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5HFHQW GHYHORSPHQWV LQ LQIUDUHG VLQJOH SKRWRQ GHWHFWLRQ WHFKQRORJLHV DUH SDYLQJ WKH
ZD\ IRU D UDQJH RI H[FLWLQJ QHZ DSSOLFDWLRQ DUHDV  7KLV WKHVLV SUHVHQWV ZRUN RQ WKH
GHYHORSPHQW DQG WHVWLQJ RI WKUHH QRYHO DSSOLFDWLRQV  )LUVWO\ VLQJOHSKRWRQ GHSWK
LPDJLQJ V\VWHPV DUH GHVFULEHG  %\ XVLQJ WKH UHFHQWO\ GHYHORSHG 6XSHUFRQGXFWLQJ
1DQRZLUH 6LQJOH 3KRWRQ 'HWHFWRUV 6163'V  DQG ,Q*D$V,Q3 6LQJOH 3KRWRQ
$YDODQFKH 'LRGHV 63$'V  NLORPHWUH UDQJH GHSWK LPDJHV ZHUH DFTXLUHG ZLWK VXE
FHQWLPHWUH GHSWK UHVROXWLRQ XVLQJ H\HVDIH SRZHU OHYHOV RI aQP ZDYHOHQJWK
LOOXPLQDWLRQ  $ FRPSDULVRQ RI WKH WZR GHWHFWLRQ DSSURDFKHV LV PDGH  6HFRQGO\ D
VLQJOHW R[\JHQ OXPLQHVFHQFH GHWHFWLRQ V\VWHP ZDV EXLOW DQG FKDUDFWHULVHG  )LEUH
FRXSOHG6163'VGHPRQVWUDWHGIRUWKHILUVWWLPHWKHSRVVLELOLW\RIWKHPHDVXUHPHQWRI
WKHQPVLQJOHWR[\JHQOXPLQHVFHQFHZLWKRXWWKHQHHGIRUEXON\IUHHVSDFHRSWLFV
UHYHDOLQJDSDWKWRZDUGDVWHSFKDQJHLQ3KRWRG\QDPLF7KHUDS\ 3'7 IRUWKHWUHDWPHQW
RIFDQFHU7KLUGO\DJKRVWLPDJLQJV\VWHPLVGHPRQVWUDWHG$QRQOLQHDUFU\VWDOFXW
IRU WKH QRQGHJHQHUDWH VSRQWDQHRXV SDUDPHWULF GRZQ FRQYHUVLRQ RI D QP
ZDYHOHQJWKSXPSODVHU SURYLGHVFRUUHODWHGSDLUVRISKRWRQVZLWKDZLGHVHSDUDWLRQLQ
ZDYHOHQJWK QPDQGQP 7KLVDOORZVIRUWKHSURELQJRIDQREMHFWRILQWHUHVW
ZLWKORZSRZHUORQJZDYHOHQJWKSKRWRQVZKLOVWLPDJLQJWKHFRUUHODWHGEOXHSKRWRQVRQ
DQLQWHQVLILHG&&'FDPHUDZKLFKLVRQO\VHQVLWLYHDWZDYHOHQJWKVQHDUYLVLEOH





 


, ZRXOG OLNH WR EHJLQ E\ WKDQNLQJ ERWK P\ VXSHUYLVRUV 3URIHVVRUV *HUDOG %XOOHU DQG
5REHUW +DGILHOG IRU DOO WKHLU JXLGDQFH DQG VXSSRUWWKURXJKRXW P\ 3K'  , DP KXJHO\
JUDWHIXOWRWKHPIRU JLYLQJPHWKHRSSRUWXQLW\WRZRUNRQVXFKLQWHUHVWLQJDQGYDULHG
ZRUN DQG IRU SXVKLQJ PH WR DOZD\V DFKLHYH PRUH  0DQ\ WKDQNV JR WR $RQJXV
0F&DUWK\ZLWKRXWZKRPPXFKRIWKLVZRUNZRXOGQRWKDYHEHHQSRVVLEOHIXUWKHUPRUH
,ZRXOGOLNHWRDSRORJLVHWRKLPIRUDOOWKHGLIILFXOWTXHVWLRQVRYHUSDVWIHZ\HDUV0LNH
7DQQHUDOVRGHVHUYHVVSHFLDOWKDQNVIRUEHLQJWKHURFNLQWKHODEIL[LQJDOOPDQQHURI
SUREOHPV,FUHDWHG QRWWRPHQWLRQIRULQWURGXFLQJPHWR)ULGD\GULQNV 
7KH ZRUN SUHVHQWHG LQ WKLV WKHVLV LV WKH FXOPLQDWLRQ RI D QXPEHU RI FROODERUDWLRQV
EHWZHHQ GLIIHUHQW UHVHDUFK JURXSV  2EYLRXVO\ *HUDOG¶V 3KRWRQ &RXQWLQJ JURXS LQ
SDUWLFXODU ;LPLQJ 5HQ DQG 1LOV .ULFKHO  DQG 5REHUW¶V 4XDQWXP 6HQVRUV JURXS
HVSHFLDOO\&KDQGUD0RXOL1DWDUDMDQ GHVHUYHUHFRJQLWLRQQRWRQO\IRUDOOWKHKHOSRYHU
WKH\HDUVEXWDOVRIRUPDNLQJPHIHHOZHOFRPHDQGDSDUWRIVRPHWKLQJODUJHU0LOHV
3DGJHWW¶V2SWLFVJURXSDOVRGHVHUYHSUDLVHDQGWKDQNVIRUSXWWLQJXSZLWKDQLQWUXGHUIRU
VRORQJ5HXEHQ$VSGHQDQG3HWHU0RUULVIRUWKHLUFRQWULEXWLRQVLQODEDQGIRUNHHSLQJ
P\VSLULWVXSRYHUWKHORQJGDUNPRQWKV7KHVLQJOHWR[\JHQZRUNLVLQGHEWHGWR%ULDQ
:LOVRQ DQG %DRFKDQJ /LX IRU KHOSLQJ XV ILQG H[DFWO\ ZKDW ZH ZHUH ORRNLQJ IRU DQG
JLYLQJ WKH HQFRXUDJHPHQW WR SUHVV RQ ZLWK WKH ZRUN )XUWKHU WKDQNV JR WR /RUDLQH
0DUNODQGIRUSXWWLQJXSZLWKDOOPDQQHURIUHTXHVWVDQGFODLPV
2IILFHPDWHVKDYHFRPHDQGJRQHZKLOH,¶YHEHHQKHUHEXWDOOKDYHKHOSHGPDNHWKLV
WKHEHVWFDUHHUFKRLFH,HYHUPDGH)URPWKHROGJURXSRI3DWULFN&ODUN:LOO5DPVH\
DQG 5XWK /LYLQJVWRQH WR WKH QHZ JX\V $XURUD 0DFFDURQH 5RVV 'RQDOGVRQ $GULDQ
']LSDOVNL DQG -DPHV 7KRPSVRQ , JLYH P\ XQHQGLQJ WKDQNV  7KDQNV DOVR WR WKRVH
ZKRP , KDYH PHW LQ WKH SXE RQ D )ULGD\ QLJKW WKH WKRXJKW RI VXFK LQYLJRUDWLQJ FKDW
RIWHQ SXOOHG PH WKURXJK WKH ZHHN  *LXOLR %XWHUD DOVR GHVHUYHV D VSHFLDO PHQWLRQ IRU
HYHULQFUHDVLQJSDQFLD
, ZRXOG QRW KDYH VXUYLYHG WKH 3K' ZLWKRXW WKH VXSSRUW DQG HQFRXUDJHPHQW RI DOO P\
IDPLO\QRUZRXOG,HYHQKDYHKDGWKHFRXUDJHWRVWDUW7KH\DUHDFRQVWDQWVRXUFHRI
VWUHQJWKWRPHDQG,FDQQRWJLYHHQRXJKWKDQNV

)LQDOO\,ZRXOGOLNHWRVD\DELJWKDQN\RXWR6LOYLD%XWHUDIRUPRUHWKLQJVWKDQ,FDQ
GHVFULEH6KHKDVEHHQP\JXLGLQJOLJKWWKURXJKRXWWKHZULWLQJRIWKLVWKHVLVDQGKHU
VPLOHLVDOOLWWDNHVWRULGPHRIWKHGD\¶VVWUHVVHV6KHKDVORRNHGDIWHUDQGIHGPHHYHQ
ZKLOHGRLQJKHURZQWKHVLV,DPPRUHWKDQOXFN\
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Chapter 1: Introduction

1. Introduction

This PhD thesis presents work carried out in three main applications of infrared single
photon counting. Firstly, two long range scanning depth profilers using two different
single-photon detector technologies are presented and characterised; both systems are
based on the time correlated single photon counting (TCSPC) technique and operate at a
wavelength of around 1550 nm. Secondly, a new approach for the high sensitivity
detection of singlet oxygen luminescence at 1270 nm wavelength is described. Thirdly,
a demonstration of a novel ghost imaging system based on non-degenerate spontaneous
parametric down-conversion (SPDC) is described.
The following Chapters build upon and bring together the achievements of Gerald
Buller’s Single Photon group (including the work of Aongus McCarthy, Nils Krichel,
and Ximing Ren), Robert Hadfield’s Quantum Sensors group (including the work of
Mike Tanner and Chandra Mouli Natarajan), and Miles Padgett’s Optics group
(including the work of Daniel Tasca, Reuben Aspden, and Peter Morris). Much of the
work within this thesis is built on foundations laid by the previous work of these groups
allowing new heights to be reached within the area of infrared single photon sensing.

1.1. Thesis Structure
Chapter 2 acts as a comprehensive introduction to single photon counting techniques
and enabling technologies; and most importantly those applicable to the infrared region
of the electromagnetic spectrum. Particular attention will be given to the detector types
used in the experiments described in subsequent chapters (i.e. Superconducting
Nanowire Single-Photon Detectors – SNSPDs – and InGaAs/InP based Single-Photon
Avalanche Diodes – SPADs), though full consideration will be given to a variety of
competing technologies.
Chapter 3 details the experiments performed characterising and optimising two longrange Time of Flight (TOF) depth imaging systems. Depth imaging at kilometre ranges
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is a very technically demanding application requiring careful consideration of the
system parameters. The use of modern infrared single photon detectors allows the use
of illumination wavelengths outside the main band of solar background, ultimately
permitting improved depth imaging during normal daylight conditions.

This

wavelength range permits higher eye safety thresholds as well as improved atmospheric
transmission, both factors contributing towards the potential of depth imaging at longer
range. Excellent timing properties and single photon detection efficiencies of these
systems give the capability of sub-centimetre depth resolution at fast acquisition rates,
resulting in video rate depth imaging. Work on these two systems was published in two
separate journal articles in 2013 [1, 2]. Further work within this chapter includes
simulations for the comparison of the two imaging systems, and a novel noise removal
strategy.
A system built for the detection of singlet oxygen (1O2) luminescence at 1270 nm
wavelength is described in Chapter 4. Singlet oxygen is an intermediary step in many
important biological processes, most prominently its role in Photodynamic Therapy
(PDT) for the treatment of cancer. Direct detection of the presence of 1O2 remains a
challenge due the weak single photon emission in infrared bands beyond the spectral
range of widely available silicon and photomultiplier-based single-photon detectors.
Direct measurement of the luminescence signature of 1O2 is a key step in providing a
reliable dose metric for PDT (Singlet Oxygen Luminescence Dosimetry – SOLD),
allowing targeted and patient specific treatments. Although initial studies of 1O2 were
carried out more than a decade ago using photomultiplier tube detectors, clinical
translation was impossible due to the reliance on bulky free space optics. We have
joined forces with the pioneer of these early studies, Professor Brian C. Wilson of the
Ontario Cancer Institute, Toronto Canada, to demonstrate a fibre coupled detection
system that would allow singlet oxygen luminescence to be used in more challenging
scenarios such as at the point of patient treatment. This work was published in Optics
Express in 2013 [3].
Thirdly, a non-degenerate ghost imaging system was constructed and characterised, and
is fully described in Chapter 5. Ghost imaging is a technique using SPDC photon pairs
to image an object. Photons transmitted through a target object are collected by a
‘bucket detector’ whose output is used to trigger a camera for the measurement of the
spatial position of its twin photon, measured in a separate channel by a single-photon
camera. Most previous work on quantum ghost imaging involved degenerate SPDC,
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with both the photons having the same wavelength. Advances in infrared single photon
detectors have now allowed the possibility to use non-degenerate photons at vastly
different wavelengths. The system described in Chapter 5 uses 1550 nm wavelength
photons to probe an object, which are subsequently detected by a superconducting
nanowire single photon detector; this triggers an ICCD camera for the detection of a
460 nm wavelength twin photon. The advantages of this work are clear, with the ability
to probe an object using low energy, low intensity infrared light but still image using
high performance, visible wavelength detection technology, such as intensified CCD
cameras. The results presented in this Chapter are being prepared for publication
imminently [4].
Finally Chapter 6 presents a summary of the main conclusions from the three
experimental chapters.

Possibilities of further work within infrared single-photon

sensing are discussed.
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2. Background

2.1. Introduction
This chapter is an introduction to single photon counting techniques and technologies
applicable to the infrared region of the electromagnetic spectrum. Particular attention is
given to the detector types used in the experiments described in subsequent chapters,
though consideration is given to a range of competing technologies.
Since the first proposal of the single quantum of light by Einstein in 1905 [1], light
detection technologies have steadily improved, approaching the single photon limit.
Phosphors, semiconductors, and now superconductors have helped to not only achieve
this goal at visible wavelengths, but to extend the envelope of wavelengths, pushing
single photon sensitivity deep into the infrared.

In tandem, new photon-counting

technologies allow lower noise, higher efficiency and improved temporal resolution to
be achieved. Consider the relationship between the energy of a photon, E, and its
wavelength, λ:
=

ℎ


(2.1)

where h is Planck’s constant and c is the speed of light in a vacuum. As the wavelength
increases, the energy of an individual photon must decrease, thus requiring more
sensitive energy detection capability. With recent technological advances, reliable and
practical infrared single photon detection systems are now becoming readily available,
opening the way for new sensitive photon counting applications.

2.2. Time Correlated Single-Photon Counting
Time correlated single photon counting (TCSPC) techniques [2] pinpoint the timing of
signals from a single-photon detector in order to measure the temporal signature of an
optical system.

The timing of each detector - or ”Stop” - event is recorded and

compared to that of another signal, the “Start” event, which derives from the optical
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source. Only the relative timing between the Start and Stop signals is stored and the
amplitude of each signal is not required. This means that TCSPC techniques can be
considered as free of gain noise (variations in amplitude) and that the only source of
noise within the system is due to the dark count rate of the detector [2, 3]. However,
gain noise can contribute to a timing error depending on pulse height discriminator
levels.
In an analogue TCSPC system, a start pulse is sent (usually through a discriminator) to
a Time to Amplitude Converter (TAC), which usually initiates the charging of a
capacitor. A pulse from the single photon detector then stops this charging ramp in the
TAC, which subsequently releases a pulse whose amplitude is proportional to the
charge on the capacitor and, therefore, the time difference between the start and stop
signals. The TAC output pulse is sent through an analogue to digital converter and a
count can be added to a data store in a 'bin' corresponding to that timing interval. More
modern digital timing circuits replace the TAC with a Time to Digital Converter (TDC).
In its simplest incarnation the TDC acts as a clock attached to a counter; from the start
signal clock cycles are counted until a stop signal is received, whereby a count can then
be stored in a bin corresponding to the number of clock cycles. Successive repetitions
of either of these procedures results in a histogram of the optical transient of the system
being measured, a process shown in Figure 2.1.
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Figure 2.1: Top – Schematic illustration of a time correlated single photon
counting (TCSPC) experiment. The low light level source provides a start or
‘trigger’ timing signal, while the single photon detector provides the stop.
Relative timings are collected on histograms. Bottom – 1-4 as more events
are collected (i.e. the histogram is acquired for longer), a more accurate
profile of the timing signature is presented, and a more precise time can be
measured.
In an ideal case, all photons emitted by the optical system would be detected and
recorded, however, due to detector dead times and timing delays within the electrical
components, it is possible to measure a maximum of only one photon, or Stop, per Start
pulse. This, it turns out, is still too many to perform an accurate measurement of the
system time signature, as a brief examination of the statistics involved will show.
During one excitation cycle, an average number of photons are incident on the detector,
zi, within the time interval ti-1/2 to ti+1/2 corresponding to the width of one bin. These
photons produce an average number of pulses from the detector,
 = (

)
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where SPDE is the Single Photon Detection Efficiency of the detector, as defined later
in this chapter. The probability of the emission of m pulses within the time interval i is
given by the Poisson distribution,
() =

  
!

(2.3)

Therefore, the probability of 0 or 1 pulse is given by:
 ()

 ()

=  

(2.4)

=   

(2.5)

Thus if




(2.6)

=1



Then it follows:
 ()

=1−

 () −  ()

= 1 − (1 +  )



(2.7)
(2.8)

After a large number of excitation cycles, Ne, the number of detector pulses in the ith
time interval, Na, is
 = ! "  () +

 ()#

(2.9)

If wi <<1, then
 ()

 ()

= 

= $ ≪ 

(2.10)
(2.11)

The number of pulses in a given timing interval, is therefore proportional to the
intensity of the photon source at time ti, since,
 ≈ ! ' + $ (
 ≈ ! 

 ≈ ! (

)

(2.12)
(2.13)
(2.14)

However, Na does not describe the number of counts within the ith bin, as the counting
system can only count one pulse per excitation cycle, while the probability of more than
one photon detection is non-zero. This number, Ni, is related to Na via:
 =


1
1 −  ∑
*+ *

Since
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 * ≤ -

(2.16)

*

Where ND is the detected number of photons. If ND<<Ne, it then follows that Ni=Na.
Therefore the count in channel i is a measure of the signal intensity at time ti [4].
If the condition ND<<Ne is not satisfied then data can be corrected using the above
equation, provided that wi<<1. An acceptable value for FD=ND/Ne depends on the level
of distortion that can be tolerated. Yguerabide [5] suggests a value of FD =0.05, with
the knowledge that the level of distortion at the start of the histogram is negligible,
whereas the tail end will change only by a few percent, which can then be corrected
using equation (2.15).

Indeed, Figure 2.2 shows the percentage correction factor

calculated using equation (2.15) for a flat histogram with varying FD. Obviously, the
shape of actual corrections needed depend on the shape of the histogram, but at the start
of the histogram the correction factor should be negligible.

Figure 2.2: Graph showing the correction factor as would be applied to a
flat histogram with varying FD.
Assuming that the incoming photon flux is such that FD is small, Poissonian statistics
can be applied meaning that the timing resolution is dependent on the square root of the
number of independent measurements [6]. This means that through using TCSPC a

8

Chapter 2: Background

system can exceed the timing precision limit set by the system jitter and the detector’s
temporal response [3].
The Signal to Background Ratio (SBR) is the ratio between the number of counts in the
maximum bin within a TCSPC histogram, np, and the average number of ‘background’
counts per bin, nb (experimental noise counts un-correlated with respect to the trigger
signal of the system and therefore distributed throughout the histogram with an equal
probability - discounting the effect of missed counts as detailed above) [6]:
./ =

01
02

(2.17)

However, while this quantity gives some number to the ‘quality’ of a histogram, it fails
to take into account the improvement in response shape with respect to the total
acquisition time of the histogram [3].

Figure 2.3 shows three histograms with

increasing acquisition times; all three have the same SBR (10). Clearly, the peak stands
out more in the histogram with the longest acquisition time (top). The signal-to-noise
ratio (SNR) is a figure which can quantify the level of a signal over a background noise
level, and is defined as [6]:
/ =

01

301 + 02

(2.18)

If the SNR is calculated for each of the three histograms shown in Figure 2.3, one gets
figures of (in descending order): 4.264, 3.0151, and 1.6514.
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Figure 2.3: Three simulated histograms with decreasing acquisition times
(top to bottom). All three histograms have the same SBR (10) though
display decreasing SNR (4.264, 3.0151, and 1.6514, from top to bottom).

2.2.1. Poissonian Sources Attenuated to the Single-Photon Regime
For single photon counting system testing it is necessary to have a consistent and
reliable single photon source; the most convenient source of single photons for single
photon detector characterisation are so called weak coherent pulses (WCP). WCPs are
laser pulses that have been attenuated such that the mean number of photons per pulse
(µ) is smaller than 1. WCP sources are not true single-photon sources; the number of
photons in each pulse follows Poissonian statistics [7], which states that the probability,
P(n,µ) of a pulse attenuated to a particular value of µ containing n photons is given by:
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(0, 5) =

56  7
0!

(2.19)

This probability of the number of photons per pulse is shown in Figure 2.4 for a range
of µ. As can be quickly seen, there exists a non-zero probability of zero or greater than
one photon per pulse. Thus, for any given application, consideration must be given to
the attenuation of laser pulses to a mean number of photons that will provide a low
probability of multiple photons per pulse, but also not too many ‘empty’ pulses [8]. A
typical value for µ during a single photon based experiment is 0.1, which corresponds to
a 5 % probability of a pulse containing more than one photon.

Figure 2.4: Graph showing the probability of a pulse containing a given
number of photons, as calculated from equation (2.1), for a range of mean
photon number, µ. Clearly as µ is reduced the probability of higher photon
numbers within a single pulse drops dramatically.

2.3. Single Photon Detection
In order to quantify the performance of single photon detectors, parameters need to be
established that allow different technologies to be compared such that detectors can be
best matched to experiments. For single photon detectors the primary parameters used
are: detection efficiency, timing jitter, dark count rate, spectral range, and dead time[9].
Single-Photon Detection Efficiency (SPDE) can be simply defined as the probability of
an incident photon producing a readable pulse.
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different components: coupling efficiency (the probability of an incident photon being
incident on the active area of the detector), absorption efficiency (the probability of a
photon being absorbed within the material), and triggering efficiency (the probability
that a photon absorbed into the active area of the detector produces a readable output
pulse).
Timing jitter can be described as a measure of the error in timing of a detection
response. A histogram plot of the statistical fluctuation in the time between the arrival
of a photon and the detector response will show the temporal response of the detector,
where the timing jitter of the detector is typically given as the Full Width at Half
Maximum (FWHM) of the distribution, as shown in Figure 2.5. As one can quickly see,
if the timing jitter can be reduced, the same number of counts will occupy fewer bins
within the histogram. In a TCSPC measurement this results in a higher SNR.

Figure 2.5: Example histogram demonstrating the timing jitter of a singlephoton detection system. The timing jitter is typically given as the full width
at half the maximum peak height (FWHM).
The Dark Count Rate (DCR) of a detector is the rate at which false counts occur. False
counts arise from the detector self triggering due to noise sources. These can be internal
noise sources intrinsic to the detector type (some of which are discussed later within this
chapter), or external noise sources, such as stray light incident on the detector. It can be
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easily deduced that in many single-photon experiments, there are advantages in
maintaining a low dark count rate as false events will contribute to the overall error rate
in measurements, and reduce SNR.
Each detector has a range of wavelengths over which it is capable of detecting photons.
This can be linked not only to the absorption efficiency of the materials used to
construct the detector, but also to the probability that absorption will result in a pulse.
As wavelength increases the energy per photon decreases, thus - in most detector types the triggering efficiency will also decrease.
The so-called dead time of a detector is defined as the time needed for the detector to
reset itself after a detection event. Different detector systems naturally have different
detection mechanisms, however each mechanism has an associated reset time during
which the detector will be blind to incoming photons. Clearly this is undesirable, as
long dead times can affect total count rates.
A further useful quantity in the characterization of single-photon detectors is the noise
equivalent power (NEP), which is defined as
 =

(

ℎ

)

32( 9/)

(2.20)

where λ is the wavelength of the incident photon. The NEP is defined as the signal
power required to attain a unity signal-to-noise ratio within a one second integration
time [8].

2.4. Photocathode based Single-Photon Detectors
2.4.1. Photomultiplier Tubes
Photo-Multiplier Tubes (PMTs) were first demonstrated in 1935 [10] and their use in
1949 [11], is perhaps the first example of direct single photon detection (referred to at
the time as ‘pulse counting’). PMTs use a photocathode with a series of dynodes (each
biased at a higher positive voltage than the previous dynode) placed before an anode, all
housed within a vacuum tube [12]. When a photon is absorbed in the photocathode, an
electron is released via the photoelectric effect. This electron accelerates in the electric
field towards the first dynode. On collision with this dynode further electrons are
ejected which are accelerated toward the next dynode, where each electron causes
further electrons to be ejected. This occurs at every dynode until the electron cascade
reaches the anode creating a large current pulse. As the number of electrons emitted
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from each dynode is dependent on the energy of the accelerated electrons, large voltages
are used to give greater acceleration and therefore amplification, with an amplification
factor of the order of 106. If N stages are provided for amplification (i.e. N dynodes),
the overall gain, G, for the PMT can be shown to be:
: = ;< =

(2.21)

Where α is the fraction of all photoelectrons collected by the multiplier structure, and δ
is the multiplication factor for a single dynode. For a well designed PMT α should be
near unity, while δ is typically of the order of 5, thus ten dynodes would result in an
overall gain of 510 = 107. The single dynode multiplication factor δ is naturally a
function of the inter-dynode voltage, thus the overall gain, G, of the PMT is a function
of the applied voltage.
There are three main designs for linear dynode configurations: “Venetian blind,” “box
and grid,” and “focussed dynode chain”, as shown in Figure 2.6. The focussed dynode
chain offers the highest electron transfer efficiency and shortest response time since
secondary electrons are focussed on the centre of the adjacent dynode resulting in a
shorter transit-time between dynodes. This focussed design not only helps to shorten
electron transit time itself, but also the spread of transit times, resulting in a reduced
timing jitter, typically of the order of several hundreds of picoseconds.
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Figure 2.6: Examples of Photomultiplier tube design with varying dynode
configurations: a) venetian blind, b) box and grid, and c) focussed dynode
[12].
The spectral range of PMTs is determined by the photocathode used; the energy of the
photons needs to exceed its work function such that electrons are released, and thus
their performances vary significantly. The design of the PMTs shown in Figure 2.6 all
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use semi-transparent photocathodes, i.e. incident light passes through a transparent
backing to the photocathode and subsequently into the photocathode layer,
photoelectrons are then collected from the opposite surface. An important physical
property of the photocathode layer is thickness uniformity.

Variations in the

photocathode thickness can result in sensitivity variation across the active area.
PMTs have shown single photon detection efficiencies of 40 % at 580 nm [13], with
dark count rates of around 100 counts per second and FWHM timing jitter of 300 ps.
By using an InGaAs/InP photocathode and cooling it to 200 K single-photon detection
efficiencies of 2 % at wavelengths up to 1550 nm can be achieved [9]. An example of
the spectral variance in efficiency for a variety of photocathode materials is presented in
Figure 2.7.

Figure 2.7: Graph showing the spectral variance in the cathode radiant
sensitivity and single photon detection efficiency of a variety of
photomultiplier tubes with different photocathode materials [14].

2.4.2. Micro-Channel Plate Arrays
A natural extension of the PMT is the microchannel plate (MCP). A microchannel plate
consists of a two-dimensional array of thousands - or even millions - of short single-
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channel electron multipliers of very small diameter, closely packed parallel to each
other. Figure 2.8 shows the configuration of a typical plate. Each electron- multiplying
channel consists of a continuous glass tube coated on its inside surface with a highresistance semiconductor that serves as an emitter of secondary electrons. The array of
glass microchannels is connected electrically in parallel by metal electrodes on opposite
faces of the plate, which is operated in high vacuum with about 1000 V applied between
the two faces.

The semiconducting coating inside each microchannel provides a

continuous potential gradient along its length [15]. In operation, incident radiation at
the input end of the microchannel ejects electrons from the surface; these are
accelerated down the channel toward the positive end and collide with the wall of the
channel many times while passing down the channel. The potential gradient and channel
diameter are set so that, on the average, substantially more than one secondary electron
is released at each collision. The voltage along the microchannel must be sufficient to
accelerate the secondary electrons through 20-50 V between collisions with the wall.

Figure 2.8: Schematic showing the basic design and construction of a
microchannel plate array [13].
For the straight channels discussed above, the gain of the microchannel-plate electron
multiplier is limited to approximately 104. The major reason for this gain limitation is
positive-ion feedback. The cause of this is the ionization - by electrons at the output
ends of the channels - of residual gas atoms inside the microchannels and the ejection of
atoms absorbed on the channel walls. The positive ions thereby produced are
accelerated to the input end of the channels, where they may collide with the channel
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wall with sufficient energy to eject a secondary electron. They also may escape from
the channel, possibly damaging the photocathode. In either case afterpulses will be
initiated, causing additional noise at the channel output.

Figure 2.9: Example design of a ‘chevron’ microchannel plate. While the
length of the channels has been increased – increasing the multiplication the probability of positive ions producing secondary electrons is reduced,
from [15].
Ion-feedback noise can be reduced considerably by using two microchannel plates in a
so-called "chevron" configuration, which is shown in Figure 2.9. This is formed by
assembling two microchannel plates about 2 mm thick, in close proximity. The plates
are separated from each other by a thin stainless-steel ring, which also serves as an
electrical contact. The first (input) microchannel plate is fabricated so that its channels
are at a slight angle to those of the second (output) plate. It can be seen from Figure 2.9
that no straight path exists for either electrons or ions. While this does not significantly
inhibit the passage of secondary electrons, the angle of the channels is such that the
positive ions, with low initial energy, travel only a short distance before striking a
channel wall. As a result they do not have enough energy to produce a significant
number of secondary electrons. With this configuration gains of 107 or more can be
achieved with no observable noise due to ion feedback.
Typical single-photon detection efficiencies for MCPs are 20 % at a peak ~400 nm
wavelength photons (as shown in the left of Figure 2.10), with decreasing SPDE for
increasing wavelength. Due to the short electron transit times, MCPs generally have
good timing jitter, and can achieve ~30 ps [16] (shown on the right in Figure 2.10).
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Figure 2.10: The graph on the left shows examples of typical MCP SPDE at
a wavelength of 400 nm, while the graph on the right displays the good
timing jitter, from [16].
Due to the high gain, compactness, simplicity to use, and retention of spatial
information, MCPs have been used as intensifiers for night-vision, X-ray diagnostics,
and non-destructive imaging [17].

2.5. Semiconductor based Single-Photon Avalanche Diodes
2.5.1. Operation
Absorption of a photon by a semiconductor can alter its conductive properties,
providing a method for photo-detection. The most commonly exploited mechanism is
shown in Figure 2.11 whereby a photon is absorbed, exciting an electron up from the
valence band into the conduction band, similarly a ‘hole’ is created in the valence band
also acting as a charge carrier, these are commonly referred to as an ‘electron-hole pair’.
In a photoconductor, the change in conductivity induced by photon absorption is
measured, while in a photodiode the charge carriers are accelerated by an electric field
to generate a measurable photocurrent. These methods of photodetection have been
demonstrated for wavelengths from UV up to the mid-infrared, with the wavelength cutoff being determined by the band gap Eg of the absorbing material.
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Figure 2.11: Schematic example of the generation of an electron-hole pair
via photon absorption. The electron receives the photon’s energy elevating
it from the valence band up into the conduction band, leaving a ‘hole’ in the
valence band.
A table of common semiconductor materials and their corresponding Eg at 300 K
temperature are presented in Table 2.1.
Band gap at 300 K and cut-off wavelength
Material

(eV)

(µm)

Si

1.14

1.09

Ge

0.67

1.86

GaAs

1.43

0.87

InP

1.35

0.92

InGaAs

0.75

1.66

InAs

0.35

3.56

InSb

0.18

6.93

0 < EG <1.44

0.86 < λ < ∞

HgCdTe

Table 2.1: Common semiconductor materials and their room temperature
(300 K) band gaps and associated cut-off wavelengths [18].
The simplest design for a photodiode is a p-n junction: a device formed by a junction
between a semiconductor with an excess of holes (p-type) and a semiconductor with an
excess of electrons (n-type).

These n-type and p-type regions are formed by the

introduction of immobile dopant centres of opposite polarity within the material. Due to
the diffusion of carriers set up by the discontinuity between the two differently doped
semiconductors, a region of electric field is formed which is depleted of all free carriers
known as the ‘depletion region’ (as shown in Figure 2.12) [19]. When a voltage is
applied so that the n-type semiconductor is at a higher potential than the p-type, the
junction is said to be reverse biased.
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Figure 2.12: Example of a p-n junction in equilibrium. Carrier diffusion
results in a depletion region with no free charge carriers. From [20].
How this junction functions as a photodiode is demonstrated in the left side of Figure
2.13 here a p-n junction is reversed biased, and the potential profiles of the conduction
and valence bands are shown along with the electric field potential, ξ, through the
device. As can be seen from the diagram the width of the depletion region is defined as
the area where the device is under electric field.

Figure 2.13: Examples of biased p-n (left) and p-i-n (right) junctions, from
[18].
By introducing a layer of undoped or lightly doped (intrinsic) semiconductor between
the p- and n- doped regions one can achieve greater control over the width of the
depletion region, furthermore the lack of dopant centres provides greater carrier
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mobility, decreasing transit times. Such a device is known as a p-i-n junction and is
shown on the right side of Figure 2.13. P-i-n structures can help to provide greater
absorption depths (an obvious goal for a photodetector), and also to reduce the
capacitance of the device.
A typical I-V curve for a photodetector is shown in Figure 2.14, and highlights the four
main bias regions in which a device can be held. Bias region I corresponds to forward
bias, under which conditions the device will conduct and a positive current will flow. In
bias region II the device is under a reverse bias. The “dark” current is the current that
flows through the device under no illumination. The dark current can be accounted for
by such processes as thermally generated carriers and leakage currents.
“illuminated” current is due to the photoelectric effect [21].

The

Photocurrent – the

difference between the ‘dark’ and ‘illuminated’ currents – is proportional to the rate of
interband absorption in the depletion region. By diffusing into the depletion region,
carriers generated in areas of the device not under electric field may only contribute to
the photocurrent if they diffuse into the depletion region; however, the diffusion process
is slow and far less efficient.

Figure 2.14:

Typical I-V curve for an APD both with and without

illumination. Four distinct bias regions are described in the text. Recreated
from [21].
When operated in bias region III the device is known as an Avalanche Photo-Diode
(APD). At such electric fields within the device, an electron-hole pair created by an
incoming photon can undergo ‘impact ionisation’, a process whereby the electrons and
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holes are accelerated in opposite directions by the high electric field. Through intraband relaxation, carriers are able to release their acquired kinetic energy to ionise other
atoms within the crystal lattice, a process shown in Figure 2.15. This mode of operation
is known as “linear-mode” and a photo-generated electron-hole pair can be amplified by
a gain factor of typically 10-1000 [21]. However, impact ionisation is a stochastic
process, and thus any single carrier from the primary photocurrent can undergo a
different level of multiplication, as will be shown later [22]. The energy gained by a
carrier moving through an electric field, ξ, can be described by:
 = >?

(2.22)

Where e is the charge on an electron and l is the length of propagation in the direction of
the field. The energy of the carrier may further increase or decrease due to interactions
with the crystal lattice or other carriers; impact ionisation is the result of carrier
scattering. It is clear that the probability of a carrier causing impact ionisation is
dependent upon its energy and that this energy must be greater than the band gap
energy, in order for the carrier to be able to impart sufficient energy to promote an
electron from the valance band. By how much the threshold energy is greater than the
band gap energy depends on the material’s band structure, since during impact
ionisation both energy and momentum must be conserved. The ionisation threshold
energy can be estimated as (assuming equal electron and hole effective masses) [22]:
3
@A! = C
2

(2.23)

Once a carrier has surpassed the ionisation threshold energy, the probability to cause
impact ionisation is no longer zero; this probability continues to rise with the energy of
the carrier. This probability can be characterised by electric field dependent ionisation
coefficients, α for electrons and β for holes, representing the reciprocal of the average
distance a carrier travels between impact ionisation events.
An example of impact ionisation leading to an avalanche of further impact ionisation
events, initiated by a single electron, is shown schematically in Figure 2.15. Although
the electric field, and hence also α and β, are constant, the distance travelled between
ionisation events varies, thus avalanche multiplication is a stochastic process [22].
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Figure 2.15: Example of impact ionisation within a biased p-n junction.
Top: a schematic of an electron–hole pair generated by the absorption of a
photon in the depletion region of a reverse biased APD. Bottom: a
schematic of the electron causing further impact ionizations, multiplying the
number of generated electron–hole pairs and producing a self-sustaining
avalanche of carriers. Not shown in this diagram is the variation in carrier
travel distances that give a stochastic nature to multiplication. From [8].
The avalanche process ultimately results in a magnification of the photocurrent induced
in the device, by a factor:
D=

1
1 − EF

(2.24)

Where fM is the McIntyre function and can be found from the integral of the ionisation
coefficients throughout the device [18].
Obviously equation (2.24) contains a singularity. This corresponds to when the device
is biased in region IV in Figure 2.14, beyond the so-called ‘Breakdown Voltage’. Here,
gain is infinite since the avalanche process is self-sustaining [23], the avalanche current
will continue to flow until it can be ‘quenched’. Usually this is achieved by lowering
the voltage to below the breakdown voltage. It is in this regime where the device can
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behave as a single photon detector, since one carrier can trigger a complete breakdown
of the diode.

Devices that operate in such a mode are known as Single-Photon

Avalanche Diodes (SPADs). The quenching process can be done passively [24], or
actively by reducing the applied voltage after each detection event [25, 26].

2.5.2. Silicon Single-Photon Avalanche Diodes
Silicon SPADs are able to cover the broad wavelength range between 400 nm and
1100 nm (the long wavelength cut-off is due to the band gap of silicon, see Table 2.1).
Silicon SPADs have been used for a number of decades [26], and been shown to
achieve efficiencies of ~70 % at ~800 nm [24] for thick-junction SPADs (SPADs which
have a thick absorbing region). Dark count rates can be as low as 5 Hz [27] and FWHM
timing jitter is typically of the order of 400 ps [28]. FWHM timing jitters of 35 ps can
be achieved for small area shallow junction Si-SPADs however, the shallower
absorbing region results in maximum efficiencies of 49 % at 550 nm [29]. An example
of the spectral variance in efficiency for these two Si-SPAD geometries is shown in
Figure 2.16.

Figure 2.16: Example spectral efficiency curves for shallow (grey squares)
and thick (black diamonds) junction Si-SPADs. From [8]. The thicker
absorption region in a thick junction SPAD leads to a longer wavelength
absorption peak.
In Si SPADs the afterpulsing probability is low, with quenching times of approximately
50 ns. Although the excess noise of the multiplication process is too high in SPADs to
achieve intrinsic photon number resolution [30], efforts have been made to achieve this
indirectly by exploiting timing walk effects [31] or through spatial [32] or temporal-
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multiplexing schemes [33]. Figure 2.17 shows typical structures for shallow and thick
junction silicon SPADs.

Figure 2.17: Schematic cross sections of typical shallow (top) and thick
(bottom) junction Si SPAD designs. From [34].

2.5.3. InGaAs/InP Single-Photon Avalanche Diodes
The demand for sensitive single photon detectors able to work at the telecommunication
wavelength bands (1260 - 1675 nm, typically wavelengths around 1310 nm and
1550 nm are used) has resulted in a push to create SPADs from smaller band gap
materials such as Ge and InGaAs.
InGaAs/InP based SPADs have been shown to be capable of achieving efficiencies of
30 % at 1550 nm wavelength [35, 36]. The detection principle of InGaAs/InP SPADs is
the same as that of silicon SPADs. Due to (often quite high) DCR, InGaAs/InP SPADs
are most commonly operated in a gated mode, whereby the detector is only biased in
short ‘gates’ within which a photon arrival is expected.
An example of the basic design of an InGaAs/InP SPAD is shown in Figure 2.18;
features are based on what is known as a Separate Amplification and Multiplication
region (SAM) scheme [37]. The absorption layer is InGaAs, due to its low energy
band-gap of ~0.75 eV (at 270 K) which is also lattice-matched to InP. The avalanche
multiplication occurs in an InP region (whose band-gap ~1.35 eV). A goal of this
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design structure is to provide a high electric field in the multiplication region (such that
significant avalanche multiplication is achieved), while maintaining a low electric field
in the absorption region. This is required due to the low band-gap, which in the
presence of an electric field produces ‘dark carriers’ (due to tunnelling). The InP charge
region helps to control the electric field profile [38], while the grading region reduces
charge carrier trapping effects caused by the valence band offset in the InGaAs – InP
heterojunction [39].

Figure 2.18: Schematic cross section of typical SAM structure InGaAs
SPAD, from [37].
To operate as a SPAD, it is important to avoid all factors that produce a local
concentration of the electric field, such as edge effects or local defects of the material
(metal precipitates etc.) called microplasmas [40, 41]. The higher electric field in these
regions lowers the breakdown voltage level. The device may work as a SPAD only
within the restricted sensitive area and with correspondingly low current, or it may not
work as a SPAD at all, going into steady breakdown as soon as it is biased [34]. To
suppress such edge breakdown and perimeter leakage effects, a buried p-n junction is
created at the p-contact through the diffusion of dopant atoms into the i-InP cap layer.
A double diffusion process is used to tailor the profile of the diffused region, and avoid
premature breakdown from an edge electric field ‘hotspot’ which would occur with a
cylindrical diffusion region [42]. Further reduction of this effect can be achieved with
the addition of ‘guard rings’ at the junction periphery to reduce the electric field [43].
The overall detection efficiency of an InGaAs SPAD can be shown to be
SPDE = ηcPcPa, where ηc is the quantum efficiency for carrier creation by the absorption
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of an photon incident on the InGaAs absorber region, Pc is the probability of a photoexcited carrier being injected into the multiplication region, and Pa is the probability
that a carrier injected into the multiplication region will trigger a detectable avalanche.
The avalanche initiation probability increases with the excess bias voltage, VE, because
it is enhanced by a higher electric field (where VE is the excess bias applied on top of
the breakdown voltage, VBD, otherwise known as overbias).

Both theoretical and

experimental studies [44, 45] have shown how this probability first increases linearly
with low VE and then tends towards saturation at high VE. It is worth noting that it is
necessary to consider the VE value not alone, but together with that of the breakdown
voltage, VBD. For instance, VE = 5 V is a high excess bias for a SPAD with VBD = 15 V,
but a low excess bias for a SPAD with VBD = 300 V [34]. The impact of optical
alignment of a fibre to a SPAD is usually considered to have a negligible effect on the
total efficiency.
While increasing the VE of the SPAD will ultimately lead to higher quantum detection
efficiency, it will also produce a higher dark count rate. This is due to the tunnelling of
charge carriers from one band to another (typically aided by local mid-gap levels called
generation-recombination (GR) centres).

Due to these higher dark count rates

InGaAs/InP based SPADs are often run in a gated mode, whereby the detector is only
biased for a short window when a photon is expected to arrive. Crystal defects and
impurities not only cause GR centres but also local levels between mid-gap and band
edge called ‘deep levels’. These deep levels can act as carrier traps, whereby during an
avalanche carriers are trapped within the deep level and subsequently released
retriggering the avalanche process, leading to correlated afterpulses [46]. The release of
the traps is statistical; the emission probability per unit time has a characteristic value
for each type of level involved, whose reciprocal is the time constant (trap lifetime) of
the exponential depopulation. Therefore afterpulsing probability can be dramatically
reduced by enforcing a long dead-time (known as a hold-off time) on the detector,
allowing the traps to depopulate.

Further dark counts are caused by the thermal

generation of carriers within the absorber, leading to a statistical generation of
avalanches. This can obviously be mitigated by cooling the detector. However, the
lifetimes of carrier traps increases exponentially with decreasing temperature, ultimately
meaning that if a SPAD is cooled to cryogenic temperatures, very long hold off times
are needed. These can be tens of microseconds, reducing the potential count rate and
possibly causing dramatic count losses.
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The timing jitter of an InGaAs SPAD arises from a variety of mechanisms: differences
in location of photo-absorption resulting in different carrier transit times, carrier
trapping at heterojunctions causing propagation delays, and variations in the avalanche
build up time caused by the stochastic nature of the impact ionisation process. Typical
timing jitters for InGaAs/InP SPADs are of the order of 100 ps, however jitters as low
as 30 ps have been reported [37].
In recent years, improvements to InGaAs/InP SPAD design has resulted in devices with
DCR as low as few kilo-counts per seconds (cps) at 225 K (easy to reach by means of
thermoelectric coolers), with single photon detection efficiencies higher than 20% at
1550 nm wavelength [37, 47], or above 50 % efficiency at 1310 nm wavelength [48].
An example spectral efficiency curve for an InGaAs/InP SPAD operated at two
different overbias points is shown in Figure 2.19. Others have demonstrated low timing
jitter, with lower than 100 ps full-width at half maximum (FWHM) and low afterpulsing
probability, thus achieving higher counting rates of 1 MHz with standard square gate
[49] and even 100 MHz with GHz sinusoidal gating [50].

Figure 2.19: Example spectral efficiency curves for a gated InGaAs/InP
SPAD. From [49].
In 2014 Tosi et al [51] presented work on a gated InGaAs/InP SPAD capable of
reaching detection efficiencies of up to ~38 % with 1550 nm wavelength illumination
(see Figure 2.20, a), with dark count rates of between 2 – 12 kHz. Plots of the DCR
against the gate-off time (shown in Figure 2.20, b) suggest times of around 10 µs can
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dramatically reduce the afterpulsing probability; the gate-on time was 20 ns. Timing
jitters as low as 57 ps were reported (as shown in Figure 2.20 c).

Figure 2.20: Device characteristics of an InGaAs/InP SPAD as presented
in [51]. a) Comparison of DCR versus photon detection efficiency for a
range of over biases between previous production runs and the state-of-theart. b) DCR versus the gate-off (hold-off) time of the device for overbiases
of 3 V and 5 V. c) Timing jitter measured at three overbias position: 5 V,
7 V, and 9 V.
A current area for the development of InGaAs/InP SPADs is in the design of arrays of
devices, such to build a single photon sensitive camera [52]. Coupled with a CMOS
readout integrated circuit, Princeton Lightwave have recently demonstrated a Geiger
mode (Gm)APD focal plane array (FPA) that can provide independent time of flight
measurements for each pixel [53]. Such a system would allow for depth imaging (as
that demonstrated in Chapter 3) without scanning mirrors, and at potentially faster
acquisition rates. The FPA described in [53] runs in a framed read out mode, with
frame rates of ~185 kHz for a 32 × 32 pixel array. Maps of the SPDE measured at
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1550 nm wavelength and the DCR for each pixel are shown in Figure 2.21 the average
single pixel SPDE quoted is 19.7 %, while the average pixel DCR is 17.9 kHz,
measured at a device temperature of 248 K.

Figure 2.21: Spatial maps of the pixel SPDE (top) and DCR (bottom) of the
GmAPD FPA described in [53]. Average values for a pixel’s SPDE and
DCR are 19.7 % and 17.9 kHz, respectively.

2.5.4. Germanium-based Single-Photon Avalanche Diodes
As shown in Table 2.1, germanium is another semiconductor option that should allow
for infrared detection, due to its narrow band gap. Ge has good absorption properties at
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wavelengths up to ∼ 1600 nm at 300 K [54], and some work has been performed on allGe SPADs [55]. The high-field multiplication layer resulted in large DCRs:
~250 counts per second for a gated operation with a gate width of 200 ns and repetition
rate of 10 kHz (100 µs period), due to band-to-band tunnelling. Afterpulsing was also
shown to be a serious issue in these devices [56]. However, a SPAD that combines a
Ge absorption layer and a larger gap Si multiplication layer potentially offers low-noise
operation at infrared wavelengths. A Si-substrate-based infrared detector also opens up
significant potential for on-chip integration with other Si photonics components
operational at the low-loss windows at 1300 or 1550 nm wavelengths [57], through
waveguide connections. Work demonstrating a SPAD utilizing a strained SiGe/Si
multiple quantum well (MQW) absorbing layer resulted in low efficiency above 1000
nm wavelength; i.e., < 0.01 % quantum efficiency at 1210 nm wavelength was reported
[58]. More recently a Ge-on-Si-SPAD characterization appeared in the literature by Lu
et al. [59], where quantum efficiency of up to 14% was reported at 1310 nm
wavelength. These devices, however, had a very high DCR (>108 Hz), where it is likely
that the device has insufficient time to fully recover its bias level before another dark
count is triggered, resulting in an underestimate of the DCR for a given bias.
Furthermore, the efficiency was measured with an incident photon flux of 1 photon per
pulse, thus giving a high probability of multi-photon pulses incident on the device (as
discussed in section 2.2.1), potentially leading to an overestimation of the efficiency.
Another report of a Ge-on-Si device claiming single-photon sensitivity was published
by Aminian et al. [60], although the detection efficiency in the Geiger mode was
measured only by analysis of the photocurrent above breakdown, which cannot be
regarded as a robust single-photon counting characterization method. The most recent
result by Warburton et al demonstrated a device capable (at 100 K) of a single-photon
detection efficiency of 4 % at 1310 nm wavelength measured with an ungated DCR of
∼ 6 MHz [61]. A jitter of 300 ps FWHM was measured, and preliminary tests on
afterpulsing showed only a small increase (a factor of 2) in the normalized dark count
rate when the gating frequency was increased from 1 kHz to 1 MHz. At 1550 nm
wavelength, detection efficiency measurements gave an efficiency of 0.15 % and a
timing jitter of ~ 420 ps. The reason for the rapid drop seen in detection efficiency for
these devices can be explained by the band gap of Ge increasing as the temperature
decreases (due to tensile strain within the Ge layer), thus at 125 K the direct band gap
actually corresponds to 0.84 eV and therefore a wavelength cut-off of ~1.48 µm.
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2.5.5 Frequency Up-Conversion Detectors
Integrating silicon SPADs efficient at detecting visible frequencies with a non-linear
process of frequency up-conversion can provide another means for higher
telecommunication wavelength detection efficiencies [62, 63]. In a non-linear process,
a non-linear crystal (typically Periodically Poled Lithium Niobate, PPLN) is strongly
pumped with photons of frequency ωpump and at the same time with weak
telecommunication frequency signal photons ωin. If the PPLN crystal is quasi-phase
matched to ωpump and ωin photons, a single output photon of sum-frequency ωout is
generated by energy conservation, such that ωout = ωpump + ωin, a schematic of which is
shown in Figure 2.22.

Figure 2.22: Schematic of frequency up-conversion. A pump beam and
signal photons are overlapped (using a wavelength division multiplexer,
WDM, in fibre or a dichroic beamsplitter in free space), and passed through
a PPLN crystal. Output photons are split from the pump wavelength before
being detected.
The output ωout can be engineered to coincide with the most sensitive spectral response
of the Si-SPAD [64].

For example, in PPLN, using a pump signal at 1064 nm

wavelength allows 1550-nm photons to be converted to 630-nm photons with 90%
efficiency [62]. There are several technical challenges in achieving high-efficiency upconversion. The first is to achieve the desired field strength, either through a coincident
pump and signal pulse [65], a continuous-wave pump pulse and a build up cavity [62],
or by using a waveguide to concentrate the pump power into a small interaction region
[63]. Drawbacks include the difficulty of stabilizing the nonlinear crystal, the presence
of nonlinear processes that lead to fluorescence at the up-conversion wavelength (e.g.
spontaneous Raman scattering or parametric fluorescence followed by up-conversion,
resulting in very high background count rates), and high in- and output coupling losses
for waveguides. Up-conversion schemes using thick-junction Si SPADs have shown
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system detection efficiencies of 46% for 1550 nm wavelength photons, with a jitter of
400-ps at FWHM and dark count rates of 800 kcps [66]. Shallow-junction Si SPADs
have also been used, achieving a system detection efficiency of 2% at 1550 nm
wavelength, a FWHM jitter of 40 ps and a dark count rate of 20 kcps [67]. In 2012
Dam et al [68] used a frequency up-conversion system, using a CW 1064 nm
wavelength pump source, coupled with a silicon CCD array to perform single-photon
imaging at wavelengths up to ~4 µm. By varying the internal angle of photons within
the crystal, the phase matching conditions can be tuned to allow a unique wavelength to
be up-converted efficiently, thus giving the system not only spectral sensitivity (as
shown in Figure 2.23) but also built-in aggressive spectral filtering.

Figure 2.23: Images of a candle taken using a frequency up-conversion
system mixing a 1064 nm pump laser with the light from the candle and
directing the output onto a CCD camera. By tuning the crystal orientation,
specific wavelength bands can be selected for efficient up-conversion, as
shown here; left: 2.9 µm wavelength image, middle: 3.4 µm image, right:
4.2 µm image. From [68].

2.6. Superconducting Detectors
In 1911 in Leiden, H. Kamerlingh Onnes while studying the change in resistances of
pure metals at low temperatures, discovered the sudden drop and disappearance of
resistance of mercury at 4.2 K [69], a graph of the results of his follow up investigation
into this sudden transition [70] is shown in Figure 2.24. The new material state was
given the title ‘Superconductivity’ during Onnes’ Nobel prize acceptance speech. It
describes a state which allows the resistance free flow of electrical current. Important
strides were made in the following decades of studies of the superconducting state; in
1933 Meissner and Ochsenfeld demonstrated diamagnetism in type I superconductors
(now known as the ‘Meissner Effect’) [71], in 1935 the ‘London Theory’ by the London
brothers described the magnetic flux expulsion of the Meissner effect [72], and in 1950
the ‘Ginzburg-Landau’ theory expanded on the London Theory [73]. However, in 1937
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Bardeen, Cooper and Schrieffer proposed a theory in (now known as BCS theory)
explaining superconductivity as being due to the presence of ‘Cooper Pairs’ [74]
resulting from the electron-phonon interaction. Below Tc - the ‘Critical Temperature’,
(dependent on the material and describing the temperature at which the resistance
reaches zero) electrons can overcome the Coulomb repulsion and form pairs which are
able to travel through the material lattice freely, thus creating a resistance free current.
This current can only be maintained as long as the material is kept below the critical
temperature. There is also a limit on the current density that can be applied to the lattice
before the superconducting state is destroyed, for a given superconductor this is referred
to as the ‘Critical Current’, Ic. It is these properties that can and have been exploited for
the creation of high sensitivity single photon detectors.

Figure 2.24:

Resistances (y-axis) of a wire of mercury for varying

temperature (x-axis) as given in the first study of the transition temperature
of a superconductor [70].

2.6.1. Transition Edge Sensors
Transition Edge Sensors (TESs) consist of a film of superconducting material
maintained on the edge of the superconducting transition, where a slight change in
temperature will cause a change in resistance [75]. Thus, if the device is biased with a
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constant voltage, a current pulse can be read out via SQUID (superconducting quantum
interference device) electronics when a photon is absorbed into the film and the
resistance changes, a schematic of this is shown in Figure 2.25.
(a)

(b)

Figure 2.25: (a) Schematic of the operation of a TES. When a photon is
absorbed into the current biased absorber, a change in temperature leads to
a change in resistance (as shown in (b)), which can subsequently be read
out via SQUID electronics.
The current pulse produced is proportional to the wavelength of the photon absorbed
within the film (since the change in resistance is proportional to the energy absorbed),
meaning that the TES can either give single photon spectral information or - if a fixed
wavelength is used - photon number resolving ability [76]. Enclosed within an optical
cavity Tungsten-based TESs have been shown to reach single-photon detection
efficiencies of up to 95 % at 1556 nm [77], however, they suffer from timing jitters in
the region of 100 ns, and dead times are typically 1 µs though can reach ~100 ns if
higher transition temperature materials are used [78].

2.6.2. Superconducting Nanowire Single-Photon Detectors
Superconducting Nanowire Single Photon Detectors, known as SSPDs or SNSPDs, first
developed by G. Gol’tsman in 2001 [79], utilise the transition of a superconductor from
a superconducting state to a resistive one to create a measurable detection event. The
evolution of a photon detection event is shown in Figure 2.26. A nanoscale wire is
cooled to below its transition temperature and biased at a point below, but close to, its
critical current (Figure 2.26(i)). If a photon is absorbed within the superconducting
wire, its energy will be deposited splitting apart Cooper pairs and forming a local
resistive ‘hotspot’ (Figure 2.26(ii) [80], the current flowing through the wire then
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diverts around this resistive area (Figure 2.26(iii)), forcing the current density either
side of the ‘hotspot’ to exceed the critical current of the wire (Figure 2.26(iv)), thus
forming a resistive strip which grows along the wire as a result of Joule heating [81]
(Figure 2.26(v)). This resistive strip creates a measurable drop in voltage across the
device which can be used as a detection event.

A low resistance shunt resistor

connected in parallel with the device allows the current to be ‘switched’ out of the
detector. Electron-phonon scattering causes the ‘hot’ electrons diffusing out of the
resistive strip to lose their energy resulting in superconductivity being restored to the
region (Figure 2.26(vi)). Once superconductivity returns, the current once again starts
flowing through the detector, leaving it biased ready for the next detection event.
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(a)

(b)

Figure 2.26:

(a) Schematic of the basic operating principles of the

superconducting nanowire single-photon detector (SNSPD) (from [82]): (i)
A superconducting nanowire maintained well below the critical temperature
is direct current (DC) biased just below the critical current. (ii) When a
photon is absorbed by the nanowire a small resistive hotspot is created. (iii)
The current is forced to flow around the hotspot. Since the NbN nanowires
are narrow, the local current density either side of the hotspot increases,
eventually exceeding the superconducting critical current density. (iv) This
in turn leads to the formation of a resistive barrier across the width of the
nanowire [79]. (v) Joule heating (via the DC bias) aids the growth of
resistive region along the length of the nanowire [81] until the current flow
is blocked and the bias current is shunted by an external circuit (typically a
~ 50 Ω resistor connected in parallel with the nanowire). (vi) This allows
the resistive region to subside allowing the wire to become fully
superconducting again. The bias current through the nanowire then returns
to the original value (i). (b) Voltage pulse from an SNSPD. The values of
time constants τ1 and τ2 give the rise time and decay of the generated
voltage pulse as shown on the right (also from [82]).
In order to create this thin wire, a film of ~4-10 nm thick superconducting material
(initially the most common option was NbN due to its fast photoresponse [83]) is
deposited onto a substrate (originally sapphire for lattice matching but now also MgO,
SiO2 have been shown). This film is then etched into a wire pattern, most commonly a
boustrophedonic meander to increase the active area and aid optical coupling [84], as
shown in Figure 2.27.
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Figure 2.27: Example of a meander patterned superconducting nanowire,
from [85].
However, this meander patterning does mean that the efficiency is dependent on the
polarisation of the incident light [86] (since the meander acts as a sub-wavelength
grating). Light that is polarised perpendicular to the nanowires is less likely to be
absorbed than that polarised parallel to the nanowires. This effect can either be utilised
for polarised light sources to maximise the efficiency of a given detector, or new
patterns can be written to try to negate this effect such as those shown in Figure 2.28
[87, 88].

Figure 2.28:

Examples of polarisation independent SNSPD designs.

Pattern (a) shows a wire formed from two orthogonally oriented meanders,
(b) demonstrates a spiral pattern, and (c) is a three dimensional orthogonal
wire stack. Images (a) and (b) reproduced from [87], (c) reproduced from
[88].
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With single wire meander patterns, as the length of the wire is increased (to increase
active area) the probability of fabrication errors also increases. Wire constrictions have
been shown to limit the sensitivity of the rest of the wire by having a smaller crosssectional area, and thus being unable to carry as high a current as the rest of the device
[89]. Also, the increased meander wire length results in an increased overall kinetic
inductance which has been shown to increase time needed for a superconducting state to
be restored to the wire, and thus lengthening the ‘dead-time’ of the detector [90]. Thus
there is a trade-off between the active area and both fabrication problems and lower
count rates, though typically areas of 10 µm2 are used to match with the core diameter
of infrared single mode fibre.
The total single photon detection efficiency of such a superconducting nanowire singlephoton detection system (System Detection Efficiency, SDE) can be described as a
product of two quantities: the coupling efficiency (ηC) of the photons onto the wire, and
the intrinsic device detection efficiency (DDE). The DDE can be shown to be the
probability that a photon incident on the active area of the device will produce an output
pulse, such that:
=

HI

(2.25)

Where PR is the probability that an absorbed photon will produce a resistive band across
the wire, and A is the absorptance of the wire [86] at the wavelength of the incident
photon. Clearly, PR is set by the physical properties of the wire material; however, A is
limited by the device structure, its geometry, and also the surrounding materials. As
such, increasing the wire absorption has been the focus of much effort.
The probability of a photon interacting with the wire can be enhanced with the inclusion
of an optical cavity. This was demonstrated in 2006 by Rosfjord [91], backcoupling
light through an anti-reflection coating and the sapphire substrate onto the device with
an optical cavity and mirror grown on top. This gives photons successive passes across
the devices, greatly enhancing the likelihood of it being absorbed. Indeed, efficiencies
of up to 57% at 1550nm were reported. In 2009 Marsili [92] succeeded in depositing a
NbN film onto a GaAs distributed Bragg reflector, DBR, substrate, and in 2010 Tanner
published results [93] showing nanowires patterned onto a silicon substrate with a SiO2
cavity allowing for increased efficiency (23.2% at 1310nm) with front side coupling (as
shown in Figure 2.29).
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Figure 2.29: The arrangement of SNSPD chip with an embedded optical
cavity and front-side fibre-coupling as presented in [93].
There have been discovered some other patterns which may help to reduce the effect of
constrictions on the overall DDE of a nanowire single-photon detector; superconducting
nanowire avalanche photodetectors, or SNAPs, are devices which have a series of
superconducting nanowires connected in parallel [94], an example of which is shown in
Figure 2.30. Here, a bias is put across all wires, such that when a photon is incident on
one wire, causing it to turn resistive, the current will be redistributed through the rest of
the wires causing a cascade of resistance across the device. Patterning of ultra thin (2030 nm) parallel wire devices has yielded high efficiency (~20 %) while being more
robust to constrictions [95].

Figure 2.30: An example of a SNAP design. a) shows a false-coloured SEM
image of a patterned SNAP highlighting the different wires, while b) shows
the equivalent electrical circuit. From [95].
These ultra-thin wires have the further benefit of making the device more sensitive to
longer wavelength photons. This is due to the increase in ratio between the generated
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hotspot and wire widths; a larger ratio gives a larger detection probability. Figure 2.31
shows how the detection efficiency of NbN devices of different wire width changes as a
function of wavelength, in the range between 0.5 -5 µm (for a constant film thickness of
5.5 nm). While the efficiency clearly begin to drop off above 2 µm, the 30 nm wide
wire sustains some efficiency even up to 5 µm. However, it should be mentioned that
these devices were without the optical cavity typically used now to enhance efficiency.
It is therefore feasible that higher efficiency detectors could be created for 5 µm
operation.

Figure 2.31:

SNSPD device detection efficiency as measured over the

wavelength range 0.5 – 5 µm for the different wire widths: 85 nm, 50 nm,
and 30 nm, from [96].
Some other recent advances in SNSPD development have focussed on using different
superconducting materials. As the superconducting state is highly dependent on the
crystal conformity within the wire, the fragility of NbN makes it difficult to scale to
larger areas, or to find suitable substrates and optical cavity materials that will not
degrade the crystal structure of the wire. This has led to several groups working within
this area to search for suitable superconducting amorphous materials that would provide
more flexibility in the detector design. In 2012 Verma et al published results showing
detector efficiencies of 55% at 1500 nm using amorphous tungsten silicide (WSi) as the
superconducting wire material [97]; then in 2013, this work was followed by Marsili et
al with a 93% total system SPDE at 1550 nm, and a dark count rate of 0.1 counts per
second (cps), again using WSi [98]. However, due to its lower transition temperature
than NbN, WSi requires lower temperatures (<2 K) for stable operation, and thus more
complicated cooling systems.
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Other groups are still focussed on pushing device design to fully use NbN, since it can
be cooled using standard Gifford-McMahon (GM) technology (discussed in section
2.6.3). In 2013, a group from NICT Japan published work on low fill factor NbN
nanowires fabricated within an optical stack [99]. A graph of the system detection
efficiencies for devices of varying pitch (for equal wire width) is shown in Figure 2.32.
Devices patterned with a fill factor of only 18 % were shown to have system SPDEs of
up to 69 %. Due to the shorter wire length associated with a lower fill factor, devices of
this design can have a lower kinetic inductance (an 18 % filled device has a kinetic
inductance around one third that of a 50 % filled device), resulting in faster detector
reset times, ultimately leading to higher count rates.

Figure 2.32:

Detection efficiency can be shown to drop slowly with

decreasing fill factor, for a nanowire of fixed width (in this case 120 nm)
embedded within an optical cavity.
The DCR of an SNSPD can be shown to be dependent on the bias current put through
the wire. While a lower bias current will produce fewer dark counts, it will also reduce
the single photon detection efficiency. Thus if one is to create a high efficiency device
with a low dark count rate, an understanding of the spontaneous resistive state
formation mechanism is required. The source of these spontaneous events within an
SNSPD is still a matter for debate, but current consensus now points to work performed
by Yamashita in 2011 [100], suggesting the cause to be the current assisted unbinding
of vortex-antivortex pairs within the wire. If the wire is treated as a 2D superconductor
(a valid treatment as the wire thickness is of the order of the coherence length of the
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superconducting material, whereas the width and length are much greater than it), then
the formation of vortex-antivortex pairs (VAPs) is energetically favoured. In order to
operate as a detector, an SNSPD is biased, thus VAPs feel a Lorentz force pulling them
apart. The unpaired vortices then travel perpendicularly to the current flow along the
wire, creating a finite resistance.
The very low timing jitter of SNSPDs makes these detectors very attractive for TCSPC
applications [82]. The lowest timing jitter of an SNSPD reported is 18 ps [101],
however, this result has not been widely reproduced and the dimensions of the device
used and photon flux were unclear. Timing jitters as low as 29 ps FWHM have been
demonstrated in small area (4 µm × 4.2 µm) single- and multi-pixel SNSPDs [102].
Larger area SNSPDs typically give larger timing jitter when measured with
femtosecond laser sources and state-of-the-art TCSPC electronics: for example
10 µm × 10 µm meanders of the type first reported by Verevkin [84] give 68 ps FWHM
[28] and 20 µm × 20 µm meander devices [103] give 60 ps FWHM. These results
indicate that a highly uniform nanowire (most easily achieved with a short wire length)
will give lower timing jitter. Higher critical currents have been observed to lower the
jitter in uniform devices [104] allowing 40 ps FWHM to be demonstrated in
15 µm × 15 µm meander devices [105]. Studies using scanning confocal microscopy to
study the local efficiency and timing properties of SNSPDs [106] indicate that different
parts of a non-uniform nanowire give different hotspot resistances yielding different
pulse rise times, broadening the overall timing jitter.

2.6.3. Gifford-McMahon Closed-cycle Refrigerators
In order to reach the superconducting state necessary for operation, SNSPDs must be
cooled to below their critical temperature. To avoid the limitations of requiring a
supply of liquid helium, the systems described in the following chapters utilised a
closed-cycle refrigerator. This was based around a Gifford-McMahon (GM) closedcycle refrigerator whose basic heat-flow diagram is shown in Figure 2.33.
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Figure 2.33: Heat flow diagram of a GM closed-cycle refrigeratorr (from
[81]).
A GM closed-cycle refrigerator combines a compressor, a regenerator, and a cold head,
around which a fluid is passed acting as a heat transferral medium, in this case high
purity helium gas at high pressure. The temperatures needed for SNSPDs to function
are reached by using two successive GM stages, the first reaching ~ 40 K, allowing the
second stage to be further cooled to ~ 4 K. The air-cooled compressor used here is
separated from the cold head by two flexible gas lines, making the cold head itself
(Sumitomo RDK-101D providing 0.1 W cooling power at 4.2 K and capable of
reaching a minimum temperature of < 3.0 K – as shown in Figure 2.34 - contained
within a cylindrical steel vacuum chamber) able to be positioned on top of a worktop.

Figure 2.34: Typical heat load map for the two-stage RDK101D cold head.
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While avoiding the need for liquid cryogens, it should be noted that these systems still
pose problems for implementation in real-world applications. The current worktop
cylindrical vacuum chambers currently stand at ~0.6 m tall with a diameter of ~ 0.25 m.
This chamber is then attached via flexible gas lines to a compressor (in the case of the
systems presented here the compressor was air-cooled with height, width, length
dimensions of 0.4, 0.32, 0.45 m, but water cooled systems are also available), meaning
such systems are not suited to mobile applications. More compact systems - based on
hybrid multistage Stirling and Joule-Thompson coolers [107] - may be feasible but will
come at a higher financial cost.

2.7 Conclusions
As explained in the sections above, TCSPC is a powerful technique for measuring
picosecond optical transients in the photon-starved regime, making it ideal for a variety
of measurements, such as time-resolved fluorescence and LIDAR. Advances in infrared
single-photon detection technologies are stimulating improvements in efficiency, timing
jitter, and dark counts rates as well as widening spectral regions. These developments
have further strengthened current applications but have also permitted emerging
application areas such as quantum enhanced imaging and sensing to start to realise their
potential. To produce high accuracy TCSPC systems working between 1 – 1.7 µm
wavelengths, the current detectors are InGaAs/InP based SPADs or SNSPDs. As can be
seen both detectors types have distinct advantages: the SNSPD can offer higher
efficiency, lower timing jitter, and lower dark count rates, but InGaAs/InP can be
operated without the expensive and bulky cooling systems, making them much more
practical as an integrated technology. For implementation into any optical experiment
careful consideration must be given to the technical requirements of the system for the
selection of an appropriate detector.

We investigate both detector approaches in this

thesis.
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3. Long Range Depth Imaging
at ~ 1550 nm Wavelength

3.1 Introduction
The following chapter will describe work performed on integrating novel single photon
detector technologies with Time-of-Flight (TOF) depth imaging systems operating at
~1550nm wavelength. After a review of relevant work previously performed in this
area, depth imaging systems based on SNSPDs and InGaAs/InP SPADs are evaluated
and compared in sections 3.3 – 3.5. Further work on improving data processing and
noise removal of depth scans completes the work in section 3.6. Conclusions and
acknowledgements are presented in section 3.7 and 3.8.

3.2. Depth Imaging
Detailed three-dimensional surface profile information is greatly important to a number
of different industries; it can be used in manufacturing for quality assurance and robot
navigation [1], topographical studies and surveying in the geosciences [2, 3], as well as
for reconnaissance in the defence sector [4]. Many of these applications require noncontact techniques employed at long stand-off distances, typically of greater than a few
hundred metres. The method used to achieve long distance depth profiling in the
system presented here is time of flight ranging using time-correlated single-photon
counting.
Time of Flight Ranging describes a technique that measures the time taken for an
object, or wave, to travel to and from a target, in order to calculate its distance
(assuming the object/wave’s speed is known). This technique includes the active sonar
developed in the early twentieth century – which has become vital for underwater
exploration [5], and the RADAR systems used extensively in aeronautics [6]. Time-of
Flight Light detection and ranging (LiDAR) systems were made possible by the
invention of lasers in the 1960s [7].

The National Institute for Standards and

Technology (NIST) adopted the term LADAR (Laser Detection and Ranging) for Laser
based ranging systems [8]. These systems have a wide range of end applications from
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machine vision and automatic navigation for vehicles, to atmospheric remote sensing [2,
9]. For the remainder of this thesis the term LiDAR will be used for all light-based
ranging systems.
LiDAR uses different approaches to match the various types of return signal one can
observe from an illuminated target. The simplest form of LiDAR system is that based
on an elastic backscattered signal (this is the type of system used in the work presented
here), other LiDAR bases include: Rayleigh, Mie, Raman, Differential Absorption
LiDAR (DIAL), Doppler, and fluorescence. Rayleigh systems detect Rayleigh scattered
signals scattered (elastically – thus no wavelength shift) from atmospheric molecules,
where the particle radius is much smaller than the incident wavelength of light, i.e.
rp << λ. Rayleigh scattering can be used for atmospheric temperature sensing (since
scattering is proportional to atmospheric density) [10]. Mie scattering occurs when
rp > λ/2π [11], and thus is suitable for the detection of large aerosol particles – mainly in
the troposphere [12]. Raman (inelastic) scattering LiDAR systems mostly measure the
intensity of shifted wavelengths in order to detect selected molecular species [13].
DIAL is a method of determining atmospheric constituents by comparing the
backscattered signals of two wavelengths by comparing the absorption difference of the
two returned signals [14]. A Doppler shift in wavelength can be attributed to the speed
of the moving particle, thus a Doppler LiDAR system can be used to measure wind
velocity and atmospheric turbulence [15].

Fluorescence (or Resonant Fluorescent)

LiDAR uses the concept that a laser can excite a specific molecule, which will then
decay after some time emitting a photon of a specific wavelength (set by the energy
transition) which can be detected and timed. This technique is of particular use in
probing the middle to upper atmosphere [10].
There are two main architectures for a LiDAR system: Bi-static and Mono-static. These
two configurations are shown in Figure 3.1. Bi-static systems have transmitter and
receiver housed in separate locations. Mono-static systems are more common and are
characterised by having the transmitter and receiver co-located. These can be further
divided into bi-axial or co-axial, depending on whether the outgoing beam overlaps with
the receiver Field of View (FOV) [16].

59

Chapter 3: Long Range Depth Imaging

Figure 3.1: Schematics showing LiDAR system geometries.
Further to there being many forms of LiDAR, if one examines only a backscatter based
approach, there are a multitude of ways to realise such a system; amplitude-modulated,
frequency-modulated or pulsed illumination, and also homodyne/direct detection or
heterodyne/coherent detection [9, 17, 18], as shown in Figure 3.2. Heterodyne (or
coherent) detection utilises the coherent nature of laser light and mixes a returning light
with a reference signal allowing interferometry to be used to calculate the time of flight
[19]. Homodyne (or Direct) detection, on the other hand, does not use the coherent
nature of a laser and instead directly measures the time of flight of the light. This can
be achieved by modulating the output light (e.g. in amplitude modulation, where a
sinusoidal CW signal is sent to the target such that the change in phase gives a direct
measure of the time of flight), or using pulsed illumination (as in the method described
in this thesis).
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Figure 3.2: Schematics of Homodyne (top) and Heterodyne LiDAR systems.
Direct detection systems do not make use of the coherent nature of light,
instead relying on a direct measurement of the light travel time. Heterodyne
systems combine the returning signal with the original outgoing signal to
create an interferometric measurement. These systems have been drawn as
co-axial for simplicity only.
These techniques allow the distance to a single point to be measured, there are two
obvious alterations that can allow such systems to build a depth profile map of an
object; either the laser spot is scanned across the target and collected by a single
detector [20], or the detector can be replaced with a focal plane array [21].
Alternatively, in 1986 Cathey and Davis introduced the idea of using a large area
detector array [22], coupled with an array of light sources that could individually
illuminate each part of the detectors field of view.
Obviously, the focal plane array has the advantage of speed over the scanning single
pixel system, as a complete image can be built over the time required to capture one
pixel – although scanning optics may still be employed [23]. However, detector arrays
can have a set of issues – especially in single-photon detection configuration - including
pixel crosstalk, and low fill-factor, at least partly caused by the necessary readout
electronics for each pixel.
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Gated viewing, or Burst Illumination LiDAR (BIL), is a means of LiDAR depth
profiling where the time of flight is not calculated from the timing of photon events.
Instead a spatially dispersed laser pulse is sent out towards the target, a camera then
takes a short exposure (typically nanosecond duration) two dimensional image of the
scene at a predetermined interval after the pulse. The image can then be viewed as a
slice of the scene at a distance determined by the interval between pulse and exposure.
A series of these slices then allows a three dimensional map of the scene to be built up.
This technique was described and demonstrated in 2004 by Busck and Heiselberg [24].
While their system demonstrated frame rates of 32 kHz for 582×752 depth pixels with a
range accuracy of 1mm within less than 1s acquisition time, this was only realised at
close stand-off distances of approximately 14 metres and using non-eyesafe average
illumination powers of 140 mW at a wavelength of 532 nm. In 2006 a system was
presented which showed this technique used at long range distances of between 0.8 and
7.2 km [4], using illumination at 1550 nm, an example of which is shown in Figure 3.3.
Again, the power levels used in this system were not provided in any detail, and only
described as extremely high compared to other depth profiling methods.

Figure 3.3: Four consecutive frames from a Burst Illumination system as
described in [4]. Range to the target is 0.9 km, and gate width is 40 ns.
Spatial resolution is set by the camera used, while depth resolution is a
function of the temporal width of the outgoing pulse and the frame rate of
the camera.
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3.2.1. Single Photon Depth Imaging
Pulsed illumination and photomultiplier tubes have been used in Laser Ranging since
1977 [25], however, although the system described used photomultiplier tubes, they
were employed in a linear multiplication mode rather than photon counting mode. A
TCSPC based time of flight ranging system using pulsed illumination was first achieved
using a diode-pumped Nd:YLF solid-state laser in 1993 [26]. As the system was built
to observe atmospheric cloud and aerosol scattering, eye safety was of great importance,
this was achieved with low power pulses (a few µJ per pulse with pulse repetition rates
around 2.5 kHz – low enough to provide a 60 km flight distance between pulses) and an
expanded beam. However, for a depth profiling system an expanded beam is not
desirable as it reduces spatial resolution, and low power pulses mean fewer returns
resulting in longer pixel dwell times. In 1997 Massa, et al [27], demonstrated a TCSPC
depth measurement system using 850 nm laser pulses, eye safety was maintained using
a MHz repetition rate and per pulse energies of 6 pJ, and thus an average power of
6 µW. A schematic of the system is shown in Figure 3.4.

Figure 3.4: Left: Schematic of TCSPC time of flight ranging system based
on eye-safe 850 nm pulsed illumination and a silicon SPAD as detector.
Right: An example histogram showing return peaks from a reference
surface and the target (both diffuse scattering metal plates). Both from [27].
As can be seen it is a mono-static, coaxial, homodyne system, which uses a reference
surface (intercepting part of the out-going beam) to determine the position of the target
surface – both surfaces were diffuse scattering metal plates. It was reported that
precision of 30 µm at a distance of a few metres could be achieved with long integration
times.
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A depth profiling system based on the system described above was then presented
which reached a depth resolution of 10-20 µm at a distance of 1m using a per-pixel
dwell time of 1 s [28]. Using a micropositioner positioned at a stand-off distance of
1.2 m, the target could be scanned across the TOF beam path, allowing a depth image to
be formed. Example images from this system are shown in Figure 3.5. An estimated
depth uncertainty of 90-150 µm was stated.

Figure 3.5: Example depth images taken using the system described in [28].
The target was scanned across a static 850 nm wavelength beam using a
micropositioner. Each image contains 80 ×140 pixels, each pixel required
0.5 seconds to acquire (at a counting rate of ~800 kHz). Due to vibrations
from the micropositioner, a short pause between each pixel measurement
was reported, the x-y scale of the scan ranges was not mentioned.
In 1999 a demonstration of a mono-static, bi-axial, photon counting, 3D imaging system
was reported [29] which used a MCP/CDL (MicroChannel Plate/Crossed Delay Line)
detector and illumination at 655 nm wavelength and ~7 µW of average power, at a
repetition rate of 1.5625 MHz. Each photon arrival at the MCP/CDL detector produces
four pulses, the timings of which give the position and arrival time. Depth images at
distances of up to 50 m were taken and resolutions of 1.5 cm in all dimensions were
achieved. A schematic of the system and an example of a three dimensional image
captured from 50 m stand-off distance, outdoors is shown in Figure 3.6.
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Figure 3.6: Top left – schematic of the system described in [29] using a
MicroChannel Plate (MCP) detector, and 655 nm illumination. Top right –
photograph of target placed at 50 m from the imaging system; consisting of
0.9 m cube (a solid-yellow carpet covered the entire box during the
experiment for simplification of analysis and data interpretation). Bottom
row – three dimensional data shown from three different viewing angles.
In 2000 Pellegrini et al used measurements from the system described in [27] along
with simulations to show the effect of acquisition time of depth measurements using a
TCSPC system [30]. While 30 µm depth precision was possible with the system, this
was shown to tail off as the acquisition time is reduced - and thus fewer photons are
collected - such that with only 10 photons detected a depth resolution of 3 mm was
achievable. Figure 3.7 shows the trade-off between detected photons (corresponding to
acquisition time) and depth precision that exists for all TCSPC based time-of-flight
depth measurements.
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Figure 3.7: Graph showing the relationship between depth resolution of a
TCSPC time of flight ranging system and the number of detected return
photons, reproduced from [30].
This prototype system was subsequently improved [31] to work at longer standoff
distances (1-20 m), it employed a passively Q-switched AlGaAs laser diode emitting
10–20 ps pulses and with energy 7–10 pJ at a wavelength of 850nm maintaining eye
safe power levels (<0.25 mW average power). An actively quenched silicon SPAD
detected the returning photons. This system used stepper motors which pan and tilt the
optical head in order to scan the coaxial optical beam across the target.

Spatial

resolutions of ~60 µm and ~400 µm at distances of 2 m and 13 m, respectively, were
reported, while depth resolutions were of a similar order: ~48 µm and 315 µm at 2 m
and 13 m, respectively. Figure 3.8 shows an example of a target scanned by this system
at a distance of 2 m.
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Figure 3.8: Scanned depth image of a university badge measuring 50 cm in
diameter, measured at a stand-off distance of 2 m. The image is constructed
from ~6.8 × 104 pixels, each of which took 1 second to acquire, resulting in
a total scan time of ~19 hours. Image reproduced from [31].
In 2002 experiments were performed at MIT Lincoln Laboratory that captured depth
profile images using an illumination wavelength of 532 nm with a 4×4 detector array of
silicon SPADs whose field-of-view was scanned by a pair of mirrors [32]. Stand-off
distances of up to 500 metres were presented. Range gating and thresholding operations
were performed on the images to demonstrate the possibility of background and
foreground clutter suppression. In 2005 data the next iteration of this system was
presented [33]. This used a 32 x 32 array of Geiger mode APDs with independent timeof-flight read out circuits for each pixel, this was coupled with a 32 x 32 far field
illumination spot pattern at a wavelength of 532 nm. This system was capable of being
mounted on a helicopter, and – when range gating was applied – was capable of
penetrating forest canopy and camouflage netting. Average power levels were not
mentioned. An example of the forest canopy penetrating ability is shown in Figure 3.9.
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Figure 3.9: Depth image taken using the system described in [33], images
left to right show shorter range gates applied to the system.

With an

appropriate range gate, the canopy no longer obscures the target.
In 2009, McCarthy et al produced a TCSPC system which was capable of centimetre
spatial and depth resolution at distances of ~325 m for non-cooperative targets in
daylight conditions [34], see Figure 3.10. The bespoke optical transceiver employed an
inbuilt picosecond-pulsed semiconductor laser diode operating at a wavelength of
850 nm, producing an average output power of < 50 µW. A pair of galvanometer
controlled scanning mirrors were used to scan the co-axial transmit and receive
channels. The receive channel was directed onto a PerkinElmer Si-SPAD single photon
counting module. Overall acquisition times of the scans (32 × 128 pixel images are
shown) with this system were quoted as typically minutes, per pixel dwell times were
1 second.

This system was also shown to be capable of performing scans on

cooperative targets at distances of 4 km with depth uncertainties of 15.1 mm [35].
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Figure 3.10: 32 × 128 pixel depth profile image of a life-sized mannequin
taken at a distance of 325 m in daylight conditions, using 850 nm
wavelength illumination. (a) photograph of the 1.8 m tall mannequin in the
scan position. (b) and (c) three-dimensional plot of the processed depth
information, from [34].
Further work with this system also implemented data analysis algorithms in order to
extract more information from the return signal. The Reversible Jump Monte Carlo
Markov Chain (RJMCMC) algorithm allowed multiple peaks to be identified within
each pixel’s histogram, giving the ability to find multiple peaks and thus pick out
multiple surfaces and hidden targets [36].
A similar scanning system was reported by Oh in 2010 [37] which had an accuracy of
12 cm at a distance of ~100 m. With a target 11 m distant from the optics a precision of
< 1 cm was achieved for pixels lasting for greater than 150 laser pulses. The laser
pulses were 532 nm wavelength and of an energy per pulse < 1 µJ, with a repetition rate
between 2 and 20 kHz. The detector used was a Silicon Geiger Mode APD.
In 2014 Kirmani et al at MIT presented work on a new method of improving scan times
of single photon time of flight depth imaging systems, a technique they referred to as
‘First Photon Imaging’ [38]. Figure 3.11 a) shows a schematic of the set up; a pulsed
light source (in this case a 640 nm wavelength pulsed laser diode that emitted pulses
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with a 226 ps root mean square duration at a 10 MHz repetition rate and 0.6 mW
average power, with a spot size of 1.5 mm at 2 m distance) is raster scanned across a
target (1.5-2.5 m distance from the scanner), a 100 x 100 µm area MPD Gm-APD was
used as the detector placed 7 cm horizontally from the outgoing beam. Any scattered
photons incident on the detector were first filtered by a 2 nm wide band pass filter
centred at 640 nm, with 49% transmission at its peak. For each pixel in a scan the
system was set up to record only time difference between the first pulse sent to the
target and the first detection event registered. Obviously not in every pixel will there be
a detected return photon after the first pulse, so the depth of a pixel is determined by the
difference in time between a recorded detector event, and its closest preceding outgoing
pulse; while a pixel’s intensity is recorded from the number of optical pulses sent to the
target before a return photon was detected. The background light was adjusted such that
half of the pixels in a scan would be noise. A three step image recovery technique was
applied to the scans to produce clear images of the target, see Figure 3.11. First, each
pixels reflectivity was estimated, then, using spatial correlations, noise spikes were
identified from those from the target surface and removed, and finally the algorithm
calculates the regularised maximum-likelihood 3D estimation for the remaining pixels.
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Figure 3.11: The ‘First Photon Imaging’ system and example data. A)
experimental set up. B) Close up of the face and T-shirt of the target
mannequin before and after processing. C), d), e) and ,f) show the original
data, and three processing steps (reflectivity estimation, noise rejection, 3D
estimation), respectively. From [38].

3.2.2. Longer Wavelength Single Photon Depth Imaging
Considerations for possible illumination wavelengths for laser-based LiDAR
measurements need to take into account not only the availability and practicality of light
sources and detectors for the selected spectral region. Solar background levels are
highly dependent on wavelength (following a blackbody radiation curve), and peak in
the visible getting lower the further into the infrared one goes; thus to reduce the
background noise of a LiDAR system which operates during the daytime, longer
infrared spectral regions are preferable. Atmospheric attenuation is also of concern for
long range systems and is typically highest at those wavelengths with the lowest solar
background levels (see Figure 3.12), for obvious reasons. Using wavelengths around
1.3 µm or 1.55 µm can also be more economical due to the wide availability of optical
components for fibre telecommunications systems.
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Figure 3.12: A graph showing atmospheric transmission as a function of
wavelength (black line, left axis), and solar irradiance at sea level for the
near infrared region of the spectrum (red line, right axis. Gaps in the
irradiance and low points in the transmission data are due to absorption by
atmospheric water. Transmission data taken from [39], irradiance data
taken from [40]. It can quickly be seen that operation at wavelength around
1550 nm offers far lower solar background, while still maintaining high
atmospheric transmission.
PMTs or silicon SPAD detectors would be unsuitable for photon-counting applications
at these wavelengths due to very low detection efficiencies. In 2002 Maruyama et al
used an InGaAs/InP APD detector [41] in a photon-counting time-of-flight experiment
whereby responses from clouds and atmospheric back-scattering were registered at
stand-off distances up to 2 km. At high count rates, the large number of current pulses
produced resulted in a drop in bias voltage of the device. It was therefore found to have
an SPDE dependent on the count rate and thus the incident optical power; ~ 20 % was
reported at 1 pW incident power at 1535 nm wavelength, at an operational temperature
of around 170 K.
The use of a superconducting nanowire single-photon detector (SNSPD) based on NbN
nanowires to perform TCSPC range-finding at an illumination wavelength of 1550 nm
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was first demonstrated by Warburton et al. in 2007 [42].

A surface to surface

resolvability of the system (as low as 4 mm using a RJMCMC peak-finding algorithm)
was measured using multiple co-operative target surfaces at known relative separations
at a stand-off distance of approximately 330 metres.

In this scenario, average

illumination powers of approximately 5 µW were sufficient for resolution of the
cooperative targets used in these measurements.
In 2011 M. A. Diagne et al demonstrated the development of a 32 x 32 Geiger Mode
APD focal plane array.

By using a GaSb-based material system, operation at an

illumination wavelength of 2µm was possible, with a dark count rate of 1.5 kHz when
operated at 77 K; detection efficiencies were not disclosed [43].

The laser used

produced ~ 2 µJ pulses, of 400 ps width and up to a 10 kHz repetition rate. Depth
profile imaging, with a 30 cm resolution at 20 m stand-off distance, was achieved an
example of which is shown in Figure 3.13.

Figure 3.13: Depth profile image of a pyramid cardboard attached to a
tripod at a standoff distance of ~ 20 m using 2 µm wavelength illumination
[43].
A SNSPD ToF ranging system was also described in 2013 by Chen, et al [44], and
published after the work presented in this thesis was published [45, 46]. Using a
1550 nm wavelength laser with a 20 MHz repetition rate, and 2 mW output power the
system was shown to have a total timing jitter of 26.8 ps, giving a surface to surface
resolvability of 4 mm. The reflected signal was collected using a 140 mm diameter
aperture Newtonian telescope. Preliminary depth images were taken at a standoff
distance of 2.5 m by scanning the target across the stationary outgoing beam in 1 cm
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steps; a 29 x 35 pixel image captured at 10 seconds per pixel is shown in Figure 3.14.
Background light levels are not discussed.

Figure 3.14: Figure b) is a 29 x 35 pixel image of the scene shown in a)
taken using a TCSPC SNSPD system, each pixel took 10 s acquisition time,
the standoff distance was 2.5 m [44].

3.3.

Superconducting Nanowire Single Photon Detector Based
Depth Imaging System

The following sections represent work performed during this PhD and are a
continuation of the efforts presented in references [34-36]. The following work builds
upon the previous work by the Single-Photon group at Heriot-Watt University by
integrating a scanning depth imaging transceiver design into longer wavelength
(~1550 nm) systems using an SNSPD and also an InGaAs/InP SPAD (in section 3.4.).
The scanning transceiver was designed and built prior to this work. The SNSPD used in
this section was patterned at TU Delft in the Netherlands, and packaged with single
mode fibre in a cryocooler by Robert Hadfield’s group at Heriot-Watt. By integrating
this detector system with the scanning transceiver system, a depth imaging system
working at 1550 nm wavelength was optimised and characterised.

74

Chapter 3: Long Range Depth Imaging

3.3.1. System Description and Optimisation
Figure 3.15 shows a schematic of the depth profiling system fully optimised for
maximum illumination collection and output, and also minimum system timing jitter;
these optimisation steps are outlined below.
The light source employed was upgraded from the initial use of a PicoQuant PDL 800B
picosecond pulsed diode laser driver [47] to a femtosecond mode-locked fibre laser
based on a CNT-1550nm wavelength laser engine by Kphotonics [48]. This gave not
only a considerable increase in power output, but also helped reduce the timing jitter. A
problem introduced by this source was the lack of an ability to be driven by an electrical
signal; instead it worked only at a fixed repetition rate of 50 MHz. Thus, in order to
create a trigger signal for the TCSPC card, 10% of the output was tapped off and sent to
an optical detector (a Thorlabs DET10C/M fibre-coupled, high-speed InGaAs detector
[49]) which acted as an optical trigger. The PicoHarp TCSPC card runs at a maximum
trigger (start) rate of 10 MHz, meaning that the trigger produced by the InGaAs detector
would have to be down-divided. This was first accomplished by connecting the trigger
output to the clock input of an Agilent 81133A Pulse Pattern Generator, which then
cycled through a 32 bit pattern containing 31 0-bits and a single 1-bit, thus dividing the
signal by 32 (to ~1.57 MHz). This configuration gave a temporal instrumental response
~190 ps at FWHM. In order to improve the temporal response of the system, the down
dividing technique using the PPG was replaced with a Constant Fraction Discriminator
(CFD), and the SNSPD was changed (see section 3.3.4.). In this new configuration, the
trigger pulses coming out of the InGaAs trigger detector were temporally stretched such
that they overlapped, this could then be adjusted to match division from the PPG (to 32
times slower). With the CFD and the second SNSPD, a FWHM instrumental response
of ~ 80 ps was achieved.
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Figure 3.15: Schematic of the improved depth profiling set up, with a CFD
based down dividing scheme, reducing the trigger signal from 50 MHz to
~1.57 MHz to accommodate the maximum count rate of the TCSPC module.
The internal optics of the scanning transceiver are shown in Figure 3.17.

3.3.2. Transceiver Setup
The mono-static scanning transceiver box was designed and constructed for previous
depth imaging work at a wavelength of 850 nm [34], and consisted of a custom built
anodised aluminium box with a semi-kinetic optical mounting system (magnets are used
to hold components in place) for ease of component interchange. Most of the internal
components were replaced by those with anti-reflection coatings for 1550 nm
wavelength (replacement and alignment was performed by Aongus McCarthy and Nils
Krichel). Within the transceiver, a collimation package decoupled the fibre-based laser
pulses into a collimated optical beam. To scan the optical beam across a target, a set of
galvanometer scanning mirrors - housed in the same transceiver head (a schematic of
which is shown in Figure 3.16.) - steer the beam in the x- and y-direction. These
mirrors and the picoharp histogram acquisition were both controlled by custom
scanning software previously written for the system operating at 850nm wavelength and
described in [35].
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Figure 3.16: Schematic of the layout of the Transceiver head. Illumination
from the 1560 nm wavelength laser was collimated, polarised and oriented
to reflect off from a polarising beam splitter cube. The outgoing beam then
reflected from scanning mirrors and passed through relay optics before
being refracted towards the target by the objective lens. Return photons
take the same optical path through the system, until the beam splitter where
they are transmitted. Returning photons then pass two filters; a 1500 nm
Long Pass (LP), and a 12 nm wide 1560 nm centred Band Pass (BP) filter.
The return beam was then coupled into an armoured fibre and coupled into
the SNSPD cryocooler.
Before reaching the scanning mirrors, the outgoing beam path was steered through a
linear polariser to clean up the polarisation before a half-wave plate aligns the
polarisation for the polarising beam splitter (used to separate the outgoing and returning
beams). The outgoing beam was then incident on the first scanning mirror for y-axis
scanning, before heading through a telecentric lens system (to ensure that the retuning
beam is on axis) and reflected from the second scanning mirror for x-axis scanning.
The scanning mirrors were placed at conjugate planes of the imaging system such that
while the beam is steered its position at the mirror faces remains constant. The initial
use of interchangeable Thorlabs 50.8 mm aperture achromatic doublets of 200 mm and
300 mm focal length objective lenses (BBAR coated for 1050-1620 nm) was changed to
an 80mm aperture objective lens with a focal length of 500 mm, the larger aperture
giving a higher return photon collection probability (the spatial resolution performance
of these lenses is discussed in section 3.3.6.1.). The output power of the outgoing beam
was below 250 µW. The returning beam follows the same path as the outgoing beam
until the polarising beam-splitter. Here, the transmitted return photons pass through a
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1500 nm long-pass and a 1560 nm centred band-pass filter (to reduce background light
detection), before being coupled into an armoured fibre (SMF-28, 9 µm core diameter)
and into the input of the SNSPD cryocooler. A photograph of the transceiver unit
overlaid with the transmit and return optical paths can be seen in Figure 3.17.

Figure 3.17:

Photograph of the Transceiver Box and its optical

components. Arrows denote optical pathways, green and red represent
outgoing and returning signals, respectively. The return filtering scheme
consists of a long-pass 1500 nm cut-on, and a 12 nm wide band-pass filter
centred at 1560 nm.

3.3.3. Polarisation Considerations
Given that any return photons collected and subsequently detected have passed through
a polarising beamsplitter, it is worth discussing the possible polarisation content of the
return signal. First, one should consider the polarisation state of the out-going beam.
The linear polariser and half-wave plate create a vertically polarised beam for maximum
reflection at the PBS. This state should remain through the mirror reflections as the
angle of incidence at these interfaces is 45° (when scanning this angle will change, but
for long distance scanning this change can be considered negligible).

Thus the

illumination beam reaching the target does so with vertical polarisation (with reference
to the transceiver). The intensity and scattering probability of an incident photon
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obviously has great dependence on the scattering surface. It is clear however that there
will be both specular and diffuse scattering components. Specular reflections from a
target will only be collected by the transceiver when the target surface is perpendicular
to the outgoing beam path, thus diffuse reflections are of higher importance when
scanning an unknown scene. Due to the diffuse component being a result of many
reflections it has a more complicated polarisation state than a specular reflection; the
specular component has polarisation which is dictated by the Fresnel reflection
coefficients of the target material and will mostly have the same orientation as the
outgoing beam (though flipped through 180°). Thus, looking at the collection system
within the transceiver, one can see that the maximum collection to detection ratio the
system can have is 2:1 for a perfectly diffuse scatterer, where only the horizontally
polarised light is detected. While this removal of 50% of collected return photons may
seem excessive, there are other advantages to this polarisation division; the majority of
back-reflections from optical surfaces within the transceiver box will be specular in
nature, and will therefore be filtered out of the collection. Furthermore, since it is
assumed that there is no a priori knowledge of neither the reflective nature of a potential
scanning target nor its surface angle, a system which does not have to rely on specular
reflections is preferable.
As mentioned previously, backscattered diffuse reflections will have a more complex
polarisation state. This is determined in part to the surface roughness of the target
material. An empirical model by Oh et al in 1992 [50] described the cross-polarised
backscatter ratio, q, as the ratio between the H-V and the V-V polarisation scattering
coefficients, σH-V and σV-V, respectively. For incident light with wavenumber k onto a
surface with roughness parameter s, this was shown to be:
=


= 0.23 Γ  1 −   


(3.1)

Where Γ0, the Fresnel reflectivity of the surface (with dielectric constant ε’) at nadir is
given by:


1 − √′
Γ =

1 + √′
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A noticeable feature of this cross-polarised ratio model is the lack of a dependence on
the incident angle of illumination. This is not to say that the angle of incidence does not
affect the amount of backscattered light, only that it does not alter the ratio of
backscattered light polarisation states. Substituting in values for an aluminium surface
Figure 3.18 shows how q varies with both surface roughness parameter and wavelength.
As can be seen in Figure 3.18 a), for incident light of 1.55 µm wavelength, a maximum
cross-polarisation ratio is reached when the surface roughness of the sample is greater
than ~1.5 µm. As the sample surface becomes less rough then more of the scattered light
will be of the same polarisation as the incident beam, thus our transceiver system will
receive fewer scattered photons. Figure 3.18 b) highlights the fact that as a crosspolarisation lidar system moves to longer wavelengths, its ideal target materials should
have increasingly rough surfaces to get the same returns as systems working at shorter
wavelengths. However, obviously these simulations do not include the intensity of the
total scattered light, which will also vary dramatically with surface roughness and
wavelength.

Figure 3.18: a) A graph showing the variation in the cross-polarised
backscatter ratio, q, for a range of surface roughness parameters for
1550 nm light incident on aluminium. b) A graph of the cross-polarised
backscatter ratio varying for wavelength and a range of roughness
parameters
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3.3.4. Superconducting

Nanowire

Single

Photon

Detector

Characterisation
To measure the single photon detection efficiency, an optical fibre coupled device is
placed in the closed-cycle refrigerator and cooled down to below 4 K, and connected as
shown in Figure 3.19. The laser power is measured at the entrance to the cryocooler
with no attenuation. The detector count rate can then be recorded using an Agilent
53132A frequency counter for a range of both bias voltage and attenuation. The laser
pulses are attenuated using two programmable digital optical attenuators (JDS Uniphase
HA9), each calibrated over 60 dB resulting in a 0 – 120 dB attenuation range. A
comparison of the photon flux and the count rate of the detector (minus the dark count
rate) can then be made. This gives the system detection efficiency at the input of the
cryocooler, and thus includes any losses within the closed-cycle refrigerator. The fibre
polariser allows the adjustment of the polarisation of light to reach a maximum count
rate on the detector (the SNSPD SPDE is polarisation sensitive, as discussed in
section 2.6.2).

Figure 3.19: A schematic showing the system SPDE measurement set up.
Blue and red represent electrical and optical pathways, respectively.
Optical attenuators ensure the incoming photon flux is at the single photon
level.
The performance of SNSPDs varies greatly from device to device due to patterning
limitations. Initially, these experiments used a NbTiN device (Device 1) shown to
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display ~15 % detection efficiency at 1 kHz dark count rate. Later, another device
became available (Device 2) which had a similar optical cavity. Device 2 was measured
to have ~17.5 % efficiency at 1 kHz dark count rate. The detection efficiency and dark
count measurements were made on the detectors in-situ, whilst they were installed in
the time of flight depth profiling laboratory. Measurements were made at night to
reduce background light leakage into fibres, Figure 3.20 shows a plot of the system
efficiencies as a function of dark count rate (which changes with bias current). As can
be seen, with increasing bias the Device 2 becomes significantly more efficient. At the
700 Hz dark count rate that was used for most of the experiments in this chapter the
difference in detection efficiency is around 2.5 %.

Figure 3.20: Graph showing the difference in system SPDE between the
two SNSPD devices used in this system, at 1550 nm wavelength
illumination. Measurements taken later in this chapter used device 2, at a
background (dark) count rate of 700 Hz.

3.3.5. Post Processing of Time-of-Flight Data
With the setup shown in Figure 3.15, the trigger frequency is 32 times slower than the
outgoing laser pulse rate, thus each histogram collected by the Picoharp contains 32
return peaks (plus 32 sets of back-reflections from the optical components).
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algorithm originally written by Nils Krichel for the work presented in [35], and
subsequently modified by Nils and myself for this work, performs the analysis; the steps
taken are shown in Figure 3.21. The algorithm begins by preparing a periodic reference
response - R - containing 32 instrumental reference peaks equally spaced at the same
period as the fibre laser’s output (an instrumental reference response was taken from a
return peak from retro reflective material, using the same bin width as in the scan, over
a long integration time, then cut out of the histogram and normalised in height). This
reference histogram is then fast Fourier transformed, and the complex conjugate taken
(this is performed once per scan to speed up processing). For each histogram H, a cross
correlation, C can then be calculated via:
C = F -1[F(H) .x F*(R)]

(3.3)

Where .x denotes element wise multiplication. This cross correlation with a repeating
instrumental response discriminates against random noise peaks, amplifying the
probability of finding a target return signal amongst noise. Due to the periodicity of the
histograms H, the resulting cyclical cross-correlation functions C were periodic as well,
repeating at a frequency governed by the laser repetition rate. Therefore, only the
beginning of the cross correlation function C - corresponding to one cycle - was further
analysed. The algorithm then locates the position of the maximum within the cross
correlation within a window of temporal width set by the user (the window eliminates
the area containing back-reflections). This position can then be converted from bin
number (time) into a distance.
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Figure 3.21: Post processing steps of a histogram. a) Example of a timing
histogram containing 32 back reflections and 32 Target return peaks. b) An
instrumental reference response used to create c) the reference histogram
containing 32 peaks at the repetition rate of the laser. d) The Cross
Correlation Function showing just over one cycle. The target return peak
stands alone clearly identifiable, far more prevalent than in the original
histogram.
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3.3.6. System Characterisation
3.3.6.1.

Spatial Resolution

In order to determine the spatial resolution achievable by the system, an object of
known spatial dimensions had to be scanned. For earlier iterations of the system a
purpose built spatial resolution target was designed (see Figure 3.22). Positive and
negative triangular features, made of retro-reflective material, were mounted 25 mm
away from a planar base plate, covered with the same material. A scan of this target
would then show these triangular features with dulled tips. A comparison of the true
width at the point at which the scan reveals the triangle, gives a minimum resolvable
feature measure.

Figure 3.22:

Schematic of the target used to determine the spatial

resolution of the system at 325m.
To determine the spatial resolution of the system, scans were taken of the purpose built
triangular reference target placed at a standoff distance of 325 m.

This was first

completed using two Thorlabs 50.8 mm aperture achromatic doublets of 200 mm and
300mm focal length lenses, shown in Figure 3.23.
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Figure 3.23: Scans of the spatial resolution target at a standoff distance of
325m for the 50.8mm aperture achromatic 200mm (left) and 300mm (right)
focal length lenses, using 1560nm wavelength illumination.
The spatial resolution was calculated through measuring the smallest feature resolved
within a scan. For the ThorLabs 200 mm focal length lens this was 27 mm, and for the
300 mm focal length lens was 16 mm. These measurements were taken with Device 1,
and the PPG method of down dividing the trigger signal. This technique was repeated
with an 80 mm aperture 500 mm focal length lens (shown in Figure 3.24). The
calculated spatial resolution measured here is 14 mm. This measurement was taken
with Device 2 and the CFD method of trigger down dividing, the reduction in timing
jitter also giving better depth precision and thus making the scan look ‘cleaner’. This
resolution is not as impressive as that of the previous system iteration at the same
distance (sub-centimetre at 850 nm using 400 mm and 200 mm focal length multielement lenses), however this is to be expected due to the limitations imposed by the
longer wavelength used here (including the larger core diameter of the fibre employed –
9 µm compared to 4 µm before - which is subsequently imaged at the target, giving a
larger illumination spot size).
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Figure 3.24: Scan of the spatial resolution target at a standoff distance of
325 m for the 80 mm aperture lens with a focal length of 500 mm, using
1560 nm wavelength illumination.
3.3.6.2.

Standard Targets

Figure 3.25 is a graph showing the relationship between the number of photons returned
within a histogram (taken in daylight at a distance of 325 m) and the angle of incidence
of the beam to the target, for a range of materials.
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Figure 3.25: Graph showing the angular dependence on the number of
return photons within a histogram taken for a selection of standard targets
at a standoff distance of 325 m. It is clear that aluminium gives far lower
signal returns than the more ‘rough’ surfaces of fabric and hardboard.
When compared with similar results taken using 850 nm wavelength presented in [35],
shown in Figure 3.26, it can be seen that there is a much greater dependence on angle at
850 nm than is shown here at 1560 nm wavelength. This flatter angular distribution
makes 1560 nm a stronger candidate for successful depth profiling on unknown targets,
which may be at a high incidence angle to the scanning beam. What is also clear from
the graph is that this detector system - working at 1560 nm wavelength illumination –
performs better with wood and fabric targets than it does aluminium; this could be a
factor of the polarisation issue discussed in section 3.2.1.2 with the surface roughness of
the materials having a large impact, or simply due to the reflectivity distributions of the
various materials at this wavelength.
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Figure 3.26: Angular dependence on photon returns of the system using
850 nm illumination as described in [35].

A much more pronounced

variation in photon returns, as the angle moves away from normal, can be
seen for aluminium than is the case for the 1560 nm illumination system.
Further problems can be seen with surfaces not normal to the incident beam from the
temporal spread of the return peak in the histogram. As the surface angle increases, so
does the spread of depths over the illuminated spot, this in turn causes a widening of the
return peak profile, as shown in Figure 3.27. This temporal spreading will be further
worsened with the effects of turbulence on the outgoing beam, moving the illumination
spot over a wider range of the target surface. A wider temporal return peak ultimately
results in a lower SNR, as the same number of photons is distributed over more
histogram bins. As this system works with no a priori knowledge of the target, it
similarly can have no knowledge of the range of angle distributions, and needs to be
capable of functioning even in extreme angle cases, further highlighting the need for
single photon detection sensitivity.
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Figure 3.27: Graph showing the variation in the peak width (FWHM of a
Gaussian fit) with incident beam angle for the smooth hardboard data
shown in Figure 3.25. As the angle increases so does the effective spot size
and the range of depths illuminated.
3.3.6.3. Non-cooperative Targets
Depth Imaging at 325 m
Scans were taken of a life-size mannequin with a hard-board back plane (as shown in
Figure 3.28) at various per pixel dwell times, in order to establish how quickly the
system could take a scan where the target is still deemed recognisable. From estimates
of the spatial resolution of the system and from the maps of back reflections, a target
area and size was chosen; 60 x 75 pixels (a total of 4500 pixels) covering an area of
~800 x 1000 mm. As can be seen from the figure, at 2 ms per pixel the mannequin is
still easily identifiable; this corresponds to a total scan time of 9 seconds. The pixel
count is roughly the same as scans taken with the previous system of a mannequin at
325 m using 850 nm wavelength illumination, but the acquisition time needed for this
new system is vastly improved over the minutes per scan needed before.
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Figure 3.28: Depth profile measurements at a wavelength of 1560 nm made
in daylight on a life-size mannequin from a standoff distance of 325 metres.
The images shown in column (a) are close-up photographs showing the two
different viewpoints of the. Each scan covered an area of approximately
800 × 1000 mm using 60 × 75 pixels, resulting in a pixel-to-pixel spacing of
approximately 13 mm in x and y. Plots of the depth data obtained for perpixel acquisition times of 5, 2, 1, and 0.5 ms are shown in columns (b)
through (e). The colour shading in the plots is used to map depth, and the
images are surface plots of the raw depth data for all pixels i.e. no curve
fitting or extrapolation has been applied to enhance the data returned by the
system.
At long dwell times, the uncertainty on the per-pixel target return intensity is low
enough to convey another layer of information. At per-pixel dwell times of 10 ms and
greater, almost all of the pixels in this scene had sufficient detected photons to provide a
true depth reading at this range as is evident from the centimetre-scale features evident
in Figure 3.29(b). The number of detected return photons in the histogram peak for
each individual pixel can be calculated and used as the colour mapping– this is shown in
the 10 ms per pixel intensity images in Figure 3.29(c) and (f).

Clear intensity

differences are present in the data, based on both the material type and the angle of the
surface relative to the incident beam. As Figure 3.29(e) makes apparent, the returns
from human skin were very low in comparison to the other materials, resulting in the
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majority of the facial pixels having insufficient detected return photons to stand out
from noise and provide depth information for this acquisition duration.

This is

consistent with the findings of Bashkatov et al. who report reduced scattering from
human skin and subcutaneous tissue at wavelengths in the vicinity of λ = 1550 nm when
compared to λ = 850 nm [51].

Figure 3.29: Comparison between the results obtained from scans, of a
mannequin and a human, at a range of 325 metres using a per-pixel dwell
time of 10 ms. A close-up photo of the mannequin’s head is shown in (a),
and the surface plot of depth data acquired at a range of 325 metres with a
10 ms per-pixel dwell time is shown from a similar viewpoint in (b). The
plot shown in (c) and (f) use colour to map the calculated number of
detected return photons in the histogram peak for each individual pixel.
The low number of detected return photons from the facial skin is obvious
on the corresponding colour map shown in (f). The plots in (c) and (f) also
confirm that there are lower returns from the areas of the scene that the
illuminating beam strikes at glancing angles e.g. edges.
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Depth Imaging at 910 m Range
At 910 m range, due to beam divergence, the laser spot has grown larger rendering the
previously-used spatial resolution target used at 325 m ineffective. A rough measure of
the beam width was taken by slowly moving retro-reflective materials into the beam
path and registering when a peak begins to show in the histogram. This gave a very
coarse idea of the spot size (~ 60 – 80 mm), allowing us to select an appropriate pixel
size. Once again the mannequin was used as a non-cooperative target, with a hardboard
plane behind. Due to the increased distance the angular region selected to minimise
back reflections now contains the whole mannequin. Given the spot size and covered
area, a pixel number of 30 x 80 (2400 pixels in total) was chosen. Shown in Figure 3.30
are scans of this scene at decreasing per pixel dwell times, from 100 ms (4 min total)
down to 1 ms (2.4 sec total). It is clear to see that with no further data processing, the
mannequin is still readily identifiable right down until at least 10 ms per pixel, a scan
that took just 24 seconds to complete.
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Figure 3.30: Depth profile measurements made in daylight of a life-size
mannequin from a standoff distance of 910 metres.

The close-up

photographs in column (a) are different viewpoints of the scanned scene
which consisted of the mannequin against a hardboard backplane. Each
scan covered an area of approximately 800 × 2000 mm using 30 × 80
pixels, resulting in a pixel-to-pixel spacing of approximately 25 mm in x and
y. Surface plots of the raw depth data obtained for per-pixel acquisition
times of 100, 20, 10, 5, and 2 ms are shown in columns (b) to (f) - each of
these columns show two different views of the data obtained with the
specified per-pixel dwell time. The colour is used to map depth. The faceon view shown in the top row gives an indication of the spatial resolution of
the system at a kilometre, and the centimetre scale depth resolution can be
gauged from the oblique view in the bottom row.
As was shown in Figure 3.29 human targets present a slightly greater challenge as skin
gives very poor returns at 1560 nm. However, since clothing gives such a strong return
signal fully clothed people can still be identified as such, assuming appropriate per pixel
dwell times are chosen. In Figure 3.31 human shapes can clearly be made out, even
without facial information.
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Figure 3.31: Depth profile measurements of humans, acquired in daylight
at a standoff distance of 910 metres. The close-up photographs in columns
(a) and (c) are different viewpoints of the scenes which were scanned – two
collaborators posed in front of a sheet of hardboard. The depth scans were
acquired in bright daylight and each scan covered an area of approximately
800 × 2000 mm using 40 × 80 pixels, corresponding to a maximum field of
view of 2 mrad. Surface plots of the raw depth data obtained are shown in
columns (b) and (d) - these columns show two different views of the data
obtained with the specified per-pixel dwell time. It took 32 seconds to
acquire the data shown in (d). The colour shading in the surface plots is
used to map depth.
3.3.6.4. Cooperative Targets at 4.4 km Range
The previous iteration of this system was shown to be capable of performing depth
profiling at a distance of over 4 km [40] at a wavelength of 850 nm. This test was
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performed again - at the same target range, as shown in Figure 3.32 - with the new setup
using 1560 nm wavelength illumination.

Figure 3.32: Satellite image of target ranges used and approximate beam
paths. Reproduced from Google Earth.
As with the 910 m scans, the spot size was very roughly gauged (~250 mm) and a scan
area and pixel number were chosen (20 x 12 pixels covering an area of ~2000 x
1200 mm). Scans of the target area were acquired; Figure 3.32 shows pictures of the
scene and a scan taken at 2 seconds per pixel dwell time (8 min in total).
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Figure 3.33: Depth profile measurement made on a scene from a standoff
distance of 4400 metres in daylight. The photographs (a), (b) and (c) are
different viewpoints of the scanned scene with (a) being the view as seen
from the approximate direction of the transceiver. The scene consisted of
1.2 metre tall boards with retro-reflective material (one plywood panel with
a set of five red retro-reflecting triangles, and two adjoining panels covered
in white retro-reflecting material), and a 400 mm tall red retro-reflective
roadside warning triangle. The distance between the base of the white
panels and the base of the red retro-reflective warning triangle was
approximately 1 metre, as indicated in (c). The per-pixel acquisition time
was 2 seconds. The surface plot of the 20 × 12 pixel depth data is shown
from three different viewpoints in (d), (e) and (f), nominally corresponding
to the viewpoints of the photographs.
3.3.6.5. Moving Targets – Towards Video Rate Depth Imaging
Since our achievable pixel dwell times at 325 m were sufficiently reduced, successive
multiple scans of a moving target were planned such that they could be reconstructed
into a three dimensional depth profile movie. With a small adjustment to the scanning
software, it was possible to repeat a scan many times; which could then be crudely
reconstructed into movie frames. To keep the frame rate fast a low resolution scan was
necessary (as the more pixels per scan –the longer each frame takes to acquire), and a
target that could be identified with a small number of pixels needed to be chosen. A
football on a string swinging as a pendulum was selected and set up in front of a

97

Chapter 3: Long Range Depth Imaging

hardboard plane at a distance of 325 m. A scanning area was divided up into 100 pixels
(10 x 10), and a scan was taken. The per pixel dwell time was 1 ms, giving a frame rate
of 10 frames per second. 40 frames were acquired, and reconstructed into a 4 second
movie, 4 sequential frames of which are shown in Figure 3.34. The shape of the ball
and its motion can clearly be distinguished, however, scanning larger and more complex
targets would require much slower frame rates in turn introducing a skew to each frame
(due to the scanning pattern) that may be considered undesirable.

Figure 3.34: Time-of-flight depth profile movie, recorded in daylight, of a
scene from a standoff distance of 325 metres. The image shown in (a) is a
close-up photograph of the scene which consisted of a ~200 mm diameter
football suspended in front of a hardboard backplane.

The “ball

pendulum” was set in motion with the plane of the oscillation at an angle to
the backplane. A four-second movie was recorded at 10 frames per second
– each frame had 10 × 10 pixels, and consequently a per-pixel dwell time of
1 ms. The data acquired for four consecutive frames (numbers 12 to 15) are
shown. The columns labelled Frame 12 to Frame 15 show three different
views of the plotted raw depth data for each frame - row (b) is a front view,
row (c) is a top-down view, and row (d) is an oblique view. Colour is used
to map depth and is consistent across all of the plots.
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3.4. InGaAs Single Photon Avalanche Diode Based System
This section describes the same scanning transceiver mechanism described above
integrated with a InGaAs/InP SPAD, provided by Alberto Tosi’s group at the
Politecnico di Milano. Slight alterations to the transceiver, and laser were made and
will be detailed. Full characterisation of the system (as that performed on the SNSPD
based system) is provided.

3.4.1. System Description
In this section the same scanning single-photon ToF depth imager used in Section 3.3
was used in conjunction with an individual, highly optimized, Peltier-cooled
InGaAs/InP SPAD [52-58] that operates in “gated-mode”, provided by Politecnico di
Milano. The InGaAs/InP SPAD detector module was fibre-pigtailed and was cooled to
a temperature of 230 K. At an excess bias set of 5 V (as used in these experiments), the
detector had a dark count rate of around 16 kHz and a single-photon detection efficiency
of 26 % at the system operating wavelength of 1550 nm [59, 60]. The packaged
detector unit used custom control software provided by Poletecnico di Milano for set-up
and re-configurability.
3.4.1.1. Laser Reconfiguration
To try to maximise the output beam power, the laser used in conjunction with the
InGaAs/InP module was upgraded from the 50 MHz repetition rate 1560 nm
wavelength fibre laser used in the system above, to a supercontinuum source (SuperK
EXTREME EXW-6, NKT Photonics, Denmark) [61]. This provided 40 MHz repetition
rate 1550 nm illumination (through a series of optical filters: a 30 nm wide bandpass
filter with a central wavelength of 1550 nm; a longpass filter with a cut-on wavelength
of 1500 nm; and a shortpass filter with a cut-off wavelength of 1845 nm), which once
sent through the transceiver provided an average output illumination power of less than
600 µW, corresponding to approximately 15 pJ per pulse. The pulse width of the laser
was less than 50 ps. Since the supercontinuum was capable of outputting a sync signal,
there was no longer a need for optical triggering. A full description of the triggering
scheme is given in section 3.4.1.4.
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3.4.1.2. Transceiver Setup
The transceiver unit was setup as previously described in section 3.3.2., however the
band-pass filter employed in the return channel was changed from 12 nm to 30 nm
wide, centred at 1550 nm. This was to better match the emission spectrum of the filtered
supercontinuum source.
3.4.1.3. InGaAs/InP Detector Characterisation
The InGaAs/InP SPAD detector was packaged within a detection module, as described
in [59, 60]. The detector was cooled to 230 K by means of an in-package thermoelectric cooler and used an electrical gating approach to switch the detector to above
avalanche breakdown, into the Geiger mode, at pre-programmed time intervals for a
gate-on time of 7 ns, as shown in Figure 3.35. To reduce afterpulsing, the detector was
biased below avalanche breakdown for a pre-programmed hold-off time in order that
trap states empty prior to the detector being re-activated. Typically, this hold-off time
was greater than 10 µs, well in excess of the gating period, meaning that a number of
detection gates were skipped after each event (thus for a gate frequency of 40 MHz, as
in the system described here, a 10 µs hold-off will result in 400 gates being skipped per
detection event). As was discussed in Chapter 2, in the time-correlated single-photon
counting technique, it is important that the probability of a detection event is low
compared to the excitation rate (typically below 5 %) to avoid the effects of “pulse pileup” [62], and this probability must include the effect of skipped detection gates.
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Figure 3.35: Timing diagram for the gated mode operation used with the
SPAD detector. A 40 MHz synchronous clock signal was supplied to the
detector module. Using this clock as a trigger, the detector was gated on for
a pre-determined period, T , and then switched off until the next clock
ON

trigger. If an avalanche event is triggered within the detector (e.g. by an
incident photon) during the gate then an output pulse will be registered, as
shown at time (a) in the figure. The detector will be rapidly quenched and
remain off for a set hold-off time, T , to reduce the probability of
HO

afterpulsing. Any clock triggers (and thus incident photons) will be ignored
during this period, e.g. at time (b). Once the hold-off duration is complete,
the gate is once again ready to be triggered by the clock. Any photons
arriving outside the gate window will be ignored (c), but any photons
arriving within the gate window, for example (d), will be detected.
3.4.1.4. Electrical Synchronisation
Once again due to the high repetition rate of the laser employed, a down division
scheme had to be included to produce a trigger signal lower than the 5 MHz accepted by
the TCSPC module. The supercontinuum source gave an electrical trigger pulse for
each optical pulse sent. This electrical signal was then split; one arm was used as an
external clock signal to drive the InGaAs/InP module gating system (such that the gates
ran at the same frequency as the laser), the other was sent through a CFD - as in the
system described above - to stretch pulses and thus produce a lower repetition rate a
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schematic of the system is shown in Figure 3.36. In this way the signal was reduced by
a factor of 16 such that the trigger signal sent to the TCSPC module was ~2.5 MHz

Figure 3.36: Schematic of the InGaAs/InP detector based depth profiling
set up, with a Supercontinuum laser source and a CFD based down dividing
scheme, reducing the trigger signal from 40 MHz to ~2.5 MHz to
accommodate the maximum count rate of the TCSPC module. The internal
optics of the scanning transceiver are shown in Figure 3.17.

3.4.2. System Characterisation
3.4.2.1. System Temporal Response
The system temporal response was measured by taking a histogram of a return from
retro-reflective material using 16 ps binning (to match all histograms taken in depth
image scans).

The response was then background subtracted and normalised in

amplitude and is shown in Figure 3.37. The FWHM of this temporal response is 144 ps,
almost 50 % wider than that of the SNSPD based system. The near-Gaussian shape of
the profile is also clearly present. This normalised response was used in the same postprocessing analysis steps as those outlined in 3.3.5, only this time with 16 pulses in each
histogram due to the different laser repetition rate and down division.
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Figure 3.37:

Normalised and background subtracted form of a return

histogram from a retro-reflective film target.

The Full Width at Half

Maximum (timing jitter of the system) was found to be 144 ps.
3.4.2.2. Non Cooperative Targets
Depth Imaging at 325 m Range
At a range of 325 metres, two scenes consisting of a human model and a hardboard
backplane were scanned as shown in Figure 3.38 (a) and (d). The data was acquired
with a normalized background noise count rate of around 90 kHz (the count rate that
would exist if there were no gating or hold-off time), and the depth images obtained for
per-pixel acquisition times of 5, 2, 1, and 0.5 ms are shown. As was expected from the
previous SNSPD based system, it is evident that some of the pixels coinciding with the
areas of exposed skin on both human models return insufficient photons - at these perpixel acquisition times - to obtain reliable depth measurements (though areas of hair
fared much better). However, these results show that accurate sub-centimetre depth
measurements can be made for most of the materials in the scene (including leather,
denim, wool, and wood) using per-pixel acquisition times in the region of 2 to 5 ms.
The results obtained for per-pixel acquisition times as short as 1 and 0.5 ms contain
depth measurements for most of the pixels enabling the overall target outline and depth
profile to be easily discerned.
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Figure 3.38: Depth profile measurements acquired in bright daylight of
human targets (Aurora Maccarone, left, and myself, right) at a stand-off
distance of 325 metres. The images in columns (a) and (d) are close-up
photographs of the two scenes that were scanned. The depth scans covered
an area of approximately 800×1000 mm using 60×75 pixels, resulting in a
pixel-to-pixel spacing of approximately 13 mm in both x and y. Plots of the
depth data obtained for per-pixel acquisition times of 5, 2, 1, and 0.5 ms are
shown in columns (b), (c), (e) and (f) – the colour shading is used to map
depth. A per-pixel dwell time of 1 ms equated to a total scan time of 4.5 s
for these scenes.

The normalized background noise count rate was

calculated to be approximately 93 kHz and 91 kHz for scenes (a) and (d)
respectively.
Data acquired from three different targets in daylight at a constant stand-off distance of
325 m and using an acquisition time of 5 ms per pixel are compared in Figure 3.39. In
the bottom row of Figure 3.39, two different viewpoints are shown of the greyscale
colour-mapped surface plot of the depth data for each of the three scenes. The top row
consists of photographs of the scanned scene and a face-on view of the surface plot for
each of the three targets, where the colour is used to map the number of detected return
photons for each individual pixel according to the colour bar on the right hand side of
the figure. As with the previous setup, it is clear that the probability of detecting a
return is highly dependent not only on the material, but also the angle of incidence of
the target material. For the results shown in Figure 3.39, depth measurements are
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reliably made at integrated photon numbers greater than approximately 15 per pixel for
a background count rate of ~90 kHz.

Figure 3.39: Comparison between the results obtained from depth profile
scans, of a life-sized mannequin and two different human models (with
different clothing materials), at a range of 325 m using a per-pixel dwell
time of 5 ms. Images (a1), (b1), and (c1) are close-up photographs of the
three different scanned scenes. The bottom row shows two viewpoints of the
plotted depth data that was acquired for each of the three scenes, with the
white to black colour shading being used to map depth. The plots shown in
(a2), (b2), and (c2) use colour to map the calculated number of detected
return photons in the histogram peak, for each individual pixel, according
to the colour bar on the right.
Depth Imaging at 910 m Range
Depth profiling was again repeated at the longer stand-off distance of 910 m, performed
in daylight with a corresponding normalized background noise count rate of
approximately 32 kHz (the variation in background is due to a changing solar
background).

Scanned depth images of the life-sized mannequin with per-pixel

acquisition times of 20, 10, 5, and 2 ms are shown Figure 3.40. Scans with per-pixel
acquisition times as low as 5 ms, it is possible to clearly discern the outline of the
mannequin, and the vast majority of the depth profile, however at 2 ms the image is
mostly obscured by noise – as was seen with the SNSPD set-up.
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Figure 3.40: Depth profile measurements made in daylight of a life-size
mannequin from a standoff distance of 910 metres.

The close-up

photographs in column (a) are different viewpoints of the scene that was
scanned which consisted of the mannequin against a hardboard backplane.
Each depth scan covered an area of approximately 800×2000 mm using
30×80 pixels, resulting in a pixel-to-pixel spacing of approximately 25 mm
in x and y. Surface plots of the raw depth data obtained for per-pixel
acquisition times of 20, 10, 5, and 2 ms are shown in columns (b) to (e) each of these columns show two different views of the same data obtained
with the specified per-pixel dwell time, colour shading is used to map depth.
A per-pixel dwell time of 10 ms equated to a total scan time 24 s for this
scene.
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3.4.2.2. Cooperative Targets at 4.5 km Range
As before, the system was tested again in daylight at 4.5 km. A target scene was
constructed from a piece of hardboard with several red retro-reflective triangles, behind
a white retro-reflective covered board, and in the front of the scene a retro-reflective
road hazard sign was placed. The scene was scanned in a 15 x 12 pixel pattern, giving a
pixel to pixel spacing of around 100 mm. Once again, at this distance the illumination
spot size had grown significantly, reducing the spatial resolution capability, which is
further diminished by atmospheric turbulence effects. Results of the scans are shown in
Figure 3.41. However, at 2 s per pixel acquisition time the scene can be roughly
approximated.

Here the middle of the white retro-reflective board has not been

distinguished; this is due to the illumination spot in this area overlapping with the redretro reflective materials. A more accurate reconstruction would require a processing
algorithm capable of identifying multiple surfaces within the scan (see section 3.5.2).
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Figure 3.41: Depth images acquired in daylight of cooperative targets at a
stand-off distance of 4500 metres. The photographs in column (a) show two
different viewpoints of the scene that was scanned. The scene consisted of
two stacked 12.5 mm thick plywood panels covered in white retro-reflecting
material, approximately 275 mm in front of this was a 400 mm tall red
retro-reflective roadside warning triangle, and at the back a 400 mm wide
plywood panel - with a set of five red retro-reflecting triangles - was placed
centrally, about 300 mm behind the white boards. Each depth scan covered
an area of approximately 1500 mm tall by 1220 mm wide using 15×12
pixels. Surface plots of the depth data obtained for per-pixel acquisition
times of 2, 0.5, and 0.1 s are shown in columns (b) to (d) - each of these
columns show two different views of the same data obtained with the
specified per-pixel dwell time, and the colour shading is used to map depth.
3.4.2.3. Moving Targets – Towards Video Rate Depth imaging
As in section 3.3.6.5, a depth movie - of four seconds duration - was acquired using a
1 ms per-pixel dwell time. The movie was recorded in daylight at 10 frames per
second, with 10×10 pixels per frame, at a stand-off distance of 325 m. Ten consecutive
frames of the movie are shown in Figure 3.42. Once again, the ball can clearly be made
out in front of the hardboard back-plane. This InGaAs/InP movie had fewer noisy
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pixels than that of the SNSPD based system, which could be due to the higher laser
output power giving a greater return probability.

Figure 3.42: Time-of-flight depth profile movie, recorded in daylight, of a
swinging ball, ~200 mm diameter, from a standoff distance of 325 metres.
The movie recorded a ball pendulum swinging in a circular motion - the
four-second, 10×10 pixel movie with 10 frames per second was acquired
using 1 ms dwell time per pixel. Two different views of the data from ten
consecutive frames (numbers 24 to 33) are shown. The images shown in
rows (a) and (c) are face-on views as seen from the direction of the
transceiver, and the corresponding top-down depth view of the data for
each of the frames is shown in rows (b) and (d). The same colour scheme is
used to map depth in all of the plots.
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3.5. System Comparison
The following section provides a straightforward comparison between the two depth
imaging systems described in this chapter. Furthermore through simulation, all other
variables have been eliminated, such that the detectors and their depth imaging
suitability can be compared.

3.5.1. Depth Resolution
The depth resolution of the two systems was determined by taking scans of a flat board
and performing a three dimensional least squared fit, see Figure 3.43. The standard
deviation of the residual distance between the scan and the fit gives a measure of the
uncertainty in any depth measurement taken with this system.

Figure 3.43: Exaggerated plot of three dimensional least squares fit to a
plane. The standard deviation from the flat plane (red) is a measure of the
depth resolution of the surface scan (blue).
Scans of flat planes were taken at distances of 325 m, 910 m, and 4.4 km, through least
squares fitting the depth uncertainties were plotted on the graph shown in Figure 3.44.
These uncertainties far exceed the depth resolution of the previous system working at
850 nm wavelength, which showed ~15 mm [40] at 1 second per pixel dwell time at
4.4 km.
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Figure 3.44:

Depth uncertainty measurements made by scanning a

900 x 1220 x 12.5 mm thick, flat plywood panel at stand-off distances of 325
meters, 910 meters, and 4500 metres. The panel was scanned at near
normal incidence - one side of the plywood panel was covered in white
retro-reflective material, and the other side was uncovered. The graph
shows the depth residuals, expressed as one standard deviation from the
mean, for scans made using various per-pixel dwell times on the plywood
surface (325 m and 910 m) and the retro-reflective surface (910 m and
4500 m). The residuals were calculated using approximately 3600 pixels
for the scans at 325 m, and approximately 300 pixels for the scans at both
910 m and 4500 m.
However, as a means of comparison between the SNSPD and InGaAs/InP detectors as
used in a LiDAR this cannot be a precise method due to a level of inconsistency in the
environmental conditions and some minor differences in the optical systems used, for
example slightly different repetition rates and optical power levels detailed in the
comparison Table 3.1. The scans used for the graph above were performed on different
days, with different background light levels; furthermore different angles of incidence
would cause different return probabilities. Different filtering was also used between the
two systems, which would affect the SNR. In order to make a comparison, a simulation
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under identical conditions was performed, using system parameters derived from
experimental measurement where possible.
System Parameter:

SNSPD System

InGaAs/InP System

Laser wavelength

1560 nm

1550 nm

Laser repetition rate

50 MHz

40 MHz

<1 ps

<50 ps

<250 µW

<600 µW

Laser pulse width
Average output power
Spectral filters

Longpass: 1500 nm cut-on

Longpass: 1500 nm cut-on

Bandpass: 12 nm FWHM Bandpass:
1560 nm central wavelength
System temporal response

Table 3.1:

30 nm

FWHM

1550 nm central wavelength

98 ps

144 ps

Table of parameter differences between the SNSPD and

InGaAs/InP depth imaging systems described in this chapter.

3.5.2. Time of Flight Histogram Simulation
A Monte Carlo ToF histogram population simulation was written in MatLab, following
the structure shown in the flow chart in Figure 3.45. A random number generator was
employed to populate histogram bins according to probabilities relating to: dark counts,
background photon detection, signal return photon detection, afterpulsing, and backreflected photon detection. The probabilities for background and signal return photon
detection were equal for each detector before being adjusted for detection efficiency
(assuming 17 % for the SNSPD and 26 % for the InGaAs/InP SPAD).
probabilities were spread over the detector’s instrumental responses.
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Figure 3.45: Flow chart of simulation steps. Once histograms are created
and probabilities calculated, bins are populated using a Monte Carlo
method.
Once a histogram has been populated for the required acquisition time, it can be
processed using the same cross-correlation method as was employed with experimental
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data. Figure 3.46 shows return peaks in the cross correlation for both detector types, for
the same acquisition time.

Figure 3.46:

Peaks in cross correlations of simulated data with an

InGaAs/InP SPAD and a SNSPD for histograms taken with the same
acquisition time.
As can quickly be noted, the peak in the SNSPD cross correlation is clearly higher than
that of the InGaAs/InP, despite the lower efficiency of the superconducting detector.
The first and most obvious reason for the higher SNSPD correlation is that the SNSPD
has a narrower instrumental response, this results in any detected return photons being
collected into fewer bins, ultimately improving the signal to noise ratio. However, this
is by no means the only reason. Figure 3.47 shows how the number of return photons
from a target changes as the histogram acquisition time is increased (data are collected
from 500 simulated histograms for each data point).
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Figure 3.47: Plots showing the effect of histogram acquisition time on the
number of target return photons detected. The left plot shows this data on a
linear scale; where the advantage of using an SNSPD is clear at longer
acquisition times. On the right is the same data presented on a log-log
scale, where the SNSPD improvement is shown to be a constant factor – due
to the hold-off time of the InGaAs/InP SPAD (in these simulations kept as a
constant 30 µs) and the number of gates ultimately skipped.
From this we can see that the number of return photons detected within a histogram is a
constant factor, fC, of 1.7 times more for the SNSPD based approach. This constant
factor implies that the reason for this is the hold-off time associated with the
InGaAs/InP module – longer acquisition time means more detection events and thus
more associated hold-off periods. This effect can be seen more clearly in Figure 3.48
where the InGaAs/InP SPAD hold off time is varied between 20 – 50 µs.

115

Chapter 3: Long Range Depth Imaging

Figure 3.48: Simulation of the number of photons detected by the SNSPD
and the InGaAs/InP SPAD at different hold-off times between 20 – 50 µs.
From multiple simulated histograms the depth residual can be calculated in a similar
way to that of the real scans. With the simulated data the peak position does not change
from histogram to histogram, so three dimensional least squares fitting is not necessary.
Instead, a simple standard deviation of the peak positions within the cross correlation
gives an estimate of the depth error for a given simulated system. Figure 3.49 shows
the depth residuals for ‘scans’ of 500 histograms for each data point, at a range of
acquisition times.
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Figure 3.49: Depth residuals plotted as a function of histogram acquisition
times. Each data point for simulated data is standard deviation of 500
histograms. Real depth residuals from SNSPD and InGaAs/InP based depth
imaging system for ply wood board at 325 m included for reference (open
circles and squares, respectively). InGaAs/InP simulation is based on a
7 ns gate width and a 30 µs hold-off time.
Clearly, the combination of a narrow temporal response and more detected photons
means that the depth residuals from the SNSPD simulated data are a factor of around
1.7 times smaller than those of the InGaAs/InP based simulation. The error in a depth
measurement is clearly dependent upon the number of photons detected; Figure 3.50
shows this relationship for the two detector systems. Once again, the SNSPD shows
better depth resolution by a constant factor in comparison to the InGaAs/InP based
counterpart. A least squares fit to an equation of the form:
 = 1 + 

!

(3.4)

Shows the relationship between detected photon number (np) and depth residual (σd) to
be of the form:
" ∝

1
√$%

This form is to be expected from basic statistical theory.
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Figure 3.50: Calculated depth residuals from simulated histograms plotted
against detected return photons within the histogram. Least squares fits to
the data shows the relationship.

3.6. Further Depth Image Processing
As can be seen from the sections above, a target scanned with one of these time-offlight systems can be clearly identified at 10 or even 5 ms pixel dwell time, and at
910 m standoff distance.

However as the acquisition time is reduced further, the

number of return photons drops and thus the target becomes harder to identify. There
are a number of post-processing tools that could be applied to these depth maps to
‘smooth’ the already calculated depth data, but these only serve to blunt the noise spikes
rather than remove them, sharply decreasing our depth resolution and still obfuscating
potential targets of interest. Proposed here is alternative method designed to increase
the signal from surfaces that cover a number of neighbouring pixels, whilst
simultaneously suppressing random noise spikes.

3.6.1. Anisotropic Diffusion Filtering
To find signal peaks within all the data taken during a scan, a cross correlation
calculation is performed between the stored histogram of each individual pixel and a
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reference histogram containing instrumental responses at the repetition rate of the laser.
The section of interest is then cut out of the repeating correlation. The previous
processing method then calculated the position of the highest peak within the
correlation and stored that position as a depth, repeating the procedure for all pixels.
This two dimensional matrix is then plotted as a surface, as shown in the previous
figures within this chapter. The first step of the method proposed here stores the full
correlation region of interest for each pixel. From this data a three dimensional matrix is
created (with x- and y- data from each pixel’s location and z-data from its crosscorrelation) which now contains the probability of signal at each spatial point within the
(now three dimensional) region of interest (the third dimension here is actually time of
flight, however since this is directly proportional to distance travelled, this dimension
can easily be also thought of as spatial).
Shown in Figure 3.51 is an example of this full cross-correlation volume ‘flattened’
(summed) in the x- and y- dimensions (i.e. values in all rows, and all columns summed
together, respectively), to give an idea of the form of the volume.

Figure 3.51: Full cross correlation intensity volume summed in y- (top) and
x- (bottom) dimensions. Usually, this data is cropped to keep only data from
the region of interest, but when left whole - as here - all back reflections
from optical surfaces within the system can be seen – these are further
analysed in section 3.5.3.
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To extract a surface from this data with less chance of noise spikes than those shown in
the subsections above, one can perform a three dimensional ‘smoothing’ of the volume
before the positions of the highest intensity peaks for each pixel are found. To this end,
an iterative anisotropic diffusion algorithm is applied to the volume. This algorithm
calculates the three dimensional intensity differential and uses this information to
evolve the data over time, such that intensity ‘flows’ – just like heat – from ‘hot’ to
‘cold’ [63]. This type of algorithm is already used for the de-noising of medical
computed tomography scans [64], which can help to reduce radiation doses given to
patients to achieve image clarity, and also 3D ultrasound scans [65]. As the algorithm
iterates, one random noise spike will be softened by the absence of surrounding signal,
whereas a ‘hole’ within a surface will be filled by its neighbours (see Figure 3.52),
heightening the ability of multiple surfaces to be detected at each pixel – see section
3.5.2. Similarly, pre-existing surfaces will be strengthened by the interaction with the
surrounding volume. Once the algorithm has been applied to the time-of-flight scan, the
z-position of the highest intensity peak for each x-y position is recorded and plotted as a
surface, as before.

Figure 3.52: By applying a three dimensional iterative diffusion algorithm,
intensity ‘flows’ over time from areas of high intensity to those of low
intensity. Thus pixels with low signal from a surface are strengthened by its
neighbours (left), while noise spikes diffuse into the background (right).
An example of the efficacy of this technique is shown in Figure 3.53. Noisy scans can
be taken and ‘cleaned’ with minimal extra processing effort. From the examples shown
here for distances of both 910 m and 325 m, the number of noisy pixels has been vastly
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reduced resulting in far clearer profiles of the scanned target. Obviously this is of great
interest when trying to reduce overall scan times needed to identify a target.

Figure 3.53:

Results of the application of the anisotropic diffusion

algorithm to three dimensional time-of-flight data. The top row shows a
mannequin scanned at 910 m stand-off distance with a 2 ms per-pixel
acquisition time (total scan time of 4.8 s), before and after anisotropic
diffusion filtering. The bottom row shows the mannequin scanned at a
stand-off distance of 325 m, at 0.5 ms per-pixel acquisition time (total scan
time of 2.25 s), again before and after anisotropic diffusion filtering.
However, obviously this ‘smoothing’ comes at a cost. It can quickly be seen that
resolution in all three dimensions will be lost (resolution will become inversely
proportional to the number of diffusion iterations, or the ‘time’ over which the data has
evolved). The evolution of a scan over diffusion time is shown in Figure 3.54. As can
be seen, while the noise is removed, the shape also starts to change – particularly, in this
case, the head and arm of the mannequin. The detrimental impact of this effect can be
minimised as long as the pixel size can be kept well below the minimum feature size to
be resolved, as is the case with our scans at 325 m (as with the scans shown in the
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bottom row of Figure 3.53). However, as we move to longer distances the spot size
increases leading to deformation of the target shape.

Figure 3.54: Evolution of a time-of-flight scan with anisotropic diffusion
time, from (a) 0.1 s – (j) 1 s, in steps of 0.1 s. While in the top row the noise
is almost completely removed, the bottom row starts to display misshaping
of the thinner regions of the mannequin (head, feet, and arms).
To further test the capability of this algorithm a study of higher noise scans was needed
with higher resolution than feature sizes. Scans with the necessary resolution/feature
size ratio are typically those from 325 m, however the noise level due to the maximum
speed of the scanning mirrors the system was unable to take scans faster than 0.5 ms per
pixel, producing still resolvable scans.

Using the histogram building simulation

explained in section 3.2.5, it was possible to vary the position of the return peak within
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the simulation, and thus build an image from multiple simulated histograms. Figure 3.55
shows simulated scans with different per pixel dwell times, both before and after the
diffusion algorithm was applied.
a)

b)

c)

d)

e)

f)

g)

h)

Figure 3.55: a),b), and c) show scans from simulated histograms with per
pixel acquisition times of 1,3.16, and 10 ms respectively. d), e), and f) show
the results of the diffusion algorithm on the scans presented above each one.
g) is the ‘ground truth’: the depth and intensity data used to simulate the
scans. h) is the intensity plot for the scan shown is f).
As can be seen from the above data, this form of smoothing can vastly improve the
quality of scanned images without the need for increasing per pixel acquisition times
and with no a priori knowledge of the target. The system, however, is still limited to a
minimum per pixel acquisition time of 0.5 ms, due to the movement of the scanning
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mirrors. It is this scanning time that limits the use of this system for higher resolution
video rate depth imaging, although with this improved image processing, it may be
possible to recreate the 10 × 10 pixel 10 fps movie at longer stand-off distances.
To quantify the effect of diffusion on the spatial resolution, a test was performed on a
simple ‘knife edge’: a 2D matrix was constructed to have a binary step; one half of the
matrix was set to zero while the other was set to a constant step height. Figure 3.56
shows how the width of the transition (measured as the FWHM of the differentiated
step) varies with diffusion time.

Figure 3.56: Graph showing the width of a step transition as a function of
diffusion time, for a range of step heights. As the step height decreases the
edge diffuses more rapidly.
As is quickly seen, the rate at which a transition spreads depends greatly on the size of
the step (which correlates to the intensity of a return in the TOF case). Thus, stronger
intensity regions diffuse at a slower rate than those of weaker returns. Unless stated
otherwise all diffusion filtered TOF scans shown were diffused for 2 s.
The effect of diffusion time on one pixel in a 2D matrix is shown in Figure 3.57, where
one pixel in a matrix of zeroes had a value of 0.1. This matrix was processed using the
diffusion filter for a range of times between 1 – 15 s. Even after just one second of
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diffusion, the value of the individual pixel has dropped to ~8 % of its original value. It
has also increased the values of the surrounding ~10 × 10 pixel region by a minimal
margin.

Figure 3.57: Effect of diffusion on one pixel of intensity 0.1 surrounded by
zeros. As diffusion time increases (from 1 – 15 s) the intensity of the pixel
decreases, reducing the effect of a noise spike.

3.6.2. Multiple Surface Detection and Visualisation
As shown in section 3.3.2.3, when the target has feature sizes on the order of or smaller
than the size of the illumination spot of the scanning beam, there may be multiple return
peaks within one histogram. With the standard processing and visualisation techniques
used so far in this chapter for three dimensional data, only the peak with the highest
intensity is shown. This can lead to misleading surface shapes, as those seen in Figure
3.41.

With the processing algorithm written for the diffusion filtering technique

described above, a full volume of cross-correlation data is stored, leading to the
possibility of creating an image with multiple target returns from individual pixels.
Figure 3.58 shows a way of visualising this volume in Matlab. Slices of the volume at
each z position were plotted with both the colour and opacity of the slice set to represent
the intensity of the cross-correlation volume at that point. As a result, areas with high
returns are opaque and coloured, while areas of no returns or noise are transparent. Due
to the larger illumination spot size at the longer distance scans of 4.5 km, at various
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points in the scan the beam overlaps two of the target surfaces as can be seen in the
figure.
a)

b)

c)

d)

Figure 3.58: a) and c) show close up images of the target scene scanned at
a distance of 4.5 km. b) and d) show the scanned data presented as a three
dimensional block with colour and opacity varying with return intensity.
Multiple surfaces are present for individual pixels where the beam
overlapped two target surfaces.

3.6.3. Back Reflection Analysis
As can be seen from the histogram and subsequent cross correlation in Figure 3.21, the
back-reflections picked up from optical components within the transceiver box make up
a large percentage of the counts registered by a free running detector. This can be
problematic as the PicoHarp TCSPC card has a maximum count rate of 5 MHz, if this is
exceeded during a scan, errors are presented and the scan is automatically aborted by
the control software. With the InGaAs/InP detector this is not a problem as the gated
mode of operation allowed the back-reflections to be positioned in the gate-off periods
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of the histogram. However with the free-running SNSPD this was a factor that had to
be considered, and minimised.

The magnitude of each back reflection is largely

dependent on the position of the beam relative to the corresponding optical component
(i.e. the angle at which the beam hits the optical surface). A scanning region had to be
selected to minimise the count rate contribution from the back reflections. It was
already known that at [x,y] coordinates [0,0] the back reflections were at their greatest
[35] (see Figure 3.59), thus previously a voltage of -0.7 V was chosen for the centre of a
scanning range.

Figure 3.59: Sum of counts owing to back-reflections through the centre of
the optical path (at [0,0]). It is clear to see that at the centre of the
scanning region the counts far exceed those of the surrounding area.
With the introduction of a new objective lens, a new reflection map had to be taken, and
a new scanning region selected. A y- axis region of -0.5 V to -2.2 V was chosen to
reduce this high count rate. As can be seen in the cross correlation shown in Figure
3.21(d), there are many peaks within the back-reflection region. This is due to there
being a peak for each optical surface that is common to both outgoing and returning
optical paths.

With the construction of the three-dimensional correlation volume

described in section 3.6.1, a more complete analysis of these reflections is possible.
Maps of various reflections for the new region are shown in Figure 3.60.
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Figure 3.60: Back reflection maps corresponding to different areas of the
histogram.

Each reflection corresponds to an optical surface in the

transceiver box. The maps shown in (d), (e), and (h) show areas of high
reflection due to imperfections in the optical surfaces (dirt or scratches).
Colour shading corresponds to back-reflection intensity and the limits are
kept constant throughout (a) to (h).
From these maps it can be seen that there are some reflections that do not have a shape
normally associated with optical effects. These reflections are due to imperfections on
optical surfaces, such as dirt, fingerprints, and scratches. While it may be considered
that these reflections only affect the overall count rate but do not interfere with the
region of interest, a quick look at the form of a full volume of the cross-correlation
intensity for a scan of the mannequin at 325 m - Figure 3.61 - shows how this could
become a problem.

There is a clear region of high intensity just in front of the

mannequin, due to a secondary reflection of the imperfection shown in Figure 3.60(d).
This effect of imperfections causing multiple reflections within the transceiver clearly
will have a dramatic impact of the system to be able to identify targets. This can
therefore be avoided by performing a scan and analysis of the optical surfaces within the
scanning area before a set of scans is undertaken.
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Figure 3.61: Full volume of mannequin cross-correlation intensity summed
in x- dimension (time is linearly proportional to z-depth). The secondary
reflection of a back-reflection can be seen to be very close to the region of
interest, and will therefore create a lower probability of the standard
processing algorithm picking a return from the mannequin.

3.7. Conclusions
Two time-of-flight scanning depth imaging systems have been demonstrated using the
novel infra-red single photon detector technologies.

The recent developments in

Superconducting nanowire single photon detectors and InGaAs/InP Single Photon
Avalanche Diodes, have made it possible to perform depth imaging in broad daylight,
using an illumination wavelength in the telecommunications band around 1550 nm.
Systems such as this can therefore make use of existing established telecommunications
technology to create practical long distance three-dimensional imaging a reality. The
single photon detection capabilities of these systems is driving down pixel acquisition
times, meaning that depth imaging of moving targets is now possible at a distance of
325 m. Newer processing techniques can push these systems’ capabilities even further
making scans of human sized targets at a distance of ~1 km take seconds to complete.
By simulating data the two systems analysed in this work can be fairly compared.
Although the SNSPD had lower detection efficiency at this wavelength than the
InGaAs/InP SPAD module, the lower timing jitter and no requirement of hold-off time
make it a system that can acquire pixels faster and to a higher depth precision.
However, clearly the InGaAs/InP detector comes with its own set of advantages, most
obviously, the lack of bulky cooling systems to maintain functionality. Therefore, any
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application of these systems would have to consider the trade-off between speed and
precision, versus size and weight.
More advanced data processing of scans has been performed to reduce the noise and
increase the probability of building an image of a target surface, or a target with
multiple surfaces and features smaller than the size of the scanning beam.
Further applications of this work include the possibility of use in atmospheric sensing
where currently InGaAs PMTs have been used to detect aerosol (CO2) concentration
[66, 67]. These PMTs have shown a maximum of 4 % efficiency at the relevant
wavelength of 1572 nm, this compares poorly to the SNSPD or InGaAs/InP detector
systems used in this chapter which could greatly increase the sensitivity of such an
atmospheric sensing apparatus.

Another area utilising an infrared (1064 nm

illumination wavelength) scanning LiDAR approach is the 3D topographic mapping of
planetary moons [68], where currently Microchannel Plate Photomultipliers are used,
though here size and weight of the system is of great importance, so clearly the
InGaAs/InP would be the most desirable of the two detector systems used in this
chapter.
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4. Singlet Oxygen Luminescence Detection

4.1. Introduction
This chapter will describe work performed on building a singlet oxygen luminescence
detection system based on a superconducting nanowire single-photon detector. After a
brief background study in singlet oxygen and a review of the relevant previous work in
this area, luminescence systems will be described and characterised in section 4.2. This
includes both free space and fibre based optical arrangements.

Simulations are

described in section 4.3 to highlight how this system can be developed. Conclusions
and acknowledgements are presented in section 4.5 and 4.6.

4.1.1. Singlet Oxygen
Almost all known living organisms utilize oxygen for energy generation and respiration.
Michael Faraday, in 1843 [1], discovered that oxygen is attracted to a magnet. In 1925
[2], Robert Mulliken used the recently developed quantum theory to explain this
phenomenon, showing that molecular oxygen has two unpaired electrons in its lowest
energy state: the intrinsic magnetism of electrons having been proposed by Goudsmit
and Uhlenbeck [3] only one year prior. Unpaired valence electrons in a stable molecule
are very rare in nature and confer high chemical reactivity. Photolysis (chemical
breakdown by photon absorption, also referred to as photodissociation) may initiate
physical or chemical changes in a substrate or sample; a process known
as photosensitisation. Many photosensitised processes require molecular oxygen in the
initial step, e.g., dye-photosensitised oxidation of cholesterol [4] and photodynamic
therapy (PDT).

The specific role oxygen takes in photochemical processes was

unknown until the 1960s, though a few early workers suggested that active oxygen is a
key intermediary.

The importance of oxygen was demonstrated in 1931 by Hans

Kautsky at Heidelberg University.

Kautsky adsorbed a dye (trypaflavine) and a

colourless form of an oxygen acceptor compound (leucomalachite green) separately on
SiO2 gel beads (1.2 and 0.3 mm in diameter, respectively) [5]. The beads were then
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mixed and irradiated in the presence of O2, resulting in the oxidation of the
leucomalachite and its return to a natural bright green colour [6]. The chemistry
involved was reported as not being due to diffusion of either of the compounds, as they
remained attached to their original beads. Kautsky deduced that energy is transferred
from the optically-excited trypaflavine molecule to molecular oxygen and the
resultant excited oxygen molecule is responsible for the oxidation of leucomalachite
green. This explanation was challenged almost immediately [7], and Kautsky’s theory
was not confirmed until 1964, when new experimental evidence confirmed the role of
an active form of oxygen in photosensitisation and photo-oxygenation reactions [8]. The
unstable, energy-rich active oxygen identified by Kautsky and confirmed by Gollnick
and Schenck 23 years later is singlet molecular oxygen or singlet oxygen (1O2). This
chapter describes a system built using SNSPDs to confirm and quantify the presence of
singlet oxygen by detecting a weak 1270 nm luminescence emission.

4.1.2. Atomic and Molecular Single-Photon Emission
After the introduction of quantum theory by Planck and Einstein, Niels Bohr developed
a model of atomic and molecular structure based on the corpuscular nature of light. His
model assumed that a molecule can only exist within certain energy states, and that it
may not absorb or emit any arbitrary amount of energy. The lowest energy state that a
molecule may have is referred to as the ‘ground state’; states of higher energy are then
called excited states. The transition of a molecule from one state Ei, to a higher one, Ek,
requires an energy influx ∆E = Ek – Ei, which can be provided by the absorption of a
photon of energy hνki = ∆E. The inverse passage Ek → Ei can therefore occur with an
emission of a photon of the same frequency νik = νki [9]. However, the transition energy
∆E may also be provided or lost by some other process, e.g. a collision with a
neighbouring particle.
The energy levels of a monatomic molecule are defined by the configuration of its
orbiting electrons. The energy levels are typically separated from each other such that
transitions between the levels describe widely spaced lines in the electromagnetic
spectrum. For diatomic and polyatomic molecules, however, energy is also contained
within the vibrations of atomic nuclei relative to the centre of mass of the molecule, and
also in the rotation of the molecule about the main axis of inertia. This creates further
vibrational energy levels superimposed upon the electronic energy levels. The spacings
between such vibrational states are much narrower than those between electronic state,

139

Chapter 4: Singlet Oxygen Luminescence Detection

thus many transition lines are collected within a small spectral region [9], see Figure
4.1.
For isolated single molecules, e.g. low pressure gases, the energy states are sharply
defined and transitions between them produce narrow and clear lines.

In more

complicated molecules, especially those within condensed systems (in liquids or solids),
the narrowly spaced energy levels become broadened and frequently overlap, and as
such the absorption and emission spectra consist of broad and diffuse bands as shown
on the right in Figure 4.1.

Figure 4.1: (a) Energy levels within an atom, showing absorption lines (i),
and emission lines (ii). (b) Two energy levels of a molecule with vibrational
lines superimposed, (iii) and (iv) show the absorption series from the lowest
two states and the emission series from one excited level, respectively. (c)
Two electronic energy levels of a molecule in a condensed system, showing
broadband absorption and emission, (v) and (vi).

4.1.3. Molecular Orbital Electron Configuration
Due to the Pauli Exclusion Principle [10], no more than two electrons can occupy any
given molecular orbital. Most molecules have an even number of electron pairs and
non-degenerate orbitals. Thus the ground state of such a molecule will have electrons
paired in anti-parallel spin configurations, resulting in no net electronic spin. Since the
quantum number MS (describing the total spin) can thus have only one value (0), this
state is referred to as a ‘Singlet’ state. If one pair of electron spins is parallel, the spin
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quantum number will be 1, and therefore MS can take on three values (+1,0,-1), this is
then referred to as a ‘Triplet’ state. The number of possible spin quantum numbers of a
state is also known as the state’s ‘Multiplicity’. Dioxygen (O2), referred to as oxygen
for the rest of this work, is an exception to the rule that most molecules have a singlet
ground state, with a triplet ground state arising from the degeneracy of its highest
occupied orbitals.

4.1.4. Molecular De-excitation Mechanisms
Not all orbital transitions are possible. There are certain selection rules, based on the
laws of quantum mechanics, which govern transitions. If these rules are not satisfied
than a transition is termed "forbidden". However, they are only forbidden for ideal
molecules, in general these transitions just occur at a rate much lower than those for
"allowed" transitions. Types of possible transition between states are shown in Figure
4.2
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Figure 4.2:

Energy level diagram showing excitation mechanisms.

Different electronic states are distinguished by the bold lines, while
vibrational levels are represented by lighter lines. Horizontal position of
the state distinguishes its multiplicity. Blue arrows represent excitation,
black arrows denote non-radiative mechanisms, while green and red arrows
show the radiative paths for fluorescence and phosphorescence,
respectively.
Vibrational relaxation is a non-radiative transition that happens between vibrational
states within a single electronic state of a molecule.
Internal conversion (IC) is a non-radiative transition typically occurring between a low
vibrational state of one electronic state down one of the higher vibrational states of a
lower electronic state of the same multiplicity. This process is mostly unidirectional
since vibrational relaxation quickly depopulates the higher vibrational states.
Inter system crossing (ISC) is essentially the same process as IC, only occurring
between states of differing multiplicity. In a simplistic view of the molecule, such
transitions are "forbidden" since spin angular momentum is not conserved. However,
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the level of this forbiddenness can be reduced if there is coupling between spin and orbit
angular momentum, allowing a change in one if there is a corresponding change in the
other. The probability of inter system crossing can become comparable to other decay
rates particularly in molecules with heavy atoms and a small energy gap between the
corresponding levels. Biomolecular effects can also increase the ISC rate.

4.1.5. Singlet Oxygen Generation
Direct excitation of singlet oxygen from its triplet ground state is spin flip forbidden,
thus inherently inefficient. Photosensitised or chemical reaction methods are more
frequently employed for singlet oxygen generation.
A well known chemical method for producing singlet oxygen is the reaction between
hydrogen peroxide and hydrochloride, though there has been extensive studies into
many other chemical generation techniques [11].
The work presented in this thesis uses the photosensitisation method of singlet oxygen
production due to its relevance to photodynamic therapy in the treatment of cancer. The
photosensitised generation of singlet oxygen requires only three components: a
fluorescent dye molecule (from here known as a photosensitiser), molecular oxygen,
and a source of illumination. As can be seen in Figure 4.2 if a photosensitiser molecule
is excited to a higher electronic state, there is a chance that it will undergo intersystem
crossing, if this happens decay back to the ground state requires a spin flip. Thus, in
isolation, this state can be said to be long-lived. In the presence of oxygen, however,
the triplet state photosensitiser can lose energy by transferring it to an oxygen molecule,
in turn exciting the singlet state.
Oxygen can have an effect on the intersystem crossing yield of a photosensitiser via two
processes:
(4.1)
and
(4.2)
1

S* and 3S* describe the photosensitiser levels S1 and T1 in Figure 4.2, respectively.

3

|S...O2| represents a short-lived complex between the photosensitiser and an oxygen

molecule. Process (4.1) can only occur when ∆ES1-T1 ≥ 0.97 eV, the energy needed to
excite 1O2. Both processes are only considered significant if the lifetime of the S1 state
of the photosensitiser, τS1, is sufficiently large (≥ 1 ns) [12].
143

Chapter 4: Singlet Oxygen Luminescence Detection

These processes can result in oxygen-dependent efficiency in the production of singlet
oxygen. For protoporphyin-IX-dimethylester (PPDME) the singlet oxygen quantum
yield was found to range from 0.63 in oxygen saturated benzene to 0.45 when the
oxygen concentration was reduced to ~100 µM [13]. The short S1 lifetime for Rose
Bengal (the photosensitiser used in this chapter) makes oxygen mediated quenching
much less probable [14-16].
Once generated,

1

O2 can undergo non-radiative decay, oxidize surrounding

biomolecules, or undergo radiative decay at about 1270 nm. It is believed that the
majority of approved and studied photosensitizers in PDT elicit their damage primarily
through 1O2-mediated pathways.
Although the direct detection of near-infrared (NIR) luminescence around 1270 nm is
the gold standard for 1O2 identification, this method remains technically challenging in
biological systems due to the extremely weak emission that results from the very high
reactivity of 1O2, of which only about one in 108 1O2 molecules undergoes luminescence
deactivation. For this, the indirect detection methods using the electron paramagnetic
resonance (EPR), absorption, fluorescence, and chemiluminescence (CL) probe have
been developed. However, clearly indirect methods of singlet oxygen concentrations
rely on perfect knowledge and modelling of the system to post-calculate a dose. This is
not always possible nor reliable, and could lead to larger errors in patient treatment.
Spectrophotometry is the most convenient method for 1O2 detection, and 1O2 can be
indirectly detected via EPR, absorption, fluorescence, or CL by adding the commercial
1

O2 probes, such as 2,2,6,6-tetramethylpiperidine (TEMP), 1,3-Diphenylisobenzofuran

(DPBF), Singlet Oxygen Sensor Green (SOSG) and fluoresceinyl cypridina luciferin
analogue (FCLA) [11]. Among these probes, fluorescence probes with high sensitivity
hold great potential for 1O2 detection with a conventional photomultiplier tube (PMT).

4.1.6. Singlet Oxygen Luminescence Detection
The presence of 1270 nm singlet oxygen luminescence generated from photo-sensitised
dye was first directly observed in 1979 by two groups using distinct detection methods.
Krasnovski’s group employed a xenon lamp as the illumination source which was
directed into an observation module [17]. This module consisted of three nesting
cylinders. The inner and outer cylinders both have holes for the illumination and
collection to enter and leave at an angle of 70° with respect to one another. The middle
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cylinder has one hole but rotates to allow either the illumination to enter or
luminescence to leave. The speed of the cylinder sets the timing difference between
them. Thus by varying the rotation speed while monitoring the output of a
photomultiplier tube they were able to measure the lifetime of the luminescence signal.
A schematic of the experimental set up and principle is shown in Figure 4.3.

Figure 4.3: A: Experimental set-up described in [17]. A power supply (2)
connected to a 1000 W Xenon lamp (1) provided illumination, which was
guided through a monochromator (3) and into the nested cylinder
phosphoroscope (4). At the output of the phosphoroscope was an S1 PMT
(5) (or for spectral analysis an monochromator then PMT), cooled with
liquid nitrogen and powered with a high voltage power supply (6). The
output of the PMT was amplified (7) then recorded on a chart recorder (8).
An oscilloscope (9) monitored the rotation rate of the phosphoroscope.
Bottom: Example of sequence and timing of opening and closing the
phosphoroscope holes; (1) excitation phase (2) luminescence measure- ment
phase. tl and t2 are “dark” intervals. S is the area of the holes opened for
passing of light. At 3000 rpm. t1 was equal to 2 × 10-4 s, t2 to 1.86 × 10- 3s.
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Khan and Kasha [18] employed a thermoelectrically cooled lead sulphide detector, with
a spectral range from 1 to 4 µm, connected to a boxcar integrator. A monochromator
gave the setup spectral resolution, thus the emission spectrum of the samples was
measured, but no temporal information of the system was measured.
After these initial studies, there followed a series of lifetime measurements of singlet
oxygen after pulsed laser illumination of the photosensitiser [19, 20] using germanium
photodiodes as the 1270 nm wavelength luminescence detector. These measurements
on the lifetime of the singlet oxygen signal could not be performed on photosensitiser in
light water (H2O), instead using heavy water (D2O). This was due to the much shorter
lifetime in H2O, faster than the timing instruments could measure. In 1982 Rodgers et
al measured the lifetime of singlet oxygen in H2O using a reverse biased Ge photodiode
and a digitiser coupled with a signal average to achieve a system capable of reading a
singlet oxygen transient of 3.9 µs [21].
The first example of the direct detection of singlet oxygen using a Photomultiplier Tube
in a photon counting mode was published in 1989 by Egorov et al [22]. A PMT
detecting the scattered excitation pulse provided the trigger pulse for a time to
amplitude converter (TAC) while a second, cooled, custom-made, PMT with an S1
photocathode detecting the infrared luminescence acted as the stop pulse. The output
pulses from the TAC were collected on a multichannel analyser (MCA) operating in a
pulse height analysing mode, thus producing a kinetic curve of luminescence intensity
versus time, with reported timing resolution of 8 ns - limited by the PMT. A 510 nm
copper vapour laser provided 15 ns pulses at 10 kHz repetition rate, with 0.1mJ per
pulse energy. This illumination beam was shaped into a 4 mm beam and directed into
the cuvette. Collection of the luminescence signal was made at 90° with respect to the
incident beam, spectral filtering was made through a monochromator. Presented data
was histograms combined from 4-5 measurements each lasting 10 mins examples of
which are shown in Figure 4.4. The photosensitiser was placed into a pressurised 5 mm
quartz cuvette, such that the oxygen pressure could be controlled with an accuracy of
15 %. Photosensitisers were replaced when their optical density reached 25 % of the
original value. Tetra(p-sulfophenyl)porphyrin (TPPS) was used as a sensitizer. Some
measurements were carried out with erythrosine solutions. Bidistilled water served as a
solvent. Lifetimes were calculated by fitting the curves of the time dependant intensity
of the signal I(t) to an equation of the form:
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(4.3)

Where k1 is the rate of generation of singlet oxygen and k4 is the rate of radiative decay;
[3S0] and [3O2] are the triplet state photosensitiser (just after the pulse) and oxygen
concentrations; τT and τD are the lifetimes of the triplet state photosensitiser and singlet
state oxygen, respectively.
As oxygen pressure is increased the lifetime of the photosensitiser triplet state
decreases, but the singlet state oxygen lifetime remains unchanged as shown in Figure
4.4.
(a)

(b)
O2

τD

τT

Pressure

(µs)

(µs)

1

3.09

0.6

4

3.08

0.11

6

3.11

0.08

8

3.11

0.06

10

3.09

0.04

15

3.06

0.03
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Figure 4.4: (a) Kinetic curves of singlet oxygen luminescence at varying
oxygen pressures: (1) linear scale 1 atm, (2) linear scale 6 atm, (3)
logarithmic scale 6 atm.

(b) Table of Photosensitiser triplet state and

singlet state oxygen lifetimes for a variety of oxygen pressures. From [22].
In 1997 commercially available single photon sensitive PMTs with spectral sensitivity
between 300-1400 nm were signalled as a viable 1O2 luminescence detection tool in a
paper by Shimizu et al [23]. Here, a PMT maintained at -80 C with a 5 × 5 mm
InP/InGaAs photocathode was used in conjunction with a q-switched Nd:YAG
excitation source (532 nm 20 Hz repetition rate, 15 mJ per pulse of 7 ns duration). A
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time resolved photon counter with minimum bin width of 50 ns created histograms of
the collected luminescence. A monochromator was used to spectrally resolve the signal.
An example of their results is shown in Figure 4.5.

Figure 4.5: Three-dimensional plot of the singlet oxygen emission temporal
and spectral profile as measured in [23]. The 1270 nm wavelength long
lived singlet luminescence is clearly seen.
In 2002 Niedre et al built a singlet oxygen luminescence detection system using a liquid
nitrogen–cooled PMT (model R5509–42, Hamamatsu) [24]. This PMT has a broad
spectral response from 300 to 1400 nm and therefore enabled detection in the desirable
1200–1330 nm range. The operating voltage was set at -1500 V, at which the dark
current was 0.1 nA, where the detection efficiency of the PMT was reported as being
0.9 % and the dark count rate was 2 x 104 cps. An excitation source of a tuneable
pulsed laser system comprising a nonlinear optical parametric oscillator (OPO) pumped
by the second (532 nm) and third (355 nm) harmonics of a Q-switched Nd:YAG, tuned
to the appropriate wavelength to excite the photosensitizer, was run at a repetition rate
of 10 Hz, with pulse durations of 20 ns and pulse energy at the sample of ~1 mJ. With
count rates four orders of magnitude higher than the excitation rate TCSPC is not
possible.

However, by using a Multi-Channel Scaler (MCS) time resolved

measurements were able to be taken. By collecting count rates in 5 ns bins after each
trigger, the MCS built a histogram showing the full luminescence lifetime of the
sample. A set of example histograms is shown in Figure 4.6, the acquisitions were for a
total of 1200 pulses (120 s); least squared fits to the decay lifetimes have been
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performed on data from two photosensitisers: phthalocyanine (AlS4Pc) in H2O and
methanol (MeOH), and Photofrin in MeOH, using the equation:


   

Φ




      
   



(4.4)

Where the concentration of 1O2 at a time, t, following a short illumination pulse at time
t=0 is [1O2], N is the number of photons in the pulse incident on the sample, [S0] is the
ground-state photosensitizer concentration, σ is the S0 absorption cross-section, ΦD is
the 1O2 quantum yield of the photosensitizer, and as before, τT is the photosensitizer
triplet-state lifetime, and τD is the lifetime of 1O2. As is quickly observed, the lifetime
of the Singlet oxygen signal depends more heavily on the solvent used than the
photosensitiser.

Figure 4.6: Example timing histograms taken from [24]. As can be seen,
the lifetimes are dependent on the photosensitiser solvent.
Also demonstrated within the paper was the evolution of both the photosensitiser triplet
state and the oxygen singlet state lifetimes with higher protein concentrations present in
the sample. Protein was added in the form of Bovine Serum Albumen (BSA) at
increasing molar concentration, as shown in Figure 4.7; as the sample becomes
increasingly proteinaceous, the photosensitiser lifetime lengthens while the singlet
oxygen lifetime decreases. It is believed the longer triplet lifetime is associated with
protein binding of the photosensitiser, shielding it from the quenching effect of the
oxygen. Foley et al. [25] also reported an increase in τT in aqueous phosphate buffered
saline solutions of sulphonated aluminum phthalocyanine bound to human serum
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albumin (HSA) and Aveline et al. [26] reported that τT increased when HSA was added
to aqueous solutions of benzoporphyrin derivative (BPD-MA), by performing time
correlated single photon counting measurements on the triplet state fluorescence from
the photosensitisers.

Figure 4.7: Left: Timing histograms showing the evolution of lifetimes with
increasing BSA:photosensitiser molar ratio. Right: plot of the lifetimes of
both the photosensitiser triplet state and singlet state oxygen as a function
of BSA:photosensitiser molar ratio. From [24].
In 2003 a paper reporting an improvement to the set up described in [24] was published
[27] citing an upgrade of the illumination source to a diode-pumped, Q-switched,
frequency-doubled Nd:YLF laser (QG-523–500; Crystalaser Inc.), emitting at 523 nm.
The pulse repetition rate was set to 3.2 kHz, and the pulse width was 10 ns. A bandpass
filter centered at 523 nm (10 nm bandpass) was placed in front of the laser to remove
any residual 1046 nm light. The luminescence collection scheme was improved by
using a 50 mm diameter, 50 mm focal length lens placed 38 mm from the sample; the
total numerical aperture of the system was calculated to be 0.58. The detector was the
same nitrogen cooled PMT used previously. An MCS integrated counts from the
detector in bins of 80 ns after each illumination pulse. Using this system a study was
made of the relationship between the luminescence signal and the PDT response of
sensitised leukaemia cells in vitro. An extra filter was added at 1330 nm to cross-check
for a possible differential light absorption artefact that could arise in vivo. Water has a
local absorption maximum at 1190 nm and minimum at around 1270 nm [28]. Thus, if
the PDT treatment caused an increase in tissue hydration, this could give rise to an
increase in the 1270 nm signal relative to the 1200 nm signal. However, because the
water absorption increases from 1300 to 1330 nm, such altered hydration would also
produce a signal at 1330 nm that is less than that at 1300 nm.

150

Chapter 4: Singlet Oxygen Luminescence Detection

The same group reported a similar set-up in 2005 [29] only this time a galvanometer
pair scanned the illumination beam in x and y, thus giving spatial resolution to the
system. Human prostate cancer cells were implanted intradermally into seven severe
combined immunodeficiency (SCID) mice, yielding 5-10 mm tumours in 3-5 weeks.
For each mouse, 100 pixels were acquired over a 1 cm

X

1 cm scanning area. The

luminescence signal was integrated over the interval 2.5 - 80 ps following the laser
pulse to eliminate the short-lived fluorescence peak. (The photosensitizer triplet-state
lifetime was considered to be 25 - 30 µs in vivo thus the 1O2 luminescence is detected
for much longer than the actual 1O2 lifetime.) The luminescence was measured at 1270
nm for 50% of the time and at 1240 and 1300 nm for the remainder. The beam was
scanned such that four 100 s scans were made per image. Figure 4.8 shows a
photograph of a mouse with an intradermal tumour, and subsequent background
subtracted singlet oxygen images.

The signal decreases with time due to

photobleaching of the photosensitiser.

Figure 4.8: Top: photograph of a mouse with intradermal tumour, areas of
treatment are shown in the expanded region. Bottom: time series of singlet
oxygen images taken from the same mouse. Reproduced from [29].
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Also in 2005, Lee et al described a system using a modulated diode laser to illuminate
the target with temporally broad pulses and collecting the signal with a PMT [30]. It
was reported that the illumination and collection were delivered via optical fibre, though
no details about the optical arrangement were given. Due to the broad illumination
pulse temporal fitting could only be performed on the tail of the luminescence peak.
Figure 4.9 shows the experimental design and example histograms.

Figure 4.9:

Left: Schematic of the system described in [30] where

illumination and collection are delivered via optic fibre. Right: example
histograms from a rat prostate tumour cell line.

4.2. Superconducting Nanowire Single Photon Detector Based System
for SOLD
The following sections represent work performed during this PhD. This work was
performed in collaboration with Professor Brian Wilson from the University Health
Network in Toronto, and Baoching Liu and Dr. Michael Patterson from McMaster
University. Once again, the SNSPD used in this section was patterned at TU Delft in
the Netherlands, and packaged with single mode fibre in a cryocooler by Robert
Hadfield’s group at Heriot-Watt.

4.2.1. Photosensitiser Considerations
For the duration of the experiments presented here, Rose Bengal was chosen as the
photosensitiser. This was not an arbitrary choice, Rose Bengal’s high quantum yield
(0.76-0.86 [31]) coupled with an absorption spectrum peak close to the wavelength of
the available illumination source made it much more suitable than the other
photosensitisers on hand, see Figure 4.10.
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Figure 4.10:

Absorption and fluorescence spectra for Rose Bengal.

Absorption spectra shown in black (left axis), fluorescence spectra shown in
red (right axis). The blue line indicates the wavelength of the laser used in
the experiments presented here. Data taken from[32].
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4.2.2. Free-space Illumination/Luminescence Collection System

Figure 4.11: Schematic showing the free space illumination and collection
experimental set up. Illumination from the 523 nm laser is collimated,
reduced in power by an OD filter, then passed through a 520 nm band pass
filter. A 50 mm focal length microscope objective acts as one half of a
telescope, before the beam is reflected off a dichroic beam splitter. A
75 mm focal length lens (~f away from the sample) is then common to both
illumination and collection optical paths; acting as the second lens in the
illumination telescope directing the collimated light onto the sample, and
also as the collection objective lens. Any fluorescence collected by the
objective is sent through the dichroic beam splitter, through a filter wheel
for spectral filtering, and through a long pass filter to eliminate any
remaining pump leakage. A collimation package then couples light into an
armoured fibre and onto the detector in the closed-cycle refrigerator.
A schematic of the free-space optical excitation and luminescence collection set up is
shown in Figure 4.11. A 523 nm wavelength pulsed laser source (CrystaLaser 523-500
Nd:YLF, 200 mW average power, 14 kHz repetition rate, 10 ns pulse width) passes
through a 520±10 nm bandpass filter to eliminate longer-wavelength pump light, and a
0.5 OD neutral density filter to reduce the power before being steered through a planoconvex lens (10 mm diameter, 60 mm focal length). Figure 4.12 shows the transmission
of the band pass filter, showing a 23.9 % transmission at the laser wavelength of
523 nm.
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Figure 4.12: Transmission curve for a Thorlabs 520 nm 10 nm wide Band
Pass filter used to eliminate longer wavelengths emitted from the laser.
Transmission at 523 nm: 25.9 %. Data from the manufacturer [33].
A dichroic beam splitter (532 nm laser BrightLine® : reflection band 514-532 nm) set at
a 45° angle to the optical path diverts the beam through a second lens (25.4 mm
diameter,75 mm focal length) to produce an expanded (~3 mm diameter, ~50 mW
average power) collimated beam directed into the top of a 3 ml quartz cuvette filled
with photosensitizer (Rose Bengal).

The second plano-convex lens collimates the

luminescence light and directs it through the beam splitter.

Transmission of the

dichroic beam splitter is shown in Figure 4.13. At 45° the transmission of 523 nm
photons is at 0.2%. At the five wavelengths used for the following experiments the
transmissions were: 1210 nm – 93.4%, 1240 nm – 87.8%, 1270 nm – 88.4%, 1310 nm
– 79.1%, 1340 nm – 80.5%.
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Figure 4.13: Typical transmission curve for the dichroic beam splitter
oriented at 45° to the optical axis, showing the average transmission of both
polarisation axes. Transmissions at wavelengths of interest: 1210 nm –
93.4%, 1240 nm – 87.8%, 1270 nm – 88.4%, 1310 nm – 79.1%, 1340 nm –
80.5%, 523 nm – 0.191%. Data from the manufacturer [34].
A filter wheel allows the selection of one of five 20 nm wide bandpass (BP) filters
centred at 1210, 1240, 1270, 1310 and 1340 nm to allow sampling of the infra-red
spectrum across the 1O2 luminescence peak and background. Mirrors then steer the
light through a 1200 nm longpass (LP) filter (Thorlabs FEL1200, cut-on wavelength
1200 nm, transmission curve shown in Figure 4.14) - to further exclude short
wavelength photons - and into a 2 m long single mode (9 µm core diameter) armoured
telecom fibre.
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Figure 4.14: Transmission curve for Thorlabs 1200 nm Long Pass filter,
used to further eliminate fluorescence from the photosensitiser and pump
leakage. Data from manufacturer [33].
Full system transmission curves with the five different band pass filters in place are
presented in Figure 4.15 showing ~10-10% transmission of the pump wavelength, and
~10-6% transmission for wavelengths associated with Rose Bengal S1→S0 fluorescence.

Figure 4.15:

Full system transmission curves. Peak positions and

transmissions are:

1210: 59% (peak – 1215:64%) , 1240: 54%

(1244:56%), 1270: 59% (1273:62%), 1310: 52% (1308:54%), 1340: 42%
(1332:58%).

Bandpass filter transmissions were measured at Helia

Photonics.
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Coupled to the armoured fibre is a NbTiN SNSPD with optical cavity-enhanced
performance at telecom wavelengths [35], housed in the same closed-cycle refrigerator
(Sumitomo RDK-101D cold head with CNA-11C air-cooled compressor, operating
temperature ~3 K) as described in detail in Chapter 2. The SNSPD has a 70 ps full
width at half maximum temporal response with a Gaussian profile. The detection
efficiency and dark count rate of the SNSPD were calibrated as a function of current
bias using a gain-switched 1310 nm wavelength diode laser, depolarized and attenuated
to deliver much less than one photon per pulse. The detection efficiency was assumed
to vary slowly across the wavelength range of the experiment.
An electrical synchronization pulse from the laser provides a clock sync signal for a
Pulse Pattern Generator (PPG) to give the start signal of a time-correlated single photon
counting (TCSPC) hardware module (Picoquant Hydraharp with 4 ps time binning and
20 ps FWHM timing jitter). The PPG was used only to provide the correct pulse shape
and amplitude for the TCSPC module. The SNSPD output is amplified by a room
temperature amplifier chain (3 dB, roll off 580 MHz) and acts as the stop channel, in a
scheme shown in Figure 4.16. With the laser running at a constant pulse repetition rate
of 14 kHz, the accumulation of many detector events allows generation of histograms
relating the time between a laser pulse and a subsequent detection event.

Figure 4.16: Schematic of the luminescence lifetime measurement set up. A
523 nm wavelength pulsed laser source provided illumination as well as a
clock sync signal for a Pulse Pattern Generator (PPG) whose output
triggered the start of the TCSPC module. Collected luminescence was
directed onto the SNSPD whose output provided the TCSPC stop signal.
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Batches of Rose Bengal samples at varying concentrations were made using distilled
H2O. Figure 4.17 shows representative histograms acquired from a Rose Bengal sample
(with a concentration of 250 µg/ml, 0.257 µM) in each of the 5 band pass filter
wavelength bands. A strong initial peak (duration ~1 µs) is present in all cases, due to
short lifetime broadband fluorescence from the sample and leakage of a small fraction
of the laser pump light into the detector channel.

However, a distinct longer-lived

second peak with a broad maximum at ~3.5 µs is observed only with the 1270 nm band
pass filter in place: this is the signature of singlet oxygen luminescence.

Figure 4.17:

Representative histogram set for the 5 band pass filter

wavelength bands: 1210 nm, 1240 nm, 1270 nm, 1310 nm, and 1340 nm,
from 250 µg/ml Rose Bengal. Only with the 1270 nm filter in place is the
long lived singlet oxygen signal observed.
As is clear from equation (4.4) the strength of the luminescence signal should have a
linear dependence on the photosensitiser concentration. Histograms were taken of 4
different Rose Bengal concentrations: 25, 50, 100, and 250 µg/ml.

The resultant

histograms and dependence of count rate on concentration are shown in Figure 4.18.
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Figure 4.18:

Left: histograms acquired from 4 different Rose Bengal

concentrations: 25, 50, 100, and 250 µg/ml. Right: graph showing the
relationship between total luminescence counts measured in a histogram
(both including (black squares) and discounting (red circles) the initial
fluorescence peak) and the photosensitiser concentration.
It was hypothesised that the drop in expected luminescence counts at high concentration
could be due to the quenching from radical ion pair production leading to superoxide
ion formation which subsequently acts as a singlet oxygen quencher [36-38]:

However, after performing lifetime fitting tests on this data there appears to be no
change in decay lifetimes, indicating that it is due to some saturation of signal effect
rather than a quenching of the singlet oxygen state.
After a subtraction of the initial fluorescence peak and background, a luminescence
photon count rate of 134 counts per second (cps) was achieved from a 100 µg/ml Rose
Bengal solution, and a background (dark) count rate of ~60 cps. Equation 4.4 was leastsquares fitted to the time-resolved histograms, after removal of the initial fluorescence
peak, giving values of τT = 2.3±0.3 µs and τD = 3.0±0.3 µs. This 1O2 lifetime is
consistent with typical literature values in an aqueous, biomolecule-free environment
[24, 39].
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Sodium azide, NaN3, a known and highly specific singlet oxygen quencher [40], has
been used in previous studies in solution and in cells with various photosensitizers[24]
to confirm that the 1270 nm signal comes from 1O2 radiative decay and not, for
example, from photosensitiser triplet-state phosphorescence or other NIR background.
Figure 4.19 shows the near complete loss of this signal with addition of 0.1 ml of 2 M
NaN3 to 3 ml of 0.257 µM Rose Bengal. Also apparent in Figure 4.19 is that the
quenching affects only the long lived luminescence signal and not the fluorescence peak
seen at all wavelengths, further proving that the signal seen at 1270 nm in the absence
of NaN3 is from the luminescence decay of Singlet Oxygen.

Figure 4.19:

Representative histogram set for the 5 band pass filter

wavelength bands: 1210 nm, 1240 nm, 1270 nm, 1310 nm, and 1340 nm,
from 250 µg/ml (0.257 µM) Rose Bengal with the addition of 2 M of Sodium
Azide.

Right: Graph showing the total counts in a histogram (both

including and excluding the fluorescence peak) for the five tested
wavelengths before and after the addition of Sodium Azide. This clearly
demonstrates that only the long-lived 1270 nm wavelength peak from singlet
oxygen is affected by the Sodium Azide.
Figure 4.20 further shows the extinction of the 1270 nm luminescence from the Rose
Bengal sample in the presence of Sodium Azide.
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Figure 4.20: Histograms of the signal from 0.257 µM Rose Bengal solution
both with and without 2 M Sodium Azide added. Clearly with the addition
of the Sodium Azide, the Luminescence signal completely disappears.
As a further test of the origin of the 1270 nm signal, Figure 4.21 shows the evolution of
the fitted lifetimes with the addition of bovine serum albumen (BSA) to the
photosensitizer, maintaining a constant Rose Bengal concentration. Four samples were
prepared each containing 0.026_µM Rose Bengal with 0, 2, 4, and 5.4 µM BSA,
respectively.

Figure 4.21:

Histograms showing the effect of increasing BSA

concentration on the Rose Bengal histograms (1270 nm band pass filter,
60 min acquisition, 0.256 µs bin size).
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The resulting lifetimes are shown as a function of the BSA concentration in Figure 4.22.
As expected, the Rose Bengal triplet state lifetime increases markedly with binding to
the protein, likely due to shielding of the photosensitizer from the diffusion of oxygen
molecules with which the triplet state can react. The decrease in 1O2 lifetime has also
been seen previously and attributed to quenching by the protein [24].

Figure 4.22: Graph showing the fitted lifetimes of histograms shown in
Figure 4.21 as a function of BSA concentration. The error bars represent
the standard errors in the fits.
Further decrease in the count rates retrieved from samples with higher BSA
concentrations could be attributed to the change in the Rose Bengal absorption spectrum
associated with an increase of BSA [41], as shown in Figure 4.23.
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Increasing BSA
concentration

Figure 4.23: Effect of BSA on the absorption of Rose Bengal, reproduced
from [41]. Graph shows visible absorption spectra for increasing BSA
concentration (from 0 to 4.4 µM BSA in 8.3 µM Rose Bengal in the order
indicated by the arrow).

4.2.3. Fibre Contained Illumination/Luminescence

Collection

System
Overall, the results of the free space illumination and luminescence collection scheme
described above robustly confirm that the 1O2 luminescence signal is being detected
reliably; where the emitted light from the sample is first collected by free-space optics,
filtered and directed into the single-mode fibre coupled to the detector. A system
redesign shown in Figure 4.24, where light is delivered and collected directly at the
sample via optical fibre, enables a decisive step beyond previous SOLD demonstrations.
Instead of the lenses and dichroic beam splitter used in the above set up shown in Figure
4.11, two separate delivery- and collection-fibres are employed. The laser beam is
filtered (as before) and launched into a collimation package attached to 62.5 µm core
multimode graded index fibre. A collimator then produces an expanded beam (~3 mm
diameter) directed into the sample cuvette. A separate collimator/focuser collected the
emitted light into 9 µm core diameter single-mode fibre. The collected light is then sent
through the dichroic beam splitter, band pass filter wheel, and long pass filter, before
being coupled back into telecom fibre coupled to the SNSPD. The same electronic
timing set up as described in Figure 4.16 was employed.
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Figure 4.24: Schematic showing the fibre based illumination and collection
experimental set up. Illumination from the 523 nm laser is passed through a
520 nm band pass filter before being coupled into 62.5 µm diameter core
GRIN fibre. At the other end of the fibre, a collimation package produced an
expanded beam (~3 mm diameter) directed at the sample.

A fibre

collimator/focuser package (25 mm focal length) was aligned with the
sample for luminescence collection.

Any fluorescence captured by the

focuser is coupled into 9 µm diameter core fibre. A collimation package at
the other end of the single mode fibre sent the collected luminescence
through the dichroic beam splitter, through the filter wheel for spectral
filtering, and through a long pass filter to eliminate any remaining pump
leakage. A collimation package then couples light into an armoured fibre
and onto the detector in the closed-cycle refrigerator.
A 25 mm focal length focuser was used for all fibre collection experiments. While a
longer focal length would collect from a larger volume (higher magnification of the
fibre core at the sample coupled with a longer Rayleigh length), the higher NA of the
25 mm lens was believed to give a higher gain, especially at the higher concentrations
of Rose Bengal where attenuation of the illumination may cause lower signal to be
collected from further into the sample. Furthermore, a shorter focal length focuser here
more accurately models an endoscopic situation. Shorter focal lengths than that used
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would not have allowed enough room for the illumination collimation package to direct
the signal into the cuvette.
Figure 4.25 shows histograms and the total counts summed in each histogram for the 5
wavelengths of band pass filter used.
(a)

(b)

Figure 4.25:

(a) Luminescence timing histograms in Rose Bengal

(97.367 nM) for the five different band pass filters (30 min acquisition time,
0.128 µs bin size). (b) Graph showing the total histogram counts as a
function of wavelength (error bars from shot noise analysis). While the
histogram peak is weak and unclear, the total counts show a clear increase
at 1270 nm wavelength, proving the detection of singlet oxygen
luminescence.
The resulting time-correlated signal in each wavelength channel in Figure 4.25 shows a
weak but definitive signal in the 1270_nm window, while the loss of signal upon
addition of NaN3 (shown in Figure 4.26) demonstrates that this is indeed the 1O2
luminescence.
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Figure 4.26: Histograms showing the effect of quenching with sodium azide
on the fibre optic collected singlet oxygen signal. 60 min acquisition time,
0.512 µs bin size.
Experimental challenges in this configuration included optimisation of the pump light
delivery and alignment of the light collection scheme. While about 60% (~30mW) of
the free-space pump power was delivered to the sample, the collected signal was
approximately 2 orders of magnitude lower than with free-space collection, requiring
much longer acquisition times (~30-60 min as compared to ~3 min for the free space set
up) to obtain a reliable measurement. In order to improve the signal-to-noise we
reduced the current bias on the SNSPD [42], operating at 5% detection efficiency and a
background (dark) count rate of <10 cps. Under these conditions, the system detection
rate of the nominal 1O2 signal was estimated to be ~0.6 cps.

4.3. Simulations of Alternative Detector Systems
The free space illumination and luminescence collection set-up described above
involved running the SNSPD at a bias point which gave us ~15% efficiency at 1310 nm
wavelength and a background (including dark counts) rate of 60 counts per second.
When it came to the fibre-coupled configuration the reduction in pump power and
emission collection required a decrease in the bias on the detector in order to increase
the signal to noise. In this case, the background count rate was reduced to <10 cps.
While an InGaAs/InP SPAD offers multimode fibre collection (giving a potential >100
fold improvement in collection efficiency), if run in a free running mode its dark count
rate is still prohibitively high for TCSPC lifetime measurements of this length.
As discussed in Chapter 2, in TCSPC measurements it is important that the probability
of a detection event is low compared to the excitation rate (typically below 5 %) to
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avoid the effects of “pulse pile-up” [43]. Thus, with a laser running at a fixed repetition
rate of 14 kHz (as in the experiments presented here), one should maintain the count
rate from the detector below 700 Hz. Access to a laser with a repetition rate of 33 kHz,
would allow the full lifetime to be measured while giving access to up to 1.65 kHz total
count rate. With a higher count rate than 5 % of the trigger rate, the shape of the signal
would be skewed and a full temporal analysis (as performed above) would not be
possible. With a higher laser repetition rate it may not be possible to see the full
lifetime of the collected signal. By using the technique outlined in [44] it would be
possible to use a laser with a higher repetition rate by chopping the pulsed laser
illumination at the trigger rate required it is possible to illuminate the sample with many
pulses (building the fluorescence), then while the laser is ‘dark’ collect the tail of the
luminescence. However, this set up would have to employ some form of reliable beam
chopping operating at this low repetition rate. Furthermore, the histogram would still
have to be built at the rate of the chopper, giving no increase to maximum allowed
count rate.
With a programmable gated InGaAs SPAD [4], though, this may not be necessary. With
such a module, the gate length and hold off time can be adjusted to keep the overall
count rate low enough to see the full signal. This method does come with problems of
its own, such as how to measure the extended lifetime using a gated detector. Figure
4.27 shows a schematic of a proposed solution to this problem.
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Figure 4.27: Schematic of proposed experimental setup. The 14 kHz laser output
pulse is used as a trigger for the TCSPC module and the pulse pattern generator.
A ~ 14 MHz pattern generator drives the InGaAs/InP single photon detection
module, whose output is sent to the TCSPC module.

The same laser as used in the luminescence experiments described above produces an
electrical signal with every pulse at a rate of 14 kHz. This pulse can be used to trigger a
programmable pulse pattern generator (The Agilent 81110A used in the in this Chapter
would be capable), which for every pulse it receives will output a series of pulses. This
series of pulses can then drive the gating on the InP/InGaAs detector module. If the
laser output is then used to trigger a timing histogram and the InGaAs/InP module
signal is used as a stop, the produced histogram will be the fluorescence signal sampled
at positions governed by the pulse pattern generated (see Figure 4.28). This setup gives
further advantages such as being able to ‘gate out’ the initial fluorescence peak, and
being able to adjust the sample pattern to suit the lifetime shape. For instance, the shape
of the singlet oxygen luminescence in water is as shown in Figure 4.28, a double
exponential, with the ‘onset’ being shorter than the decay. Thus, it would be possible to
reduce the number of gates in the decay tail, and increase the number in the onset, such
that fitting is still possible, while keeping the count rate below that required by the
TCSPC setup.
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Figure 4.28: Example histogram sampling method. Red line shows 1270 nm
wavelength histogram taken from Figure 4.17. Black lines show how lifetime can
be sampled with a temporal pattern to focus on areas of interest, and reduce counts
from unwanted sources such as dark counts, background counts, and also the
initial fluorescence peak.

To prove the validity of this method, simulations were written. To begin, a histogram
was constructed as those collected with the previous SNSPD based setup in [1], ready to
be populated (65536 bins each of 1.024 ns). An array of detector count probabilities for
each bin was also constructed. This was a combination of two parts: A dark count
probability (in this case corresponding to a detector dark count rate of 16 kHz), and a
photon detection probability (an afterpulsing probability was considered negligible with
the hold off times used). The photon detection probability can be described by Equation
(4.4). To predict the histogram bin probabilities for this, an array was built with the
form of this equation and whose integral was equal to 0.6 (the fibre-based count rate
found above). This was then divided by the inverse of the length in time of one sweep
of the histogram which gives the probability of a photon in each bin using the previous
setup. The amplitude of the array was then multiplied by two factors: an increased
efficiency factor (corresponding to the jump from ~5% with an SNSPD to ~30% with
an InGaAs/InP SPAD [45, 46] - the assumed efficiency at 1270 nm), and an increased
collection efficiency (corresponding to the jump from 9 µm fibre core diameter in the
original setup to a multimode size which can be altered).
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The simulation ran through the histogram with a random number generator populating
bins within gates (for the first simulation gates were assumed to be 50 ns wide and
running at a rate of 1.4 MHz – 100 gates per histogram) according to each bins’
probability. If a bin was populated, then a 30 µs hold off time was applied. Figure 4.29
shows the result of a 3600 second simulation using a 100 µm core fibre. It is clear that
the signal stands well above the dark counts, however the total count rate was found to
be 1.1 kHz, higher than that required by the proposed measurement.

Figure 4.29:

Histogram of a 3600 second simulation of Singlet Oxygen

luminescence detection using a gated InGaAs/InP SPAD. A 50 ns gate and 30 µs
hold-off time were applied. Data has been re-binned such that each bin
corresponds to 716.8 ns.

Obviously, this simulation makes many assumptions. It should be noted that the 0.6
counts per second quoted above was for a 1800 second histogram at a set
photosensitiser concentration, to extend this to 3600 seconds may not be wholly valid as
photobleaching could become a significant effect at these time scales. The simulation
also includes many gates within a region of the histogram only populated be dark
counts. For ease of simulation, the first gating pattern used here was a regular 1.4 MHz,
however, an improved simulation including a pattern such as that described and shown
in Figure 4.28 above was also performed, in the hope that signal to noise to be retained
while simultaneously reducing the overall count rate.
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Running with a simple gate pattern (containing three regions of varying gate frequency
between 1.4 – 14 MHz: higher frequency at the start, to lower frequency towards the
end of the histogram), this simulation ran for 1800 seconds, with a 30 ns gate width, a
30 µs hold-off time, and a 50 µm fibre core diameter. Histograms showing the results
of the simulation are shown in Figure 4.30, with the black line representing the raw
histogram data, and the red line showing the counts within each bin summed. As can be
seen from the red line, the signal is still clearly present above the noise and the total
count rate was less than 600 Hz. The pattern, which can be seen by the black line in
Figure 4.30, could be improved further as there are still many more gates toward the end
of the histogram that may be considered superfluous, which if reduced would allow the
option of more gates within the signal region without compromising on total count rate.

Figure 4.30: Histograms of simulated data with 50 um fibre core, 30 ns gate
width, 30 us hold-off time. The total count rate was 576 Hz, well within the
acceptable limit. The red line shows the total sum of each individual gate.

The simulation was run again, this time with a 40 ns gate width and a 50 µs hold-off
time. The results are shown in Figure 4.31 along with the real data from the SNSPD
fibre based setup for comparison. The total count rate of the simulation was 750 Hz. As
is apparent from the graphs, the simulation suggests that the InGaAs/InP detector
module gives us a significant advantage due to its higher efficiency and the possibility
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of a larger collection fibre core. The higher dark count rate is mitigated by the reduced
number of available bins.

Figure 4.31: Simulation of gated InGaAs/InP based singlet oxygen detection (red
line – left y-axis) compared to SNSPD based experimental results for 1800 seconds
collection time (black line – right y- axis). Histogram bin sizes: red line - 0.311 µs,
black line - 0.512 µs.

The comparison shown in Figure 4.31 may not be wholly fair, as the simulation is only
an approximation of the real experiment performed with the SNSPD. For a more
complete comparison, a new program was written which could simulate the data being
acquired by both types of detector at the same time (with the SNSPD working in a free
running mode, while the InGaAs/InP used the patterned gating technique). Thus any
factors not accounted for in the simulation do not result in a biased comparison. The
results of a simulation run for 1800 seconds are shown in Figure 4.32 (gate width =
30 ns).
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Figure 4.32: Simulated data for both InGaAs/InP (red line – left axis) and
SNSPD (black line – right axis) detector types. The simulation is for
1800 seconds acquisition time, a 30 ns gate – patterned as before – and a
50 µm diameter fibre core for the InGaAs/InP detector. The reduction in
InGaAs/InP detector counts compared to Figure 4.31 is due to the narrower
gate width.
The two plots clearly show the singlet oxygen signal standing above the noise.
However, if one looks at the different y-axis scales, it is apparent that a more
quantitative form of comparison is needed. The signal to noise ratio (SNR) of signal
data can be calculated by:
" 

$%

&$% + $( 

(4.5)

Where nP is the number of counts in the bin of the highest peak of the histogram, and nB
is the average number of background counts in each bin. If one calculates the SNR
from the data shown in Figure 4.32 (where data has been rebinned such that one gate
equals one bin for the InGaAs/InP detector – the maximum rebinning that can be
applied due to the patterned gate – one bin equals ~0.03 µs, and the SNSPD simulation
is rebinned to such that each bin equals ~0.7 µs), then the SNR of the SNSPD system is
13.56, whereas the SNR of the InGaAs/InP detector simulated data is calculated to be
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84.93. This is a marked improvement over the SNSPD based results, with finer binning,
allowing for a more accurate measurement of the lifetimes.
Superconducting nanowire technology is, however, a growing industry with
improvements to detector designs coming rapidly. With high-efficiency detection now
possible and multi-pixel detectors offering the opportunity for multimode fibre
coupling. Figure 4.33 shows how the SNR of a singlet oxygen detection system evolves
with acquisition time. The graph shows two lines one for a signal count rate of 0.6 cps
and dark count rate of 10 cps, while the second line represents the improvement of a
50 µm core fibre coupled detector with the same efficiency and dark count rate.

Figure 4.33: Graph showing the evolution of SNR of a Singlet oxygen
detection system with histogram acquisition time. The black line represents
a system with 0.6 cps of signal and 10 cps of background, while the red line
represents the a detector of the same efficiency, but coupled to a multimode
fibre.
It should also be noted that a larger collection fibre (and therefore >100x collection
efficiency) mean a higher number of background and fluorescent photons reaching the
detector, so more filtering may be necessary to keep the count rate low enough.
Although this simple model does not take into account the extra background counts that
would arise in the system due to multimode fibre, it nevertheless highlights the gains
that stand to be made from utilising these novel technologies. Furthermore, this model
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considers only an improvement in the size of the fibre core coupled to the detector. If a
multimode fibre coupled SNSPD could provide 50 % efficiency at ~10 Hz dark count
rate, acquisition times for fibre based measurements could be driven down considerably.
Figure 4.34 shows a 180 second simulation for just such a system.

Figure 4.34:

Simulation of a Singlet oxygen luminescence histogram

(1.024 ns binning) acquired for 180 seconds using an SNSPD coupled to
50 µm diameter core fibre and with 50 % detection efficiency.
The binning for the SNSPD simulation is the same as that for the InGaAs/InP based
simulation shown in Figure 4.32. However, due to the free running nature of the
SNSPD, there are far more bins throughout the histogram, making lifetime fitting far
more accurate. The total count rate of this SNSPD simulation was also kept to below
180 cps, far below the limit required to avoid pulse pile-up, while clearly producing a
measurable peak in a tenth of the acquisition time of the InGaAs/InP simulation.
Clearly, for clinical applications the need to drive down acquisition times is of vital
importance to provide a realistically relevant system.

4.4. Future Improvements
As seen in the simulations above, a multimode coupled detector would vastly improve
collection efficiencies of a fibre based singlet oxygen detection system. However, a
closer look at the optical design of the systems used in this study may highlight some

176

Chapter 4: Singlet Oxygen Luminescence Detection

other areas of improvement. To this end a model of the free space illumination and
collection scheme has been created.
The illumination function, I(r,z) was built from a Gaussian profile along the transverse
axis centred at zero (rotational symmetry is assumed), the width and intensity set by the
objective lens.

An exponential decay was applied along the optical axis as the

illumination is absorbed by the solution. A surface was applied at a set z position below
which I(r,z) was set to zero (as there should be no fluorescence from above the surface
of the solution). A second function, S(r,z), describes the collection efficiency of the
system. The focus of each S(r,z) was fixed at (0,20). The shape of the function is
Gaussian, with width at each z position calculated from the NA of the objective lens. In
the axial direction, the function either side of the focal point (at z = 20) is proportional
to 1/w2, where w is the 1/e2 radius of the beam. The total luminescence collection, L,
for a set of S(r,z), and I(r,z), is then simply:
,  - ., 0., 012

(4.6)

Using this model, one can see how L changes as both the focal length of the objective
lens, and the surface position of the sample with respect to the focal plane, are altered.
Figure 4.35(a-d) show examples of I and S for 100 and 50 mm lenses, while Figure
4.35(e) shows how L varies as a function of both focal length and the position of the
surface of the photosensitiser within the volume modelled (for a constant focal point of
z = 20).
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a)

b)

c)

d)

e)

Figure 4.35: a) and b) Collection profile, S, and illumination profile, I, for
100 mm focal length lens, respectively. c) and d) Collection profile, S, and
Illumination profile, I, for 50 mm focal length lens, respectively. e) Total
luminescence collection, L, shown as a function of both objective lens focal
length, and surface position of the photosensitiser sample (assuming a fixed
focal point at z = 20).
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From this model it is easy to see how the fibre coupled experiment described in section
4.2.3 can result in such a reduction in counts. While the smaller collection volume of
the shorter focal length lens is more efficient than that of the free space set up, the fibre
collection scheme did not have co-axial illumination and collection. This means that
perfect alignment between the focal point of the collection lens and the central peak of
the illumination beam will be very difficult to achieve. Indeed this may be a major
contributory factor in the loss of signal counts between the two schemes. Future
luminescence collection experiments may try to mitigate this by having a single
illumination and collection fibre, thus keeping the two channels co-axial.
There is considerable scope for improving this setup to drive down the acquisition time:
the efficiency of the luminescence light collection could be increased considerably by
using a larger-diameter fibre with high numerical aperture. In-fibre filtering could be
used to eliminate the losses in the free-space gap: this would require using several
fibres, for example placed in a ring around a central delivery fibre, as has been used in
NIR Raman spectroscopy in vivo [47]. Parallel signal collection using multiple detectors
in a single refrigerator system would then be an attractive option. Improving the match
between the excitation wavelength and the photosensitiser absorption spectrum will also
proportionally increase the luminescence signal: in the present experiments, the RB
absorption coefficient at the available 523 nm laser wavelength is only ~30% of the
peak value at ~558_nm.
Further improvements to the system could see multiple detectors used in tandem to
sample the luminescence spectrum simultaneously, giving temporal and spectral
information at once. In-fibre filtering could also be used to reduce losses associated
with the free space filtering system employed in these experiments.

4.5. Conclusions
A singlet oxygen luminescence detection system based on an SNSPD has been built and
characterised using a known photosensitiser. Spectral filtering and lifetime fitting were
used to confirm the presence of the weak 1270 nm wavelength signature of singlet
oxygen. Further tests involved the addition of protein (in the form of BSA) into the
photosensitiser filled cuvette, demonstrating the evolution of the singlet oxygen lifetime
and the efficacy of the system in a more proteinaceous environment. This testing of
more biological samples is crucial in the development of a singlet oxygen luminescence
dosimetry system for use in PDT for the treatment of cancer. Such a tool would allow
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clinicians to see in real time, the dose being delivered to a targeted region of tissue. To
increase the flexibility of a potential piece of clinical equipment, tests were also
performed on a fibre based luminescence detection set up. While weak, the signal was
still present above the noise. Collection of the luminescence was in this instance
hampered by the 9 µm diameter fibre core. Simulations show that acquisition times can
be vastly improved with a multimode coupled detector system, and examples of both
SNSPD and InGaAs/InP based systems were simulated. The development of an allfibre clinically ready singlet oxygen luminescence dosimetry system is ongoing, with a
proposed next stage shown in Figure 4.36.

Figure 4.36:

Proposed next stage of the all-fibre singlet oxygen

luminescence detection system, incorporating multimode fibre coupled
SNSPD arrays.
This next stage would also include an upgrade to a different photosensitiser with more
clinical relevancy. HPPH is an obvious candidate for this and the current focus of a
number of PDT trials currently underway at the University of Pennsylvania. It is highly
desirable for PDT treatment due to its selective accumulation in the cytoplasm of
cancerous and pre-cancerous cells. A longer wavelength absorption peak (~660 nm)
also allows for deeper tissue penetration of the treatment laser.
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5. Non-Degenerate Ghost Imaging

5.1. Introduction
The following chapter will describe work performed on building a ghost imaging
experiment based on the non-degenerate parametric down conversion of UV photons to
entangled photon pairs. Due to the non-degeneracy, these photon pairs are at very
different wavelengths, allowing an object to be probed with infrared photons but imaged
using their correlated visible wavelength twins.

After a review of Spontaneous

Parametric Down Conversion (SPDC) and relevant work previously performed in this
area, the non-degenerate ghost imaging system (with an SNSPD as the bucket detector)
is described and characterised.

Possible further improvements to this system and

conclusions are discussed in section 5.3 while acknowledgements are presented in
section 5.4.

5.1.1. Spontaneous Parametric Down Conversion
One of the largest disadvantages of the single-photon sources described in Chapter 2 is
that the emission is inherently random. It is not possible to tell whether a pulse contains
a single photon until that single photon is detected. However, by using parametric
down-conversion to simultaneously generate two photons, a ‘heralded’ source of single
photons can be achieved [1]; whereby one of the photons is used to announce the arrival
of its pair photon [2, 3]. To generate down converted photons, a short wavelength
pump laser is incident on a crystal with an optical nonlinearity [4]. One pump photon
may occasionally produce a photon pair (labelled ‘signal’ and ‘idler’ photons) with a
total energy (measured as the sum of the frequencies) which is the same as that of the
pump laser photon. The relationship between the parameters of the signal, idler and
pump photons is given by energy and momentum conservation and can be expressed as:
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Since the momenta of the two generated photons must equal that of the pump photon,
they are emitted in cones from the crystal, as shown in Figure 5.1. Traditionally, the
shorter wavelength of the two photons is known as the ‘signal’ while the other is
labelled the ‘idler’ photon. For so called ‘degenerate’ parametric down conversion, the
two signal and idler photons have the same frequency and wavelength. In the ‘nondegenerate’ SPDC, photons are split unevenly, resulting in different wavelength
photons emitted with different angles to preserve momentum, as shown in Figure 5.1.

Figure 5.1:

Type I non-degenerate spontaneous parametric down-

conversion; two photons are spontaneously generated from the annihilation
of one pump laser photon, and emerge as two cones centred on the pump
beam axis.
SPDC can be classified into several types: type I produces two photons of parallel
polarisations, type II produces photons of orthogonal polarisation. In the case of type II
phase matching, since the two photons have mutually orthogonal polarisations they
experience different refractive indices within the birefringent nonlinear crystal. This
causes the two photons to emerge from the crystal in two cones centred along two
separate beam paths. By selecting photons from the intersections of these cones, one
can produce a source of polarisation entangled photons [5], as shown in Figure 5.2. In
type I phase matching, the signal and idler photons have the same polarisation
orientation, and as such emerge in cones centred coaxially with the pump beam (as the
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case shown in Figure 5.1). The angle of the cones can be altered by tuning the phasematching.

Figure 5.2: Example of type II SPDC. (a): Schematic of the production of
type II SPDC cones, with correlated photons lying on either side of the
pump beam. (b): Image of the down converted photon cones taken through
a bandpass filter (702 nm) to eliminate the pump. Polarisation entangled
photons are taken from the two points of overlap. Taken from [5].
This method of using a non-linear crystal for pair production was introduced into
modern quantum optics by Hong and Mandel in 1986 [2], but had previously been
observed with visible light [6] in 1970 and X-rays [7] in 1971. The ability to predict the
arrival of a single photon with high timing precision offers obvious advantages not only
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for ghost imaging, but also in the field of single-photon detector characterisation, and
the calibration of photodetectors [8].

5.1.2. Ghost Imaging
The first example of the use of SPDC in a novel imaging experiment, since dubbed
‘ghost imaging’, was published in 1995 by Pittman et al [9]. In the ghost imaging
scenario the entangled photon pair are separated: one probes an object and is detected
by a single photon detector, while the other is sent to a detector with spatial
resolvability, for example a scanning fibre coupled single pixel detector was used in this
case. Despite the inability of either detector to resolve an image of the object alone, an
image can be formed from the sum of many coincidence measurements between the two
photons. In this case, the entangled photon pair was generated by pumping (using a
351.1 nm wavelength laser) a BBO crystal cut at a degenerate type II phase-matching
angle to produce pairs of orthogonally polarised photons of 702.2 nm wavelength. A
schematic of the experimental set up and an example of a resulting image are shown in
Figure 5.3.

189

Chapter 5: Non-Degenerate Ghost Imaging

Figure 5.3: First example of a ghost imaging experiment. Top: Schematic
of experimental set up; a BBO crystal was pumped with a 351 nm laser
source, which was subsequently filtered through use of a prism.

A

polarising beam splitter separated the signal and idler. Spatial information
of the idler was achieved with a scanning fibre. Bottom: example image
from this imaging system, created by placing a UMBC (University of
Maryland, Baltimore County) aperture in the signal arm. Taken from [9].
It was believed that this effect of being able to image partner photons was a feature of
quantum entanglement; however in the following years this fact was debated [10] and
tested [11] using purely classical correlations, as shown in Figure 5.4.

Classical

systems have now been shown to reproduce nearly all of the features of quantum ghost
imaging; only the ability to image with high visibility in both the near and far field of
the source remains a quantum effect [12, 13].
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Figure 5.4: Example of a classical ghost imaging system. a) Shows an
experimental schematic of the system, a HeNe laser source coupled with a
beam chopper produces pulsed illumination while a deflector moves
asynchronously with the beam chopper to provide pseudorandom
positioning of the beam.

A beamsplitter then creates the two arms of

angularly correlated pulses. b) Coincidence image taken by summing only
frames gated by the object arm. From [11].
Until 2013 all heralded ghost imaging systems used a scanning fibre to achieve the
spatial resolution in one of the arms. Aspden et al published work on a heralded ghost
imaging system [14] which employed an intensified CCD (ICCD) camera (Andor iStar).
In their set up, a 355 nm wavelength pump laser was directed into a 3 mm long BBO (βBarium-Borate) crystal cut and oriented for type I phase matching, producing pairs of
co-linear photons of wavelength 710 nm.

The photons were split with a 50:50

beamsplitter, one collected into a fibre and detected by a SPAD (Perkin Elmer singlephoton Counting Module) which was used to trigger the ICCD, the other photon entered
a free space delay line consisting of seven imaging systems with a total length 22 m.
This delay line ensured that a trigger signal from the SPAD arrived at the camera before
its partner photon. Images were taken of targets consisting of ink on acetate, examples
of which are shown in Figure 5.5. Images were acquired using both spatial correlations
and momentum anti-correlations by switching the camera and object between the near
and far field, respectively.
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Figure 5.5: Images taken by the ghost imaging system described in [14].
The left image displays the spatial correlations, while the right image shows
the momentum anti-correlations.
The first reported non-degenerate attempt at ghost imaging was published in 2013 by
Kim et al [15]. A KTiOPO4 non-linear crystal was pumped with a 532 nm wavelength,
50 kHz repetition rate, 10 mW average power laser source to produce collinear type II
SPDC of two photons with wavelengths of 810 nm and 1550 nm.

The 1550 nm

wavelength photon was collected by a 200 µm core diameter fibre coupled to an
InGaAs/InP SPAD. The SPAD was provided by idQuantique and had a diameter of
50 µm, gated operation (a gate width of 100 ns was used in this experiment), timing
jitter of 300-600 ps, single photon detection efficiency of 5 - 20 %, and a dark count rate
of 15 – 120 kcps [16]. The 810 nm wavelength photon was collected by a scanning
fibre (diameter unstated, though the detector comes with 50 µm or 125 µm fibre
diameter options) coupled to a Si-SPAD, also from idQuantique. The silicon SPAD
provided ~7 % single-photon detection efficiency at 800 nm wavelength with a timing
jitter of 40 ps and dark count rate of < 20 cps [17]. An object was placed in 1550 nm
wavelength arm, while the fibre in the 810 nm wavelength arm was scanned in one
dimension, coincidence measurements provided an SNR at each scanning position from
which a profile of the object could be graphed. A schematic of the setup, diagram of the
object, and measurement of its profile are shown in Figure 5.6.
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Figure 5.6: a) Schematic of the optical setup described in [15]. b) diagram
of the object placed in the 1550 nm wavelength arm, W1, W2, and W3 are
1 mm, 1 mm, and 0.6 mm, respectively. c) profile of the object shown in b),
red squares represent the experimental data, the black and dashed blue
lines represent calculated profile after taking into account the magnification
of the setup as it would be for non-degenerate and degenerate SPDC,
respectively.
Further work on imaging using two wavelengths was published in 2014 [18] using an
effect first demonstrated in 1991 by Zou et al [19] where two non-linear crystals in an
interferometer can eliminate the need for the detection of a heralding photon. In the
Zou experiment two non-linear crystals were setup within the two arms of an
interferometer, with down converted signal fields overlapping, as with the idler fields.
It was demonstrated that as the path length between the two signal arms was varied, an
interference pattern could be measured (through the count rate of a single photon
detector).

This pattern was only present, however, if the two idler fields were

overlapping and indistinguishable. As soon as this indistiguishability is broken, the
interference pattern is lost. Lemos et al managed to use this interference effect to build
a two wavelength imaging system. A schematic of the imaging set-up is shown in
Figure 5.7. A 532 nm wavelength linearly polarized pump laser beam, divided at a
polarizing beamsplitter, is directed onto two identical periodically poled potassium
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titanyl phosphate (ppKTP) crystals. The 1550 nm wavelength idler photon and 810 nm
wavelength signal fields produced at the first crystal are separated. The idler field is
sent through an object then over lapped with the pump beam and sent to the second
crystal. The signal fields interfere at a beamsplitter, both outputs of which are imaged
with different path lengths onto an EMCCD camera to show both the constructive and
destructive effects. The 1550 nm wavelength idler fields are discarded. If a photon is
blocked by the object, then ‘which path’ information is available on a signal photon
reaching the camera, and thus interference effects disappear. Therefore, constructive
and destructive interference is seen on the camera only in areas where photons can pass
through the object (as long as the object is in the image plane of the camera. An
example image is shown in Figure 5.7.
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Figure 5.7: Schematic of a two wavelength imaging system. A 532 nm
linearly polarized pump laser beam focused by lens L1 on plane 1 is divided
at a polarizing beamsplitter (PBS) and coherently illuminates two ppKTP
crystals, NL1 and NL2. The wave plates (WPs) control the relative
amplitudes and phases of the reflected and transmitted pump beams. A halfwave plate (HWP) in the reflected beam returns both beams to the same
polarization. Crystal NL1 produces a 1550 nm wavelength idler, which is
reflected by dichroic mirror D1, and an 810 nm wavelength signal which is
transmitted along with residual pump which is removed by dichroic mirror
D4. A long-pass filter (not shown in the figure) placed directly before the
object O blocks any residual 532 nm or 810 nm light. The 1550 nm photon
illuminates the object and is then overlapped with the pump beam at
dichroic mirror D2. Lens pairs L2-L2’, L3-L3’, and L4-L4’ ensure that
pump, idler and signal, respectively, maintain spatial correlations between
planes 1 and 3. Lenses L5 and L6 together with L3’ and L4’ image plane 2
onto the camera surface. The 810 nm wavelength photons are detected in
both outputs of the BS using dichroic D5 EMCCD camera. The object
shown is a cardboard cut-out, an image of which is shown at the bottom of
the figure. Taken from [18].
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While the idea of discarding the difficult-to-detect long wavelength idler photon is
appealing, this method is not without its own problems; maintaining stability between
two ppKTP crystals is extremely challenging, as is the alignment needed to overlap the
photons at various points throughout the setup in both space and time.

5.2. Non-Degenerate Ghost Imaging
With the improvements to single photon detection technologies working at wavelengths
of 1550 nm, a clear direction for ghost imaging progress is to move into the infrared.
The work demonstrated in [15] highlights the possibilities of a non-degenerate ghost
imaging experiment; to separate the wavelengths of your probe and imaging beams.
This technique has the potential to bring real-world applications to heralded ghost
imaging, allowing single photon level imaging at 1550 nm wavelength using cheaper
and more readily available visible wavelength camera technologies. To achieve this a
non-degenerate heralded ghost imaging experiment has been constructed and is
described and characterised in the following sections.

5.2.1. Experimental Set Up
The basic experimental set up is shown in Figure 5.8. The collimated pump laser beam
(Diode Pumped Solid State (DPSS) laser with 355 nm wavelength, 100 MHz repetition
rate, and 100 mW average power, [20]) is directed onto a 5 mm long BBO crystal cut
for type I non-degenerate SPDC of 460 nm and 1555 nm wavelength signal and idler
photons, respectively, which a cold mirror then separates into two arms. In the idler
arm a pair of lenses (100 mm and 50 mm focal length) image the crystal face onto the
object plane with a magnification of -1/2. A further lens (300 mm focal length) and
fibre collimation package (20 mm focal length) couple the idler beam into a 9 µm
diameter core fibre connected to the SNSPD. To aid fibre coupling of the idler photons,
the collimation package was mounted on a six-axis micrometer precision translation
stage. The pair of imaging systems reduces the size of the idler beam from 1.36 mm
FWHM at the crystal face to 45 µm at the fibre facet. One can quickly realise that the
fibre core limits the available imaging aperture at the object plane to a 135 µm diameter
(within a beam of FWHM diameter 680 µm).
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Figure 5.8: Schematic of experimental setup. Collimated, pulsed 355 nm
wavelength pump is directed through a BBO crystal cut for type I nondegenerate SPDC. The two photons produced (a 460 nm wavelength signal,
and 1555 nm wavelength idler) are split at a cold mirror. Lenses L1 and L2
(100 mm and 50 mm focal lengths, respectively) image the IR beam from the
crystal facet to the object with a magnification of -½. Lens L3 and a
collimation package, CP, (300 mm and 20 mm focal lengths, respectively)
further demagnify and image the beam onto the fibre input. The blue signal
beam is sent through an imaging delay line (further detailed in Figure 5.9)
before being directed onto the ICCD camera. SNSPD pulses are amplified
and sent to the ICCD where they trigger the intensifier, allowing the
detection of the signal photons.
The signal beam is reflected by the cold mirror and directed onto the ICCD camera.
However, the signal photon needs to arrive at the camera after the idler photon has been
detected by the SNSPD and the camera has been triggered. The time interval between
an idler photon entering the fibre to the triggering of the camera is approximately 90 ns.
This timing is achieved through the use of a free space imaging delay line (similar to
that used in [14]), shown in Figure 5.9. The crystal face is reimaged throughout the
delay line to preserve the spatial information needed to resolve an image of the object.
A polarising beam splitter coupled with a quarter wave plate, allows the photons to
double pass the delay line, reducing the space required to introduce 100 ns of timing
delay. The magnification over the total delay line from crystal to camera is 10, meaning
a magnification from object to camera of 20.
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Figure 5.9: Schematic of the imaging delay line used to compensate for the
time needed to detect the idler photon and trigger the ICCD camera. The
signal beam passes through a polarising beam splitter (PBS) and is imaged
three times before being reflected back, double passing a quarter wave
plate. The quarter wave plate rotates the polarisation by 90° such that
when the photon returns to the PBS, it is reflected towards the camera. The
total length of the delay line is 32 m resulting in a ~100 ns timing delay.
All lenses in the signal beam path are anti-reflection coated for visible wavelengths to
minimise losses throughout the delay line (reflectance at each surface is 0.2 % giving a
total losses due to reflection of the whole system of ~8.6 %). Signal photons also
propagate through a laser line filter and two 460 nm band pass filters to heavily
attenuate any residual 355 nm pump photons. Transmission curves for the band pass
filters are shown in Figure 5.10. Both filters have a transmission of 0.001 % at the
pump wavelength, with a 10 nm wide window with peak transmissions of 55 % and
57 % at 458 nm and 459 nm, respectively. Transmission data from these filters was
measured at Helia Photonics.
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Figure 5.10: Transmission data for the two 460 nm bandpass filters in the
signal arm of the set up. The graph on the left demonstrates the poor
transmission of both residual pump at 355 nm wavelength (~0.001 %
transmission) and the idler photons at 1555 nm wavelength (~0.01 %
transmission). The graph on the right shows the width of the two filters
(both 10 nm at FWHM) and their maximum transmission (57 % at 459 nm
wavelength, and 55 % at 458 nm wavelength). Transmission data measured
at Helia Photonics.
The idler arm is similarly designed to maximise IR throughput, with all lenses antireflection coated for IR (reflection at 1555 nm is 0.086 % giving a total reflection,
without an object, of ~0.69 %). A 1400 nm longpass filter (Thorlabs FEL1400) is
placed before the collimation package to further discriminate any pump or signal
photons that may remain in the idler path after the cold mirror (Newport 10CMR-45).
Transmission of the longpass filter (shown in Figure 5.11) at 1555 nm wavelength is
~85 %, while at both the signal and pump wavelengths it is of the order 1 × 10-6 %, as
given in the manufacturers specifications [21]. The cold mirror (transmission data also
shown in Figure 5.11, also as given in manufacturers specifications [22]) is positioned
at a 45° angle to the pump beam giving ~90 % transmission at 1555 nm wavelength and
~65 % and ~2 % transmission at 355 nm and 460 nm, respectively. This ensures high
throughput of the idler beam while also giving strong reflectivity of the blue signal.
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Figure 5.11: Left: transmission data for the cold mirror placed at 45° to the
incident beam (transmission of the pump, signal, and idler are ~65 %,
~2 %, and ~90 %, respectively). Right: transmission data for the 1400 nm
longpass filter in the idler arm of the experimental setup. Transmission at
the pump and signal wavelengths is of the order 1 × 10-6 %. At the idler
wavelength of 1555 nm, the transmission is ~85 %. Data as specified by the
manufacturers [21, 22].
An intensified CCD camera (in this work an Andor iStar DH334T [23]) consists of a
light amplification unit (the intensifier) coupled to a high performance CCD camera.
The intensifier combines three features: the photocathode, the microchannel plate, and
the phosphor screen. The photocathode converts incoming photons to photoelectrons,
which are subsequently multiplied by the MCP. The phosphor screen then converts the
electrons output by the MCP back into photons. The camera is gated by applying a
negative voltage between the photocathode and the MCP, such that electrons are
accelerated towards the MCP, while a positive bias keeps electrons at the photocathode.
Spectral sensitivity of the photocathode is determined by the material composition of
the photocathode and of the entrance window (typically quartz). While these details are
not made available by manufacturer, a plot of the SPDE as a function of wavelength is
given and this data is shown in Figure 5.12. The phosphor used in the ICCD is reported
as being P43 (terbium activated gadolinium oxysulfide, Gd2O2S:Tb) which has a peak
emission wavelength of 545 nm. P43 is used due to its small grain size, giving higher
spatial resolution to the intensifier.
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Figure 5.12: Single photon detection efficiency of the Andor iStar ICCD
camera as a function of incident light wavelength. The camera has 0 %
detection efficiency at 1550 nm wavelength. Data taken from [23].

5.2.2. Imaging through Silicon
To test the imaging capabilities of the system an object had to be created to demonstrate
the advantages of this technique. Patterns of gold etched onto double sided silicon
substrates provided an ideal test bed, since the silicon is transparent at 1555 nm, but
opaque at visible wavelengths; thus proving the ability to image through silicon using
visible light. Figure 5.13 shows a range of patterns created by Robert Kirkwood at the
James Watt Nanofabrication Centre (JWNC) at Glasgow University. Despite the IR
transparency of silicon, this bespoke target did not have any anti-reflection coatings. By
solving the Fresnel equations for a 1555 nm wavelength beam normally incident on an
air to silicon (with a refractive index of 3.48) interface, one can calculate the reflectance
(~30 %) and thus losses in the system due to the silicon surfaces. Since there are two
surfaces, the total transmission through a silicon sample is ~49 % (not counting
reflection from gold patterns).
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Figure 5.13: A 1 cm square double side polished silicon chip was patterned
with an etched gold deposition. A range of patterns was created, some of
which are shown; the one used for most of the imaging in this thesis is
highlighted and consisted of a 120 µm high lambda symbol etched into the
gold. The bottom of the image shows two microscope images of an ħ symbol
taken with an IR sensitive camera. The image on the right is the same
pattern but is imaged on transmission through the silicon substrate using a
1550 nm laser, demonstrating the transparency of the sample of this
wavelength.
The pattern that was eventually chosen was the largest lambda (120 µm in height)
etched into the gold (as opposed to a gold lambda on a silicon background) for its
simplicity and impact. Shown in Figure 5.14 is an image of the silicon target acquired
with the ghost imaging setup. The silicon chip was placed in the imaging plane of the
idler beam and positioned using a three-axis micrometer precise translation stage. Each
pulse from the SNSPD triggered the ICCD camera to be ready to detect signal photons
for a window of 4 ns, such that only coincident signal photons are imaged. Due to the
multiplication process spreading laterally in the intensifier, photon events result in more
than one pixel firing in the CCD. This allows for the discrimination between dark count
events on originating in the camera (which will by nature be single pixel sized) and real
photon counts (characteristically spread over multiple pixels). We construct an image
by first taking multiple ‘frames’ of images of the target such that each frame does not
contain too many events. All single-pixel events are then removed from each frame to
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remove camera dark-noise; frames are then summed together to build an image. In
total, the image shown in Figure 5.14 consists of ~1.4 × 106 photons. Each individual
frame lasted for 2 s.

Figure 5.14: Left: gold on silicon target object placed in the idler arm of
the experimental set up. Right: 512 × 512 pixel image taken of the silicon
target using the ICCD camera, colour represents the number of photons
detected per pixel.
By saving each individual frame it is also possible to reconstruct the image using a
variety of different number of detected photons. Figure 5.15 shows how the image of
the same target built over many frames. This demonstrates that even with half as many
photons, the lambda symbol can be clearly observed. Coupled with image smoothing
algorithms this could provide a method for either the rapid acquisition of such images,
or the ability to image through less transmissive media.

203

Chapter 5: Non-Degenerate Ghost Imaging

Figure 5.15: Images (512 × 512 pixels) of the gold on silicon lambda target
with increasing number of detected photons. Colour represents the number
of photons in each pixel.

5.2.3. System Resolution
An image acquired with an imaging system can be viewed as a convolution between the
object being imaged and the Point Spread Function (PSF) of the system. Thus, the
system resolution was measured first by imaging a razor blade, as shown on the left in
Figure 5.16. Forty rows of pixels from the centre of the image were then averaged to
give a slice across the image. This slice was further averaged across three horizontal
pixels to remove more noise from the data, this smoothed data is shown on the right in
Figure 5.16.

Figure 5.16: Left: image of a razor blade taken with 10779 frames. Right:
graph of the averaged image data of the slice shown in red on the left image
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An algorithm (written by Reuben Aspden) then located the positions of the start and end
of the drop in counts due to the blade’s edge of this smoothed data. The data between
these two points was subsequently deconvolved with a step function (since the object is
a simple step) to give the PSF of the system, as shown in Figure 5.17.

Figure 5.17: Graph showing the deconvolution (red line) of the averaged
data from the razor image shown in Figure 5.16 (black line) with a step
function. The deconvolved data represents the PSF of the system.
This deconvolution gives a PSF with a standard deviation of σPSF = 170 µm at the plane
of the camera, given the magnification of the total system this results in a PSF with
σPSF = 8.5 µm at the plane of the object. This resolution is confirmed by the imaging of
checkerboard pattern (etched gold on silicon) of varying square size. Figure 5.18 shows
the mask created for this purpose (also created by Robert Kirkwood at the James Watt
Nanofabrication Centre).
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Figure 5.18: Mask of the system resolution test target. The design was
etched into gold on top of a double side polished silicon 1 cm square chip.
Each target pattern was etched into a 150 µm square with arrows pointing
to each side for ease of alignment.
Images of the 10 µm, 20 µm, and 50 µm wide squares are shown in Figure 5.19 from
left to right respectively. While the 50 µm square pattern in clearly discernible, the
other two pattern are less clear. The 20 µm pattern clearly has periodic features, but the
need for ~9 µm to resolve each edge does not allow for the square shape to be observed.
The image of the 10 µm square pattern has no distinct features, thus it can be observed
that 10 µm features are below the resolution limit of this system.

Figure 5.19: Images acquired of the resolution test targets shown in Figure
5.18. Feature sizes are, from left to right: 10 µm, 20 µm and 50 µm.
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The lack of fine resolution of the system can be partly explained by the number of
optics within the signal delay line. As every component within the system has an
associated PSF, the final image is a combination of all of these contributions, ultimately
degrading the final resolution capability. Future systems should therefore work to
reduce the number of components within this delay line (by shortening the electrical
delay of the trigger signal or increasing the focal length of the delay line lenses thereby
keeping the same length with fewer components). Furthermore, the system is greatly
limited by the single mode fibre of the bucket detector; in [24] Tasca et al showed the
importance of the bucket detector design on the image quality of a SPDC based
heralded ghost imaging system.
To measure the depth of focus of the system an object (ħ symbol etched into gold on
silicon) was placed in the image plane of the crystal in the idler arm, and a series of
images taken moving the object parallel to the beam path. Figure 5.20 shows images
acquired for a range of positions around the focal plane of the lens. It can be observed
that the image remains sharp for a range of over 3 mm.

Figure 5.20: Depth of focus measurements. Images taken using the ghost
imaging setup with the object (an ħ etched into gold on silicon) at varying
distances from the focal plane (in the image plane of the crystal).
The depth of focus of the idler arm can also be estimated from the ‘circle of confusion’
(defined as the minimum resolvable element, for which 2σPSF of the system - 17 µm can be used), and the NA of the collection lenses, using geometric trigonometry. This
calculation provides a total depth of focus of 3.6 mm, consistent with that observed in
Figure 5.20.
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5.3. Conclusions
A ghost imaging system based on the coincidence measurement of non-degenerate
spontaneous parametric down converted photons has been demonstrated. This system
allows a sample to be examined using the 1555 nm wavelength idler photons, while an
image is constructed using the 460 nm wavelength signal photons.

This dual

wavelength set up has the advantage of being able to image targets at 1555 nm
wavelength using a single pixel bucket detector (in this case an SNSPD) and a single
visible photon sensitive camera (an ICCD). Such a dual wavelength system has obvious
applications in transmissive infrared probing of light sensitive materials, particularly
those prone to fluorescing or photostructural damage when illuminated at visible
wavelengths.

Improvements to the system are straightforward yet challenging to

implement; firstly a multimode fibre coupled detector would grant a huge leap in the
collection of the infrared idler photons. As discussed in Chapter 4, multimode fibre
coupled SNSPDs are currently being produced and tested, while relatively large
diameter InGaAs/InP SPADs could also offer this capability. Further improvements to
the SPDE of the detector itself would also allow for greater overall efficiency of the
system, next generation SNSPDs and InGaAs/InP SPADs would provide a jump in
image quality and a reduction in acquisition time.

A second improvement is the

reduction of the delay line. This is important not only for the improvement to the image
resolution, but also for pushing towards a more practical imaging system.

The

reduction of delay line relates directly to how fast the idler photon can be detected, and
subsequently trigger the ICCD camera. By getting a camera built specifically for this
type of system it should be possible to dramatically shorten this time, while reductions
in fibre and cable lengths inside the SNSPD cryocooler will further help.
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6. Outlook

6.1 Summary of Conclusions
This thesis presented work on the characterisation of three distinct infrared single
photon sensing applications. The aim of the work was to demonstrate the efficacy of
novel infrared single-photon detection technologies when applied to several challenging
sensing experiment which required single-photon detection at measurements at
wavelengths greater than 1200 nm.
Chapter 1 gave a brief introduction to the work and a layout of the structure of the
thesis.
Chapter 2 consisted of a background into single-photon counting. The technologies
used in the detection of single photons were described, and also the methodology and
statistics associated in time correlated single photon counting (TCSPC). A range of
different detector types were discussed in detail forming a basis from which the detector
choices made in the latter chapters could be understood.
Chapter 3 was composed of work performed on two time of flight depth imaging
systems. A brief overview of depth imaging was given before the experimental systems
were detailed and characterised. Depth images of non-cooperative targets were taken at
ranges of 325 m and 910 m, while depth images of cooperative targets were taken at
4.5 km, for both systems. Through simulations the two detector types (SNSPDs and
InGaAs/InP SPADs) used for the separate systems were compared. Depth image noise
removal algorithms were also designed and tested.
Chapter 4 described a system built for the detection of singlet oxygen luminescence at
1270 nm wavelength. The importance of singlet oxygen and the history of its detection
were summarised giving a firm background and motivation for the project. A free space
luminescence detection system was designed and characterised, with the luminescence
signature being confirmed by spectral filtering, lifetime fitting, and the variation of
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lifetime with protein concentration. An all-fibre illumination and collection system was
then designed and tested, moving the system towards more clinically relevant studies.
The validity of future experiments with multimode coupled detectors was tested with
simulations.
Chapter 5 discusses work performed building and demonstrating a non-degenerate ghost
imaging system. By using non-degenerate SPDC the ghost imaging system has sample
probing and imaging arms of separate wavelengths. This allows for the interrogation of
an object with the longer wavelength infrared idler photon, while the imaging can be
performed with the blue signal photon. The wavelength separation means that a high
efficiency single pixel infrared single photon detector can be used as the bucket
detector, and an intensified CCD camera can detect its partner photon.

6.2. Future work
The following sections describe how the work performed in the experimental chapters
of this thesis can be taken forward, with both improvements to the systems and new
areas to which these systems can be applied.

6.2.1. Long Range Depth Imaging at ~1550 nm Wavelength
As shown in Chapter 3, depth imaging using 1550 nm illumination wavelength in
combination with advanced infrared single-photon counting techniques is a powerful
technique for the identification of a scanned target. There are several improvements
that could be made to further extend this work and the capability of the systems
described.
Within the scanning transceiver, for both systems tested in this thesis, there were a
number of components not optimally anti-reflection coated for the wavelengths used.
This leads to higher back-reflections, lower total output power, and fewer return
photons making it to the detector. Replacing all components for ones optimally coated
would increase the sensitivity of this system.
The x-y spatial resolution of the system is limited ultimately by the size of the fibre core
diameter and the objective lens. With a longer focal length objective, the system could
be capable of achieving a smaller illumination spot size at longer distances. However,
to match the NA of the outgoing beam, a longer focal length lens would also require a
larger aperture.

This larger aperture would give further gains in the increase in
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collection area of the system, allowing more returning photons to be guided to the
detector.
Another obvious area for interest would be a change to a longer illumination
wavelength. This would again result in a lower solar background as shown in Figure
6.1. While InGaAs/InP SPADs would be limited to 1700 nm, SNSPDs could push
single-photon depth imaging further into the infrared, having proved single-photon
detection up to 5 µm (without optimisation for absorption, e.g. an optical cavity),
though clearly absorption and thus detection efficiency will be reduced. A quick look at
the data in Figure 6.1 reveals that at 2100 nm wavelength there is significantly reduced
solar background (~0.5× that at 1550 nm) coupled with high atmospheric transmission.

Figure 6.1: Atmospheric transmission (black line, left axis, from [1]) and
solar irradiance at sea level (red line, right axis, from [2]) for the 800 –
2500 nm wavelength range.
Not only would longer wavelengths allow lower solar backgrounds but could also aid in
imaging through more heavily scattering air conditions. Figure 6.2 shows the relative
scattering coefficient for a range of different scattering particle radii as a function of
wavelength. As is quickly seen, the move to longer wavelengths would result in much
lower scattering coefficients (an order of magnitude moving from 1550 to 2000 nm
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wavelength) from particulates of less than a few microns in size. This could allow for
depth imaging to be used for the identification of people through smoke to aid rescue
workers. However, as has been observed with this work at 1550 nm wavelength, the
returns from a particular target depend greatly on the surface material and its surface
roughness, as such wavelengths should be chosen with care to the ultimate purpose of
the system.

Figure 6.2: Relative scattering coefficients of various size particles as a
function of wavelength. From [3].
To perform LiDAR at wavelengths of 2 µm and longer, pulsed illumination sources are
required. An advantage of working at 1550 nm wavelength is the wealth of available
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laser technology due to the telecommunications industry. Longer wavelength sources
are not yet of the same maturity. Quantum cascade lasers (QCLs) use a periodic series
of material layers to produce a superlattice. Across the superlattice electrons undergo
intersubband transitions, emitting photons.

Lower limits of the wavelength range

covered by QCLs are around 2.65 µm [4], as shorter wavelengths become limited by the
material of the superlattice. Supercontinuum generation could also provide a source of
pulsed mid-IR photons. A pulse containing a broad range of wavelengths is generated
by sending short optical pulses through non-linear media (most typically a fibre), and
have been shown to cover the spectral range of interest here of 1.9 - 4.5 µm [5].
Another source of mid-IR photons is an optical parametric oscillator (OPO). Here a
non-linear crystal is pumped with a laser to produce the parametric down conversion of
a signal and idler, as that described in Chapter 5. Depending on the pump wavelength,
crystal and phase matching angle, a wide range of wavelengths are available, as shown
in Figure 6.3.

Figure 6.3: Comparison of the spectral coverage of OPOs based on the
non-linear crystal. Red areas correspond to wavelengths of demonstrated
efficient operation, while grey hatching indicated reduced efficiency due to
multi-phonon absorption, from [6].
Further advances can be made on the post processing of depth images. As shown in this
thesis, there are large advantages to using smoothing algorithms to remove noise and
built more complete depth profiles of targets. These are still limited to finding one peak
per pixel, however. Previous work has shown that multiple returns can be extracted
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from the data, ultimately giving depth imaging the capability to penetrate partially
scattering surfaces and better model the illuminated scene. Also shown in this thesis
was the spreading of a timing peak due to the angle of target surface. Such information
could be built into the depth profile reconstruction. Angle information could improve
inter-pixel interpolation, giving higher resolution scans.
Increasing the spatial resolution of scans can also be accomplished with the volumetric
processing techniques described in Chapter 3. By overlapping pixels and deconvolving
the three dimensional return data, it could be possible to extract much finer details than
the beam spot size, improving the performance of the longer range scans.

6.2.2. Singlet Oxygen Luminescence Detection
Chapter 4 demonstrated that single-photon detection capabilities can now allow the
detection of the 1270 nm wavelength luminescence from singlet oxygen. If such a
system could be fibre contained it could give clinicians a handheld dosimetry tool for
use during Photodynamic therapy in the treatment of cancer.
As previously mentioned, the main challenge in producing a clinically ready SOLD
system is in improving the fibre luminescence collection efficiency. The most obvious
method for increasing fibre collection efficiency is in increasing the core diameter of the
collection fibre. While this seems like a simple solution, the application is more
complicated. InGaAs/InP SPADs offer the quickest solution in the form of larger area
SPADs coupled directly to multimode fibre. However, as discussed in Chapter 4, for a
TCSPC system running at the repetition rates of PDT, the dark count rates of SPADs
are themselves a challenge.

Ways to alleviate this problem through gating were

proposed in Chapter 4. A low dark count, high efficiency, free-running single-photon
detector coupled to multimode fibre would be advantageous. SNSPDs are difficult to
couple to multimode fibre due to the size of the active area of the device. SNSPD
arrays give a potential solution [7], an example of which is shown in Figure 6.4, as do
fibre coupled with lenses for focussing the collected luminescence onto the SNSPD [8].
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Figure 6.4:

Example of large area SNSPD that could be coupled to

multimode core fibre. By splitting the active area into separate pixels, the
kinetic inductance of the device is reduced, retaining the timing properties
of a smaller area detector. From [7].
Looking further into possible PDT modalities, endoscopic treatment heads would enable
the delivery of pump laser to places deemed inaccessible by surgery. A fibre bundle or
multiple core fibre could allow delivery of a high power treatment laser, while
simultaneously collecting the singlet oxygen luminescence giving real-time dosimetric
measurements.
Multiple detectors working simultaneously to sample the wavelength range over
1270 nm, would give a SOLD system the ability to adjust the dosimetry calculations
based on the levels of select fluorescence bands. This would give the system the
capability to correct for water absorption and background fluorescence, without the
need for longer measurement times.

Reducing patient treatment times and aiding

recovery, while delivering patient specific doses tailored to their needs.
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6.2.3. Non-Degenerate Ghost Imaging
The non-degenerate ghost imaging system outlined in Chapter 5 served as a proof of
principal of the capabilities of a dual wavelength set up.

However, poor spatial

resolution, length of time taken for image acquisition, and the length of the signal delay
line remain the key challenges for moving this technology forward.
As with the singlet oxygen luminescence detection system, a move to multimode core
fibre would offer the non-degenerate ghost imaging system huge advantages in the
collection of the infrared photons. Again the same solutions are applicable here, though
the dark count rate of the InGaAs/InP is not as much of a problem. Gains from
multimode fibre do not just come from the increase in diameter of the collection fibre,
but also in more efficient coupling of the modal content of the idler beam to the
detector. As shown in [9] the modal content of a spontaneously parametric down
converted beam is dependent on the wavelength and standard deviation of the pump
laser and the length of the non-linear crystal.

This gives the idler beam in the

experiment described in this thesis (before interacting with the sample object) around
2500 spatial modes. Clearly efficient coupling of this beam into single mode fibre is
not possible, giving the multimode (or free-space) detector a huge advantage over one
coupled to single-mode fibre.
To make the system more practical, and to improve the spatial resolution of the system,
it is important to try to reduce the length of the signal delay line as much as possible.
The fibres and cables in the idler detection arm can be reduced as much as possible,
however, currently the ICCD camera has a 30 ns insertion delay for the triggering of a
image. This insertion delay corresponds to a minimum delay line length of 9 m. To
make a more compact system, it could be possible to couple the signal photons into a
fibre bundle, while imaging the output of the bundle onto the camera chip. It is worth
noting that the resolution of such a system would then be limited by the fibre bundle
itself, with each fibre within the bundle being a single pixel of the final image.
Another advantage of the ghost imaging technique is the possibility of imaging through
turbulent media. Once the idler photons have passed through the object (image plane),
scattering does not affect the quality of the image, as long as the photons are still
collected, since it is the position of the signal photons that is recorded. This could give
the technique real-world applications in low light level imaging through scattering
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media, for example: biological tissues. However, this is highly dependent on having a
large collection area for scattered photons, so as to not lose too much signal.
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