.6 displays plots for different values of O. The minimal error probability for

the target to distinguish between background light and photons emitted by a down-

conversion source, by means of their spectral properties, vanishes quickly with rising

photon numbers, even for good overlaps of O = 0.97. This necessitates well en-

gineered spectral properties of the down-conversion process, to the extent where

the spectrum needs to perfectly match the spectrum of the surrounding background

light. While this is difficult to achieve it is not impossible, especially when designing

the spectrum for specific environments.

Nevertheless, these calculations assume that the target is able to perform a full

quantummeasurement on all photons sent towards it, which is also difficult to achieve.

This approach of calculating the “covertness” of the rangefinder assumes nothing

about the target that is trying to discover the light beam from the rangefinder and
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Figure 2.6: Bounds on the minimal error probability for distinguishing between

two diagonal quantum states with spectral overlap O. The error probability de-

creases quickly with the number of photons sent towards the target n, raising the

need for well engineered spectral properties of the down-conversion source.

gives it the full toolkit of quantummechanics. While this is necessary for unconditional

covertness, in a real life scenario, the actual probability to discover a rangefinder using

a state of the art SPDC source is much lower.
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2.4 Focusing Conditions for Down-conversion

The performance of down-conversion is measured in different performance param-

eters, such as the spectral purity of the produced photons γ (equation (2.16)), the

photon-pair generation rate cp, the bandwidth of the produced photons ∆λ, or the

signal and idler heralding efficiencies ηs =
cp
ci
and ηi =

cp
cs
, respectively, where cs/i are

the single-photon count rates for signal and idler photons. Different applications of

SPDC sources have different requirements on these performance parameters. Hence

it is interesting to ask the question whether it is possible to optimise all of them simul-

taneously, and if not, what the trade-offs between them are.

The work presented in [85], besides others [86–89], sets out to answer these ques-

tions. It does so by solving the interaction given in the down-conversion Hamilto-

nian ĤSPDC (equation (2.26)) in the case of light waves in Gaussian modes. Although

more cumbersome, these solutions are more realistic than the plane wave approach

described in section 2.1. Additionally, in Gaussian modes there always is a position

along their propagation axis where they are the narrowest, i.e. they possess a focal

point. This property of Gaussian modes enables the discussion of ideal focussing for

different performance parameters of SPDC sources. In [85] these conditions are ad-

dressed in relation to the focal parameter

ξj :=
L

kj w2
j

, (2.47)

where L is the crystal length, kj is the wave-number, and wj is the waist of the Gaus-

sian beam, i.e. its radius at the focal point, with j ∈ {p, s, i} differentiating between

pump, signal, and idler focussing parameters.

The work presented in [85] goes to great lengths to obtain results for these ideal

focussing parameters, and presents the derivations for some of the results, although

many are found numerically. The most relevant results for SPDC rangefinding are the

heralding efficiencies ηs/i and pair generation rate cp. Figure 2.7 displays the results

for these quantities. On the left side the pair generation rate cp and the heralding

efficiencies ηs/i are plotted. It is apparent that these two performance parameters

cannot be fully optimised at the same time. The heralding efficiency becomes unity if

the focusing parameter is infinitely small, i.e. the pump beam becomes a plane wave

again. The normalised brightness of the source, however, becomes unity when the
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Figure 2.7: Optimal focussing parameters for SPDC optimising heralding effi-

ciency and pair generation rate. (a) Plot of normalised coincidence rate cp and

heralding efficiencies ηs,i against the pump focussing parameter ξp. The graph

shows the heralding efficiency decreasing with tighter focussing while the pair

photon rate is increasing. This means that both parameters cannot be optimised

at the same time. A trade off between brightness and heralding efficiency needs

to be found. (b) The optimal focussing parameter of signal and idler photons

ξs,i against pump focussing parameter ξp. The optimal focussing of signal and

idler photons depend on the pump focus parameter. This data is taken from [85]

where they were found using numerical calculations. The dashed lines mark the

focussing conditions as used in this thesis. The reasons for choosing them are

given in section 4.1.1.

focussing is tight. The smaller the beam diameter is in the crystal, the higher is the

pair photon rate. Thus, it is necessary to find a trade-off between heralding efficiency

and brightness tailored to the respective application of the SPDC source.

2.4.1 Optimal Focusing Conditions for Quantum Rangefinding

For rangefinding the SNR depends strongly on the photon-pair rate cp as is apparent

from equations (1.21) and (1.23). An intuitive first guess therefore would be to opti-

mising the focusing for maximal photon-pair brightness, i.e. to focus as tightly as pos-

sible as shown in figure 2.7. This strategy gets reinforced by the fact that the herald-

ing efficiency only falls to ≈ 75% of its maximal value, while the brightness vanishes

fully for loose focussing. However, dark and background counts are also an important

contribution to the model presented in section 1.4.2, even more so, if the heralding

efficiency is < 1. Hence then there will exist down-converted photons that are not
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part of a pair, since they are impossible to collect. These photons, in turn, can pair

up with another unpaired photon from the opposite spatial mode, or with dark counts

and background light, to create noise in the rangefinding system. The details on how

this will influence the system’s performance is not given a this time, but will be treated

more thoroughly in section 5.3.

The SNR must be altered to account for unpaired photons to properly integrate

the results from [85]. From the cp-curve in figure 2.7, representing the coincidence

rate, the number of unpaired photons cs can be calculated by combining both curves

cs = cp
1−η
η . Another factor to consider is that the coincidence rate given in figure 2.7

is plotted in units of the maximally possible conversion efficiency. But dark counts and

background light are independent of the pump power that is used to drive the down-

conversion. Thus, the conversion efficiency was calculated as given in [85] and typical

values for the pump power (50mW), the dark count rate cd (500 hertz), the background

countsB0 (100 kHz nm
−1), the binwidth δt (500 ps) and the spectral range of the source

∆λ (200 nm) were inserted. The result is a plot of maximal achievable SNR against

the focusing parameter of the pump beam ξp. Figure 2.8 summarises these plots. It is

obvious that tight focussing is optimal for rangefinding for any of parameter sweeps

plotted, confirming the intuitive suspicion. However, implementing a broadband poling

structure requires a long crystal, to be able to accompany different poling periods.

For example ξp = 100 would imply a waist wp of ≈ 3µm which in turn necessitates a

Rayleigh length of< 100µm such that the pump beam would not be contained within

the down-conversion crystal. The focussing parameter of 1.9 used in this work is a

good compromise accommodating the length of the crystal and tight focussing.
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Figure 2.8: Plots of the SNR against the focussing parameter ξp. The SNR is plot-

ted for different losses in the rangefinding system in plot (a). Plot (b) shows differ-

ent background levels and plot (c) different pump powers. It becomes apparent

that, strong focusing is yielding better results for the SNR of quantum rangefinding

in any of the parameter sweeps. Tight focussing favours brightness over heralding

efficiency. The dashed line marks the focussing used in the work presented here.

This data was calculated using a short integration time of T = 1 s and the number

of channels was n = 1.
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2.5 Computer Aided Crystal Design

While the theory of quasi-phase-matching is well known, it is still unintuitive to find a

specific poling structure that produces a desired JSA. If one is only interested in the

spectral properties of the photon-pair state often only the JSI, the absolute square

of the JSA, is considered. Yet, also finding a poling structure for a given JSI, which is

omitting any phase information in the bi-photon state, is still difficult. This problem

was partially solved by [67], where a simulated annealing algorithm is used to opti-

mise poling structures for a given spectral density, and [90], a webpage to calculate

JSIs from given poling structures. Nevertheless, finding the optimal poling for a given

application can be tedious, or inconvenient at best, especially before the existence of

these resources.

Even if the poling structure is the Fourier transform of the JSI (or vice versa), and

an intuition for what Fourier transforms of given functions look like can certainly be

developed, the Fourier transform in this problem is a function of the phase-mismatch

∆k. ∆k depends on the wavelengths of each of the three electro-magneticwaves and

their refractive indices. The refractive index itself depends also on the wavelength,

and the polarisation of the pump, signal, and idler light. Hence, it is difficult to find

poling structures with an educated guess. For this reason, as part of this thesis, a

straightforward algorithm was developed and implemented that allows the calculation

of JSIs from poling structures. The implementation offers a intuitive user interface and

in that way eases the design of poling structures.

2.5.1 An Algorithm for Computing Joint Spectral Amplitudes

As presented in section 2.1 the JSA is the product of the pump lights spectral density

α(ωp) and phase-matching function Φ(ωs, ωi). Solving the first factor α(ωp) is easily

done by replacing ωp with ωs + ωi as is done in equations (2.11) and (2.12).

Finding a solution for Φ is more challenging. Equation (2.13) shows that the phase-

matching function is calculated by evaluating an integral over the length of the non-

linear crystal. Section 2.1.2 explains that the non-linearity χ(2) can be regarded as

a function of z with alternating signs between adjacent domains, or even different
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absolute values if the duty cycle D or the order m of the quasi-phase-matching are

changed (equation (2.19)). Consequently, the phase-matching function becomes

Φ(ωs, ωi) =

∫ L
2

−L
2

dz χ(2)(z) exp [i∆k(ωs, ωi) z] . (2.48)

If the crystal used is restricted to first order phase-matching (m = 1), χ(2)(z) becomes

either+1 or−1. It has to be noted that the magnitude of χ(2) is not of concern for the

spectral properties of signal and idler photons. As such, the integral in equation (2.48)

can be carried out stepwise by integrating over every domain of the crystal individually

Φ(ωs, ωi) =
∑
j

pj

∫ ej

bj

dz exp [i∆k(ωs, ωi) z] , (2.49)

where j indexes every domain within the crystal, pj ∈ {±1} describes the sign of the

polarisation of every domain, and bj and ej are the first and last z-coordinate of the

respective domain.

The algorithm developed and used in this work calculates the phase-matching func-

tion for a given poling structure. If a poling structure is given, all pj , bj and ej are

fixed. The algorithm goes as follows. For every pair of ωs and ωi, in the region of in-

terest, ∆k is calculated and is constant over the length of the crystal. The evaluation

of equation (2.49) then becomes straightforward as∫ ej

bj

dz exp [i∆k z] =
i
(
ei∆k bj − ei∆k ej

)
∆k

. (2.50)

The algorithm implements this by, according to Euler’s formula,

ei x = cos(x) + i sin(x). (2.51)

calculating two vectors vb,j and ve,j per domain,

vb,j = pj ·

cos(∆k bj)
sin(∆k bj)

 (2.52)

ve,j = pj ·

cos(∆k ej)
sin(∆k ej)

 . (2.53)

Adding up the differences of these vectors for every domain and dividing by ∆k will

result in a new vector who’s magnitude is the value of the phase-matching function Φ

at the respective values for ωs and ωi and its angle in the complex plane corresponds

to the phase collected by the photon pair. This algorithm is easy to understand and
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straightforward to implement. Algorithms using a fast fourier transform (FFT) to cal-

culate the phase-matching could potentially perform much faster. However, a FFT re-

quires prior knowledge about the biggest phase-mismatch∆k within the ωs, ωi plane.

This then guarantees that the poling structure of the crystal can be sampled with high

enough resolution to fully cover the necessary range of ∆k.

As mentioned before, the software also implements a graphical user interface which

displays results for the phase-matching function and the JSI, as well as the disjoint

spectral densities for signal and idler photons. This eases the crystal design process

by giving a demonstrative presentation of the JSI. Figure 2.9 shows a screenshot of

the software. The software is organised in columns from left to right. The first col-

Figure 2.9: Screenshot of the crystal design software. On the very left side,

the signal wavelength range, the central pump wavelength, type of the phase-

matching as well as the crystal temperature are set. The tuning curve above gives

a good first estimate of poling period Λ. The second column is where the pump

spectrum is defined. It can be either calculated in the software itself or imported

from a file. The same is true for the crystal structure in the next column. Lin-

ear chirps between two poling periods can be automatically generated inside the

software. The results of the calculations, such as the JSI and the disjoint spectral

densities of signal and idler photons are displayed in the last column.

umn allows the user to choose the environmental parameters of the phase-matching

problem, such as the type of the phase-matching, the central pump wavelength, the
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minimum and maximum signal wavelengths of interest as well as the temperature of

the crystal. In addition, the signal and idler wavelengths are plotted against the re-

spective poling period (tuning curve), such that an initial idea of the poling structure

is quickly obtained. The second column is used to set up the spectrum of the beam

by either choosing a Gaussian profile or uploading a file with a measured spectrum.

At the bottom the function α(λs, λi) is displayed in arbitrary units. The next column

defines the crystal’s poling structure. Again it is possible to choose an arbitrary length

and poling period. The software is also capable of simulating a chirp in the poling

structure if different start and stop periods are chosen. Additionally, a file, defining

the poling structure, can be read into the program. The results of the calculations are

presented in the last column where the growth rate, the JSI and the disjoint spectra

of signal and idler waves are displayed. Although the algorithm could be improved by

using different methods (such as an FFT approach), the calculations take typically only

on the order of seconds to minutes to complete, depending on the size of the area of

interest and length of crystal.

Correlation Strengths in Joint Spectral Amplitudes

Section 2.2.1 discussed how a down-conversion state, defined by its JSA, can be de-

composed into a set of separable orthonormal basis function using a singular value de-

composition. Furthermore, it was derived that the Schmidt numberK (equation (2.31))

is a good indicator for the amount of correlated modes or independent squeezers.

For effective camouflaging it is necessary, that K � 1, which emerges naturally from

the broadband phase-matching needed to emulate the backgrounds spectrum. When

observing the second order correlation function of a thermal/background state, the

modal structure of the detector needs to be restricted onto a single mode K = 1 for

photon bunching to become visible. This is also true for one half of a SPDC state with

large K . Only if the spectrally broad photons are filtered such that K ≈ 1, does the

photon bunching g(2) = 2 become visible.

Hence, it is interesting to knowK , or its inverse, the purity γ, when designing crystal

polings. The softwarewritten as part of this thesis can calculated the purity, by utilising

a singular value decomposition.
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2.6 Designing a Poling Structure

Two different poling structures were designed in the context of this thesis. One struc-

ture was designed to produce a continuous spectrum in signal and idler modes be-

tween 700 nm and 950 nm, to approximate background light. A second structure was

devised to exhibit four distinct peaks within the same spectral range, for initial align-

ment and testing.

In principle it is possible to achieve quasi-phase-matching conditions that produce

broader photons [91, 92], yet, in this experiment, the constraints were to realise a

broadband photon source, utilising readily available and cheap components. Hence, a

simple laser diode, at 405 nm was chosen as the pump (Thorlabs, L405P150). Detec-

tion is realised using off-the-shelf silicon SPADs (Excelitas, SPCM-AQ4C) which lose

most of their detection efficiency above 950 nm. With these constraints, the band-

width of signal and idler photons is optimised by type-II phase-matching, since spec-

tra, which are symmetric at around twice the pump wavelength for both signal and

idler photons, are only allowed in this type of phase-matching. In type-0 and type-

I phase-matching the signal wavelength will always be longer than twice the pump

wavelength, while the idler wavelength has to be shorter. Since both photons will

have the same wavelength at that point, the double of the pump wavelength is also

called the non-degeneratewavelength. This behaviour is depicted in figure 2.10. If the

non-degenerate wavelength is fixed and photons should not exceed wavelengths of

950 nm because of detection efficiencies, figure 2.10 makes it clear that every photon

of a pair can have a broader spectrum individually when using type-II phase-matching.

The two poling structures that were designed as part of this thesis are presented

in figure 2.11 and in more detail in appendix A. Crystal A was designed to produce

four distinct peaks within the JSI. In this way it can be used for initial testing and

alignment purposes. The four peaks are produced by having four areas with differ-

ent poling periods throughout the crystal. Every area is responsible for one of the

four peaks in the JSI. The second crystal (crystal B) is linearly chirped, i.e. its poling

period increases as a linear function from the beginning to the end of the crystal. The

spectrum produced by such a crystal is continuous and should resemble background

light more closely. Both crystals are 30mm long and the pump, signal, and idler beams
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Figure 2.10: Difference in the tuning curves for type-0/I and type-II phase-

matching. The tuning curve, in quasi-phase-matching, plots the signal and idler

wavelengths, λs and λi, against the poling period needed to achieve phase-

matching for a fixed pump wavelength. In this example a 405 nm pump was used.

It can be seen that in type-I phase-matching the signal wavelength is always longer

than the idler wavelength, whereas the tuning curves are allowed to cross in type-

II phase-matching. This allow every individual, signal or idler, photon to exhibit a

broader bandwidth.

are polarised along the y, y, and z axes of the crystal, respectively.

Figures 2.12 and 2.13 show the simulated JSIs of both crystals. The four peaks

within the JSI of crystal A are clearly visible and the gaps in between them allows for

easier initial alignment and testing. Crystal B shows the continuous spectrum which

approximates the spectral properties of background light better than crystal A. Both

crystals show wide spectra between 700 nm and 950 nm. The spectral bandwidth was

maximised using type-II phase-matching under the given constraints. Longer wave-

lengths would necessitate the use of expensive detectors with better efficiencies at

wavelengths > 950 nm, and shorter wavelengths are only reachable if a shorter pump

wavelength is used. Diode lasers at shorter wavelengths (< 400 nm) are available but

are still orders of magnitude more expensive than 405 nm diodes.

The JSIs shown in figures 2.12 and 2.13 were also used to determine the Schmidt

number for both crystals by utilising a singular value decomposition. Both values for

K are sufficiently high to guarantee camouflaging against background as described

in section 2.2.1, with KA ≈ 138 and KB ≈ 41. Note that calculating the Schmidt
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Crystal A

9.0µm 10.3µm 11.6µm 13.0µm

9µm 13µm

Crystal B

· · ·

Figure 2.11: Sketch of the two poling structures designed as part of this the-

sis. The first structure (crystal A) contains four areas of different poling periods

between 9.0µm and 13.0µm. This arrangement produces four different peaks

within the JSI and was designed for initial testing. Crystal B is linearly chirped,

again between 9.0µm and 13.0µm, such that a continuous spectrum is produced

to mimic the spectrum of background light.

number from the JSI and not the JSA can only be regarded as a lower bound and that

the actual number should be higher [83].

This chapter summarised SPDC and the quantum mechanics theory needed to un-

derstand it. It was then shown how these concepts can be applied to rangefind-

ing and how the two-mode squeezed state provides effective camouflaging against

background light. The necessity for good spectral engineering of the down-converted

light becomes obvious when minimum error probabilities for the discrimination against

background light are considered. Optimal focussing conditionswere brieflymentioned

and applied to rangefinding. Finally, an algorithm and implemented softwarewere pre-

sented which were used to find non-linear poling structures for quasi-phase-matching

in the application of covert quantum rangefinding.
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Figure 2.12: Simulated JSI for crystal A. The four peaks corresponding to the

four areas of different poling periods are clearly visible. This data was numerically

calculated using the software written as part of this thesis. The Schmidt number

K of this design is ≈ 138.
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Figure 2.13: The JSI of crystal B as calculated with the quasi-phase-matching

software written as part of this thesis. Both signal and idler photons exhibit a

wide spectrum of > 200 nm with a non-degenerate wavelength of 810 nm. The

K-number of this design is ≈ 41.
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Chapter 3

Software & Electronics Development

Like any experiment, the quantum rangefinder described in this thesis needs ancillary

equipment around the core components. Often such devices, like voltage supplies

and temperature controllers, are standard components and can be bought from any

laboratory equipment supplier. However, with the need for increased transportability

in mind, many of the electronics used in this project were custom built by the author.

In this way, the system is able to travel to different locations and optical ranges for

testing and further experimental trials. Furthermore, application specific software is

needed for the alignment and running of the experiment, which was also written as

part of this thesis. Some alignment methods used during the course of this work were

specially devised for this experiment and are also worth mentioning. This chapter aims

to provide details on all of the above to the reader, to allow for a better understanding

of how the experiment was carried out and what challenges it posed.

3.1 Ancillary Electronics

All experimental physics need electronics around the setups to readout results, con-

trol inputs or to regulate experimental parameters. With the increased need for trans-

portability in the setup of this work, the author custom built and designed the elec-

tronics controlling the experiment, enabling a cost efficient, comprehensive, and highly

mobile solution.
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3.1.1 Source Controller

The central piece of electronics used in the experiment is what has been named the

source controller. It comprises all necessary electronics needed to run the photon

pair source built as part of this thesis. Specifically it implements a negative feedback

controlled current driver for the pump laser diode current, a pulse width modulation

driver for the crystal oven, and a current driver for a thermoelectric cooler (TEC) sta-

bilising the laser diode’s temperature. All of these components are regulated using a

microcontroller unit (MCU) and fit into a small form factor as can be seen in figure 3.1.

The full schematic of this device can be found in appendix B.

160mm

51.5mm

220mm

Figure 3.1: A photograph of the source controller designed and built by the au-

thor. The small form factor includes all electronics to run the photon-pair source

independently from any other device. It comprises temperature stabilisation for

the pump diode as well as the crystal oven and acts as a current source for the

laser. This ensures the high transportability required for the setup.

Temperature Control for Laser and Crystal

It is important to maintain the correct temperatures of the non-linear crystal and

laser diode, because, both the phase-matching inside the crystal and the emission
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wavelength of the laser diode are temperature dependent. The spectral properties

of the down-converted photons can only be matched with the theoretical prediction

if both components are temperature stabilised. In the case of quantum rangefinding,

temperature stability of the laser diode is more important than the accuracy of the set

point on absolute values because of the requirement to reliably predict the frequency

of the idler photon by measuring the frequency of the signal photon. It becomes

impossible to use these correlations in energy, if the wavelength of the pump laser

starts to wander.

The MCU implements a digital proportional-integral-derivative (PID) controller [93]

for precise temperature stabilisation. A PID controller is an electronic device in which

a setpoint (SP ) is continuously compared to a process variable (PV ). The difference

between them is the error e of the system. In a PID controller this error gets analysed

in three parts. A proportional part to account for the present error, an integral part to

account for past errors and a differential part to account for anticipated future errors.

All of these parts are then added up in a weighted sum to give a new actuating variable

p(t) = e(t)

i(t) =
∫ t
0 dt

′ e(t′)

d(t) = ∂e(t′)
∂t′ |t′=t

SP

+

PV
−

e(t)

wi i(t)

wp p(t)

wd d(t)

S

Figure 3.2: Working principle of a PID controller. The process variable PV gets

continuously compared to the set point SP the difference e(t) is then analysed in

three parts. The integral part i(t), the proportional part p(t) and the differential

part d(t). All three parts are subsequently added up in a weighted sum to give a

new actuating variable acting on the system S.

that acts on the systems S. The action of the variable then changes the error, such

that the PID controller converges to a zero error and keeps the system stable, even if
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the environment around it changes (see figure 3.2). The weights of the different parts

(wi, wp, wd) allow for tuning of the control loop such that a better/faster convergence

onto a zero error can be achieved. Note also, that not all combinations of weights will

converge. Depending on the system some combinations can be unstable and cause

oscillations of the process variable. One of the most reliable tuning methods is called

the Ziegler-Nichols tuning [94], which was also used for the PID controllers used to

stabilise laser diode and crystal temperature. The method works as follows. First set

all weights to zero (wi = wp = wd = 0) then increase wp until it reaches the ultimate

gain wu where the system shows oscillations with period Tu. The weights are then set

as follows

wp = 0.6wu, (3.1)

wi =
2

Tu
, (3.2)

wd =
Tu
8
. (3.3)

Using this method both laser diode and crystal temperature could be stabilised to

the least significant bit of the temperature digitisation inside the MCU which corre-

sponds to 0.1 ◦C in both cases. In addition to the requirements for the temperature

stability, the crystal oven must not be heated at rates faster than 25 ◦Cmin−1. Fortu-

nately, for a 12V heater voltage this rate is never exceeded and requires no further

consideration. Figure 3.3 shows the temperature response for the crystal oven when

the setpoint is changed between two temperatures. The heating slope is well below

the maximum value given by the oven manufacturer, and stability, after changing the

temperature set point, is achieved within < 5min.

Laser Diode Driver

Besides the temperature stabilisation the source controller also provides a stable

current driver for the laser diode. The driver is realised by a negative feedback cir-

cuit [95, p. 115] using operational amplifiers. Negative feedback is when some of

the output of a circuit is coupled back to cancel some of the input. In some sense,

this is trading gain against stability and is a common method in numerous electronic

circuits. In principle the output current of the driver is sensed by measuring the volt-

age drop over a small resistor and amplifying it using an operational amplifier. This
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Figure 3.3: Temperature curve of the crystal oven when changing the set temper-

ature. The temperature, when reaching the set point, is stable to 0.1 ◦C. When

changing the setpoint the temperature stabilises within 5min. The slope when

heating the crystal to another set point is ≈ 13.5 ◦Cmin−1, well below the maxi-

mum heating slope recommended by the manufacturer.

value then gets compared to the setpoint using another operational amplifier which

in turn controls a transistor. The transistor is the component delivering the current to

the diode, in this way closing the control loop. Figure 3.4 sketches the circuit of the

current driver. The current through the diode can be controlled by setting Vset in the

following way,

Id =
Vset
Rs

· R2

R1
. (3.4)

Universal Serial Bus Connectivity

Additionally to the temperature controls and current driver the source controller is

also capable of connecting to a personal computer (PC) via universal serial bus (USB).

Besides automated testing of temperature stability, this feature becomes useful in

different applications, such as described in [34], were the wavelength of the down-

conversion is changed by altering the crystal temperature, and thereby broadening the

versatility of the source controller to applications beyond quantum rangefinding.

-61-



3 Software & Electronics Development

−

+

Rs

Id

Vcc

−

+

R2

R2

R1

R1

V+

Vset

Figure 3.4: Control loop of the laser diode driver. The current through the laser

diode Id gets measured as a voltage drop overRs. This voltage then gets amplified

by a factor R1
R2
and fed back to the positive input of the operational amplifier

controlling the current through the transistor. This control current gets reduced

if Vset > V+ and increased otherwise. The current delivered by the transistor

follows this with an amplification α such that the current through the diode can

be set by choosing Vset.

3.1.2 Light Emitting Diode Driver

The current driver implemented in the source controller described in the section above

(section 3.1.1) is versatile enough to deliver a stabilised fixed current to devices other

than just laser diodes. In the setup described in section 5.1 background light is simu-

lated using a light emitting diode (LED). Supplying different currents through the LED

enables the setup to investigate quantum rangefinding at different background bright-

nesses. Thus this feature was implemented as a stand-alone device in a smaller form

factor, as can be seen in figure 3.5

3.1.3 Time-Tagging and Photon-Counting Electronics

Time-tagging logic also called, time-to-digital converter (TDC) or TIA, is electronics

that converts a rising (or falling) edge of a signal to a digital integer number known

as a time tag. In conjunction with photon-counting detectors (SPADs) the rising edge
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Figure 3.5: Photograph of the LED driver. It implements the same current reg-

ulating electronics as described in section 3.1.1 (figure 3.4) as small stand-alone

device. As a current driver the device is naturally versatile in the context of this

thesis, it is primarily used to drive an LED to emulate background light.

is taken from a pulse from the detector corresponding to the arrival time of a single

photon. In the quantum rangefinding setup, the difference between time tags of signal

and idler photons yield the time of flight and consequently the distance between the

target and the observer.

The TDC used in this work is a device developed in-house as part of a former PhD

thesis [96, 97]. It is cost-efficiently implemented within a field programmable gate ar-

ray (FPGA), where the reprogrammable FPGA is capable of emulating different devices.

When a coincidence counting firmware is uploaded to the FPGA, the device counts

rising edges on its inputs and reports them via USB to a PC. Coincidences are also

counted by detecting rising edges between different channels that are within 10 ns of

each other. This mode, while yielding no useable information for rangefinding, is con-

venient for alignment of pair photon sources, since performance parameters such as

the photon-pair rate and heralding efficiency can be directly determined from single
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count rates and coincidences.

Time tags corresponding to rising edges of photon detection events are recorded

when the device is programmed with the appropriate (different) firmware and its in-

puts are connected to SPADs. Time tagging on a FPGA is typically implemented by

the use of so called carry chains. A carry chain is a purpose-built fast sequence of

identical logical elements on the FPGA that propagate a signal from one to the next

one, normally used to carry out fast arithmetic. Every one of these elements takes a

short but fixed time delay to pass the signal on. All elements in the chain also possess

a memory that changes state conditional on whether the signal has reached them yet

or not. If now the time it takes a signal to propagate through the complete chain is

T , a clock signal with the same period can be employed to trigger a inspection of the

state of every element before the complete chain is reset. The time tag then becomes

the number of passed clock cycles as the coarse counter, i.e. the more significant bits

of the time tag, with the propagation distance of the signal within the carry chain as

the less significant bits. This method achieves timing resolutions < 50 ps [97].

3.2 Software

While the time-tagging hardware for this projectwas readily available, it was supported

with little software. Hence, two software projects were designed and implemented

during the course of this thesis. One project provides a flexible and convenient way

to analyse single and coincidence count rates from the coincidence counting hardware.

The second application calculates (in real time), time-correlated histograms from time

tags provided by the hardware. Both software projects are abstracted from the hard-

ware layer to a degree where it is easy to adapt them for any coincidence counting

and/or time-tagging logic.

3.2.1 Coincidence Counting

For coincidence counting the software implementation is straightforward. The soft-

ware for this mode is capable of plotting single count rates for and coincidence count

rates between different hardware input channels against time. While this feature is
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standard for any photon-counting software, it is incorporated here with a new ap-

proach. Instead of simply plotting count rates as selected by the user, the software

offers a formula based interface. I.e. every plot can be customised to the users spec-

ification by typing a formula. For example, typing

Y1 = Coin(A,B)/A,

would result in a plot displaying the coincidence rate between channels A and B divided

by the single count rate of channel A, i.e. the heralding efficiency of a SPDC source.

The prefix Y1= is determining in which window a graph of the formula’s result against

time should be displayed, in this case window 1. As another example, it is also easy to

change the y-axis to a logarithmic scale by typing

Y1 = log(Coin(A,B)/B).

The software library used for interpreting and parsing the formulas [98], implements

a wide variety of pre-built standard maths functions such that the user is able to di-

rectly plot almost every conceivable physical quantity.

Figure 3.6 shows a screenshot of the software’s interface. It shows themainwindow

on the top left, where formulas can be entered to type out the physical quantities the

experimenter is interested in. This window, simultaneously, also displays the current

result, mean, and standard deviation of the result of the respective formulas. Every

plot window contains the plots against time of the formulas that were assigned to it

by typing Y<#>=, where # contains the window number.

3.2.2 TimeTagging

Undoubtedly real time calculating of time correlated histograms is a much bigger chal-

lenge than “only” displaying count rates as a plot against time. Calculating time differ-

ences between potentially millions of time tags and summarising them in a histogram

within a second or less is a computationally intensive task.

An efficient and highly parallelisable algorithm is presented in [99] and goes as fol-

lows

-65-



3 Software & Electronics Development

Figure 3.6: Screenshot of the coincidence counting software’s interface. The con-

trol window on the top left contains all formulas which define the physical quan-

tities displayed and in which window they are plotted. The control window itself

also shows the mean and standard deviation of the formulas result.

1. Acquire a list of time tags for both start and stop channels.

2. Create new lists of time tags by dividing all time tags by the required bin-width

of the histogram.

3. Find all duplicate time tags, which are occurring due to the division in step 2,

and remove them while saving the number of duplicates in a list of weights for

every remaining time tag.

4. Choose one bin of the histogram with number i, whose value should be calcu-

lated.

5. Add i to the start channel’s time tags.

6. Perform a search on both lists to find equal tags and add the product of their

number of duplicates (saved in step 3) to the bin height.

Note that steps four, five and six can be parallelised for every bin within a histogram.

The second step in the algorithm can result in a drastic reduction of time tags that

need to be considered within the calculation of the time-correlated histogram. At this
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point in the algorithm every time tag is represented by an integer numberwith the least

significant bit representing the resolution of the time-tagging device. When dividing

by the bin width any information that is not required for the calculation is removed

from the tag. This, in turn, means that time tags of the same value might now exist

in the list of time tags. By removing the duplicates, the size of the lists of start and

stop channel can be dramatically decreased. However, it is necessary to remember

how often each duplicate time tag occurred within each of the lists in an additional

list of weights, since otherwise the values inside the histogram would be skewed. The

process of dividing the original time tags by the bin width and calculating the accurate

rates is pictured in figure 3.7.

Original Tags

δt

Divided Tags

2 1 3 2 1 3 1 3 1 2Weights

Figure 3.7: Effect of the division by the bin width and removing of duplicates on

the time tags. Dividing the time tags by the bin width δt removes any unnecessary

information, however, it will create time tags that are now duplicate. Instead of

keeping them in memory, it is more efficient to remove duplicate time tags and

instead saving a list ofweights representing the occurrence of each tag. Of course,

in the typical application of the bin width being smaller than the dead time of the

detectors the weights will always be 1.

If now two time tags are found to have the same value in the start and stop channel’s

lists, instead of increasing the value of the bin by 1 it is increased by the product of

the weights of those time tags. In this way the number of comparisons between time

tags can be held small while not changing the result of the histogram.

It makes intuitive sense to numerically add the bin number i to every element in the

start channel’s list of time tags, and then compare each of the tags with tags from the

stop channel, checking for equality. In this way the search across the two lists can be

performed in a more efficient way. As described in [99] the search itself is carried out

as below:
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1. Look at subsequent elements in the stop channel beginning from the smallest.

2. Check if the time tag is bigger or equal to the first time tag in the start channel’s

list. If yes, go to step 3, else lookup the next time tag in the stop channel’s list.

3. Check if they are equal. If yes, increase the value of the bin by the product of

the weights of both tags. If no, don’t do anything.

4. Look at subsequent elements in the start channel starting from the next smallest.

5. Check if the time tag is bigger or equal to the last looked at time tag in the stop

channel.

6. If so, check if they are equal. Again increase by the product of the weights, if

they are.

7. Alternate between both lists in such a way.

Start Tags:

Stop Tags:

t

a1 a2 a3 a4 a5 a6 a7 a8

b1 b2 b3 b4 b5 b6 b7 b8 b9 b10 b11b12

Bin number

Figure 3.8: Search algorithm for finding equal time tags as presented in [99]. It

can be seen that the bin number has been added to all start tags, thereby shifting

the start channel’s list forward in time t. The algorithm is then walking along time

tags of one list until it finds a tag that is larger or equal to the last time tag visited in

the other list. If it found one it compares both time tags for equality and increases

the bin value if they are the same. In this example there are 8 and 12 time tags in

the lists of signal and idler which corresponds to 8 · 12 = 96 potentially needed

comparisons to determine the value of this bin width. However, when traversing

the lists like shown the same calculation can be achieved by only 29 comparisons.

Every arrow corresponds to one comparison with green and red arrows marking

when the traversing swaps to the other list. Green arrows mark when a match

was found and the value of the bin gets increased.

Figure 3.8 clarifies this search procedure. This algorithm drastically removes the

needed amount of comparisons between time tags. In the example of figure 3.8 the

-68-



3.2 Software

bin value is calculated using only 29 comparisons between 8 and 12 time tags, which

would need 96 comparisons on a naive search.

However, fast calculation of the time-correlated histogram is not the only challeng-

ing problem. The hardware described in [96, 97] and section 3.1.3 is interfaced to

a PC utilising the USB 2.0 standard. USB 2.0 offers transmission speeds of up to

480Mbit s−1. Since every time tag, in the hardware used here, consists of 64 bit, this

translates to a maximum rate of 7.5 million tags per second across all inputs, in the

best case. Of course the 480Mbit s−1 are only reached at peak transmission rates,

such that realistic average transmission rates are much lower. The problem with this is

that the USB interface has a limited buffer on the time-tagging hardware’s side. Thus,

if more tags are generated in the hardware than are pulled by the host PC data is lost

and cannot be recovered. This effect is even worse when the USB interfacing on the

PC software side is disadvantageously implemented.

The software described here implements three important features to mediate the

problem of a data bottleneck at the interface between hardware and PC. First of all, a

single communicational thread is specifically employed to only check the USB interface

for new data and directly copy it into main memorywithout carrying out any additional

computation on the data. Secondly, this thread is started with the highest priority

the operating system (Ubuntu 16.04 LTS, Xenial Xerus) allows for. This means that

operations queued for the processor should always get priority if they are invoked by

this thread. And thirdly, the communicational thread transfers the data to subsequent

computational threads, which turn the data into actual, usable time tags, utilising a so

called double buffer. When multiple threads are sharing the same memory it is good

and often necessary practice to exclude threads from accessing the same memory at

the same time. In the case where one thread will only collect data from USB and an-

other thread will take this data and perform computations on it, problems can occur.

Assume that the computational thread has started to read the data that was put into

memory by the communicational thread which is managing the USB transfers. If the

communicational thread now needs to write data to the shared memory it has to wait

until the other thread has finished its computation on the data. In the meantime,

the hardware is producing more data and the USB buffer could be overflowing. To

remedy this problem the software implements double buffering between the com-

municational, USB managing thread, and all subsequent threads. Double buffering
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means that instead of sharing one piece of memory the threads share two. The USB

thread first start writing onto one piece and then hands it over to the computational

thread, while writing onto the second bit of memory. When the computational thread

is done with its calculations it requests the now full bit of memory from the commu-

nicational thread, which grants the access and starts writing on the first buffer again

(see figure 3.9). In this way both threads can be active without having to wait for each

USB
Communicational

Thread

Buffer A

Buffer B

Computational

Thread

write

read

USB
Communicational

Thread

Buffer A

Buffer B

Computational

Thread

write

read

Figure 3.9: Double buffering between the USB and first computational thread.

While the communicational thread is writing to bufferA, the computational thread

can read from buffer B.When buffer B is empty, i.e. the computational thread has

used up all available data, the buffers are swapped and the computational thread

is reading from bufferA, while the USB thread is writing to buffer B. By alternating

between these two arrangements both threads can be actively working without

having to wait for each other.

other. This is especially important for the implementation of the USB thread, since

any delay caused in the execution of this thread could cause a buffer overflow on the

time-tagging logic and lead to loss of data.

Although caution was taken while implementing the double buffering and the other

measures for guaranteeing a maximal USB throughput, loss on the hardware-PC-

interface can never be entirely avoided for large numbers of photon events. An easy

way to check the performance of the USB connection is to first run the hardware in

coincidence counter mode, i.e. the only data that needs to be transmitted are the

single and coincidence count rates for and between every channel. The coincidence
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rate obtained in this way can then be compared to the sum of all bin values in a time-

correlated histogram acquired in time-tagging mode over the same integration time.

For example, when (534 ± 4) kHz and (828 ± 4) kHz photon events are counted on

channels A and B, respectively, in coincidence counting mode the hardware reports

(87400 ± 600)Hz of coincidences. Summing up all coincidences in a time-correlated

histogram, calculated by the software described above, the coincidence rate comes to

66200Hz, i.e. (75.7± 0.5)% of the coincidences are registered in this hardware mode.

From this measurement a maximal time-tagging rate can be estimated. Assuming that

photon events are lost at random, the coincidence rates scale with the square root

of the single-photon rates. As a result the ratio of photon events being converted to

time tags and transferred to the software is (86.6± 0.3)%. Consequently an estimate

of the maximal time-tagging rate is given by

((534± 4) kHz+ (828± 4) kHz) · (0.866± 0.003) = (1180± 6)kHz, (3.5)

less then a sixth of the theoretically maximal possible transmission rate of 7.5 million

time tags per second.

Since quantum rangefinding needs multiple (at least two) frequency channels, for

both signal and idler modes, any time-tagging electronics used need at least four input

channels. Commercially available systems that offer these are typically conjoint with

a high price point. The system used in this work is cost-efficient and while a higher

maximum time-tagging rate would be favourable, the performance of the system is

still satisfactory for a proof-of-principle experiment.

The software described here was designed with a general purpose solution for the

time-tagging hardware in mind. Finding and plotting a time-correlated histogram be-

tween different channel numbers is one of the most commonly used features in time-

tagging software, besides the recording of raw time tags, and enables a broad appli-

cability for many experiments. However, to calculate the full correlations in such a

histogram is extracting more information than is needed. Rangefinding in the sim-

plest implementation only needs to identify the time delay of highest signal return

and report this number to the user. For example, a greedy algorithm that divides the

area of interest in the time delays into two halves, compares them to each other and

then again divides the half with bigger return, and so on, is immediately obvious to en-

visage. By dividing the halves with higher returns into increasingly smaller time slices
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one can find the bin of highest return without the need to calculate the correlation

strength for every individual time bin.

Classical RADAR is relying heavily on post-processing algorithms such as pulse com-

pression (to improve the range resolution), matched filtering (to improve the SNR),

Doppler filtering (to estimate a targets velocity), constant false-alarm rate algorithms

(to automatically adjust the gain of the RADAR system) [100] and tracking algorithms

such as probabilistic data association filters [101] to predict future target positions,

bearings and other parameters. Hence, it is easily expected that classical RADAR lit-

erature provides algorithms for calculating the time-correlated histogram. However,

all these algorithms work on the so called RADAR data matrix or data cube. The data

matrix contains the sampled (by an analogue-to-digital converter) returning RADAR

signal in each row from different emitted RADAR pulses. The data cube extends this

matrix by another dimension holding spatial information when scanning an area of in-

terest. The algorithm described here is generating one row of the RADAR data ma-

trix at a time by collecting statistics from the photon detection events on the SPADs.

While it would be expected to find similar algorithms in RADAR applications, this prob-

lem is there typically solved by simply sampling the returning signal. This is the major

difference between photon-counting LIDAR and classical LIDAR/RADAR applications

where each row of the data matrix is generated by sampling while photon counting

needs to collect statistics about the photon arrival events to build one of these rows.

3.3 Alignment with Purpose Built Imaging Software

Aligning photon-pair sources can be a tedious task. When all optical components are

assembled for the first time the experimenter is unlikely to see any down-conversion

on the first time the pump laser is turned on. Coincidence rates are typically the

best figure of merit to align a SPDC source. Those, however, depend strongly on

the overlap of optical modes, especially between the collection optics for the signal

and idler arm. If no coincidences are detected to start with, it can be frustrating and

laborious to align the overlap of the collection modes, since there is no indicator to

guide the experimenter.

The setup in this thesis was trying to circumvent this problem by employing a laser
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cut gauge made from acrylic, featuring precisely cut notches for every optical element.

Secondly, the collection and pump optics as well as the crystal oven can be removed

from the setup individually and as blocks. A camera can be placed at pre-cut notches

inside the alignment gauge at the focal positions of the collection optics and the pump.

A second notch is cut for a camera position behind the focal position. Removing

the collection block and oven from the setup, the camera is used to set the focusing

and beam direction of the pump beam (see figure 3.10) by analysing the video stream

from it with specially written software. The software overlays the video with a cross-

Pump Arrangement

Crystal Oven

Collection Arrangement

Figure 3.10: Render of the alignment gauge and the parts of the setup being

removable as blocks. The pump arrangement, the crystal oven, and the collection

arrangements all slot into pre-cut notches in the alignment gauge that is laser

cut from acrylic. With this arrangement the collection optics and oven can be

removed and a camera can be placed in the notches to align the pump beam.

The collection optics is aligned in the same way before inserting the oven. This

alignment technique guarantees coincidence counts that are a good indicator for

further fine adjustments after the source has been reassembled.
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section of the non-linear crystal and a circle marking the centre position. In this way,

using the camera at both positions, at the focus and far behind it, the focussing and

beam direction can be roughly aligned. A 810 nm alignment laser is then used to do

the same for the collection optics.

Figure 3.11 shows a picture taken with the software used to align the setup. The

Figure 3.11: Picture showing the overlay of the alignment software. The rectangle

marks the cross-section of the non-linear crystal. The circle in the middle can be

resized and is used to align the collection/pump optics to the crystal. By moving

the camera to a position further back the beam can be aligned parallel to the

alignment gauge.

red rectangle marks the cross-section of the non-linear crystal while the blue circle

can be resized and is used to align the laser to the crystal. Moving the camera to

a second position allows for both beams, from collection and pumping optics, to be

aligned parallel to the alignment gauge.

First aligning the collection and pump optics, relative to the alignment gauge, using

a camera achieves overlaps between the optical modes good enough to see initial co-

incidence counts on the photon-counting logic, making alignment of the SPDC source

less time consuming after reassembling the blocks of the setup. As a result, the com-

plete source can be easily taken apart and reassembled within one day and with con-

sistent performance.
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This chapter summarised all ancillary components thatwere custom built for running

the experiment presented in this thesis. Electronics were developed for temperature

stabilisation and control of both the pump laser diode and the temperature of the

non-linear crystal inside its oven. Current drivers were also devised, as stand-alone

systems to drive LEDs aswell as part of the source controller, powering the laser diode.

The time-tagging/photon-counting electronics were home-built as part of a former

PhD thesis [96] and were readily available, but needed software to be usable for this

experiment. Software for both coincidence counting and time-tagging modes of the

hardware were implemented, with the time-tagging software being able to calculate

on-line time-correlated histograms while simultaneously optimising the throughput

on the PC hardware interface. Finally, specialist software was written that allows for

good initial alignment of the source setup, decreasing the time and effort necessary

to assemble the optical arrangement.
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Chapter 4

Quantum Rangefinder - Setup and

Characterisation

In chapter 1 a brief overview of the proposed setup for a covert rangefinding sys-

tem was given, where the high level principle of the experiment was explained. This

chapter now aims to describe the technical implementation of the setup in detail and

gives the results taken to verify the performance of the source as a stand-alone sys-

tem. Critical system components such as the pump laser diode and the frequency-

splitting arrangement were characterised, and their performance is also discussed in

this chapter. Furthermore, the results gathered in this chapter allow for insights into

the spectral properties of signal and idler photons, confirming the designs presented

in section 2.6 and their thermal nature outlined in section 2.2.1.

4.1 Experiment Design & Setup

In section 1.3 the two core components of the quantum rangefinder were introduced

– an SPDC source producing true single photons in a thermal state, and a frequency

sensitive measurement setup that can resolve the arrival times of the photons as well

as theirwavelength. While the sketch of the setup in figure 1.7 depicts the two entities

as one whole system, it is, in reality, easier to realise them separately from each other

and then reconnect them to a complete system using optical fibres. As such, the

down-conversion source and the frequency-splitting setup are discussed separately

in the next two sections.
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4.1.1 The Pair-Source Photon

Designing a poling structure of a non-linear crystal to produce photons with well de-

fined spectral properties is only one part of the story when constructing a custom

made SPDC source. The opto-mechanics and optics guiding, focusing and collect-

ing the pump and down-converted light have to be carefully selected, and optimised

under the constraints given by the application and available optical elements. In par-

ticular, accounting for the constraints given by the focussing conditions discussed in

section 2.4, while also allowing for every other necessary component of the source

to find its place within the setup is challenging. Computer aided design (CAD) is a

powerful tool for these kinds of tasks and is in fact so common in civil, electronic, and

mechanical engineering tasks that it is unimaginable to tackle them with out the help

of computers. In the work presented in this thesis, CAD was used to design all optical

arrangements in such a way as to guarantee a small form factor for ease of trans-

port while including all optical elements. This method of planning not only enables

the alignment technique introduced in section 3.3 but also saves time and cost, since

different possible optical arrangements can be devised and examined virtually, before

the parts are ordered.

A render of the completed design and a comparison to the implementation is given

in figure 4.1, showing how similar both setups are. The setup begins at the cost-

efficient laser diode (Thorlabs, L405P150) inside the TEC cooled laser diode head

(Thorlabs, LDM21). The pump light then passes a first steering mirror and enters an

optical arrangement that is used to clean-up the spatial mode of the laser diode. This

is important, because the spatial overlap between the pump and the collection beams

governs the brightness and heralding efficiency of the photon source. Due to the

asymmetric waveguides used in edge-emitting laser diodes, the beam shape of the

pump is elliptical, which consequently reduces the overlap with the collection modes

defined by the optical fibres collecting the signal and idler photons. Cylindrical lenses

were originally intended to be used to reshape the pump’s spatial mode to overlap

with the collection optics. However, a simple 1mm diameter pinhole installed close to

the second steering mirror proved much easier to align and more efficient.

After the secondmirror, an optical path is included to clean up the polarisation of the

diode laser. Since the poling structures of the non-linear crystalswere designed specif-
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Figure 4.1: Comparison between the CAD model and the real implementation in

the lab. The laser diode is contained within a TEC cooled laser head (A). Its spatial

mode is conditioned for the down-conversion, after the first mirror, in (B). Section

(C) then ensures a suitable polarisation of the SPDC pump using wave plates and a

PBS. The crystal is temperature stabilised inside an oven (D). Afterwards, the pump

lights gets removed in (E) by the use of a dichroic mirror followed by a colour

glass filter. Another PBS is used to split off signal and idler photons that are then

collected into single-mode fibre at ports (G) and (H). The breadboard supporting

the full setup measures 300mm × 450mm. A photograph of the implementation

can be seen in the inset on the bottom left.

ically for a certain pump polarisation, the spectral properties of the down-converted

light might differ significantly if pumped on a polarisation different from the design

polarisation. For this the pump light first passes through a half-wave plate (Thorlabs,

WPMH05M-405) to maximise the transmission through the subsequent high power

PBS (Thorlabs, CCM1-PBS25-405-HP/M). After the PBS the polarisation should be

aligned with the right crystal axis. However, to correct for slight mismatches in the ori-

entation of the crystal relative to the PBS, another wave plate (Thorlabs, WPMH05M-

405) is introduced to correct for this before the pump light enters the crystal oven.

A bandpass filter (Semrock FF01-405/10-25, 405 nm, 10 nm full width at half maxi-

mum (FWHM)), then removes any unwanted wavelengths generated by fluorescence

in the laser diode and the PBS.
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After the crystal, the pump light is removed firstly by a dichroic filter (Semrock,

BLP01-664R-25), which has an optical density of > 70 dB at 405 nm and secondly

by a colour glass filter (Thorlabs, FGL665M). Finally, the signal and idler photons are

split by their polarisation using a broadband PBS (Thorlabs, CCM1-PBS252/M) and

collected using fibre ports, i.e. fibre couplers that also comprise opto-mechanics for

alignment, from Schäfter + Kirchhoff (60SMS-1-0-M5-10). The fibre ports have focal

length of 5.1mm which is realised in a lens doublet for an adequate achromatic be-

haviour. The fibre ports are capable of tip-tilt adjustments and are set within an x-y

translation stage from Thorlabs, (ST1XY-D/M). These four degrees of freedom are

enough to align the collection arms independently from the pump beam, such that

the pump can be aligned to the down-conversion crystal.

Both the pump light and collection optics are focused inside the crystal by the use

of one focussing element only. An aspheric lens (Thorlabs, A397TM-A) is mounted in

the laser diode head in front of the laser diode. The collection is using the variable

focus of the fibre ports. The fibre ports from Schäfter + Kirchhoff were favoured

over the originally intended fibre ports from Thorlabs, since their focus can be set

independently from their tip tilt degree of freedom. Fibre ports from Thorlabs have

these two degrees of freedom connected, making them difficult to align.

With this setup, the focussing as defined in [85] is ξp = 0.61 for the pump beam,

ξs = 0.19 for the signal, and ξi = 0.18 for the idler beam. Table 4.1 summarises these

values and the parameters necessary to calculate them. The values chosen for sig-

Beam kj [µm
−1] wj [µm] ξj

Pump 28.56 41.4 0.61

Signal 13.63 108.0 0.19

Idler 14.31 108.0 0.18

Table 4.1: Summary of the parameters needed to calculate the focussing param-

eter for the given source. The focussing parameter ξj , where j ∈ {p, s, i} for

the pump, signal and idler beam, can be calculated from the wave number kj , the

length of the crystal L = 30mm and the waist wj inside the crystal.

nal and idler focussing were too small and should ideally be of a similar size to the

focussing parameter for the pump. This mismatch is also visible in figure 2.7 where
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the focussing parameters for pump, signal and idler beam are indicated with dashed

lines. However, changing these values is unfortunately difficult. The fibre ports used

determine the focal distance of the lens that can be used to focus the collection in-

side the crystal. Hence, changing the lens for the collection optics is not an option.

Further, the distance between the collection fibres and the crystal centre is fixed as

well and could not be changed without removing necessary optical components be-

tween the fibres and the crystal. Nevertheless, the approximations made in [85] are

only true for monochromatic light, hence, all values in table 4.1 have been calculated

for the degenerate wavelength of 810 nm. Since the poling chosen in this experiment

is producing photons with a bandwidth of > 200 nm, this narrow band approximation

is not valid any more and the results presented in figure 2.7 can only serve as rough

guidelines in this experiment.

The complete setup as shown in figure 4.1 fits on a breadboard of 300mm×450mm.

The compactness of the system was always a high priority during the design process,

since the ability to easily transport the experiment to different measurement sites was

considered a critical requirement.

While the SPDC setup described here could still benefit from improvements, first

and foremost on the focussing of the collection optics, it implements all necessary

components in a compact form factor. The use of cage optics guarantees the robust-

ness needed to make it easily transportable and well suited to be brought to different

measurement sites.

4.1.2 TheTwo-Channel Setup

The frequency-splitting setup used in the experiment described in chapter 5 is a

simple and straightforward implementation comprising two channels for each down-

conversion mode. Details on future possible frequency-splitting setups with higher

channel number are discussed in section 4.1.3.

Figure 4.2 shows a render of the current implementation of the frequency splitting

setup together with its schematic. The setup uses triplet fibre collimators (Thorlabs,

TC06FC-780), accommodating the wide bandwidth of the signal and idler photons,

for collimation and collection after the dichroic mirror. Photons of both, signal and
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Figure 4.2: The schematic and implementation of a two-channel frequency-

splitting setup using dichoric mirrors. The light from both signal and idler modes

are collimated using a triplet collimator (A) and are then send towards the dichroic

mirror (B). Shorter wavelengths, > 805 nm are then transmitted and collected into

a multi-mode fibre using the same triplet collimator (C). Wavelengths < 805 nm

are reflected on the dichroic mirror and collected at (D). The inset shows a pho-

tograph of real implementation in the lab.

idler, modes travel from the input fibre (connected to the photon-pair source) to a

short-pass dichroic mirror with cut-off wavelength 805 nm (Thorlabs, DMSP805) and

get reflected or transmitted according to theirwavelength. Note that the cut-offwave-

length unfortunately is not exactly at the degenerate wavelength of 810 nm. How-

ever, the selected short-pass mirror’s cut-off wavelength is the closest to the degen-

erate wavelength of available off-the-shelf filters. The triplet collimators are set into

a miniature tip-tilt mount (Thorlabs, KAD12F) which in turn is placed in a translation

mount (Thorlabs, ST1XY-D/M). This arrangement gives the setup more than enough

degrees of freedom to be aligned and enables a small footprint. The breadboard with

both two-channel frequency-splitting arrangements measures 450mm× 150mm.

When considering any kind of frequency-splitting apparatus, it is useful to plot the
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JSI weighted by the expected response of the splitting. If the transmission function of

the dichroic mirror is T (λ) and the reflection function is R(λ) it useful to weigh the

JSI with the function

H(λs, λi) = T (λs) ·R(λi) +R(λi) · T (λs). (4.1)

This function is a weight taking the energy correlation into account. It will only be high

at values were the signal photon gets reflected and the idler photon get transmitted

and vice versa, thereby weighing the JSI with such a function shows the amplitude of

photons that are considered when employing the virtual filtering in the setup. For the

dichroic mirror this function is plotted in figure 4.3. It is obvious that light that is not
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Figure 4.3: The response function of the dichroic mirror used in the two-channel

setup. Red marks values of high efficiency, while the blue parts are omitted by the

frequency-splitting setup. The white dashed line marks the cut-off wavelength

for which the dichroic mirror is specified.

correlated in energy, as it would bewhen produced in a SPDC source, falls into regions

of lowefficiency and is thereby rejected by the response functionH(λs, λi). Weighting

the JSI with this function allows the overall efficiency of the splitting scheme to be

determined, by integrating over the full λs-λi plane. Also undesired cross talk (for

higher numbers of n) between frequency channels becomes easily visible in such a

plot. Although, cross talk is not a problem for a two-channel system, it will become

more relevant when considering higher channel numbers in section 4.1.3.

Figure 4.4 presents the weighted JSI for this two-channel setup and both crystals.
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The separation into four parts within the λs-λi plane is marked with the dashed lines.
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Figure 4.4: The JSI for both crystals weighted with the response function of the

dichroic mirror (figure 4.3) used in the two-channel setup. While the JSI of crystal

A is unperturbed by the dichroic mirror, Crystal B shows a small loss and cross

talk in the area close to the cut-off wavelength. The JSI is divided into equal parts

for this crystal B, but three of the four peaks in crystal A’s JSI fall into the longer

wavelength signal and shorter wavelength idler channel.

When comparing to figure 4.3 the influence of the dichroic mirror on the JSI of Crystal

B is clearly visible. The loss occurring in the middle of the JSI is due to the finite slope

at which the dichroic mirror cuts-on/off. The loss in between channels due to finite

cut-on/off slopes is not a serious problemwhen the frequency-splitting apparatus only

supports two channels, because only a small fraction of the down-converted light

gets attenuated. However, when implementing higher channel numbers this problem

becomes large enough tomake it unfeasible to devise a frequency-splitting setup using

dichroic mirrors. The only possibility to still achieve higher channel numbers involves

high quality custom cut-off wavelength dichroic mirror which are costly.

Other possibilities, using dispersive elements as a frequency splitter, are more re-

alistic and cheaper to realise but require difficult optical arrangements. Hence, for a

proof of principle experiment the two-channel setup as described above was deemed

to be most favourable for the rangefinding system at this time.
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4.1.3 Simulation Results for Future Frequency-Splitting Setups

Since the full potential of the quantum rangefinding experiment as it is proposed in this

thesis can only be investigated at high channel numbers, optics simulation software

was employed to investigate and prepare future implementations.

A computer program that is commonly used to simulate optical systems, in academia

and industry alike, is Zemax Optic Studio [102]. It is a ray tracing program that can

simulate optical systems by propagating rays of light, randomly sampled from an input

field, through all optical surfaces of the system. In this way, the overall efficiencies for

different implementations of the frequency-splitting setup can be compared before

implementing a potentially costly design.

Different collection options, treated in the sections below, put constraints on the

minimal spatial separation between the longest and shortest wavelengths in the signal

and idler spectra. This means, that if a certain lens-fibre arrangement, used for collec-

tion in the splitting setup, exhibits a physical diameter d and n channels are desired,

then the longest and shortest wavelengths have to be at separated by a distance of at

least (n−1) ·d. Therefore, the optimisation algorithms built into the Optic Studio soft-

ware suite were used to determine the most compact possible optical arrangement to

ensure the portability of the setup.

The results obtained by using the ray tracing and optimisation algorithms are pre-

sented in the sections below.

Frequency-Splitting Methods

Asmentioned briefly in section 4.1.2, it is in principle possible to realise a frequency-

splitting setup with higher channel numbers using dichroic mirrors. However, when

increasing the number of channels the slope at the cut-on/off wavelength of these

mirror has to be steep enough to not lose down-converted photons. This in turn

necessitates the use of high quality, custom wavelengths dichroics which are a costly

solution. In the same category of “manufacturable but expensive” are custom made

wavelength dependent multiplexers (WDMs). Using multiplexing by wavelength is a

techniquewell established in classical fibre optics communication, and devices splitting

frequency into predefined bands are readily available. Yet, off-the-shelf WDMs are
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typically not available at the NIR and visible spectrum, but work at wavelengths more

commonly used in optical communication networks (≈ 1550 nm). Again, customisation

of these devices’ wavelengths is possible, but, expensive. Also, conventional WDMs

are not necessarily manufactured with high transmissions in mind, since in classical

communication schemes optical power is often readily available. Yet, arrayed waveg-

uides (AWGs) and their application in WDMs have recently been investigated towards

their applicability as spectrometers in astronomy. Light is a precious commodity in as-

tronomy, just as much as in quantum optics, since often only limited amounts can be

collected from distant stars. Consequently, applications of AWGs as high efficiency

spectrometers are studied [103, 104]. While these devices would be promising to be

used in quantum rangefinding, they are still a topic of research and are currently not

commercially available.

For these reasons, dispersive, bulk optics elements, although more complicated to

implement, were chosen to be investigated further for implementation of high channel

number frequency-splitting devices. The goal of all the considered devices is to collect

the light into separate fibres containing different wavelength ranges. While, such a

setup can in general implement many frequency channels, the detection still is depen-

dent on SPADs. I.e., the channel number for each down-conversion mode (signal and

idler) was constraint to 8 channels, raising the detection requirements to 16 SPADs in

total.

As a first approach gratings where investigated as a means of separating different

signal and idler wavelengths. The biggest advantage of gratings is that the dispersion

they introduce into the optical system is strong, meaning that the angle between differ-

ent wavelengths at which the light is leaving the grating surface is big. In this way they

enable compact setups, since the collection optics and channel number determine the

spatial separation required for different wavelengths, and bigger angles mean that the

same separation can be achieved over a shorter distance. But, even blazed gratings

(overlaying single slit diffraction with conventional diffraction on a grating to increase

the efficiency of the emission into the first order) are still only capable of collecting

≈ 80% of the light in the best case. Additionally, the efficiency of these gratings is

polarisation dependent, and the polarisation of returning light in the rangefinding sce-

nario depends on different conditions, such as the target itself and fluctuations in the

atmosphere, making it difficult to align the setup for an optimal efficiency using grat-
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ings.

Prisms, especially when cut on the Brewster angle, can achieve transmission much

higher than those of gratings. Even though the Brewster angle only guarantees low

losses for one polarisation, theworst case scenario, where the light is polarised orthog-

onal to the optimal polarisation, still shows transmissions of ≈ 80%. The increased

efficiency, however, comes at the price of a lower dispersion, thereby increasing the

distance between a prism pair, that can be used for frequency separation as is shown

figure 4.5. The first prism separates the single photons from down-conversion by

from SPDC

to
D
etectors

≈ 40 cm

Figure 4.5: Proposed frequency-splitting setup. The down-converted light is colli-

mated using a small gradient-index (GRIN) lens and then split bywavelength using

a prism pair. The first prism introduces dispersion, splitting the different frequen-

cies, while the second re-collimates the light such that it can be collected again

with standard couplers. To keep the footprint of the setup small, the couplers that

are proposed for launching light into the splitting setup are also GRIN lenses.

wavelength, and the second prism is used to re-collimate the diverging beams such

that they can be collected into multi-mode fibres. While the efficiency of such a setup

should be rather high, the reduced dispersion introduced by the prisms mean that the

setup would be larger than desired. To remedy this problem, the collimation and col-

lection optics would be implemented using micro-optics. In this way, the diameter of

the optical arrangement for one channel can be kept small and therefore the size of

the complete setup is minimised, making it more robust and easy to transport. Two

possibilities to realise the collimation and collection optics would be micro-lens ar-

rays (MLAs) or gradient-index (GRIN) lenses which are presented in the next section.
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Collection Optics Options

Collecting light with a MLA has the advantage that multiple lenses can be imple-

mented with a compact footprint. These square lenses can be implemented with small

pitches and consequently can also exhibit a high fill-factor. Yet, they have to be paired

with a fibre array to guide the different wavelength channels towards detectors, and

for this reason, commonly purchasable MLAs are unfortunately unsuitable. The MLA

for this specific task needs to focus plane wave fronts onto the end of its substrate

such that fibre ends can be glued to it, while commonly available MLAs have a focal

length bigger than their substrate’s thickness. Thus, a spherical MLA with the right fo-

cussing conditions was designed using Optic Studio. The optimisation framework in

the software is flexible enough to optimise for almost any optical parameter. As such,

the lens radius of the MLA can be varied to find the best curvature for coupling into

a certain type of optical fibre. Figure 4.6 shows the resulting lens structure with the
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Figure 4.6: The MLA design found by optimising the curvature of the lens surface

for coupling into a multi-mode fibre. The heat map encodes the optical surface

sag, i.e. the amount of material that needs to be removed. The opposing side of

the MLA is planar to allow for optical fibres to be glued against the surface.

optical sag of the surface encoded in the heat map. Such a custom built MLA was un-

fortunately not realisable within the time of this PhD thesis.

An alternative to collection with an MLA is to use an array of small diameter GRIN

lens fibre couplers. These elements are readily available and are typically employed

in medical optical instruments, such as endoscopes. As such, GRIN lens couplers are

available with small diameters and, consequently, are well suited for a tightly packed

optical array for collecting the different wavelength channels. However, due to their

round cross-section the fill factor of such a collection scheme is naturally smaller than
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that of an MLA, comprised of square lenses, displayed in figure 4.6. The fill factor

can be improved by using a beam diameter smaller than the collection optics clear

aperture. While the smaller diameter beam is associated with a higher divergence, the

simulations show that the increased fill factor outweighs the negative effects this has

on the systems overall efficiency.

Similar to figure 4.3 and 4.4 the response function of such a frequency-splitting

scheme can be plotted, which enables easy analysis of cross talk between the fre-

quency channels. For this the full splitting setup was analysed in Zemax Optic Studio

and the wavelengths collected by each frequency channel, for both, signal and idler

modes were simulated.

This wavelength efficiency, calculated for every channel, can then be plotted in a

2D heat map for signal and idler wavelengths. Weighting the JSI with this response
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Figure 4.7: Heat map showing the collection efficiencies of different wavelengths

in all channels. The response function, i.e. the efficiencies of collecting a certain

signal and idler pair are displayed on the left side. Weighing the JSI with this

function then allows to analyse the proposed system for cross talk. As can be

seen on the right side, when using such a technique, cross talk cannot be fully

avoided and hence caution has to be taken when designing frequency splitting

setups using dispersive elements.

function of the frequency-splitting setup allows the optical arrangement to be anal-

ysed for cross talk between channels. The grid of low efficiencies on the left side in

figure 4.7 is caused by the low fill factor of the GRIN lens array and coincides with ar-

eas between the lenses. The right side of figure 4.7 shows the JSI of crystal Bweighted
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with the response function on the right. It is immediately clear that cross talk cannot be

avoided in this system since photons associated with a certain signal channel can be

interpreted as correlated with more than one idler channel. While this would still al-

low for some amount of virtual filtering, the effective channel number would be lower

since multiple idler channels have to be considered in the time-correlated histograms.

While the cross talk in figure 4.7 is not ideal for the implementation of a multi-

channel solution, using prisms and GRIN lenses for collections is the most economical

and practical way to realise such a higher channel system.

4.2 Setup Characterisation

The sections above described in detail how the optical arrangement of the SPDC

source is setup and how the individual components interact to create down-converted

light coupled into two single-mode fibres. Additionally, the two-channel frequency-

splitting setup, using one dichroic mirror to generate two frequency modes for signal

and idler photons, as well as a potential future implementation of frequency splitting,

using prisms, are explained.

This section reports on how the performance of selected core components of the

system was characterised and presents results of the down-conversion source as a

stand-alone system. More precisely, the laser diode’s spectral and spatial modes are

analysed and the photon-pair source itselfwas tested before itwas used in a rangefind-

ing setup to ensure suitable performance. And finally, the spectral properties of the

produced signal and idler photons were measured to guarantee virtual filtering and

covertness.

4.2.1 Laser Diode

Commonly, SPDC sources are driven with expensive, high power, single-mode lasers.

The high quality beams, as quantified by the M2 parameter, of these lasers is an impor-

tant criteria when choosing a pump for down-conversion. As described in section 2.4

the overlap between the pump and collection modes is of great importance for both

the heralding efficiency and the brightness of the down-conversion process. In that
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respect, using a low-cost, bare laser diode inside a TEC cooled laser head without

additional control other then the temperature and current is challenging. Yet, while

designing the setup, the high powers that are available at low cost when using these

diodes was considered to outweigh their drawbacks when it comes to beam quality.

In order to work with a low cost diode two cylindrical lenses (Thorlabs, LJ1014L1-

A & LJ1942L1-A) were introduced to improve the beam quality. The two cylindri-

cal lenses, arranged in a beam expander configuration, can expand or compress laser

beams in only one transverse direction. Because laser diodes typically exhibit a mode

profile that is more elliptical than the Gaussian-like modes supported in single-mode

fibres, this principle can be used to compress the beam along the major elliptic axis

or expand it along the minor axis, forming a beam shape closer to the fundamental

mode. Figure 4.8 shows the beam profile of the pump before and after its shape

was cleaned up using cylindrical lenses. While the cylindrical lenses drastically im-
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Figure 4.8: The spatial mode of the laser diode before (left) and after (right) the

cylindrical lenses. The mode of the laser diode gets compressed along the y-axis

and the resulting mode is closer to a fundamental Gaussian mode. However, a

simple pinhole was later found to yield better improvements on the overall per-

formance of the source.

proved the beam shape of the laser diode, it was later found that a pinhole with 1mm

diameter, at the same position as the cylindrical lenses was much more efficient in im-

proving the performance characteristics of the source as a whole. This is mainly, due

to the difficulty of aligning the cylindrical lenses while also steering the mirror into the

centre of the crystal. Hence, the performance of the source showed higher heralding
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efficiencies and photon-pair generation rates when implementing spatial filtering with

a simple pinhole.

Besides its spatial mode, the spectral density of the laser diode was also analysed,

its behaviour with changing temperatures is given in appendix C.1. The temperature

dependence was tested up to temperatures of up to 45 ◦C. Increasing the tempera-

ture of the laser diode to much higher temperatures would result in a shortened life

time. Thus, the operating temperature was set to 29 ◦C, at which point the transmis-

sion through the band-pass filter, filtering any fluorescence in the pump laser, was

measured to be the highest. The spectrum of diode at this temperature was also

recorded and the results of this measurement is shown in figure 4.9. Because the pol-
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Figure 4.9: Spectrum of the laser diode at 29 ◦C. This temperature was chosen

since it maximised the power through the band pass filter in front of the laser

diode. The fit to the data is a Gaussian function with FWHM 3.5 nm and a central

wavelength of 403.3 nm.

ing structure of the crystals was designed for a 405 nm pump and the laser diode used

in the setup has a central wavelength of 403.3 nm, the resulting signal and idler spec-

tra are slightly skewed compared to the intended spectra. Fortunately the deviation

from the design wavelength is not too drastic, such that the resulting spectra of sig-

nal and idler photons section 4.2.3 are still acceptable for the experiment described in

this work. Furthermore, the optical output power in relation to the diode current was

characterised as well and detail on it can be found in appendix C.2.
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4.2.2 Performance of the Photon-Pair Source

Section 2.4.1 mentions how the heralding efficiency and pair photon rate influence

the SNR in a quantum rangefinder system. During the course of this thesis, these

performance parameters have been continuously improved with the key changes to

the source setup enabling this improvements given here.

First alignments when using the cylindrical lenses for compensation of the elliptic

mode shape of the laser diode reached heralding efficiencies of < 5% with coinci-

dence count rates of ≈ 60 kHz. Removing the cylindrical lenses and introducing two

irises, between the two steering mirrors, improved the heralding efficiency to ≈ 8%

at first and later to ≈ 10% while increasing the coincidence rates to roughly 80 kHz.

Only when a pinhole was introduced in the setup before the second steering mirror

were heralding efficiencies of> 10% reachedwith a maximum achieved heralding effi-

ciency of (19.3±0.1)% and a coincidence rate of (110.3±0.5) kHz (including detector

efficiencies) while pumping with typically ≈ 50mW.

These values are relatively low compared to commonly used down-conversion

sources producing photons at a single wavelength. However, the broadband nature of

the phase-matching employed in this work, not only decreases the average efficiency

of the detectors but also makes the alignment of the collection optics much more

challenging. To verify the quality of the alignment, a computer program was written

that samples at random from the signal and idler wavelengths as they are given by the

JSIs in figures 2.12 and 2.13. The transmissions or reflections (in the case of sampling

from an idler mode, on the PBS) of the spectral filtering and the PBS in the setup is

then taken from the spec sheet of the components and multiplied together for each

sampled wavelength. The detector efficiency is then also determined for these wave-

lengths and factored in to the transmissions/reflections, such that, when sampling

many different wavelengths (106) the average transmission and detection probability,

and thereby the heralding efficiency, can be calculated. Figure 4.10 summarises the

overall system efficiency for different wavelengths. It is apparent that any light below

the dichroic mirror’s cut-on wavelength is not transmitted. Above that wavelength the

detector efficiency becomes the most important factor. Analysing the samples from

the signal and idler spectra and multiplying their respective values from figure 4.10

yields average transmissions as summarised in table 4.2. From these values the aver-
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Figure 4.10: System efficiency of the SPDC source including transmissions

through critical optical elements as well as detector efficiencies. The long-pass

dichroic filter suppresses any light below its cut-on wavelength of 664 nm and

beyond this point the detector efficiency becomes the most dominant contribu-

tion to the system efficiency, slowly trailing off towards longer wavelengths. The

dashed lines indicate the average system transmission for signal and idler spectra

from crystals A and B.

Sampled Distribution w/o Detectors w/ Detectors

Crystal A Signal 0.885 0.353

Crystal A Idler 0.878 0.427

Crystal B Signal 0.885 0.330

Crystal B Idler 0.882 0.467

Table 4.2: Summary of system efficiencies for 106 samples from different distribu-

tions according to the JSIs presented in figures 2.12 and 2.13.

-94-



4.2 Setup Characterisation

age achievable heralding efficiency can be calculated by

ηmax = ηgeo
ηs · ηi√
ηs · ηi

, (4.2)

where ηgeo is the maximal achievable heralding efficiency according to the geometric

loss, which depends on the focussing of the source as shown in figure 2.7, and ηs and

ηi are the efficiencies for signal and idler photons given by table 4.2. Calculating these

values yields values of ≈ 35% for both crystals. This means when considering the

highest achieved heralding efficiency of 19.3%, that ≈ 55% of the light is collected

into the single-mode fibres. Given the non-Gaussian mode of the laser diode and the

broadband nature of the produced photons, causing chromatic aberrations, this value

is above expectation for this experiment. This is especially true when considering that

the simulations described above do not account for Fresnel losses on any of the optical

surfaces.

An alternative would be to couple the pump laser into a single-mode fibre prior to

launching it into the non-linear crystal. However, due to bad beam quality of the laser

a coupling efficiency of more than 20% of the pump power was never achievable and

the damage threshold of typical fibres is well below the specified optical output power

of 150mW. Thus, this option would sacrifice pump power which is unacceptable for

this experiment, since the photon-pair generation rate is of great importance for the

SNR. Figure 2.8 reinforces this fact by favouring focussing conditions with higher

brightnesses as opposed to higher heralding efficiencies. In a redesign of the pair

photon source, improving focussing parameters should enable even better collection

efficiencies.

4.2.3 Signal and Idler Spectra

The covertness of one half of the photon-pair state is regarded to be the most im-

portant quantum resource in this experiment. Hence, it is important to verify that

the spectral properties of signal and idler photons are as they were intended when

designing the poling structure of the crystal in section 2.6. To be able to fully recon-

struct the JSI of any two-photon state it is necessary to measure the wavelengths of

signal and idler modes and correlate them by their time of arrival, such that only pairs

of photons contribute to the spectral measurement. A common setup to do this is
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utilising two tunable monochromators, that are able to scan the full λs, λi plane, in

conjunction with two SPADs and coincidence counting logic. The coincidence rate

is then proportional to the value of the JSI at a point defined by the set wavelength

of the monochromators. A more advanced technique is stimulated emission tomog-

raphy [105], where bright light, with a known wavelength, is injected into either the

signal or idler mode. This stimulates the emission of light on the same wavelength in

that mode and induces a bright response in the other mode on a wavelength defined

by the JSI. If the stimulating wavelength is scanned, the complete JSI can be recon-

structed, with the bright outputs in both modes. The increased brightness in this tech-

nique enables higher resolutions and shorter acquisition times for the measurement

of the JSI. Unfortunately, none of these setups were available in this experiment. In-

stead, a single-photon resolving spectrometer, using a diffraction grating and a liquid

nitrogen cooled charge-coupled device (CCD) camera, was employed to measure the

spectra. This method though, can only resolve the wavelength distributions of signal

and idler photons separately. Nevertheless, such a measurement still yields a strong

indication as to whether the JSI behaves as designed.

The accuracy of the spectrometer was checked prior to theses measurements and

the calibration data can be found in appendix C.3. Afterwards, the spectra of signal

and idler photons were recorded separately from each other. The results of the mea-

sured spectra, together with a comparison to the spectra simulated with the software

described in section 2.5, is plotted in figures 4.11 and 4.12. Here, the pump spec-

trum used in the simulations, is the Gaussian fit that was calculated in figure 4.9.

As such the calculated theoretical spectra correspond as closely as possible to the

actual pump spectrum used in this work. As can be seen from the plots, the simula-

tions and measurements are in good agreement, providing strong evidence, that the

JSIs are close to the anticipated design. In figure 4.12 the broadband characteristics,

which are important for emulating background light, are apparent, guaranteeing effec-

tive camouflaging of the rangefinder system. Both signal and idler spectra in crystal

B span a wide range of ≈ 200 nm which is the widest bandwidth easily realisable with

off-the-shelf pump lasers and SPADs.

Both crystals show spectral properties as predicted by the software that was de-

signed and implemented as part of thework described in this thesis. This result verifies

the algorithm devised as part of this work to calculate phase-matching in periodically
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Figure 4.11: Results of the signal and idler spectra for crystal A, where four dis-

tinct phase-matched wavelength peaks are expected. The measurements from

the single-photon resolving spectrometer are displayed in solid lines while the

filled curves show the results of the simulations. The thin spikes in the spectrum

come from cosmic rays that were registered on the CCD during the integration of

the time of the measurement. Furthermore, the difference between the design

pump wavelength of 405 nm and the actual central wavelength of the laser diode

lead to a shift in the spectra such that the two short-wave peaks in the idler spec-

trum merged into one double-peak. Unfortunately it was not possible to resolve

the second peak with the spectrometer.

poled crystals as described in section 2.5. Also, as far as it was possible to determine,

given the equipment limitations, the crystals show generation of broadband down-

conversion photons and should thereby bewell camouflaged against background light,

while simultaneously enabling the virtual filtering introduced in section 1.3. At the

same time, the measured signal and idler spectra indicate the correctness of the simu-

lated JSIs and consequently confirm the high Schmidt numbersK necessary to enable

the thermal behaviour of the light send towards the rangefinding target. The experi-

mental results taken in this section conclude the pair photon source as a stand-alone

system and proves that it is suited for covert quantum rangefinding.
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Figure 4.12: Results of the signal and idler spectra for crystal B, showing broad-

band, continuous spectra. Again, the filled plots describe the calculations us-

ing the simulations software, while the solid lines are the data measured with

the single-photon spectrometer. As before both spectra were designed to span

the exact same frequency range, however, because of the mismatch in the laser

diode and the designwavelengths the signal and idlerwavelengths ranges are now

shifted.

4.3 Daylight Background Measurement

The advantage from utilising the energy correlations of the photons pairs produced

in the SPDC process, only manifest in quantum rangefinding, or in quantum illumi-

nation [36], when background light is finding its way from the environment into the

experiment. It is only then, that it is of benefit to employ the virtual filtering as it is

described in section 1.3. For this reason, having an idea of what background levels

are to be typically expected during an average day, becomes an important question

to ask. In order to quantify this, a simple experiment was devised. As is shown in

figure 4.13 a SPAD was connected to either a 10µm or 25µm core multi-mode fibre,

which in turn was connected to a fibre collimator collecting light from daylight condi-

tions through a closed office window and a 3 nm FWHM bandpass filter with central

wavelength 780 nm. The photon count was measured for 120 s every 15min and the

average and standard deviation of every measurement were recorded. The result for
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SPAD

IF

Figure 4.13: Schematic of a simple experiment to deterimine the average back-

ground levels on a typical day. A fibre collimator collects light from outdoors

through an office window. The light is filtered using a 3 nm wide interference

filter (IF) at a central wavelength of 780 nm. The photons are collected into ei-

ther a 10µm or 25µm multi-mode fibre and then are detected using a SPAD.

Subsequently, counting electronics register the average photon numbers every

15min. The full setup was contained inside a dark box to avoid contamination of

the measurement from artificial indoor lighting.

the 10µm collection fibre can be seen in figure 4.14. When collecting light with a

10µm core diameter multi-mode fibre, the average photon number peaks in the af-

ternoon with roughly ≈ 8× 104Hznm−1. A similar graph was obtained for the 25µm

fibre, were the count rate peaks at ≈ 3× 105Hznm−1.

The number of modes supported inside a fibre is related to the fibre’s modal radius

r and NA via its V number [106], where

V = 2π NA
r

λ
(4.3)

and the number of modes

M ≈ V 2

2
, (4.4)

when accounting for both polarisations. Calculating the V number for both fibres used

in the experiment (Thorlabs, FG010LDA and FG025LJA), yields

V10µm = 4.027 (4.5)

V25µm = 10.069 (4.6)
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Figure 4.14: Average photon count of different times of day, collected with a

10µm core diameter fibre. The highest detection rates are reached in the after-

noon with an average height of ≈ 8× 104Hznm−1.

and consequently the number of modes can be estimated to

M10µm ≈ 8.103 (4.7)

M25µm ≈ 50.692. (4.8)

With this, the average photon count rate per unit wavelength and spatial mode can

be estimated to≈ 104Hznm−1 in the case of the 10µm and≈ 6×105Hznm−1 in the

case of the 25µm fibre. These two numbers are expected to be equal, however, there

is a discrepancy caused by different weather conditions during the two weeks as well

as the fact that the approximation forM in equation (4.4) does not hold for small V .

While the experiment with the smaller diameter fibre experienced mostly sunny days,

the bigger diameter fibre had one rainy day and more cloud cover in general. Never-

theless, at least a rough estimate for the number of photons per mode, second, and

unit wavelength was found in this experiment and experimental simulated background

levels used in chapter 5 can be compared to them.

4.4 Two-Channel Setup Measurements

The frequency-splitting setup described in section 4.1.2 can be used to further interro-

gate the down-conversion source, while simultaneously testing the frequency-splitting
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performance. Results obtained in this section according to the splitting described

in figure 4.4 strengthen the spectral properties of the designed poling structures. To

measure this as a separate experiment from rangefinding, the signal and idler modes

coming from the down-conversion source were connected directly into the frequency

splitting. All four combined outputs of both splitting setups were then fed to the coin-

cidence counting electronics described in section 3.1.3 and the correlations between

all four channels were analysed using the software described in section 3.2.1. Fig-

ure 4.15 shows this setup’s schematic.

The coincidence rates for the four possible different combinations of one signal and

one idler channel after the splitting are shown in figure 4.16 and 4.17. It is clear, for

both crystals, that the coincidences generated from down-conversion almost fully fall

into the channel combinations that are allowed by energy conservation. This allows

any correlations that are measured within the “off-diagonal” channels to be rejected

and thereby implement virtual filtering of background light. Note, that although the

cut-off/on wavelength of the dichroic mirror is not exactly at the degenerate wave-

length of 810 nm, the fraction of the JSI that is rejected is still close to 1
2 and therefore

a decrease in background light of a factor n = 2 can still be expected.

The results presented in figures 4.16 and 4.17 not only confirm the suitability of

the splitting setup but also confirm the spectral properties of the JSI. The coincidence

rates between all four detectors can be regarded as a direct measurement of the JSI

with a low resolution of 2×2 pixels. Special attention should be drawn to the fact that

the bars in figure 4.16 are of unequal height. This is immediately explicable by the fact

that three out of four phase-matched peaks in the JSI lie inside the area of long signal

wavelength and short idler wavelength.

The transmission through the setup was also measured and the losses were found

to be < 0.8 dB on average. Details on how this measurement was carried out can be

found in appendix C.4. It is important to know the transmission through the setup for

two reasons: Firstly, if the setup introduces losses high enough to negate any advan-

tage from virtually filtering the photons, the optimal detector number is reached much

quicker than given in equation (1.25). Secondly, since the experiment in chapter 5

simulates the case of one channel, it is important to ensure that the splitting setup is

introducing little loss compared to the rest of the optical setup. Otherwise, the results
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would be skewed to the disadvantage of the single channel setup, since a one chan-

nel solution would not use a splitting setup in a real implementation of a rangefinding

system.
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Ch. A

Ch. B

Ch. C

Ch. D

Photon-Counting

Logic

MM

SMF

LD PBSCrystal

Figure 4.15: Schematic of the setup used to test the splitting performance of the

two-channel optical arrangement. The laser diode source developed in this project

(LD) is focused into the non-linear crystal to generate down-converted photons.

The pump light is then subsequently removed using appropriate filtering after the

crystal. A polarising beam splitter (PBS) is used to separate signal and idler photons

from each other. Each pair of photons is then collected into single-mode fibre

(SMF) and send to the frequency-splitting setup. This setup first collimates the

light again using a triplet collimator and then splits the light by frequency using a

dichroic mirror with a cut-off wavelength of 805 nm. After this, the four channels

are recollected into multi-mode fibre (MM) and recorded on four fibre coupled

SPADs and their coincidence rates between all 4 possible combinations of signal

and ilder channels are analysed.
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Figure 4.16: The coincidence rates for the four possible combinations of trans-

mitted and reflected photons from signal and idlermodes in crystal A. The different

pillar heights represent the respective coincidence rates between reflected and

transmitted channels for signal and idler. As expected the count rates are high on

the “diagonals” where the JSI has greatest magnitude due to energy conservation.

Background falling into the “off-diagonals” is rejected (virtually filtered).
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Figure 4.17: The coincidence rates for different combinations of frequency chan-

nels when measured for crystal B. Just as for crystal A, the coincidence rates are

higher on the energy correlated sections than on the uncorrelated sections.
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4.5 Timing Delays inTimeTagger Logic

When measuring the distance to an object by the time of flight as is done in quan-

tum rangefinding, it is important to know the relative delays between signal and idler

channels. If, as described above in section 4.1.2, multiple frequency channels are used

for signal and idler modes, the relative delays between all involved time-tagging chan-

nels have to be calibrated. In any time-tagging electronics, delays caused by different

conductor lengths and imperfect electronic elements, such as the comparators at the

inputs stages, vary between different channels. For this reason the time-tagging ap-

paratus used in the experiment described here includes additional delay lines, after

the inputs, to allow for compensation of these variations. Fortunately, these delay

lines only need to be calibrated once and are then set for all future experiments,

which is why, in commercial products, these are preset. To calibrate the time tag-

ger used in this setup the arrival times, registered on SPADs, of photon pairs gener-

ated in the down-conversion source were employed. Both correlated outputs of both

frequency-splitting setups were attached to SPADs where the simultaneously arriv-

ing photons were converted into electrical pulses. These pulses were fed to different

channels of the time-tagging electronics, consecutively. Time-correlated histograms

were recorded while simultaneously changing the built-in delays in the time tagger

until the delays between the first (channel A) and all subsequent channels (channels B,

C, and D) showed zero as can be seen in figure 4.18. Note that it is sufficient to adjust
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Figure 4.18: Time-correlated histogram between the first channel (A) and all sub-

sequent channels (B, C, D). All three histograms show peaks from the coinciding

photon pairs in signal and idler modes, centred around 0. Consequently, all de-

lays occurring from imperfect electronic elements and conductor lengths are well

compensated.
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the delay between channel A and all other channels, since this is also guaranteeing a

zero delay between channel B and C, for example.

This chapter introduced the core components of the optical setup comprising the

photon pair-source itself and the two-channel frequency-splitting setup. It also sum-

marised all important operational parameters and components of the rangefinding lab

trials described in chapter 5. The laser diode, used for pumping the down-conversion

process, was characterised with respect to its spatial and spectral characteristics. Its

optical power output is summarised in appendix C.2. Performance parameters of the

down-conversion source itself were analysed and its maximally possible heralding ef-

ficiency, due to imperfect transmissions through the optical components, was calcu-

lated and used to infer the quality of the alignment of the source. The JSI was verified

to be close to the design described in section 2.6 by measuring the signal and idler

spectra on a single-photon sensitive spectrometer. Furthermore, a baseline for back-

ground light on different times of day was obtained by measuring the photon count

rate on a SPAD behind a narrow bandpass filter pointed out of a window. As the sec-

ond core component of the experiment, the splitting setup was thoroughly tested and

its interaction with the down-converted photons was investigated. The result of this

measurement further strengthen the fidelity of the spectral density and thermal na-

ture of the photons towards the design of the crystal. The internal delays of the time

tagger were calibrated using the arrival times of photons from the down-conversion

source itself, guaranteeing a good baseline for distance measurements. With all these

measurements completed the optical ranging setup as described in section 5.1 is fully

characterised and fit for an experimental test of quantum rangefinding.
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Chapter 5

Rangefinding LabTrials

This chapter presents the main results gathered during the course of this PhD thesis.

Quantum rangefinding, like quantum illumination, only shows advantages over classical

(broadband) LIDAR systems when background light and loss is present. As part of this

thesis a lab experiment was devised capable of simulating these two core parameters

in a controlled way, while simultaneously estimating the SNR for different numbers of

frequency channels. The following sections will explain the experimental setup and

the data collection methods used during the execution and will present the results

obtained during these lab trials. Finally, a comparison of the results to the model,

presented in section 1.4.2, is made in section 5.3. Finally, first trials using Lambertian

scatterers as targets are presented in section 5.4.

5.1 Experimental Setup

The experimental setup utilised in the lab trials complements the SPDC source and

two channel frequency setup described in section 4.1 by an optical range comprised

of a triplet collimator injecting the light into the range, two mirrors, a corner cube and a

large aperture doublet fibre coupler from Schäfter und Kirchhoff (60FC-L-0-M200-02)

for collection of the back reflected light. The complete setup is shown in figure 5.1.

The photon source on the top left is focussing light from the laser diode into the non-

linear crystal using an aspheric lens. Before the light enters the crystal its spatial and

polarisation modes are corrected using a pinhole, and two half-wave plates and a PBS.

The down-converted photons, generated in two different polarisations (type-II), are

separated from the pump light using a dichroic and colour glass filter. Subsequently,
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Figure 5.1: Complete setup as used for the lab trials. The pump light from the laser

diode (LD) is focussed into the non-linear crystal using an aspheric lens f1. In

between the light passes through a pinhole (P) to clean up the spatial mode of the

laser diode, and subsequently through a half-wave plate (HWP), a polarising beam

splitter (PBS), and another half-wave plate to clean up the polarisation of the pump

light. The following colour glass filter (F1) is removing any fluorescence from the

laser diode and the optical element before the pump beam is injected into the non-

linear crystal (X). After the crystal another filter (F2) is removing the pump light,

only leaving the signal and idler photons to be split on a polarising beam splitter

(PBS). Two doublet collimators (C1, C2) are then used to couple the photon pairs

into separate single-mode fibres. The signal photons are then coupled into one

of the two frequency-splitting setups, which are comprised of a dichroic mirror

(DM) and three triplet collimators (C3 to C5). The shorter signal wavelengths are

then recorded on detector A (A) and the long wavelengths on detector B (B). The

idler photons are coupled via another triplet collimator (C6), into the optical range.

Additional attenuation can be introduced using a neutral density (ND) filter (ND1).

The range is comprised of two mirrors (M1 and M2) and a corner cube (CC). To

simulate background light the corner cube is back illuminated by an light emitting

diode that has been attenuated by a ND filter (ND2). After returning to a large

aperture fibre coupler (C7), the idler photons are then also split on the second

two channel setup (C8 to C10, DM). Detectors C and D (C, D) then detect the

idler photons and the time of flight can be measured. Virtual filtering is employed

by only considering correlations between detectors A and D, and B and C.
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signal and idler photons are split by their polarisation on another PBS and collected into

single-mode fibres. The signal photons are directly guided towards the first frequency-

splitting setup where the shorter wavelengths photons are registered on detector A

and the longer photons on detector B. The idler photons, however, travel through the

optical range. They first pass through an optional ND filter, simulating losses in the

optical range, and then are back reflected on a corner cube after passing two mirrors.

The corner cube is back illuminated by a heavily attenuated LED, for the purpose

of simulating background light of different intensities (see appendix C.6). The single

photons in the optical range are then returning to a large aperture fibre coupler and are

collected into multi-mode fibre, which guides them to the second frequency-splitting

setup. There, likewise to the signal photons, the longer wavelengths idler photons are

detected in detector C and the shorter wavelengths in detector D. In this way, energy

correlation ensures that true coincidences can only occur between detectors A and D,

and B and C, enabling virtual filtering of coincidences between detectors A and C, and

B and D.

The laser range is the third core component of the complete lab trial setup that is

introduced in this chapter. It consists of a triplet collimator (Thorlabs, TC06FC-780)

producing a 1.3mm diameter beam that is travelling an extended distance via two 2 ”

dielectric mirrors (Thorlabs, BB2-EO3) and a corner cube. The overall distance the

photons are travelling between the triplet and large aperture fibre couplers is ≈ 2 ·3m

for a return trip. Including the length of one additional fibre, coupling the light from

the optical range into the second frequency-splitting setup, the over all delay is

∆t ≈ 2 · 3m+ 1.45 · 1m
c

≈ 25 ns. (5.1)

The signals from the four detectors are then fed into the time-tagging electronics de-

scribed in section 3.1.3 and are analysed using the software presented in section 3.2.2.

5.2 Signal-to-noise Ratio Estimation

To establish a reliable estimate of the signal-to-noise ratio, it is important to know the

average bin height and its standard deviation in a time-correlated histogram, for both

the noise floor and the actual rangefinding signal. Hence, it is not sufficient to only
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record one time-correlated histogram of arrival events. Instead, to collect enough

statistics, it is important to repeat the histogram measurement and use the different

samples to estimate a distribution of bin heights in the noise floor and the signal peak,

similar to figure 1.9.

The formula driven graphic user interface of the TCSPC software, developed as

part of this thesis and described in section 3.2.2, allows for collection of multiple

time-correlated histograms at the same time. Thus, the histogram representing the

time correlations between energy-correlated channels A and D, and B and C could be

recorded at the same time as the histogram corresponding to correlations in all four

possible combinations of detection channels, i.e. A and C, A and D, B and C, and B and

D. As such, the latter histogram represents the case where no virtual filtering is applied

and hence a higher background rate is expected than on the former histogram, which

is only considering energy correlated channels. Note that this way of measuring the

case with no frequency splitting applied, i.e. the number of frequency channels n = 1,

is not a perfectly fair comparison to the case of two frequency channels (n = 2), since

the dark count rates of four detectors are still contributing to the measurement. Yet,

when actually implementing a setup with n = 1 only two detectors would be neces-

sary, leading to a reduction in background noise. But, the dark count rates are com-

paratively low in contrast to other count rates such as the single count rates on signal

and idler channels or the background rates presented in table C.3. Therefore, the in-

fluence of additional background counts is negligible.

The quality of the alignment of the optical range described in figure 5.1 is not critical

to the experiment since, as in quantum illumination, the advantage gained by virtual

filtering is only apparent in the presence of loss and background light. However, it is

important to know the absolute attenuation in the range to make accurate predictions

using the model described in section 1.4.2. For this reason, a simple measurement

was performed by injecting a 810 nm laser into the range and measuring the return.

Each of the two histograms recorded with the TCSPC software, one corresponding

to n = 1 and the other to n = 2, were recorded 600 times and contain information

from time tags occurring during T = 1 s integration time, contributing to a total mea-

surement duration of 10min per setting. The bin width of all histograms was set to

δt = 750 ps. A total of six different attenuation levels, ranging from 0 dB to −18.1 dB,
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and eleven background intensities, from 6 kHz to 500 kHz (see table C.3), were tested

for both crystals. For each of these settings the 600 histograms were analysed in post-

processing, and the two cases, n = 1 and n = 2, were compared to each other and the

model introduced in section 1.4.2. For this reason, all collected histograms for both

numbers of n were plotted (similarly to figure 1.9) and the statistics of the noise floor

and signal peak were analysed. To find the statistics of the noise floor, the height of

every bin, far from the signal peak was collected and the resulting distributions of bin

heights is plotted with the frequency of bin heights on the second x-axis towards the

right, and the bin height on a second y-axis. For the distribution of the signal peak,

the heights of only one bin, positioned at the right delay for the target to appear, were

considered, omitting any other heights of bins not being part of the signal.

Figure 5.2 shows an example measurement of the n = 1 and n = 2 case in red

and green, respectively. As a first observation, it becomes obvious that the signal

peak appears at the right delay of 25 ns as given by equation (5.1). It also becomes

apparent that the background level is reduced by a factor of ≈ 2 from 112 /s/750ps

to 56 /s/750ps between the two plots, which is the direct result of the virtual filtering

enabled by the energy correlations produced in the down-conversion process. The

statistics plotted on the right side of figure 5.2 reveal a mean height of the signal

peak S as well as a mean value of the noise floor N for both channel numbers n.

Furthermore, the standard deviations of signal peak and noise floor σS and σN can

also be estimated. With this the SNR becomes

SNR =
S −N√
σ2S + σ2N

. (5.2)

This can be calculated for both cases, with and without using the energy correlations

to virtually filter background, and thus the SNRs produced by either experiment can

be compared. In the experiment displayed in figure 5.2 the SNRs were found to be

7.7 in the case of n = 1 and 9.2 in the case of n = 2. Note that the enumerator

in equation (5.2) is the difference between the mean noise floor and the mean peak

height, since the noise floor is always present, also hidden inside the signal peak and

hence has to be subtracted to not skew the SNR to a higher value.
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5.2.1 Error Bars on Signal-to-noise Ratios

Because the SNR is directly dependent on the standard deviation of the distribution

of the signal peak and noise floor, estimating the uncertainty of the measurements

above is a problem that has no straightforward solution. The fidelity of the standard-

deviation estimate is not defined by calculating the standard deviation within a set of

samples of one bin height. While the standard deviation itself is a good measure of

the fidelity of the mean estimate there is no predisposed measure for the fidelity of

the standard deviation.

A straight forward and naive approach to calculate this is to divide the set of sam-

ples into sub-sets and then calculate the standard deviation on every sub-set. A mea-

sure of the fidelity for standard-deviation estimate can then be found by calculating

the mean and “standard deviation” of the standard deviation between the sub-sets.

However, dividing the samples into sub-sets is arbitrary and can give nonphysical re-

sults for example a mean standard deviation of 0 (when treating every samples as its

own subset). To still draw conclusions about the certainty of the SNR measurements

the Marquardt-Levenberg algorithm [107, 108] was employed to fit a Gaussian curve

to the probability densities shown in figure 5.2. Note that, while the bin heights in a

time-correlated histograms of photon-counting experiments are expected to be Pois-

son distributed a Gaussian distribution was used to allow for variance independent of

the mean to give a fair estimate of the SNR including technical noise in the apparatus.

The error on the fit parameters for the means of the signal peak and noise floor, ∆S

and ∆N and the fit error on their standard deviations, ∆σS and ∆σN were then used

to calculate the error on the SNR measurement by

∆ SNR =

√
∆S2 +∆N2

σ2S + σ2N
+
σ2S(S −N)2

(σ2S + σ2N )3
·
(
∆σ2S +∆σ2N

)
, (5.3)

which follows from the propagation of uncertainty of equation (5.2).
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Figure 5.2: Example of histograms for n = 1 and n = 2. The 600 histograms

for n = 1 in red and n = 2 in green overlayed on the right side of the plot.

All samples are used to build up the distributions on the right side. Again for

n = 1 in red and n = 2 in green. The upper distributions correspond to the

signal peaks, and the lower ones to the noise floors. This particular histogramwas

taken with an additional attenuation of 14.10 dB and ≈ 300 kHz of background

light on detectors C and D combined. The dashed lines mark the means of the

respective distribution and the double arrows show their standard deviation .The

data is taken from experiments with ids 237 and 238 in appendix D. Additionally,

it is apparent that the coincidence peak emerges at the expected delay of 25 ns

according to equation (5.1).
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5.3 Results & Comparison to Model

Repeating the measurement and calculating the SNR for the case of one (emulated)

and two frequency channels as described in section 5.2 shows a consistent improve-

ment in SNR in the two frequency-channel case for different background levels and

attenuations. As expected, the highest relative advantage from employing virtual fil-

tering are found in the presence of high loss and background rates, such that the

highest ever measured advantage, leading to an improvement in SNR of > 40% is

found in the case of the highest tested loss and background intensity (experiment id

264, appendix D.2). On average, over all tested settings, the two-channel setup in-

creased the SNR by 2% when using crystal A and 7% for crystal B. These low values

are mostly attributed to the fact that improvements are only visible for high levels of

background light. For example, when testing crystal B, an advantage at the highest at-

tenuation level of 18.10 dB first becomes visible when 18.6 kHz of background counts

are simulated and the lower attenuation of 14.1 dB first show improvements in SNR

with a background level of 30.5 kHz. A full summary of all results for both crystals can

be found in appendix D

When comparing these results to the theoretical model presented in section 1.4.2

it is necessary to slightly alter the model to make it more representative to real world

experiments. First of all, as already briefly mentioned in section 2.4.1, the SNR model

described earlier assumes perfect heralding efficiencies for the photon-pair source.

This means, that whenever a photon is present in the signal mode its partner is also

present in the idler mode. While it is generally true that photons in these modes are

only ever produced in pairs, it is impossible to achieve a unity heralding efficiency due

to losses in the optical setup and detector efficiencies below 100%. This means that if

a photon is lost on its way to, or not detected on, the detector its partner might still be

registering as a photon event on the other mode’s detector. These unpaired photons

can cause noise in the rangefinding measurement, just like dark counts or photons

from background light. Fortunately, since photons are lost or not registered on the

detectors at random, the effect of unpaired photons can also be reduced by virtual

filtering. Therefore the term Nc in equation (1.20) is extended by two more addends

-114-



5.3 Results & Comparison to Model

and now reads

Nc = (cd ·B0∆λ+ cd ·Qcp + cp · cd + cs · cd + cd ·Qci) δt T (5.4)

where cs and ci denote unpaired photons in the signal and idler mode, respectively,

and as before cd is the dark count rate of the detectors, B0 is the background light’s

average spectral density, ∆λ is the bandwidth of the source Q is the optical gain of

the rangefinding experiment and cp is the photon-pair rate. Moreover, the term N ′
sB ,

formerly only containing the combination of photon events from one photon of a pair

and background light from the environment, now, has to be adjusted to contain a

total of five addends instead of just one term. This drastically increases the advantage

obtained when employing multiple frequency channels. The term N ′
sB becomes

N ′
sB = (cp ·B0∆λ+ cp ·Qci + cs ·B0∆λ+ cs ·Qci + cs ·Qcp) δt T. (5.5)

This term is defining for the advantage gained by introducing more frequency chan-

nels and is also the term increasing most significantly when additional imperfections

are introduced into the model used to estimate the resulting SNRs. This illustrates that

quantum rangefinding becomes not only advantageous in the presence of background

light and loss, but helps to counteract other imperfections in a practical implementa-

tion as well. Again, this is intuitive, since, as stated in [36], the correlations enabling

quantum illumination or rangefinding make it hard for random light to disguise itself

as part of the measurement.

A second change that has to be made to the model from section 1.4.2 is related

to the finite electronic precision inside the photon detectors. Every SPAD used in

a quantum optics experiment has a so called jitter specified in its data sheet. Jitter

describes the uncertainty with which the arrival time of a photon can be measured

and as previously mentioned in section 1.4.2 ultimately limits the depth resolution of

the rangefinding system. The idler photon travelling to the target and back is predicted

by the detection event of the signal photon. Since the time of flight is estimated by the

time that has passed between these two events, the actual uncertainty of the system

is the uncertainty of the convolution of both detector’s response functions. Assuming

the same normal distributions for the detectors’ response function with jitter σt the

jitter of the full system σ′t is

σ′t =
√
2σ2t . (5.6)
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The datasheet of the detectors (Excelitas, SPCM-AQ4C) states a typical jitter of 600 ps

resulting in an overall system response of 840 ps. Additionally, the time-tagging logic’s

response function also has a finite width and hence will introduce more jitter to the

system. However, the time uncertainty of the TIA is much smaller than that of the

detectors, and is therefore negligible. The response function of the full system can also

be measured directly by recording a time correlated histogram of arrival times between

signal and idler photons. Figure 5.3 is showing this measurement of the response
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Figure 5.3: System response function of the rangefinder system. The histogram

was recorded with signal and idler photons being recorded directly on two of the

four detectors used in the experiment described in this chapter. For ensure a good

resolution on the response function, the data was recorded with a 50 ps bin width.

A fitted Gaussian function reveals a standard deviation of (718 ± 6) ps, slightly

shorter than what would be expected from the specification on the datasheet.

function. When fitting a Gaussian function to the data, a jitter of (718±6) ps is found,

resulting in a minimal resolution of (10.8±0.1) cm. This depth resolution is acceptable

for rangefinding over long distances, but at the same time can be improved if enough

data can be collected. If the rangefinding process can be integrated for a long enough

time, the resulting peak in the time correlated histogram can obviously be used to

estimate the distance much more accurate. The system’s measured jitter is slightly

lower than what would be expected from the combination of the response functions

of two detectors with a specified time resolution of 600 ps. Now, the model described

in section 1.4.2 assumes in equation (1.18) that all photons generated with pair rate
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cp coincide perfectly within the exact same bin in the time-correlated histogram. Yet,

due to the finite time certainty from the detectors this is not necessarily the case. A

correction factor accounting for this mismatch is easily calculated. Given the combined

electronic jitter in the system of σ′t and a bin width δt the correction factor β becomes

β =

∫ δt/2

−δt/2
dx

1√
2πσ′t

2
e
− x2

2σ′
t
2
= erf

(
δt

2
√
2σ′t

)
, (5.7)

where erf(·) denotes the error function. For a bin width of δt = 750 ps and a jitter

of σ′t = 718 ps, as in all experiments described in this chapter, this value becomes

β ≈ 0.4. A similar factor was applied in [14]. The full SNR model, with the modified

terms from equations (5.4) and (5.5), then reads

SNR =
β S′√

β S′ +Nc + nNdd +
1
n N

′
sB

, (5.8)

where S′ is defined as in equation (1.21).

The full dataset of all results for SNRs at different background levels and attenua-

tions is plotted in figure 5.4. The circles mark points representing attenuations and

background levels that were experimentally investigated. The colour map in the back-

ground of the plot corresponds to the predictions of the theoretical model, while the

colour inside the circle correspond to SNRs resulting from experimental data. As such,

good agreement between the model and the experimental data is verified when both

colours are indistinguishable from each other. Besides the good agreement, it be-

comes apparent that the influence of the attenuation on the SNR is much stronger

than the influence of the background. This effect is easily explained by the strong

time filtering that is effectively applied by TCSPC. If, as was done in the experiments

presented in this chapter, the bin width of the time-correlated histogram is δt = 750 ps

and the integration time T = 1 s, the chance the two photons, randomly distributed

in time, coincide within δt from each other on two different detectors is

p+ =
750 ps

1 s
= 7.5× 10−10. (5.9)

This means, that with even with the high background rates of 501.2 kHz tested in this

thesis, the noise level is only increased by≈ 200 photon events. Assuming Poissonian

statistics this only lead to a decrease of SNR by a factor of 1/
√
200 ≈ 1/14. Changing

the attenuation,however,directly acts on the term S in the model and as such, an

attenuation of 18.14 dB immediately decreases the SNR by a factor of ≈ 1/65.
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Figure 5.4: Experimental data and predicted model plotted as a colour coded

heat map. The circular nodes mark attenuations and background levels at which

the data was recorded. The colour of every mark is representing the SNR colour

coded with an identical colour map as the model is in the background. Small

differences between experiment and themodel are shown by similar colours inside

and surrounding every data point.

While figure 5.4 compares the predictions from the model and the measured data in

a demonstrativeway, the advantage between using one or two frequency channels, i.e.

the difference between the plots on the right side, is not immediately obvious. Hence,

figure 5.5 shows a comparison between this adjusted model to the experimental data

for an attenuation of 18.10 dB. This plot is generated by using the intrinsic loss, which

is always present in the optical range, as a fit parameter. This is valid since, the gain

Q in the SNR model consists of two parts, one always present gain Qi, intrinsic to

the optical range and additional gain Qa introduced by different ND filters in front of
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Figure 5.5: Experimental results of the SNR plotted against the simulated back-

ground rate. Again, as predicted before by the model, an advantage of using

multiple frequency channels becomes only visible when background and loss is

present in the system. While the absolute values of the SNR slightly disagree

with the model, the advantage gained between one and two frequency channels

fits the model almost perfectly. The advantaged gained by virtual filtering is evi-

dent of up to 10 standard deviations. This data was recorded with an additional

−18.1 dB of attenuation introduced by filter ND1. The vertical error bars are ob-

tained as explained in section 5.2.1, while the horizontal error bars correspond to

the uncertainty of estimating the simulated background rates (see appendix C.6).

coupler C6:

Q = Qi ·Qa. (5.10)

In this way, the data recorded with crystal A yielded an intrinsic loss of (−7.1±0.1) dB

and (−10.2 ± 0.2) dB for the data recorded with crystal B. When the transmission

through the full optical setup was measured by injecting a bright laser beam in fi-

bre coupler C6 and measuring the power received at the fibre ends leading to detec-

tors C and D (see figure 5.1), a loss of −8.5 dB was found (including the loss in the

frequency-splitting setup for the signal mode). This value was measured, directly after

the rangefinding experiment was carried out using the second crystal and is in good

agreement with the fitted loss of the measured data. Moreover, the data and model

displayed in figure 5.5 show good agreement, and the data confirms that quantum

rangefinding only ever presents an advantage for multiple channels when background
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light exists in the system at the same time. The trends in the model and the data show

the same behaviour with the slightly lower measured SNRs in the data being account-

able to systematic errors in the practical realisation of the experiment. Furthermore,

the absolute advantage between the one and two-channel experiments are predicted

with high precision and of more than 10 standard deviations.

Similarly to figure 5.5, figure 5.6 compares the model to the measured data in a

plot of SNR against loss. Again, it becomes apparent that an advantage from using
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Figure 5.6: Experimental results of the SNR plotted against the loss introduced to

the optical range. The data confirms the predictions of the model. The data dis-

played here was recorded with a background level of 501.2 kHz. The highest ad-

vantage is not found for the highest losses, but for the measurement with 9.90 dB

additional loss. Again, the vertical error bars are obtained as explained in sec-

tion 5.2.1. The horizontal error bars correspond to the uncertainty in the filters

described in appendix C.5.

multiple channels is only achievable when loss is present, which is confirmed by the

experimental data. Yet, in the data presented in figure 5.6 the biggest absolute advan-

tage from using two frequency channels is both measured and predicted by the model

at an attenuation of 9.90 dB. While this seems contradictory to the necessity of loss

and background light being present in the system to gain any advantage from employ-

ing multiple frequency channels, the highest relative advantage is still gained for the

highest losses. The absolute advantage being highest for a lower loss than maximally
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tested is an artefact of the low channel number. As can be shown numerically, when

higher channel numbers are employed, the absolute value also becomes highest for

the highest loss.

A full comparison between the SNR model and the data is presented in figure 5.7

where the relative deviation of the data from the model is displayed in a colour coded

heat map. It becomes obvious that the majority of the experimental data lies within a

relative deviation of< 10% of what is predicted by the model developed for quantum

rangefinding, with the exception of one outlier in the dataset for crystal B, and data

that is naturally coinciding with high data throughputs on the USB connection of the

time tagger, i.e. high count rates due to background levels. The bottleneck in the

USB communication described in section 3.2.2 explains the higher relative deviations

from the model in these cases. This effect is amplified when high attenuations are

simultaneously present in the experiment. The high attenuation leads to small SNR

values, which in turn increase the relative deviation of smaller absolute measurement

errors.
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Figure 5.7: Relative error between model and experiment for all n and both crys-

tals. Most measurements, in the case of both crystals, agree with the model to

good accuracy of < 10% deviation. Almost all measurements lie within a 20%

deviation from the model, with the exception of one outlier in the dataset for

crystal B. The 10% and 20% errors are shown as contour lines. In general, higher

deviations from the model are found for high background rates and high losses.

High background rates are leading to high count rates on the TIA, causing loss of

data due to the USB bottleneck. Higher attenuations amplify relative errors, since

small measurement errors effect the already low SNR more strongly.
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5.4 LambertianTargets

5.4 LambertianTargets

Lambertian targets have a surface structure which scatters light into all possible direc-

tions, where the intensity directed towards an angle θ away from the surface normal

is proportional to the cosine of this angle. In this way, a Lambertian scatterer exhibits

Figure 5.8: The intensity pattern emitted by a Lambertian scatterer. The intensity

emitted at a given angle is proportional to the cosine of the angle between the

surface normal.

the same brightness at every angle, since the projected area, that is observed, de-

creases with the same cosine law. The biggest difference between a scattering target

and a corner cube are of course the much lower signal return that can be expected

from such a Lambertian surface. While the return of the setup using the corner cube

is only limited by the quality of the alignment (and thereby introduced geometric loss),

the return power in the Lambertian case is given by

QL =
A

4π r2
, (5.11)

where A is the area of the aperture collecting the light and r is the distance to the

target [2]. Calculating this loss, even for the short distance of 3m, used as the optical

range during the lab trials, and with the collection aperture of 48mm diameter yields

a loss of −47.9 dB. However, equation (5.11) is only true when the collection optic is

imaging the collection fibre onto the Lambertian scatterer, since only then is the full

solid angle collected.

The target used in this experiment is manufactured by Labsphere (model no. SRT-

99-050) and is calibrated for a reflectance of> 99%. After changing the focussing on

the collection coupler, such that light from an alignment laser was focussed onto the

target, the return was measured using a 810 nm laser. The alignment laser delivered

1.00mW to the target of which 14.7 nW were returned to the collection fibre, i.e.,
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this attenuation of −48.3 dB is in good agreement with equation (5.11). Even with

this high reflectance target, however, the loss over the optical range is approximately

two orders of magnitude higher than in the experiments carried out with the corner

cube. As such, the integration times for a single measurement had to be much longer,

preventing the collection of extensive statistics as was done with the retro-reflecting

target.
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Figure 5.9: Time-correlated histogram representing the return from a Lambertian

target at 3mdistance. The time delay, at which the coincidence peak for the target

is expected, is marked with a dashed line. Note that this delay is ≈ 10 ns later

than in figure 5.2. This is due to an additional 2m of fibre introduced in this setup.

Although not as obvious as for the experiments using the retro-reflector, a signal

peak standing out from the background is visible.

The data presented in figure 5.9 shows a time-correlated histogram corresponding

to the return from a Lambertian target. It was recorded over 750 s, hence, collecting

statistics to the same extent as before and calculating a SNR is not possible. Also note

that the correlations represented in figure 5.9 are not all correlations collected within

this time, but are the sum of 750 histograms collected each over the integration time

of one second. This method is computationally less intensive than calculating the

full correlations occurring within the full measurement time. However, the reduced

computational complexity comes with the cost of sacrificing information that can be

contained in the resulting histograms. Firstly, it is obvious that correlations at time

delays longer than the integration time will never appear in the histogram. Secondly,

correlations between photons from different windows of time tag data will also never
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show up in the histogram. Therefore, if the histograms show a maximal delay δtmax,

the correlations between time tags that are < δtmax away from each other will still

not show up in the histograms if they were recorded in different integration times.

However, since δtmax = 60 ns� 1 s in this example, both effects can be neglected.

While the peak, visible in figure 5.9, is certainly not as obvious as for the earlier ex-

periments, it is still distinct from the background light. However, calculating the mean

of the background level and assuming Poissonian statistics for both the noise floor and

peak height enables at least an estimate for the SNR in the case of a Lambertian target,

SNR =
630− 440√
630 + 440

≈ 5.8, (5.12)

where the peak height was taken to be 630 and the average in the noise floor 440

coincidences. Yet, for the brightnesses and attenuations implicit in this experiment,

the model predicts a value that should be≈ 70% higher than equation (5.12) suggests.

Further investigation, especially for multiple channels, is still being carried out and is

necessary for an outright analysis of quantum rangefinding. Looking back at figure 2.8,

however, certainly has a dampening effect on one’s optimism, when realising, that the

maximally achievable SNR (for one second integration time) with the perfect SPDC

source for rangefinding and similar losses is still < 1. While high channel numbers

can improve the SNR, figure 2.8 predicts that fast (short integration time) quantum

rangefindingwill at least be challenging for Lambertian targets at distances comparable

to state of the art laser rangefinders.

This chapter firstly introduces the lab setup used to gather proof of principle results

for quantum rangefinding. The easily adjustable attenuation and background levels

allow to examine the performance of the rangefinding system over a wide set of pa-

rameters. Using this approach, the SNR was measured and calculated as described in

figure 5.2 for a total of 66 parameter settings and both crystals. The results are sum-

marised in figure 5.4 and their relative errors to the model, introduced in section 1.4.2,

are plotted in figure 5.7. The agreement between model and theory is well established

by an relative error of < 10% for large areas of the swept parameter space affirming

the predictions made by the SNR model.

The experiment described in this chapter explored a large space of different atten-

uations and background levels while showing good agreement with the model de-

veloped in section 1.4.2. An advantage of using multiple frequency channels, while
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hard to visualise from the colour map in figure 5.4 was proven to be existent in fig-

ures 5.5 and 5.6 with certainty of up to 10 standard deviations. While the experiment

was only carried out using two frequency channels, a proof of principle is certainly

sustained by the collected data.

Yet, the background levels and attenuations are not representative of real life ap-

plications. Comparing the highest applied background rate of 501.2 kHz to the results

from section 4.3, it becomes apparent that for a≈ 200 nmwide source a realistic back-

ground level would be orders of magnitude brighter. Also, the losses investigated

in this section are obviously orders of magnitudes lower than what is a typical loss

budget in state of the art rangefinder which are able to resolve uncooperative Lam-

bertian targets out to distances of tens of kilometres. Nevertheless, future systems

with higher frequency-channel numbers will be capable to tolerate higher background

rates and are certainly worthwhile to be investigated given the promising results of

the two-channel system and the predictable behaviour of the system by the model.
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Chapter 6

Depth Imaging with a Photon-Pair

Source

Depth imaging is a method closely related to rangefinding. However, while rangefind-

ing is determining the distance to a target, depth imaging is also collecting different

depths of the target, i.e. features of the target at different depths or distance from the

depth imager are resolved as well. As such, depth imaging gives a more detailed view

and can be used to reconstruct clear three dimensional models.

The work presented in this chapter was carried out as a collaboration with Heriot-

Watt University together with the group of Prof. Gerald Buller, including Ximing

Ren and Pete Connolly, which has accumulated extensive experience in the field of

rangefinding and depth imaging during their past and current work [6, 11–14, 17, 21].

Typically, such depth imaging systems use pulsed lasers as an illumination source of

the target and, exactly like in classical rangefinding, the delay between the laser mod-

ulating signal and returning light gives the time of flight. The experiment described

here is, to the knowledge of the author and his collaborators, the first time down-

conversion or any comparable low power source was used as an illumination source

in a depth-imaging experiment.

6.1 Imaging Setup

The imaging setup’s scanning transceiver arrangement used during this experiment

is described in [13, 14] and was also used in [6, 12, 17]. As figure 6.1 shows the
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from illumination source

to SPAD

QWP

HWP
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Figure 6.1: Scanning optical transceiver used in the depth-imaging experiment.

The light from the illumination source is injected using a single-mode fibre. A

quarter- and half-wave plate are then used to maximise the transmission through

a PBS. Subsequently, two galvanometer scanning mirrors (GM1 and GM2) and

three relay lenses (f1 to f3) provide the scanning of the target in tip and tilt. The

objective lens (fO) is used to image the target onto the dashed line. Light returning

from the target is propagating in reverse direction and gets collected into multi-

mode fibre after reflection on the PBS.

transceiver consists of a input fibre coupler, a set of wave-plates, a PBS two scan-

ning mirrors as well as relay, and objective lenses. The light gets injected from the

illumination source through two wave-plates and a PBS. Two galvanometer mirrors

and three relay lenses comprise the optical arrangement accomplishing the scanning

of the target. The objective lens is collimating the outward light towards the target

and refocusses returning photons. Since the returning light is unpolarised the PBS is

directing approximately half of the light towards the multi-mode fibre which couples

the light into a SPAD. This arrangement consequently is introducing an additional

−3 dB of loss in the rangefinding process, yet, given the high losses that are to be

expected from Lambertian targets, this additional loss is negligible, especially since

this transceiver was designed to work with a laser as the illumination source, which

can deliver optical powers excessive of typically required power levels.

As part of this collaborative experiment the transceiver designed and built at Heriot-
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Wattwas coupledwith a down-conversion pair photon source from Bristol. The down-

conversion source used is similar to the source described in this thesis and was pri-

marily built for outreach and demonstration purposes. The two major difference be-

tween the demonstration source and the source built by the author are the produced

wavelength and the pump laser. The pump laser used in the demonstration source is

a single-mode fibre coupled, commercial laser from Toptica that delivers a maximum

of ≈ 30mW to pump the crystal and is therefore considerably dimmer than the pump

diode used in the broadband source. Secondly, the crystal used in this outreach source

is poled for common phase-matching producing two degenerate photons at 808 nm

from a 404 nm pump. As such, only one frequency channel per signal and idler mode

could be employed, i.e. no virtual filteringwas applied. However, since the experiment

was carried out in a dark lab environment, high background intensities were not of

great concern in this trial.

Using a down-conversion source posed additional requirements to the transceiver

and its auxiliary electronics. Firstly a second SPAD had to be used to detect locally

kept photons to replace the laser modulating signal which has to be correlated to

the returning signal, just like in quantum rangefinding. Secondly, the low light levels

produced by the down-conversion source (compared to thosewhen target illumination

with a laser) require longer integration times per scanned position/pixel resulting in

larger data sets. In fact the size of the dataset acquired over times > 12 h increases so

dramatically that the reconstruction algorithm, presented in section 6.2.1 had to be

reimplemented in a more efficient, higher optimised programming language.

As explained before for rangefinding, the time delay between the arrival times of

signal and idler photons can be used to estimate the time-of-flight and thereby the

distance to the target. In this experiment a HydraHarp 400 from PicoQuant was used

to record the time tags of the photon arrival times with a time resolution of < 12 ps.

As was briefly mentioned in section 5.3 the jitter of the used single-photon detectors

determines the resolution of the distance or depth from a single shot measurement.

While the detector jitter from the Excelitas detectors was acceptable for rangefinding,

depth imaging has stricter requirements on this parameter.
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6.1.1 Detector Choices

The reason why depth imaging requires much higher timing resolution, is because it’s

goal is to resolve depth differences on the target itself. Hence, alternatively to the

Excelitas detectors used in the rangefinding experiment, detectors from MPD were

available with much lower jitter (< 50 ps) and much lower dark count rate (< 10Hz).

Their decreased jitter allows to resolve features of< 1 cmwith a single shot. However,

their efficiency of detecting photons at 808 nm (< 15%) was drastically reduced com-

pared to the efficiencies reached by the Excelitas detectors (≈ 60%). Consequently,

deciding which detectors to employ for this experiment was answered by employing

the same model constructed for rangefinding, with the obvious change that the ex-

periment only has one frequency channel (n = 1). After measuring the performance
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Figure 6.2: Comparison of the two available detector types against optical

gain. The SNR is plotted for against the optical gain Q for both detector types.

It is apparent that the lower noise detectors perform better in scenarios of

Q / 1.5× 10−6.

parameters of the down-conversion source with both detector types, the expected

SNRs can be plotted against the optical gain Q in figure 6.2. As can be seen, for high

loss (low gain) scenarios, the low noise detectors perform better than the high effi-

ciency detectors. This makes intuitively sense since in low loss scenarios less unpaired

idler photons that were sent towards the target are returning to the detectors. In that

case the dark count rate becomes more relevant towards its contribution to the over-
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all SNR and thus low noise detectors are preferable, especially when the background

levels are small.

6.2 Depth Imaging Results

As mentioned above, the source brought to Heriot-Watt from Bristol was a source of

similar build to the broadband source devised as part of this thesis. Both of them

specifically share the robust built using cage optics to ensure transportability. The

source used in the experiment described in this chapter was primarily intended for

demonstrators and outreach activities.

When testing the source, after transport and setup, a heralding efficiency of

(21.2± 0.2)% with a coincidence rate of (57.8 ± 0.8) kHz was achieved with maxi-

mum pump power. This result, however, was measured with the higher efficiency de-

tectors, when changing to the lower efficiencyMPD detectors the overall coincidence

count rate was reduced to ≈ 6 kHz and a heralding efficiency of ≈ 10%. Despite the

dramatically decreased coincidence rate and heralding efficiency, the detectors were

also experimentally found to perform better than the higher efficiency detectors from

Excelitas and were consequently used to carry out the depth imaging trial.

Figure 6.3: 3D-printed depth imaging target. The target consists of two depths

with a 30mm separation and was manufactured by the Heriot-Watt group.

The target used for the depth imaging was 3D-printed and exhibits two depths
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separated by 30mm from each other as shown in figure 6.3. A cross section of 15mm×

15mmwas scanned with 40 × 40 steps/pixels and a integration time of 140 s per pixel

withinwhich the average returnwas 0.3 photons. Assuming the 6 kHz coincidence rate

measured with MPD detectors and the 140s integration time the optical gain equates

to Q ≈ 3.6× 10−7. This return justifies the use of the low noise MPD detectors.

6.2.1 Image Reconstruction

Of course direct acquisition of a clear depth map is impossible with photon counts

being as low as 1 photons per 3 pixels. Hence, elaborate image reconstruction tech-

niques such as described in [20, 21, 109] have to be employed to reconstruct a high

contrast image. In this case total variation regularisation [110, 111] was used to pro-

mote piecewise constant depths. This means that neighbouring pixels are more likely

to be at the same depth than pixels far away from each other. In this way correla-

tions between neighbouring pixels can be used to reconstruct the full information

contained in the sparse single-photon detections. Additionally, these techniques of

image reconstruction allow for depth resolutions that are below the jitter from the

detectors. Again, by using correlations between neighbouring pixels, the arrival times

of photons from different origins can be used to calculate an average arrival time with

higher precision than the jitter would allow for each individual photon.

Applying such image reconstruction techniques to the time tags collected in the

depth imaging experiment yields the image shown in figure 6.4. The two different

depth of the sample target can be easily differentiated and the relative distance be-

tween them is measured with good accuracy. As such the result demonstrates how

these powerful image reconstruction techniques can be used to improve on classical

image requisition techniques. This is especially impressive when considering the low

power illuminating the target when using a SPDC source and shows how classical in-

formation processing can be a valuable addition to quantum technologies. Hence, this

experiments illustrates how powerful image reconstruction techniques can be utilised

to broaden the applicability of photon-pair sources by compensating for their low light

levels with computational resources.

This chapter summarised the work carried out at Heriot-Watt University in a collab-
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Figure 6.4: Depth map of the target. The two different depth of the target can be

clearly discerned after computational image reconstruction. This plot is demon-

strating how classical information processing can help to broaden the applicability

of low intensity (quantum) light sources by extracting the maximum amount of in-

formation from the recorded data.

orative experiment. For the first time, an SPDC source was used to illuminate the a

target for depth imaging. Despite the low optical powers associated with such sources

a clear image of the sample was obtained using image reconstruction techniques. The

experiment illustrates how advanced computational resources can broaden the versa-

tility for single-photon sources and opens up pathways for down-conversion in fields

where its application was previously disregarded due to low photon flux.
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Chapter 7

FutureWork and Conclusion

This work has covered several different topics, including a complete theory to esti-

mate SNRs for quantum rangefinding in chapter 1 and the quantum physics of SPDC

in chapter 2, where it is explained how this theory is used to design poling structures

in non-linear crystals using custom made software. Chapter 3 describes all auxiliary

electronic devices and developed software, which have been designed as part of this

thesis, and chapter 4 characterises their performance as well as it presents first re-

sults obtained with the photon source as a stand-alone system. All of these compo-

nents are integral to the experimental lab trials presented in chapter 5, where quan-

tum rangefinding is extensively tested under a variety of different background and

attenuation scenarios. The results found are predictable by the afore mentioned de-

veloped theory and hence provide confidence for predictions of future systems with

higher channel numbers. Lastly, an advanced rangefinding technique experiment, was

presented, where the depth profile of a target was recorded in collaboration with the

University of Heriot-Watt.

The chapter at hand summarises and concludes the work presented thus far and

gives an outlook of future investigations.

7.1 FutureWork

While the theory devised as part of this thesis, and presented in section 1.4.2 agrees

with the experimental results of chapter 5, a two-channel setup is limited in the num-

ber of settings it can explore. This is especially true for the intensity of background
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light, since it quickly reaches levels where the rates of photon events on the SPADs

would be higher than the damage threshold of these sensitive detectors. Therefore,

implementing a setup utilising more than two frequency channels is of great interest

for testing quantum rangefinding at realistic background levels.

7.1.1 Improvements on Frequency-Splitting Designs

Implementing frequency splitting, without relying on dichroic mirrors, is possible using

a variety of different techniques and two of themwere examined theoretically, in simu-

lations, in section 4.1.3. Nevertheless, the cross talk mentioned in section 4.1.3 should

be addressed before implementing such a system and will be tested to be mitigated

by changing the positions of the collection optics in the setup. An implementation of

a multi-channel solution is planned to be carried out in the future.

A more optimal and easier to implement solution would use SPAD arrays with high

fill factors. As mentioned before these kind of arrays are a current topic of research

and can even contain all necessary time-tagging logic [15, 16]. While the fill factor

of these devices is still too low for the application presented here, the use of MLAs

can increase the fill factor [112] and enable them to be used for frequency splitting in

quantum rangefinding and therefore might contribute to future improvements in the

system.

7.1.2 Real-time Computation of Time-Correlated Histogram on

Graphics Processors

The time-tagging device used in the work presented here is, as mentioned before, an

in-house developed TIA. While the TIA, presented in [96, 97], is a fully functioning

hardware, it has steadily developed further and future generations are already being

tested. In particular, the bottleneck of the USB interface is being addressed by these

new devices by increasing the data throughput to the connected PC. Switching from

a USB 2.0 to a USB 3.0 interface increases the key rate by a factor of ≈ 10 or even

≈ 20 (USB 3.1). These increased data rates will enable higher average count rates to

be converted into time tags on the hardware and transmitted to the PC. Consequently,

the computational demand to calculate real time, time-correlated histograms on the
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processors of the computer could increase by a factor of up to 400, since correlations

scale quadratically with single count rates. This increased demand can certainly not

be met by conventional processing units, but the high parallelisability of the algorithm

presented in section 3.2.2 enables other pathways to improve the performance of the

time-tagging software.

Modern graphics processing units (GPUs), originally devised for fast computer

graphics calculations, are ideally suited for highly parallelisable algorithms and as such

can speed up computations. At the same time, frameworks to access these kind of

processors are getting easier to use and are free to access. Hence, investigations to

implement the algorithm described in [99] on a GPU will be part of the future work in

this project. The high computational potential gained by using GPUs will allow for a

high average count rate to be translated into time-correlated histograms in real time.

Real time analysis of time tags is helpful to the experimenter since it gives live feed-

back from the experiment, while simultaneously reducing the need to save extensive

amounts of data, since often a time correlated histogram is more relevant to the ex-

periment than the raw time tags. For these reasons online computations on GPUs are

going to be investigated as a future road to enable higher average count rates on the

in-house developed time-tagging logic.

7.1.3 Depth Imaging Using Photon-Pair Sources

Depth imaging is a technique similar to rangefinding and the collaborative experiment

carried out between the Universities of Bristol and Heriot-Wattwas described in chap-

ter 6. The results found in this trial were already promising and showed how image

recovery algorithms can be employed to broaden the scope for the application of low

intensity light such as photon-pair sources. Nevertheless, a source optimised for these

kind of tasks, engineered with greater care than was taken for the outreach source

at hand, would increase the performance of the experiment by potentially an order of

magnitude when optimising for photon-pair rate.

Additionally, new detector technology, known as super-conducting detectors, are,

while still expensive, now commercially available. These kind of detectors incorporate

high detection efficiencies with low jitters and dark count rates. Implementing a depth
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imaging or rangefinding setup with this kind of detectors dramatically improve the

performance of either experiment, however, at the cost of transportability, since these

detectors need a cryostat for cooling.

7.2 Conclusion

This thesis investigated quantum rangefinding as a method to determine distances to

a target under the presence of losses and background light. Typical LIDAR uses bright

lasers as a light source to measure the time of flight for photons to estimate the dis-

tance to a target. The state of light that is produced by lasers makes these kind of

rangefinding systems easy to detect. Quantum rangefinding replaces the laser with

light typically used in state of the art rangefinders with light from an SPDC source.

The distinctive state of light emitted by these kind of sources is closer to naturally

occurring thermal background light and therefore provides effective camouflaging of

the rangefinding signal. This work was inspired by quantum illumination [36], which

promises advantages over illumination schemes using non-entangled single-photon

states of light, when discerning between the presence or absence of an object. Quan-

tum rangefinding differs from quantum illumination in that it determines the distance

to an object and not only its presence. Also, quantum rangefinding provides no advan-

tage in terms of improvements in contrast or SNR compared to systems using classical

light sources for target illumination. The covertness, however, relies on the thermal

nature of the down-converted light, which is only guaranteed by the quantum SPDC

process that is producing the signal and idler photons. At the same time, quantum il-

lumination, and the virtual filtering employed by quantum rangefinding to increase the

SNR, share the property that they are beneficial only in the presence of background

light and loss.

The experiment that was carried out and presented in this thesis depends on spe-

cially built electronics and software that were devised and implemented during the

course of this thesis and have proven robust and reliable, and enabled a portable setup

that is ready to be transported to future test sites for further investigations. The lab tri-

als conducted show promising results that confirm the reduction of background noise

by employing virtual filtering while also agreeingwith the predictions made by the SNR
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7.2 Conclusion

model for quantum rangefinding. This strong agreement between model and experi-

mental implementation encourages further investigations of quantum rangefinding as

a novel method of covert distance estimation, and to explore its potential with higher

frequency-channel numbers.

Trials for quantum depth-imaging have been carried out as a collaborative experi-

ment at the University of Heriot-Watt and impressively illustrated how classical infor-

mation processing, in the form of image reconstruction algorithms, can go hand-in-

hand with quantum light sources to increase their versatility for various illumination

tasks, potentially opening new avenues for applications of low power photon sources.

Unfortunately, with current bulk non-linear crystal technology, a rangefinding sys-

tem using dim light from SPDC is limited in it practicability in real life scenarios. State-

of-the-art rangefinders can be engineered to form factors so small that they can be

easily integrated in binoculars or similar optical devices making them versatile and easy

to use. The SPDC source used in this thesis, while engineered to be compact, still

has dimensions on the orders of tens of centimetre. Even with further improvements

in the design of the source they low optical power emitted by bulk SPDC limits the

range of quantum rangefinders. Yet, sources realised using waveguides in non-linear

materials such as presented in [113–116] promise much higher photon conversion

efficiencies of up to two orders of magnitude [114] and can be implemented com-

pletely in fibre optics. While the higher conversion efficiency realises higher bright-

ness down-conversion sources, an all-fibre implementation guarantees an small for

factor and enables the integration of quantum rangefinders into existing equipment

as is already done with conventional systems. However, at the moment waveguides

in non-linear crystals with custom polings are expensive to realise but are promising

illumination options for future quantum rangefinding systems.

In conclusion, quantum rangefinding does not gain a direct advantage in resolu-

tion, contrast, or SNR, from any quantum effect, yet, the covertness of the system

is a resource relying on the quantum nature of the SPDC process. This covertness is

an interesting quantum resource itself and will open up new exciting applications in

rangefinding, imaging, and illumination.
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Appendix A

Designed Crystal Structures

A.1 Crystal A

Crystal A comprises four sections of equal length with each being dedicated to one

fixed poling period Λ. As such, each of the four section is responsible for creating one

of the four peaks inside the JSI shown in figure 2.12.

Section Start [mm] Stop [mm Λ [µm]

1 0.0 7.5 9.00

2 7.5 15.0 10.33

3 15.0 22.5 11.66

4 22.5 30.0 13.00

Table A.1: Poling structure of crystal A. The table gives the start and stop z coor-

dinates and the poling period Λ of each of the four sections in the crystal. Each

peak in the JSI of crystal A is generated by one of the four sections in crystal A.

Table A.1 gives coordinate for the start and end positions of each section with the

respective poling period. As can be inferred the crystal is designed for an overall length

of 30mm.
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A Designed Crystal Structures

A.2 Crystal B

The poling structure of crystal B is slightly more intricate than the one of crystal A.

To generate the wide continuous spectrum of the JSI shown in figure 2.13 the poling

structure changes throughout the crystal. Meaning that the poling period is a function

of the longitudinal crystal coordinate z,

Λ(z) = 9.00µm+ 4.00µm
z

30mm
. (A.1)

In this way, all poling structures necessary to continuous spectrum as shown in fig-

ure 2.13 are present in the crystal. Because longer crystals generate narrow phase-

matching functions, as can be seen in equation (2.15), this also explains that the JSI

is much wider along the energy conserving curve. The continuously changing pol-

ing structure is equivalent to multiple, short crystals each generating a broad phase-

matching.
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Source Controller Schematics
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Appendix C

Further Calibrations

Other important calibrations, characterised in the optical setup include the laser

diode’s dependency on temperature, its output power, the calibration of the single-

photon spectrometer, the coupling of the frequency-splitting setup, as well as the

simulated losses and background rates. All of these quantities are important for the

results found in chapters 4 and 5 and are summarised in this appendix.

C.1 Laser DiodeTemperature Dependency

Although laser diodes are sold being specified for a certain wavelength, manufacturing

tolerances in the diode dies can lead to slightly different wavelengths being emitted.

Laser diodes emit light at wavelengths corresponding to a band gap intrinsic to the

semi conductor material from which the diode is made, and since this band gap is

temperature dependent, the wavelength of the diode can change with temperature.

Typically however, thermal expansion of the die itself has a more drastic effect on the

emitted wavelength. Thermal expansion leads to a longer laser cavity, where in an

edge emitting laser diode the cavity is formed by back reflections on the air-semi-

conductor interface itself. A warmer, and therefore longer die thereby also favours

longer wavelengths. The plots in figure C.1 show the laser diode’s spectra at different

temperatures. This data was recorded using a low resolution spectrometer (Ocean

Optics, USB2000+). A trend towards longer wavelengths with increasing temperature

is clearly visible. Yet, the wavelengths do not reach the specified 405 nm.
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Figure C.1: Laser diode spectra for different temperatures. The spectra trend to

longer wavelengths with increasing temperature. This effect can be mainly con-

tributed to the thermal expansion of the laser cavity inside the diode. Unfortu-

nately, the wavelengths do not coincide with the specification of 405 nm.

C.2 Laser Diode Output Power

Knowledge of the output power is not only necessarywhen estimating the conversion

efficiency of the down-conversion process, but also enables comparison between dif-

ferent source setups. For these reasons, the optical power is plotted against the diode

current, supplied by the source controller electronics described in section 3.1.1, in fig-

ure C.2. The laser diode shows powers exceeding the specified 150mWwhen driven

with currents up to its absolute maximum value of 170mW and a slope efficiency of

1.24WA−1. In typical operation conditions, for this experiment, the diode was driven

with 80mA, i.e. the source was pumped with 52mW, offering a potential increase in

brightness by a factor of three when driven with the full power of the diode. The only

reason, these higher powers could not be accessed in the experiment was that the low

detector number lead to saturations of the SPADs. Higher, channel numbers would,

also in this respect, immediately improve the performance of the rangefinding system.
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Figure C.2: The optical output power of the laser diode plotted against the supply

current. The solid line is a linear regression curve with slope 1.24WA−1, which

is well within the specification of the diode. The maximal output power at the

maximum operating current of 170mA is 172mW.

C.3 Single-Photon Spectrometer Calibration

To ensure the correctness of the of the spectral measurement, the single-photon spec-

trometer was first calibrated using a fibre coupled mercury-argon (HgAr) vapour lamp.

The distinct narrow spectral lines, stemming from atomic transitions in these kind of

light sources, allows for a precise reference of wavelengths to compare the results

of the spectrometer to. Figure C.3 shows the results from this measurement. The

average deviation between the measurement and the Argon transition lines yields a

negligible blue shift of≈ 60 pm. Hence, the spectrometer was regarded to be well cal-

ibrated.
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Figure C.3: Calibration measurement of the spectrometer meter using a HgAr

lamp. The red lines show the results taken with the spectrometer, while the blue

lines correspond to Argon transitions. When taking the average deviation of the

peaks from the transition leads a negligible blue shift of 60 pm

C.4 Frequency-Splitting SetupTransmission

Besides the splitting quality (in section 4.4), the attenuation of the two channel setup

was measured. For this purpose, two different low power < 5mW alignment lasers

were coupled to the input of both signal and idler splitting setups and the transmission

was measured. A 635 nm laser was used to characterised the light transmitted at the

dichroic mirror, while a 850 nm laser was coupled into the setup to measure the losses

for the reflected part. The results of these measurements are summarised in table C.1

where the coupling efficiency is given in decibel and percent. The lower coupling

for the transmitted light can be partly explained by the transmittance of the dichroic

mirror at 635 nm, which is lower than its reflectance at 850 nm. The difference between

these two values accounts for ≈ 2% in the coupling. The remaining difference can

be explained by the shorter wavelength being outside the specified wavelength range

of the triplet collimator and its anti-reflection coating. Overall, the alignment of the

splitting setup is well suited and should contribute < 0.8 dB on average to the overall

attenuation in the rangefinding system at its operational wavelength range.
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Channel Coupling [dB] Coupling

S1 -1.08 0.78

S2 -0.55 0.88

I1 -1.0 0.79

I2 -0.60 0.87

Table C.1: Coupling efficiencies of the transmitted and reflected parts occurring

in the two-channel setup. The channels transmitted at the dichroic mirror are la-

belled with the number 1 and the reflected channels are denoted with the num-

ber 2. “S” and “I” stand for the setups being used in the signal or idler arm of the

down-conversion source.

C.5 Neutral Density Filter Attenuations

To simulate realistic losses, reflective ND filters were introduced into the range after

the triplet collimator. In this way losses occurring over distances longer than what was

feasible in the lab can be simulated. The attenuations of these filters where calibrated

by measuring the transmission using an 810 nm laser and a power meter. The trans-

missions for different attenuators are displayed in table C.2. These values represent

Filter Attenuation [dB] Standard Deviation [dB]

ND01A -0.64 0.05

ND02A -1.68 0.04

ND03A -2.22 0.07

ND04A -3.40 0.15

ND05A -4.70 0.10

ND06A -5.55 0.10

ND10A -8.60 0.25

ND20A -18.10 0.30

Table C.2: Attenuation of different ND filters used to simulate additional loss in

the laser range. The values and standard deviation were calculated by inserting

and removing the ND filter in the transmission measurement setup 20 times.

20 trials for each ND filter, where the filter was removed and reinserted into the mea-
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surement setup to eliminate any inaccuracies from beam deflections caused by a tilted

filter.

C.6 Simulated Background Levels

Similar to the loss, background can also be simulated in the setup described in sec-

tion 5.1. This is done by back-illuminating the corner cube, which is used as a target,

with a LED of central wavelength 810 nm and a bandwidth of 25 nm FWHM (Thorlabs,

M810D2). The calibration for the background levels simulated in this way is easy and

straightforward. The setup is first aligned ready for rangefinding. Then, while the

down-conversion source is inactive, the current through the background simulating

LED is increased while also measuring the count rates on the SPADs. In this way a

certain diode current can be related to the simulated background light. These calibra-

tions were done prior to the lab trials and separately for both crystals to ensure the

consistency of the calibration between swapping the setup to another crystal. The

Current [mA] Background Counts [Hz] Standard Deviation [Hz]

0 6100 350

5 13500 200

7 18600 300

12 30500 400

20 53100 500

37 100600 500

55 151500 600

72 200800 800

109 300600 800

146 399200 900

187 501200 1100

Table C.3: Calibration of simulated background levels. The values given here a

averages over integration times of 500ms and were taken before the experiment

was carried out for crystal A.

values shown in table C.3 are averages of integration times of 500ms and were taken

just before the rangefinding experiment was carried out for crystal A. The measure-
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ments for crystal B are consistent within one standard deviation given in table C.3. Of

course, when assuming realistic background levels as measured in section 4.3, and a

spectral bandwidth of ∆λ = 200 nm, the background rates should be more than an

order of magnitude brighter to simulate realistic background rates during daylight. Yet,

such high levels would not only diminish any measurable SNR, but also exceed the

damage threshold of the SPADs used. Hence, lower levels are used in the lab trials

described in chapter 5 to verify the correctness of the theoretical model for quantum

rangefinding described in section 1.4.2.
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Appendix D

Results of Signal to Noise Ratio Mea-

surements

The following two sections are tables containing the relevant experiments carried out

with crystals A and B, as defined in section 2.6. A full summary of the experimental

results is given in chapter 5. The first column (ID) identifies every experiment with

a unique id for reference purposes. The last two columns compare the experiments

with equal settings for background intensity and attenuation but different frequency

channels.

D.1 Results Crystal A

ID At-

tenu-

ation

[dB]

Back-

ground

Rate

[kHz]

n Signal

Mean

Signal

Std.

Dev.

Noise

Mean

Noise

Std.

Dev.

SNR Im-

prove-

ment

(abs.)

Im-

prove-

ment

(rel.)

1 0.00 6.1 1 6586.0 87.2 107.7 16.9 72.94

2 0.00 6.1 2 6224.8 84.3 69.9 15.3 71.84 -1.10 0.98

3 02.22 6.1 1 3679.3 66.4 61.0 10.2 53.86

4 02.22 6.1 2 3470.6 65.6 39.1 8.8 51.85 -2.01 0.96

5 05.55 6.1 1 1693.5 39.5 30.1 6.2 41.60

6 05.55 6.1 2 1601.6 38.5 19.1 5.2 40.73 -0.87 0.98

7 08.56 6.1 1 838.6 28.3 16.3 4.4 28.71

8 08.56 6.1 2 792.8 27.5 10.2 3.6 28.22 -0.49 0.98
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9 14.10 6.1 1 178.1 13.4 5.6 3.6 12.43

10 14.10 6.1 2 166.9 12.6 3.3 2.2 12.79 0.36 1.03

11 18.14 6.1 1 83.5 9.3 3.9 1.9 8.39

12 18.14 6.1 2 77.7 8.9 2.3 1.3 8.38 -0.01 1.00

13 0.00 13.5 1 6702.8 96.9 113.2 17.2 66.96

14 0.00 13.5 2 6338.6 93.2 73.1 15.6 66.30 -0.66 0.99

15 02.22 13.5 1 3816.9 61.2 66.9 11.2 60.27

16 02.22 13.5 2 3609.3 59.1 42.9 9.8 59.53 -0.74 0.99

17 05.55 13.5 1 1681.4 42.2 32.6 6.7 38.59

18 05.55 13.5 2 1588.6 41.3 20.5 5.6 37.62 -0.97 0.97

19 08.56 13.5 1 843.7 27.9 18.8 4.7 29.16

20 08.56 13.5 2 795.5 26.9 11.4 3.8 28.86 -0.30 0.99

21 14.10 13.5 1 187.2 13.3 7.8 2.8 13.20

22 14.10 13.5 2 174.8 12.7 4.4 2.1 13.24 0.04 1.00

23 18.14 13.5 1 86.2 8.9 6.3 2.5 8.64

24 18.14 13.5 2 79.4 8.7 3.5 1.8 8.54 -0.10 0.99

25 0.00 18.6 1 6730.5 80.9 117.1 17.4 79.92

26 0.00 18.6 2 6351.8 79.3 75.5 16.0 77.58 -2.34 0.97

27 02.22 18.6 1 3831.4 65.2 68.9 11.1 56.89

28 02.22 18.6 2 3622.5 63.8 43.9 9.8 55.44 -1.45 0.97

29 05.55 18.6 1 1679.7 39.7 34.6 6.9 40.83

30 05.55 18.6 2 1585.2 38.7 21.6 5.8 39.96 -0.87 0.98

31 08.56 18.6 1 840.2 29.3 20.7 4.9 27.59

32 08.56 18.6 2 791.1 28.6 12.5 4.0 26.96 -0.63 0.98

33 14.10 18.6 1 189.9 13.7 9.7 3.2 12.81

34 14.10 18.6 2 176.7 12.9 5.4 2.4 13.06 0.25 1.02

35 18.14 18.6 1 87.2 9.6 8.1 2.9 7.89

36 18.14 18.6 2 79.3 9.2 4.4 2.1 7.94 0.05 1.01

37 0.00 30.5 1 6763.9 101.0 122.3 17.9 64.75

38 0.00 30.5 2 6379.7 96.3 78.2 16.4 64.51 -0.24 1.00

39 02.22 30.5 1 3908.6 64.4 74.9 11.6 58.59

40 02.22 30.5 2 3693.4 61.4 47.3 10.2 58.58 -0.01 1.00

41 05.55 30.5 1 1704.0 40.3 39.8 7.4 40.62

42 05.55 30.5 2 1607.3 39.1 24.4 6.2 39.98 -0.64 0.98
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43 08.56 30.5 1 840.2 29.3 20.7 4.9 27.59

44 08.56 30.5 2 791.1 28.6 12.5 4.0 26.96 -0.63 0.98

45 14.10 30.5 1 200.1 14.3 14.3 3.8 12.56

46 14.10 30.5 2 184.5 13.9 7.8 2.9 12.44 -0.12 0.99

47 18.14 30.5 1 91.2 10.0 13.1 4.2 7.20

48 18.14 30.5 2 81.3 9.3 6.9 2.9 7.64 0.44 1.06

49 0.00 53.1 1 6798.6 85.4 130.7 17.7 76.45

50 0.00 53.1 2 6405.7 81.9 82.5 16.0 75.77 -0.68 0.99

51 02.22 53.1 1 3876.4 62.7 83.1 12.4 59.35

52 02.22 53.1 2 3652.6 60.9 51.6 10.9 58.20 -1.15 0.98

53 05.55 53.1 1 1716.0 41.1 47.8 7.8 39.88

54 05.55 53.1 2 1615.1 39.7 28.6 6.5 39.44 -0.44 0.99

55 08.56 53.1 1 854.6 28.9 33.9 6.2 27.77

56 08.56 53.1 2 799.1 27.9 19.5 4.9 27.52 -0.25 0.99

57 14.10 53.1 1 207.5 14.4 22.5 4.9 12.16

58 14.10 53.1 2 188.0 13.5 12.0 3.6 12.60 0.44 1.04

59 18.14 53.1 1 100.2 10.1 21.1 4.7 7.10

60 18.14 53.1 2 86.5 9.4 11.1 3.5 7.52 0.42 1.06

61 0.00 100.6 1 6716.2 79.7 148.5 19.5 80.04

62 0.00 100.6 2 6321.1 77.4 91.9 17.6 78.48 -1.56 0.98

63 02.22 100.6 1 3881.2 60.4 100.1 13.3 61.14

64 02.22 100.6 2 3648.5 58.9 60.5 11.6 59.77 -1.37 0.98

65 05.55 100.6 1 1725.9 42.9 65.2 9.2 37.85

66 05.55 100.6 2 1614.2 41.4 37.6 7.5 37.47 -0.38 0.99

67 08.56 100.6 1 883.9 30.4 51.4 7.7 26.55

68 08.56 100.6 2 818.7 29.4 28.6 6.1 26.31 -0.24 0.99

69 14.10 100.6 1 224.7 15.2 39.4 6.5 11.21

70 14.10 100.6 2 197.5 14.4 20.9 4.9 11.61 0.40 1.04

71 18.14 100.6 1 117.7 10.2 38.4 6.4 6.59

72 18.14 100.6 2 95.9 9.4 20.2 4.8 7.17 0.58 1.09

73 0.00 151.5 1 6490.5 99.8 168.0 19.2 62.21

74 0.00 151.5 2 6080.7 100.0 101.0 17.1 58.94 -3.27 0.95

75 02.22 151.5 1 3934.4 68.9 119.5 14.2 54.23

76 02.22 151.5 2 3686.5 67.2 70.6 12.2 52.94 -1.29 0.98
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77 05.55 151.5 1 1731.0 42.4 83.9 10.4 37.73

78 05.55 151.5 2 1612.5 41.0 47.5 8.6 37.36 -0.37 0.99

79 08.56 151.5 1 900.4 29.9 69.7 9.0 26.60

80 08.56 151.5 2 827.8 29.0 38.1 7.1 26.45 -0.15 0.99

81 14.10 151.5 1 241.8 15.5 57.8 8.0 10.55

82 14.10 151.5 2 205.8 14.1 30.6 6.1 11.40 0.85 1.08

83 18.14 151.5 1 134.6 11.2 56.6 7.9 5.69

84 18.14 151.5 2 104.6 10.2 29.7 6.09 6.30 0.61 1.11

85 0.00 200.8 1 6608.2 105.5 185.8 20.8 59.73

86 0.00 200.8 2 6185.8 100.8 110.8 18.6 59.27 -0.46 0.99

87 02.22 200.8 1 3950.4 76.6 137.0 15.1 48.84

88 02.22 200.8 2 3695.3 75.4 79.7 13.0 47.26 -1.58 0.97

89 05.55 200.8 1 1767.6 41.6 102.0 11.5 38.59

90 05.55 200.8 2 1638.9 40.0 56.8 9.4 38.50 -0.09 1.00

91 08.56 200.8 1 926.8 31.1 88.1 10.2 25.62

92 08.56 200.8 2 844.1 29.2 47.8 8.1 26.28 0.66 1.03

93 14.10 200.8 1 262.5 16.3 75.3 9.2 1

94 14.10 200.8 2 218.7 14.6 39.7 7.1 11.03 1.03 1.10

95 18.14 200.8 1 149.1 12.9 73.6 9.0 4.80

96 18.14 200.8 2 111.6 11.3 38.5 6.9 5.52 0.72 1.15

97 0.00 300.6 1 6580.3 79.0 222.3 22.1 77.51

98 0.00 300.6 2 6133.6 75.2 129.8 19.8 77.21 -0.30 1.00

99 02.22 300.6 1 3913.9 64.2 173.9 16.8 56.36

100 02.22 300.6 2 3639.1 62.0 98.8 14.5 55.60 -0.76 0.99

101 05.55 300.6 1 1767.2 42.7 138.4 13.7 36.32

102 05.55 300.6 2 1622.1 40.5 75.6 11.2 36.80 0.48 1.01

103 08.56 300.6 1 936.9 30.2 124.7 12.4 24.88

104 08.56 300.6 2 839.0 28.6 66.7 9.9 25.52 0.64 1.03

105 14.10 300.6 1 290.9 16.9 111.1 11.5 8.80

106 14.10 300.6 2 230.9 15.3 58.2 9.0 9.73 0.93 1.11

107 18.14 300.6 1 182.4 13.5 109.6 11.5 4.11

108 18.14 300.6 2 128.7 11.1 57.2 8.9 5.03 0.92 1.22

109 0.00 399.2 1 6446.5 82.9 256.9 23.6 71.81

110 0.00 399.2 2 5986.1 80.4 147.5 21.2 70.22 -1.59 0.98
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111 02.22 399.2 1 3847.0 61.4 208.6 18.6 56.71

112 02.22 399.2 2 3560.7 59.0 116.5 16.0 56.34 -0.37 0.99

113 05.55 399.2 1 1762.7 40.7 173.5 15.5 36.49

114 05.55 399.2 2 1601.9 38.9 93.7 12.8 36.83 0.34 1.01

115 08.56 399.2 1 949.5 31.3 160.4 14.4 22.90

116 08.56 399.2 2 835.2 29.9 85.1 11.6 23.39 0.49 1.02

117 14.10 399.2 1 318.9 18.8 146.0 13.5 7.47

118 14.10 399.2 2 243.0 16.5 76.2 10.7 8.48 1.01 1.14

119 18.14 399.2 1 218.1 14.9 146.4 13.5 3.57

120 18.14 399.2 2 147.7 12.0 76.3 10.7 4.44 0.87 1.24

121 0.00 501.2 1 6367.2 102.6 295.9 25.0 57.49

122 0.00 501.2 2 5893.5 98.7 167.3 22.4 56.58 -0.91 0.98

123 02.22 501.2 1 3784.8 71.2 246.1 20.4 47.78

124 02.22 501.2 2 3482.4 68.7 135.8 17.6 47.19 -0.59 0.99

125 05.55 501.2 1 1790.6 44.7 212.5 17.3 32.92

126 05.55 501.2 2 1611.3 41.7 113.8 14.5 33.92 1.00 1.03

127 08.56 501.2 1 992.8 31.4 200.3 16.6 22.31

128 08.56 501.2 2 859.7 29.0 105.7 13.4 23.60 1.29 1.06

129 14.10 501.2 1 350.9 18.3 182.5 15.4 7.04

130 14.10 501.2 2 258.3 15.2 94.9 12.4 8.33 1.29 1.18

131 18.14 501.2 1 251.1 15.5 183.5 15.3 3.10

132 18.14 501.2 2 162.8 13.0 95.3 12.4 3.76 0.66 1.21

Avg. -0.23 1.02

D.2 Results Crystal B

ID At-

tenu-

ation

[dB]

Back-

ground

Rate

[kHz]

n Signal

Mean

Signal

Std.

Dev.

Noise

Mean

Noise

Std.

Dev.

SNR Im-

prove-

ment

(abs.)

Im-

prove-

ment

(rel.)

133 0.00 6.1 1 5608.7 110.3 97.2 13.6 49.59

134 0.00 6.1 2 5436.7 109.2 47.1 11.0 49.11 -0.48 0.99

135 02.22 6.1 1 3272.1 54.5 59.4 9.6 58.05
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136 02.22 6.1 2 3176.2 53.3 29.2 7.5 58.47 0.42 1.01

137 05.55 6.1 1 1402.8 37.2 26.0 5.8 36.57

138 05.55 6.1 2 1360.0 36.4 12.8 4.2 36.77 0.20 1.01

139 08.56 6.1 1 705.7 27.4 14.6 4.0 24.96

140 08.56 6.1 2 683.8 26.7 7.2 2.9 25.19 0.23 1.01

141 14.10 6.1 1 168.2 13.2 6.3 3.1 11.94

142 14.10 6.1 2 161.4 12.8 3.3 1.9 12.22 0.28 1.02

143 18.14 6.1 1 75.3 8.8 3.6 1.8 7.98

144 18.14 6.1 2 72.2 8.6 2.2 1.2 8.06 0.08 1.01

145 0.00 13.5 1 5583.9 75.4 99.6 13.5 71.60

146 0.00 13.5 2 5420.1 74.4 48.9 11.1 71.40 -0.20 1.00

147 02.22 13.5 1 3227.9 56.2 61.1 9.5 55.56

148 02.22 13.5 2 3132.0 55.9 30.0 7.5 55.00 -0.56 0.99

149 05.55 13.5 1 1386.4 36.8 28.4 5.8 36.45

150 05.55 13.5 2 1343.1 36.0 13.9 4.3 36.66 0.21 1.01

151 08.56 13.5 1 698.4 26.8 16.9 4.5 25.08

152 08.56 13.5 2 676.0 26.4 8.4 3.2 25.10 0.02 1.00

153 14.10 13.5 1 173.7 13.1 7.8 2.8 12.38

154 14.10 13.5 2 166.4 12.7 4.0 1.9 12.65 0.27 1.02

155 18.14 13.5 1 76.8 8.9 5.9 2.4 7.69

156 18.14 13.5 2 72.6 8.7 3.1 1.6 7.86 0.17 1.02

157 0.00 18.6 1 5580.6 95.2 103.1 15.0 56.84

158 0.00 18.6 2 5418.1 92.8 50.9 12.5 57.32 0.48 1.01

159 02.22 18.6 1 3315.9 70.0 64.1 9.7 46.01

160 02.22 18.6 2 3217.5 68.9 31.5 7.6 45.96 -0.05 1.00

161 05.55 18.6 1 1392.4 38.1 30.3 6.0 35.32

162 05.55 18.6 2 1347.3 37.4 14.9 4.5 35.37 0.05 1.00

163 08.56 18.6 1 703.4 28.9 18.7 4.5 23.41

164 08.56 18.6 2 680.2 28.3 9.3 3.3 23.55 0.14 1.01

165 14.10 18.6 1 174.5 12.9 9.7 3.2 12.40

166 14.10 18.6 2 166.1 12.7 4.9 2.2 12.51 0.11 1.01

167 18.14 18.6 1 79.8 9.1 8.3 3.9 7.22

168 18.14 18.6 2 74.4 8.7 4.2 2.4 7.78 0.56 1.08

169 0.00 30.5 1 5689.5 79.1 108.7 14.3 69.43
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170 0.00 30.5 2 5521.3 78.5 53.4 11.6 68.91 -0.52 0.99

171 02.22 30.5 1 3267.1 55.2 67.9 9.8 57.06

172 02.22 30.5 2 3167.4 55.2 33.4 7.7 56.23 -0.83 0.99

173 05.55 30.5 1 1316.7 39.4 33.1 6.3 32.17

174 05.55 30.5 2 1270.2 39.0 16.3 4.6 31.93 -0.24 0.99

175 08.56 30.5 1 717.2 27.2 23.5 5.2 25.05

176 08.56 30.5 2 691.5 26.9 11.6 3.7 25.04 -0.01 1.00

177 14.10 30.5 1 182.2 13.2 14.0 4.0 12.19

178 14.10 30.5 2 172.0 12.8 7.0 2.8 12.59 0.40 1.03

179 18.14 30.5 1 83.5 9.0 12.3 3.5 7.37

180 18.14 30.5 2 76.3 8.5 6.2 2.5 7.91 0.54 1.07

181 0.00 53.1 1 5610.7 76.8 116.0 14.6 70.29

182 0.00 53.1 2 5440.4 75.1 57.0 11.8 70.81 0.52 1.01

183 02.22 53.1 1 3258.7 68.7 75.9 10.4 45.81

184 02.22 53.1 2 3156.0 68.3 37.4 8.1 45.34 -0.47 0.99

185 05.55 53.1 1 1359.1 38.5 42.1 7.0 33.66

186 05.55 53.1 2 1308.9 38.0 20.7 5.2 33.59 -0.07 1.00

187 08.56 53.1 1 713.0 26.8 31.2 5.8 24.86

188 08.56 53.1 2 684.0 26.3 15.4 4.2 25.10 0.24 1.01

189 14.10 53.1 1 190.4 14.3 22.8 5.8 10.86

190 14.10 53.1 2 176.0 13.6 11.3 3.8 11.66 0.80 1.07

191 18.14 53.1 1 90.7 9.5 20.4 4.6 6.66

192 18.14 53.1 2 79.7 9.0 10.2 3.2 7.28 0.62 1.09

193 0.00 100.6 1 5725.6 98.0 135.6 16.2 56.28

194 0.00 100.6 2 5543.6 97.5 66.8 13.2 55.66 -0.62 0.99

195 02.22 100.6 1 3336.7 66.9 94.0 11.5 47.77

196 02.22 100.6 2 3223.5 64.9 46.3 8.9 48.50 0.73 1.02

197 05.55 100.6 1 1382.2 40.1 60.2 8.5 32.25

198 05.55 100.6 2 1323.9 39.0 29.8 6.3 32.76 0.51 1.02

199 08.56 100.6 1 736.4 30.0 48.4 7.3 22.28

200 08.56 100.6 2 699.3 29.5 24.0 5.2 22.54 0.26 1.01

201 14.10 100.6 1 204.0 13.7 39.5 6.4 10.88

202 14.10 100.6 2 181.3 13.0 19.7 4.6 11.72 0.84 1.08

203 18.14 100.6 1 107.4 10.1 37.6 6.3 5.86
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204 18.14 100.6 2 88.5 8.9 18.7 4.5 7.00 1.14 1.19

205 0.00 151.5 1 5586.3 78.1 151.6 16.8 68.03

206 0.00 151.5 2 5399.7 76.0 74.8 13.6 68.97 0.94 1.01

207 02.22 151.5 1 3230.6 55.3 110.5 12.4 55.05

208 02.22 151.5 2 3112.5 54.7 54.5 9.6 55.06 0.01 1.00

209 05.55 151.5 1 1390.9 36.2 78.5 9.6 35.04

210 05.55 151.5 2 1324.2 34.7 38.8 7.0 36.31 1.27 1.04

211 08.56 151.5 1 745.3 27.3 66.7 8.7 23.68

212 08.56 151.5 2 700.2 26.7 33.1 6.3 24.32 0.64 1.03

213 14.10 151.5 1 218.9 14.8 57.8 7.9 9.60

214 14.10 151.5 2 188.7 13.8 28.7 5.7 10.72 1.12 1.12

215 18.14 151.5 1 123.4 11.5 55.8 7.7 4.88

216 18.14 151.5 2 96.3 10.0 27.7 5.5 6.01 1.13 1.23

217 0.00 200.8 1 5506.3 81.4 166.9 16.9 64.22

218 0.00 200.8 2 5312.9 80.2 82.1 13.4 64.33 0.11 1.00

219 02.22 200.8 1 3246.7 59.1 128.0 13.2 51.50

220 02.22 200.8 2 3120.8 58.1 63.1 10.1 51.85 0.35 1.01

221 05.55 200.8 1 1399.6 38.4 95.9 10.8 32.68

222 05.55 200.8 2 1324.9 37.2 47.4 7.9 33.59 0.91 1.03

223 08.56 200.8 1 749.5 28.0 83.6 10.1 22.37

224 08.56 200.8 2 696.4 26.5 41.4 7.2 23.85 1.48 1.07

225 14.10 200.8 1 237.0 15.6 75.6 9.1 8.94

226 14.10 200.8 2 198.8 14.3 37.6 6.6 10.24 1.30 1.15

227 18.14 200.8 1 138.4 11.7 72.7 8.9 4.47

228 18.14 200.8 2 103.4 10.3 36.1 6.4 5.55 1.08 1.24

229 0.00 300.6 1 5275.1 198.2 199.8 18.7 25.49

230 0.00 300.6 2 5066.4 193.0 98.5 14.7 25.67 0.18 1.01

231 02.22 300.6 1 3192.2 72.5 162.8 15.3 40.88

232 02.22 300.6 2 3049.9 69.9 80.5 11.6 41.91 1.03 1.03

233 05.55 300.6 1 1404.2 37.5 132.3 12.7 32.13

234 05.55 300.6 2 1314.5 36.3 65.5 9.4 33.31 1.18 1.04

235 08.56 300.6 1 786.7 28.6 119.6 11.9 21.54

236 08.56 300.6 2 717.3 27.1 59.4 8.7 23.11 1.57 1.07

237 14.10 300.6 1 267.2 16.6 111.9 11.4 7.71
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238 14.10 300.6 2 212.0 14.8 55.6 8.3 9.22 1.51 1.20

239 18.14 300.6 1 173.9 13.3 109.2 11.3 3.71

240 18.14 300.6 2 121.7 11.2 54.3 8.2 4.86 1.15 1.31

241 0.00 399.2 1 5274.5 70.3 236.6 20.2 68.88

242 0.00 399.2 2 5051.2 68.7 116.8 15.9 69.98 1.10 1.02

243 02.22 399.2 1 3201.9 65.9 199.0 16.9 44.14

244 02.22 399.2 2 3044.2 63.1 98.4 12.9 45.74 1.60 1.04

245 05.55 399.2 1 1400.8 36.8 167.8 14.5 31.17

246 05.55 399.2 2 1295.6 36.0 83.1 10.8 32.26 1.09 1.03

247 08.56 399.2 1 785.0 27.8 154.6 13.7 20.34

248 08.56 399.2 2 700.3 26.2 76.8 10.1 22.20 1.86 1.09

249 14.10 399.2 1 297.7 17.7 147.6 13.2 6.80

250 14.10 399.2 2 255.8 15.2 73.4 9.7 10.12 3.32 1.49

251 18.14 399.2 1 203.8 14.7 144.3 13.2 3.01

252 18.14 399.2 2 135.7 11.8 71.8 9.7 4.18 1.17 1.39

253 0.00 501.2 1 5064.7 78.3 272.3 21.5 59.02

254 0.00 501.2 2 4829.6 76.7 134.4 17.0 59.76 0.74 1.01

255 02.22 501.2 1 3059.8 57.8 233.8 18.3 46.61

256 02.22 501.2 2 2890.7 56.6 115.7 14.0 47.59 0.98 1.02

257 05.55 501.2 1 1405.8 36.6 208.0 16.6 29.80

258 05.55 501.2 2 1281.9 35.0 103.2 12.4 31.74 1.94 1.07

259 08.56 501.2 1 794.4 27.7 190.9 15.4 19.04

260 08.56 501.2 2 692.4 25.8 94.9 11.5 21.15 2.11 1.11

261 14.10 501.2 1 326.3 17.6 184.7 15.2 6.09

262 14.10 501.2 2 237.5 15.0 92.0 11.2 7.77 1.68 1.28

263 18.14 501.2 1 233.9 15.1 180.7 14.7 2.52

264 18.14 501.2 2 149.2 12.0 89.9 11.0 3.64 1.12 1.44

Avg. 0.63 1.07
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