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Abstract

Abstract

Portable radiation detectors are becoming widely used across various industries, partichéarly t
security industry to roll out networks of portable detectors for illicit nuclear material detection. The
capabilities of modern detectors have rapidly increased in recent ydamgely with the use of
advancements in photonics technology.iditesearchprogram demonstrates two versatile methods

of maximising the use of state of the art solid state photo multiplier technology and dual gamma
neutron scintillation materialby using low power digital and analogue methods where low power
consumption in porible devices is essential for longer operation times betwstitery charges.

A 25million sampleper secondanalogue to digitatonvertersystem is developed ants performance
analysed for methods of gamma event energy capture using a basieltestablishedprinciples used

in radiation detection. Its architecture flexibility allows thenbeddingof different applications, where
firstly using itsimilar to atraditional peak captureircuit is evaluated for gamma energy capture
Secondly, the system &valuatedwhen usingcontinuous or triggered sampling of a silicon photo
multiplier array outputboth with and without prior stages of analogue signal processing, in order to
accurately capturahe radiation event signafor digital processing of gamma radiation evenThe
results show &it peak capture accuracy usiggneratedsemi t Gaussiarinput signals simulating
scintillation requirements as fast asing al uS shaping timet 250,000events per secondlhe
results also stw thatthe ADCsystemis able to continuously sample a scintillation event, where the
captured datais re-plotted for evaluation, where further on deviadigital processingnethods can
yieldradiometric information.

A low power analogue based circuitalso developed and evaluated for use with the dual gamma
neutron scintillatorCLLB. Current pulse shape discrimination methods rely on offline processing of
pulse datasets to distinguish between a gamma and a neutron event, whereothenonmethod
usedrelieson integration windowsThis method wheimplementedin electronic circuitry as timer
controlled gated integrabr can prove challenging to desigefficiently and can consumeexcessive
amounts of powemhich is a disadvantage for a battery powered prodddie method used in the
implementedanalogue circuit relies om combination oBmplituderatio windowing and pulse height
discrimination, where successful discrimination between gamma and neutrortewas achieved,

and where the circuit dependingn configuration andapplication consumgas low as 4 mW of
power.
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A simmary paper published in th2017 XXXlInd General Assembly and Scientific Symposium of the
International Union of Radio Science (URSI GA8S8 presented as part of the URSI"BEASS
conference 19 t 25" August 201%vas writtenon works regarding theevelopment of the25 MSps

ADC System and its use in radiation detection methods researdted paper itled EZow Power
EmbeddedProcessing ofintillation Events with Slicon Photo Multipliers[explains the benefitef

using the developed folding ADC prototypavith the high data conversion benefitand field
upgradablefirmware for continuous optimgbrocessing of radiation evenis a low power solution
intended for batteryoperated devices and custoapplications.

A conferencepaper acceptedor presentation at the2nd URSI ARASC, Gran Canaria, 28 Maly

June 201&y D. W. Upton was otributed to assecond author The paper titledZow Power High
Speed Folding ADC based Partial Discharge Sensor for Wireless Fault DietSctistationgexplains

the analoguearchitecture and operation of the 25 MSps ADC sysitemetail and how thedigital
control designed and described in this research is implemented in the ADC prototype with the use of
the FPGA application written in VHDL. The paper describes howitfigatly intended applicatiofor

the ADC was fanonitoring potential dischargeadio emissioroccurrencesn power grid substations
wherethe application is similar to that of the ADCs use in a radiation detection application.

The1st International SPAD Sensor Workshop 1280\ 28" February 2018vas attended gaining
knowledgeof the currentand futurestate of the art in single photon avalanche diode technoldigyy,
crucial technology in recent developments in photon capture applications such as in radiation
detection and LiDARnaging
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Introduction

1 Introduction

In the environment around us, radiation is emitted fronany radioactivesources both natural and
manmade. Natural sources such as granite rock, natural ragdime graund, and cosmic radiation
largely make up the background radiation levels, varyingdoymetric location. Manmade sources
consisting of laboratory synthesised radioactive material, and processed material from natural sources

also contribute to backgrounigvels, largelyrom use in medical practices.

Radiation sources have use®irerydayfife, not only for medical treatmentdut for exampleare also

used in industrial instruments for material thickness measuremetitmed food processingnd
householdsmoke alarm detectorfRadioactive waste products are also produced in the nuclear power
industry, and although usually sealed and safely disposed of, accidental leakage or escape of
radioactive materiadhave contributed tdhazardousadiation levels isome places such as€nobyl

and Fukushima

The manufacture and use of manmade souraed the uses of therare strictly controlled due to the
health hazards of excessive radiation expogréndividuals ando the public.Radiation detection
devicesare essential fordiscovering andnonitoring the potential impacts of radiation exposure,
whether ] S from anunsafe naturaincrea® in radiation levelsthe effectsof anuclearaccidentor

illicit movementand useof a radiation sourcer radioactive material.

1.1 Radiation Monitoring and Radioactive Source Control

The use and manufacture of radioactive material is increasing as demand of it for its uses gtrease
society, therefore the control of the increasing amount of radioactive source matersadn agsn
ever increasing challenge for security service@sme radioactive sources are more controlled than
others, typically due to the health hazard the material presdrim its type, strength and energy of

emitted radiation

The main radiation fyes are alpha, beta, gamma and neutron, where gamma and neutron radiation
arealsocategorised asncharged radiation. Uncharged radiation can travel large distances compared
to alpha and beta radiation due to itigherpenetration energy therefore its @tection can also be
achieved from a distanc&amma radioactive sources will emit gamma radiation with specific gamma
energies depending on the decay of the radioactive isotopes in the matévfe@n using gamma

spectroscopy, these energies can be ideadifin theyieldedgammaspectrum and matched to the

known gamma emissions of radioactive isotopsbere the isotope can then be identifiggigurel-1

showsa typicalcollected speaum showingenergiesconsistentwith the identification of the isotope

caesium 137 (Cs137).
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Cs137 peak at
<« 0.662 MeV

Events (counts)

Energy (MeV)

Figurel-1 Atypical Cs137 spectrurshowing energy peak of 0.662 MeV for the Cs137 radioactive isotope.

Source controls thereforemade more complex by not only having to monitor for unsafe radiation
levels but ado toidentify the radiation sources detected t@valuatethe safety of the immediate
environment An example of this would ba medtal patient that has undergone recent treatment
with the use of a medical radioactive materiabuld then be emitting radiation with the energies of

the associated isotope used in the medical treatmékg a public safety concern, medical sources and
the radiation exposurés strictly controlled saa prolonged exposurgould not increase any risk to
health. The detectiomf radioactive waste in a city centre however would cause a safety concern if

detectedwith any exposure levebhnd thenecessargecurity actions can then be taken.

Thedevelopment of technologyn radiation detection devicesand the increased requireemt for
detection devices is pushing development of mass margetticularly pocket sizedhand held

portable radiation detection and monitoring devicesthe security industry.

1.2 Radiation Safety and Monitoring Systems

Currently, a large amount of radiah detection for security is used at transportation hubs, particularly
for goods scanning to detect amadioactive contaminates, oundocumented transportatiorof
radioactive materialthat could be used for illicit purposes if its intended destinatior#&ched Often

called portal sreening large installations built to scan shipping containers or lorries in bulk whilst

moving through where an example is showr|kigurel-2
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Figurel-2 Example of a lorry radiation screening poit@hanghai Eastimage Equipment Co Ltd, 2016)

Whilst these solutions are suitable for large scale detection, the technolagypiacticalfor densely

populated city centres foexample and is far from a portable solution.

Traditional rtable detection devices are often heavy and do not meet inititistry demands of

the pocket sizedhand held deviceThis is largely due to the radiation detection method employed in
the device, where the use of Geiger Muller tubes or the use of photo multiplier t(Bg swith
scintillator materialrestricted howsmall such a device could b&nother issue is that the traditional
detectors used require the generation of high voltage, particularly for PMTs where the operation

voltage required can be over 1000 tus the power demands often dictated larger battarie

Scintillation is the process of photon emission upon radiation interactiogpatified scintillator
material where it can then be used to deteztchosentype of radiation.Portable devices already
typically usea Caesium lodide crystal as a gammantiitator, andBoron can be use@ds aneutron
scintillator, both then implemented aswo discretegamma and neutrodetector modulesRadiation
devices that use themethod of scintillation have benefited from recent advances in silicon
photomultiplier (SiPM) technology which achieves single photon detection from a component as small
as 1x1 mmand only requiring a relatively low operation bias voltage of between 30 V and B@eV.
SiPM technology reovesboth the requirement of theuse of large PMT detectors and the associated
power consumingelectronics. This then has allowed the use of smaller batteries, in turn leading to
smaller, more power efficient portable radiation detecdevices where the latest portable detectors

can achieve operating power consumptions as low as 300 sa@ asthe Kromek D3S, shown in

Figurel-3
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Figurel-3 TheKromekhandheld D3jamma and neutromletector(Kromek Ltd, 2016)

The DefencéddvancedResearcHrojects Agency (DARPA) aims to use a wide network of portable
radiation detectiondevices carried by already mobile people such as police officers and fire crews to
monitor radiation, particularly in the city centres. By processing the accumulatedrapatt from

all the detector devicethroughinternet basedcloud computing methodsDARPAImMS touse a live

heat mapasshown inFigurel-4| to visually identify the radiation level, where the system can send

the necessary alertdepending on the automated detecticend identificationof a potentially illicit

radioactive materia{(DARPA, 2015)

Figurel-4 Simulated lkat map showing radiation levetsonitored by anetwork ofportable detectosin a city (DARPA, 2015)

1.3 Researcihimsand Obijectives

The requirements from industry applications is for the next generatiorurathargedradiation
detection devices to be smaller in size and have a longer operational time between battery
replacement or chargeByexploitingthe latest advances in SiPM technol@gnd new state of the art

scintillation material, which scintillates upon gamraad neutron interaction detector sizes can
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potentially be reduced by a factor of two, as currently separate gamma and neutron modules can be
combined. To be able to exploit this however, the electronic circuitry must not onlgbleto
accurately proces the gamma spectroscopy informatiobut accurately distinguish between a
gamma and neutron event whilsichievinga high operational power efficiency.The developed
circuitry mustalsobe scalable to matcthe specified scintillator capability, where sempplications
require theprocessingf up to 100,000detectedradiation events per secorfdr extreme emergency

situations
Theresearchobjectives were as follows

x Evaluate theexisting technology available foadiation detectionusing scintillators and SiPM
technology for gamma and neutron detection.

x Determinekey technology requirementfor the use of scintillators and SiPMss well as
gamma spectroscopy and gamma neutron discrimination.

x Design and implemerdetection circuitry and relevant processirigchniques that can then
allow theimplementationof low power, compact sizgamma spectroscopgpplicationsand
provide gamna neutron discrimination

x Deliver and evaluateprototype systems using the developed circuittigat can provide
accuratedetection of radiation events through the use of scintillatarsd the use otest

radiation soures

1.4 Researclstructure andviethodology

The following method was used to achieve the objectives set out in s@where each pointhen

has assummary ofthe work undertaken and the kegsearch contributionsnade to the research aims

x Complete a literature review, covering the principals of radiation detection via the scintillation
method. Further include an investigation of existing pulse shape discrimination methods
based on the curnet state of the art scintillation technolog®dd to the literature review an
investigation on the latest SiPM technology, and commonly used electronic processing

circuitry for radiation event detection devices.

Chapter two in this researchstablishes th foundation technology that is commonly uséal
radiation detection, including for use modern portable devicesThe chapterevaluateshow the
radiation events araletected andthe importance of capturing the event signatharacterstics of
which the subsequentircuit deggn proposed by this research uses as the basistHernovel

enhancements that allow low power gamma neutroncdiiination andgammaspectroscopy
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X Proposedesignand testa flexible and power efficient electronics processing circuitry saiuti
for use with ascintillator given the 100,000 event rate requiremeimicluding the ability to be

able to use the latest combined gamma neutron scintillators.

Chapterthree in this research explains how usangtate of the art analogue to digitebnverter (ADC)
andthe developecdoveldigitalprocessing through the use of a Fietfdgrammable Gate Array (FPGA)
can eliminate the use ofome of the traditionalradiation eventsignal processing circuitry. The
implementationof the desiged system includingthe constructedvHDL processing methodeows
that the radiation eventsignalcan beaccuratelyreconstructeddigitally such as toacquire the
characteristicsequired for gamma spectroscopyd ganmaneutrondiscrimination with an efficient

power consumptionvscircuit performanceadvantageover traditional systems

X Further propose, design and test an optimised solution for dual gamma neutron scintillators,

where the emphasis is on size reduction and power efficiency.

Chapter four in this resgchdetails a noveinethod of gamma neutron discrimination whilst achieving
low power operation drawing particular reference to thanovative window generation circuihis
is developed and implemented in circuifor the systemgamma neutron discrimation performance
to be evaluated, yielding system figure of meri(FOM)of 1.68 whilst consuminigss than 1snW of
power using the first pototype. Through furthersystemoptimisations andurther adding low power
optimised taditional circuitry fogamma spectroscopyhe final circuit desigachieves thebjectives

with the FOM of 1.68 whilst consumiag lower power as 14 mW.

X }vop ]Jv(}EuU S]}v }v §Z *]Pv u 8Z} « v SZ § ¢S e}ouS]}v[e ¢

in portable radiation detection déses, also providing a future technology outlook.

The caclusion in chapter fivlaighlights the keyletection tectologyenhancement®f the research
and concludes on thdesigned systemsffectiveness for their use in portable radiation detectors. A

future outlook on radiation detector technology is also summarised
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2 Literature Review

For the purposes of radiation detection in portable devices, it is impot@nmnderstand the front

end detection procesgp determine theexistinganaloguesignal processing methods are employed,
and howthe scintillation eventcharacteristicgranslate to gamma energy information for gamma
isotope identification, and neutron detectiorThis will provide a written overview of radiation

detection from first principals.

2.1 Scintillationoverview

Using scintillation as a methaaf detecting ionizing radiation is a wedktablishedprocessusedin

many applications, where different scintillating material is selected depending on the type of radiation
that is to be detected, and thphotonto electrical signal conversion method that iseinded for use

in the application.(Knoll G. F., Scintillation Detector Principles, 198%implified diagram of the

process is shown |iF|igure2—1

Scintillator Optical Window IZMT IZeak
Decay
Gamma Ray JL
Scintillation Event\ P\hoton \ 7 Typical output signal representin
Amplified R .
: : the scintillation eventharacteristics
Reflective Foil Electrons

}GE N%ohOe *Z %o

Figure2-1 Diagram to show a gamma ray interaction with a scintillator and the photon detection method used.

The selection of the scintillation materialnormally based othe efficiency ofit converting the kinetic
energy of theradiation particle in tophotons linearly over the energy range of interesypically
measured in keV or MeWhe materiaimust also have suitablleminescenceand optical properties,
where the wavelength and the pulse shape of the emippdtonsmatches the detection capabilities
of the sensor in the application, typically a photo multiplier tufi@MT) or photdiode based
component.(Knoll G. F., Scintillation Detector Principles, 19888 use of thghoton sensor allows
the allowsconversion of the emittegphotons from the scintillation evento be converted into an

electrical current outputwhich can then be processed by the detector electronics.
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Focusing on gammradiation detectionin the year 1948 Robert Hofstadter showthat an inorganic
scintillator composed ofodium iodide with a trace of thallium iodide used as an activator yidlde
significantquantity of emitted photonaupon radiation interaction. The process of scintillatiwith
mostinorganicmaterials is the same, ionising radiation interacts with the scintillatgstalmaterial

and excites electrons, causing them to rise from the valance band in the material atomic structure, to
the conduction bandAs this leaves behind an electron hole, the return of the electron causes the
emission of a photonSince the gap width h&een the valance band and the conduction bandin
pure crystal materiasuchassodium iodideon its own is too greatthe resultingphoton emissiorhas

a high energy that is n@asiy detected.(Knoll G. F., 1999)

The use the activator, thallium iodide in this case allows for an increased probability of photon
emission with a lower energy and hence a wavelength that is easier to dé@teistprocess can be
seen irliFigureZ-Z Efficiencies andecay characteristics of these electron interactions, and therefore

the photonyield andphoton emissionpulse shapesipon scintillationare different for each material.

Ganma radiation passing through the crystal will excite many electronpgstinnal to thekinetic
energyof the radiationabsorbed and since different radioactive isotopes emit gamemergies that
can identify the isotopethis process formthe basis of gmma spectroscopy applicatio(Bursley, J

& Michigan State University, 2001)

Conduction Band

Electronreturns vial___ activator Excited Statet
theactivator [ ppoton Emission
— Activator Ground State

Valence Band

Figure2-2 Diagram showing electron movement upon ionization event in an activator doped scintillator

lonisation Energy
causes movement
of electron

As well as a largphoton yield, ®dium iodide wih thallium activator NaTl) exhibits low non
linearity for photon output versusthe gamma radiation absorbeat 38000 photons per MeVhe
wavelength of the emitted photons upon scintillatidor Nal(Ti)is 415 nm, ands compatible with
common detector sensitivitieandalso,hasadecay timecharacteristiof 230 nSAdditionally, Nal(Ti)

is relatively easy to produce, compared to that of organic scintillator alternatives, and can be scaled
to different shapes and sizeSonsiderationsnust be made when usifga(Tl)however, as the crystal

is hydroscopic, where atmosphere moisture can destroy the crystal and hence must be sealed in a
protective encapsulatiorwith a window often referred to as being cannedNalTI) crystals also

consideed to bebrittle andthereforemust be handled with care, making it unsuitable$ome harsh
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applicationswhere exposure to forceful impacts could damage the crydtigholl G. F., Scintillation

Detector Principles, 1999)

Although Na(Tl), is still commonly used in applications, Caesium lodide with thallium activatér|)Csl
is also commonly used in application where crystal robustness is nesdeis less brittle than N@il),
and where performanceéo volume isimportant. Cq[Tl)yields 65000 photons per MeMigher than
that of Na(TIl) however the wavelength of th@hoton emissions is ahominally 550 nm and is
therefore further away fom the peak sensitivity of sormmaetector devicesuch as PMTsompared
to that of NA(TI) The photon emissionwavelength of a selection of inorganic scintillatef®wing

spectral sensitivity and wavelengtian be seen ‘lﬁigurez-B Thetotal time of thepulse generated

upon a scintillon everit CslI(Tljs also longethan Nal(Tiyvith two time components to its scintillation
decay process at 680 nS and 3340m&kingthe scintillation eventime longer and C§Tl)less suitable

to higher radiation count rate applicatior{§aintGobain Crystals, 2017Jhe entirety of the pulse
generated form the scintillation evenepresentsthe total enegy deposited into the scintillator
crystal from the gamma radiation, and therefore the detector system must be capable of capturing
the pulse output height and shape accurately to accurately process the edeppsited from the
radiation in the scintilldon event(Knoll G. F., 1999)

Figure2-3 Emission wavelength of selected inorganic scintillators plotted with the response sensitivities of two PMT examples.
(Knoll G. F., Scintillation Detector Principles, 1999)
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Figure2-4 Cs(Tl)Crystal with bonded SiPMs on a PCB (Top), Metal encas@d)Ratstal with attached PMT (Bottom).

2.2 Scintillation for Neutroetection

Research into neutron detection has increassdcea recent global shortage of HeliuBawhich was
traditionally used for neutron detectiorHelium 3 is a byroductof the radioactive decay of tritium
of which the United States previous suppliesf thishasceased production ¢fas tritium is only mael

as part of specific nuclear weapons manufacturing methods that are no longer (LWsdted States

Government Accountability Office, 2011)

An alternative methodor neutron detection with Helium 3currently deployed irsome portable
detectors is to use lithium-6 fluoride and zinc sulphide phosphor compound, whasepart ofthe
thermal neutron interaction with the lithiur6 fluoride an alpha particle is produced his alpha
particle then reacts with the zinc sulphidagsphor compound t@mit photons with a wavelength in
the region of 450 nmanc sulphidealone can also be used for alpha particle detec{iBaintGobain
Crystals and Detectors, 2002he photons produakcan then be detectedsing a PMT for example
As these compourgitend to be absorbing to theavelength of the emittegbhotons they are often
applied in thin layers to maximise surface area available for interaatitmminimal material photon
absorpton, and a waveguides thenused to channel thehotonsto the detector.(Southern Scientific

Ltd, 2012)
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Waveguide Lithium 6, Zinc Sulphide
compound

1 inch diameter,
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the sensitivity
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¥~ Encapsulating can

Figure2-5 Neutron detector, shownthin Lithium ZincSulphide layerand wave guidéayersexample.(Southern Scientific
Ltd, 2012)

Neutrons are primarily categorised in to thermal (or slow) neutrons, or fast neutrons depending on
the neutron kinetic energy. Thermal neutrotypically possessnergies of fractions of, or a few eV,
where fast neutrons caposses&nergies in to the MeYange.Since the energy spectrum of thermal
neutrons is so narrow, many detectors count thermal neutrarséng the basis of the method
described aboverather than capture the associated enerdiast neutron detection can be achieved

by typically employingydrogenousr carbon based neutron moderators to reduce the kinetic energy

to that of a thermal neutror{SaintGobain, 2017)

Spectroscopitastneutron detection can be achievdyy employing extra physical processes including
elastic or inelastic scatterin@SaintGobain, 2017)Applications for neutron spectroscopy include
spent nuclear reactor fuel identificatiofAkyurek &Usman, 2015) Spectroscopialpha particle
detection can also be used to identify the source material, however can be challenging as alpha
particles are easily absorbed in amddo not penetrate very far through mattefarpansa, 2017)The
detection of a high rate of neutrons would be classed as a hazard for security applications, hence most
portable products use a moderator, typically water based, or some plastic based materials to decrease
the energy of fast neutronsn to thermal neutrons, and only count the number of neutron
interactions, rather than employ more complex spectroscopic processing for neutikoradl G. F.,

1999)

2.3 Dual Gamma Neutron Detection Capable Materials

Using he similarscintillation principles as with gamma detection and neutron detection, crystals are
emerging onto the market thatan scintillate uponboth gammaand neutron radiation interaction.
Such a material would allow these of a single detect@ystemyieldingboth power and size benig$

for portable detector products(SaintGobain Crystals, 2017)
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One particular crystal materiaf interestis Cs2LiLaBréCLLBdue to its high scintillatiopphoton

output of up to 60000 photons per MeV of radiation energy absorbed, good energy resolution figure

relative to other scintillator materialsnd photon emission wavelengths that are still compatible with

common detection systemgMesick, Coupland, & Stonehill, 2018hirwadkar, et al., 2010)

The propertiesof CLLBthat are useful in dual gamma neutron detectida that the scintillation

characteristics aralifferent for gamma and neutroevents, aswell as alphgarticle interactiors.

(Mesick, Coupland, & Stonehill, 2018he differences can be seefFigure2-6

Normalised Amplituds

Time (1S)

Figure2-6 Normalised CLLdBintillation averageoutput waveforms for gamma, thermal neutron and alpgdeaticles.(Mesick,

Coupland, & Stonehill, 2016)

Another property of CLLBs ithe photons emitted upon neutron scintillation yield an electron

equivalent energy obetween3.03 MeVand 3.2 MeVGiven that theenergy ranges ohierestin this

project is forthe identification ofsourceswith isotopeemissionganging between 60 keV and 3 MeV,

there is another possible method of discrimination between gamma and neutron evénitscan be

seen when comparing gamma and neutron energy information spectroscopically,

\Wigene2-7

shows gamma isotopes and neutron energy appearirg $ample spectrunBoth thisenergyrange

andthe decay time of thgphoton outputpulseare the key discrimination properties that factor in

implementing gamma neutron discrimination methodslesick, Coupland, & Stonehill,
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Figure2-7 An energy spectrum acquired using CLLB exposed to gamma, thermal neutrons and alpha radMésitk,
Coupland, & Stonehill, 2016)

2.4 Discriminationmethods

Thereare multiple methods of discriminating gamma events from neutron events when using dual
scintillatorssuch as CLLBwo main methods of gamma neutrodiscriminationthat are commonly
applied are pulse height discrimination (PHD) and pulse shape discrimination (PSD), where PSD
methods often yield more distinguishable gamma neutron separa(iGtodo, Hawrami, Loef,
Shirwadkar, & Sih, 2012) These arepplied to the electrical pulse output from the detectiofithe

photons from the scintillationeventthrough a device such as a PMT or photodiode component such
as a SiPM

2.4.1 Pulse Height Discrimination

The method of PHD applied @LLBs achievedased on identifyinghe neutronscintillationevents
where the emittedphotons yield an electroequivalentenergyof 3.03 MeMto 3.2 MeV therefore by
setting athresholdfor any event that occiwover 3 MeV for example, will bdeemedas a neutron
eventassuming no alpha particle detectiohhis method is however limited in accuracypi®ton
coupling to the detector is not perfect, amdmegamma everg can alsaegister above 3 MeV such
as cosmigamma rays(Mesick, Coupland, & Stonehill, 204&lodo, Hawrami, Loef, Shirwadkar, &
Shah, 2012)
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2.4.2 Pulse Shape Discrimination

Pulse shape discrimination re$ primarily on identifying the difference in the decay characteristic

between agamma and neutron interaction, as shown previous|¥igure2-6| Integralwindows are

setat two time places where the decay difference is greatest between a gamma and neutron event.

The signal present in these windows is then integrated and comparegtto@her and in some cases,

the total length of the pulsgFigure2-8[shows an example of this fanotherdual gamma neutron

scintillator Cs2LiYBr6:Q€ELYB Theintegration result, which is the discrimination parameter in this
methodis accumulated over the total number of everitsa histogramused to show the separation

of gamma and neutron eventfGlodo, Hawrami, Loef, Shiagkar, & Shah, 2012)

Figure2-8 Smoothed gamma and neutron scintillation output showing window bars for the window integration periods
(Glodo, Hawrami, Loef, Shirwadkar, & Bha012)

Both pulse height and pulse shape discriminatmmrentlyrely on digitalconversion angrocessing

of continuously sampled input pulses andtgpicallyhaveto rely on high power components such as
fast Analogue to Digital converters @boratory oscilloscopes capturing the pulse waveforms, for
offline pulse shape discrimination processimtand held detector products therefore do not yet

implement these methodqCester, et al., 2014)

2.4.3 Pulse Gradient Deteotn

A less commonly used method is pulse gradient measurement, where the peak of the scintillation
signal isletected,and its amplitude ithen measured The time measured between this and tegent

signal decayrossing lower threshold voltageshere typically the event detection thresholkbltage

is used As both axis parameters are then known, a gradient can be fandlis used as the
discrimination parameter in this methodn the same wayas pulse shape discriminatiorthese

gradient figures accumulat over multipleeventsare plotted on a histogramand an FOM calculated
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(Saldana & Stemen, 2014he method is less commonly applied in CLLB applications as the peak to

tail differences areminimal,so the discrimination rast is poor.

2.4.4 Evaluating Discrimination Methods and Systems

The main calculation used to evaluate the effectiveness of a discrimination system is its figure of merit
(FOM), where the greater the figure of merit result, the greater the effectiveness ofysters of
correctly identifying the occurrence of a gamma or neutron scintillation interactiamoll G. F.,
Radiation Detection and Measurement, 2018)figure of merit that is greater than 1.5 is geaky
consideredas goodn application. Scatter plots as suggested for use with pulse shape discrimination
can be used to realise the FOM by gaussian fittingtteeimulatecgamma and neutrodiscrimination

parametersand applying the FOM calculatiohhe equation for calculatindpe FOM when using this

method is shown iEquationZ—l

(1/

L NAIPYEKEE % AIP NEKQs
(9*/ voaacE (9% agecaaa

Equation2-1 Figure of Merit Equation used to evaluate the effectiveness of a discrimination system

A figure of merit of 1 would indicate that a decision threshold between determining whether an event
was caused by a gamma or neutron would be hard to implement, as the gamma event and neutron
event result regions would be next to each other in a histogramss than 1 would indicate

discrimination was only partially, or not achieved as the regions overlap.

2.5 RadiatiorDetectionUtilisingSilicon Photo Multipliers

Detecting thephotonsfrom scintillation caused by ionizing radiation interactions is currently achieved

by the wellestablished use ophoton detection components such as PMP&gitive t intrinsic t
negative (PIN) photodiodes and standalone avalangmtodiodes (APD)ach of tlese detection
components have advantages, such as single photon sensitive PMT performance, and the low relative
operating voltagecost and size of PIN diodes and APEMconphoto multipliers (SiPMhave been
developed with the aim of achieving theseatacteristics, where the performance of a PMT is
achieved using the same size component as many PIN diodes andidédD$or portable devices.
(Jackson, O'Neill, Wall, & McGarvey, 2016)

SiPMs are constructedlsing avalanchetmtodiodes(APD)}hat have been specifically fabricated
when biasednto Geiger modébecomesingle photonsensitive andeferred to as a single photon

avalanche diode (SPAD). Ashasla SPAR,quench resistoisconnected to theSPARxNnode as shown

inlFigure2-9(a) to limit the current flow upon photon interaction, and with SemsanufacturedSiPMs

a fast output capacitor is also connedtto theanode to form a microcel(SensL Technologies Ltd,
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2017) The SPAD is operating in Geiger mode when a reverse voltage that is in exttessazkdown
voltage is applied, known as overvoltagetypical breakdown voltage depends on the fabrication
process used when manufacturing the SiPM so varies between manufacturers howewélis 2b
typical breakdown veage for a SensL SiPM, and an overvoltagiymitally between 1 V and 5i¥
applied.(Jackson, O'Neill, Wall, & McGarvey, 2016)

*Vhias Geiger Mode
Icap — (2)
<
c
o
res 8
(3) (1)
Voltage (V) Vi Vhias Time (ns)
(a) (b) (c)

Figure2-9 APD operation overview showing (a) A single microcell configuration, (b) states of a microcell upon photon
interaction shown on a current vs voltage graph, (c) Output voltage pulses using a load (daisteon, O'Neill, Wall, &
McGarvey, 2016)

For comparisopHamamatsu SiPMs typically have a breakdown voltage of between 50 V and 70 V, and
a 10 V overvoltage range can then be appliEde amount of overvoltage applied determines how
much gain isaichieved from the SiPM, which is typically a magnitude of betweé&arid 10 charge
carriersgenerated in the gain regiasf each SPADor the charge carrier created by thiritial photon

interaction.(Hamamatsu Photonics, 2017)

Thesimplifiedoperation of a single microcell upon photon interactioan be seen ‘m‘-igure2—9 b),

where biased using an external voltage source in overvoltage operation with no current flow, the
breakdown of the SPABnd generation of charge carriers causes curtenimmediatelyflow and
after the step change reactance through the capacitdnich is the desired event sign#the voltage

over the quench resistostarts torise, seen at point 2 iEigureZ—Q b). Thisallows the microcell to

recover by causintpe voltage over the SPAD to lowerielowthe SPADreakdown voltage. at which

point the current no longer flows and can be seen at point|Bigure2-9(b). The overvoltage is then

restored over the SPAD given there is no longer a voltage drop caused by current flow through the

guench resistorreturningto point 1 inFigure2-9(b), and the microcell is ready for the next photon

interaction. Using a load resistor to convert current to voltagetypical outputvoltage from a

microcell(from cathode to anodelpon phdon interaction can be seen |irigure2-9(c), where this

faster initial current flow causes the fastrising edge, and the slower recovery resulting in a slower

falling edgeof the voltageoutput pulse.(Jackson, O'Neill, Wall, & McGarvey, 2016)
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Arrays oftightly packedmicrocells are then fabricated onto a single SiPM compone allow the

detection of multiple photors, demonstratedby the schematic shown jRigure2-10] where the

outputs of many microcells are arrangedparallelto sum the outputs together. inufactured SiPMs
however will typically have high hundreds or thousands of microcells depending on manufacturer and
sizevariant.Microcell sizes again depend on variant but are typically selectable from popyfated

with 10 um microcells, to arrays populated with 50 pm microcé8ensL Technologies Ltd, 2Q17)

The arrayof microcelleenableshe detection of multiple photons arriving at the sammé within the
SiPM surface age As each microcell is single photon sensitive it will breakdown regardless of how
mary photons interact with ithoweverother microcellson the SiPMwill still be ready for photon
interaction. Given there is also a recovery time for each micropélgton interaction may also be
missed by a microcell as it had not yet recovered, #rid is known as deadtimelHamamatsu
Photonics, 2017)

Cathode Fast Output Cathode
Fast Output
Anode
Individual Cell
Anode
12 Microcell Construction Typical SiPM Circuit Symbol

Figure2-10 SiPM construction example using 12 micro¢8l&nsL Technologies Ltd, 2017)

To capturethe scintillation photon output using a SiPM, thehoton emissiorwavelength must fall
into the optimal sensitivity region of the SiPM, where ideally the peak waveleoftthe emitted
photonsshould match the peak seitivity wavelength of the SiPM. This sensitivity carsélected
from variants of SiPMs from different manufacturesmatch for the intended scintillation crystadr

other photonsourceto be used in the applicatio.he sensitivity for a Seh80B5 SiPM can be seen

in[Figure2-11{ wherethe peak sensitivitat a wavelengtiof 420 nmcan be seen quoted in terms of

Photan Detection Efficiency (PDEh€ldifference in gain that can be achieved by adjustingekiel
of overvoltage pplied to the SiPM bias voltage can also be séickson, O'Neill, Wall, & McGarvey,

2016) PDE is also affected by the fill factor of a micrcmelly, as only the silicon area containing the
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SPADis ploton sensitive, leaving non photon sensitive area used for the quench resistor, array
connections, and the fast output capacitor where applicabligefs that microcells are available in
different geometrical sizesach with a proportion of sensitive aregig more microcells in an array, a

lower fill factor is achievedHamamatsu Photonics, 2017)

Overvoltage = 2.5

40 4L % Overvoltage = 5.C
S 31 %
> ..
o 30 Ideal scintillator photon
.g wavelength output
E > range to use with SiPM
20 <
©
8
[
Q
§ 10
o
e
o

250 450 650 850 1050

Wavelength (nm

Figure2-11 Graph showing optimal wavelength for photon detection efficiency ateokages of 2.5 V and 5.0(Wackson,
O'Neill, Wall, & McGarvey, 2016)

When using SiPMs facintillation detection, it iscommonto tile individual SiPMcomponents
connectng themin parallel, in order to maximise photon collection from a larger scintillation crystal
Care must be takewhen tiling SiPM$o minimise the gap between them, in order to reduce the
probability of missing a photorRackages for SiPMs vary between mantufises, wherethe package
used may havaneffect on the total sensitive area of the SiPM, and the refractive index of the package
material selected will alsanfluence the total system efficiency of detecting photon emissions.
Matching this refractive inde of the SiPM packaging is often considered along with refractive index
of the scintillator crystal, and any optical coupling required to bond the SiPM array to the crystal, such
as epoxylt is also common to wrap or encapsulate crystals in reflectivéirmpawith the aim of
eventually reflecting the photasitowards the SiPM array. Encapsulation is also necessary in some
cases due to the hydrospic properties of the crystal, suchwgh anNal(T) crystal (Jackson, O'Neill,

Wall,& McGarvey, 2016)
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2.6 Scintillation EverfProcessing Circuitysing SiPMs

Processing thelectrical pulse output from a SiPNpon ascintillationevent can be imgmented
using both analogue and digi circuitry based techniques, whilst implementirgrying methods of
digitising the data for user readout applications. The complexity of the system that is implemented
largely relies on the amount, and type of information that is required from the scintillation process,
for example pulse height, pulse gf@or both.The system shown I@is a typical detector

system to process electrical signals generdtedh the SiPMoutput upona photon detection from a

scintillator.

Detector Pre-amplifier Shaping Multi-Channel

i i Amplifier i | Analyser T

Figure2-12 Diagram of a typical detector system, showing the typical electrical signal output at each stage

The detector outpusignalin|Figure2-12|is a typical SiPM output signalpon photon detection from

scintillation.The characteristics of the signal are largely delectated by the scintillator used as discussed

in section2.1] with some impact from parasitic capacitance and inductance in the SiPM and

connections to it. Low parasitic capacitance is desired for use with faster scintillgilicadle for
processing of high event rates. Since the typical SiPM output is of the order of 100 m\Anagtifesr
is used, with a gain set to achieve the scaling of the radiation energy range withshaper input
voltage limits(Knoll G. F., 1999)

The function of the shaper in a typical detector system ipriavide two functions, to integrate the
input pulse coming from the amplified SiPM signal, and to define the event within the set shaping
time. Sincehe SiPM pulse shape, with the fast rise time and slower decay tail represents the total
energy deposited in the scintillation event, by integrating this signal the scintillation event can be
represented by the maximum amplitude of the resulting integmatising the shaped pulséoulis,
2016)

An option for signal shaping is to usalpasspassive resistok capacitor networks (R@ters provide
an integration function forming the basis of the implemented shaping filt&he required filter
response iseferredto as the required shaping time, where the time at which the peak amplitude of
the shaped signal is achieved is the end time of the input signal, and hence thimermd the required

integration of the scintilldion event This can bechieved as mRC filter preforms as an integrator
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within the limits ofthe time constant set by the resistor and capacitor componefi{soll G. F., Pulse
Shape, 1999)n practice, the shaping time &ljusted to that the maximum signal to noise ratio is
achieved, as integrating to the end of the event pulse results in integrating further in to the smaller

tail signal where signal noise is more domindAtbbene, Gerardi, & Primgato, 2016) The shaping

time of the implemented RC filteassuming the same RC stages are repeasegiven byEquation

2-2| where «is the shaping timen is the number of RC networks the order of the combined filter,

R is the resistance value of each resistor, and C is the capacitance value for each rcéNacilis,
2016)

ielJd
Equation2-2 - Shaping time equatio(Noulis, 2016)
An issu€efor pulse detection applications thatutilisinga single RC filter staggeldsundesirably long
fall time whichresultsin a system that has a limited maximum count rate throughpst further RC
networks are added to the shaping filtevhere the time constants are optimiséide outputresponse
of the filter tends further towards that of &aussiarshapedoutput, with close tosymmetrical rise

and fall shaping timesgeal for improving thebility of a systemo process a higher count ratas the
long fall time of the RC filter is reducd&noll G. F., Pulse Shape, 1999)

A further issuewhen using passive RC networkspinlse detectionis the loss of signal amplitude a
the output of the filterof each filter stageresulting ina reducedsignal to noisaatio (SNR)and

ultimately a degradation in spectrum data. Active filter topologies thmplement operational

amplifiers to add gain after each RC stage, as showrigare 2-13| reduces the loss of signal

amplitude, and allows an improve8NRwhen capturing the peak amplitude of the shaped pulse.
(Noulis, 2016)

Lowpass filter

Detector |—
with Gain

n integrators

Figure2-13 - Diagram showing basic structure af é€RC) second ordeshaping filter with gain stagedNoulis, 2016)

Richard Paul Haigh U1059980 Page |30



Literature Review

A more efficient solutiomver many RC filter and amplifier netwoiktousea Sallerand Keytopology
filter to implement a semgaussian shaping element, as a higher order of filter can still be achieved
yield a neaidealgaussiamesponse, with only using 1 amplifier for every 2 filter ord€¥@mnbin, Wei,

Fang, Yi, & Xing , 2011)

The function of theMulti-Channel AnalysgMCA is to measurethe amplitude of the shaped pulse
converting this tadigital data used to form the sp#oscopicinformation. For the MCA to operate, a
trigger using ahreshold voltagecomparator is typically employed to detect the rising edge of the

incoming event signal. The voltage threshold is set above any signal noise, thus not to trigger when

events are not present, as showfRigure2-14| The comparatologicoutput then triggers thenternal

analogue to digital conversion of the shaped pulse heigkitbene, Gerardi, & Principato, 2016)

Detected Even

Signal Noise
Voltage Threshold Low Energy Event

“ /

Comparator Logic Outpt

Voltage (arb

Time (arb.)

Figure2-14 Operation of a threshold comparator used to detect events.

An MCA typically has customisable user settings that enable the use of many shapingatiljnes,
triggerthresholdsandselectconversion methods for testing many pulsed signal applications including
radiation detection.Since an MCA is typically a bench tgvice for portable deviceshe use of an
MCAwould not be a practical solution howevean electroniccircuitry methodexists that isused to

capture the peak amplitude of a signal

2.7 Circuitry used for Peak Amplitude Capture

A peak capture circuihia basic form, a diode and capacitmmnected as shown |iﬁigure2—15 can

be used to holdhe highest amplitude of a signal presented at the anode ofdiogle. As voltage at

Vin rises, the voltage over the capacitor also rises, matching the voltage of the input signal less the
forward voltage drop over the diodesAhe diode prevents the discharge of the capacitor, and hence
in an ideal case no currengfh for the capacitor to discharge) an ideal case with no circuit losses

the largest amplitude applied at Vin is hatdVout (Harowitz & Hill, 2015)
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Figure2-15Basic peak detector using passive components

Since the voltage drop of the diodmd any current leakage through the capacitor would lower the
held voltage relative to the inpuas well as thelifficulty ofdigitisingthe voltage held on the capacitor
without discharging the capacitpas current into an ADC for examptlee diode t capacitor circuit is

only an ideal caseircuit. (Harowitz & Hill, 2015)

A practical implementation of the peak capture circuit that overesrinesediode and outputissues

is shown ifFigure2-16| The operation of the circuit is as such that ¥Meutwill always update to the

peak amplitude voltage at th®in, until switch SW is closed to reset the held peak voltadge
function ofthe second amplifier is to buffer the voltage held over the peak hold capacitor C1, and as
such its output will always equal this voltage. Given the issues described with acquiring the peak
voltage from the hold capacitor I@ the input to thisamplifier must be of high enough

impedance as to not discharge the hold capaciidre function of the first amplifier is compare the
voltageat Vinto the voltage that is held ove€l. If the vdhge atVinis larger than the held voltage
over C1, obtained through feedbaodsistor Rifrom the output amplifier, the input amplifier drives
D2 until thevoltage atVin is equal to the voltage over CAnd hence/out The voltage output of the
input amplifieris always a forward diode voltage drop due to D2, above that of the voltage over C1,
and since theamplifier aims to match the voltage of its negative input with its positive input, D1
remains reversed biaseiVhen thevoltage at Vinis lower than the held voltage, D2 prevents the
modification of the held voltage by the input amplifigroweverthe input amplifieroutput voltageis
now a diode forward voltage drop below Vin to allow feedback through D1, wigeclhmes forward
biased, and a voltage drop over R1 forfram the held voltage at VouiClosing switch SW then
discharges C1, allowing the detection of further peak voltages in the incomingd, sigdan practice
can be implemented using a MOSFET or anaaswitch componentusing the switch enable signal
for its contol. (PallasAreny & Webster, 1999)
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Output
Amplifier

Input Amplifier

Figure2-16 Practical implantation of a peak detector circuit based oraops and diodefPallasAreny & Webster, 1999)

With this peak captte circuit, issues with current surges when charging the hold capacitor are

prevented by the usef resistor R2 and capacitor C2 ag-igure2-16| where current surge in to the

hold capacitor and the response of the diodes are optimised for peak detect accuracy based on the
properties, such as slew rate of the amplifiers used, and gntigs of the diodes usedResistor Rp is

to protect against a current surge through the switch when the hold capacitor is discharged upon
reset.(PallasAreny & Webster, 1999The operation of the circuit is not perfect howeydue tothe

input bias current of the output amplifieaind thediode leakage and capacitor leakage d¢agshe
peakhold voltageto decreaseover time. The longer the peak value isto be h¢gld ZZ} o [, thé

more these factors must be considered whaesigning the peak detect circuiitlarowitz & Hill, 2015)

Theoscilloscope tracén|Figure2-17|shows the instantaneous signals present frottygicalgamma

radiation detector, relating to the process showrHigure2-12

Amplified
500 SiPM output
SemiGaussian Peak Hold

S Shapin
g / Ping
(]

©

=)

=

=

<

0

0 Time (uS) 30

Figure2-17 Oscilloscopérace of the analogusignals in ggamma detector, showing the amplified SiPM output (blue), the
shaping stage outpupfnk) and the peak capture and hold (green).
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An ADQGs typically used to sample the peak hold voltagere the peak capture circuit is required

to hold the peak voltageaccuratelyfor the duration of the onversion time of the ADC used. The issues
already mentionedvhichreduce the accuracy of the peakltagewill often contribute to specifying

an ADC with a faster conversion titfian when the peak hold vage droop becomes too significant
however these oftertompromise orfactors such as resolutionpnversion timepower consumption

and component cosfThe conversion time of the ADC selectdsbdirectly impacts the systenglead
time[U ]JvP SZ t3jeisystein is busy processing the current radiation evasithe longer the

time taken for the ADC conversion the more likely another radiation event will occur, thus
compromising both eventgKnoll G. F., Multichannel Pulsealysis, 1999)An example of the ADC
propertiescompromisewould be that aflash ADC would yield fast conversion times, however with
increasing resolution a flash ADC typically has higher power consumption and have a higher
component cost. A further example is the use of a Successive Approximation ADC which typically yield
faster conversion times over a Sigma Delta ADC and low power converters are available from
integrated circuit manufacturers, however factors such as missing ADC conversion codes and
parameters such as integrated ndinearity (INL)havean impact on the accurgg typically showing

as repeated glitches in the generated specf{tanereBardallo & Rodrigue¥azquez, 2016)

2.8 Spetrum Creation

The spectroscopic information is typicalypresentedas ahistogram, showing the number of timea
processed radiation event has yielded the digital conversion value. Each conversiontyazitedly
called a channetgpresents a birfx-axis)in the histogram, where each bin also represents a radiation
energy value in MeV. The accumulation of ewaintthe histogram ultimately shows the speen of

the radiationdetected, yielding the ability to identifgradioactive isotopef present, as suggested in

sectionl.l (Abbene, Gerardi, & Principato, 2016)

The resolution requirementfor the spectum, or thechannelsize of the histogram, depends time

isotopegammaenerngy emissionshat are to be distingished from the specum.|Figure2-18{shows

a 12 bit speaum, enabling the identification of isotopes from a mixed radiation source. The lower

channels iFigure2—18|between 0 and 500 show the identification of 3 isotopes within close proximity

to each other.
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Figure2-18 Annotated 12 bit resolution specim showing identified isotope peak positioinem a mixed radiation source

Figure2-19|shows the same accumulated spectrum reduced to 7 bit resolution, where the 3 isotopes

identified between channels 0 and 50Tﬁigure2—18 can no longer be identified
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Figure2-19 Annotated7 bit resolution spetum showing identified isotope peak positicinem a mixed radiation source

Thechannelresolution of the spectim generated is dependent on theharacteristts of the ADC,
where thecombinedinaccuracies of an ADC are often quoted in terms of effective numbetf bi

(ENOB). With electrical noise considerations as well as thesp@dificationsif a 12 bitspectrum
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resolutionis required, a higher resolutiod6 bit ADC is typically used to guarantee 12 ENKIl G.
F., Multichannel Pulse Analysis, 1999)

When converting the channel to an energigp value,the spectrum energy range is divided by the

spectrum resolutionEquation2-3[shows the channel energy steps in a 12 bit system, with a 3 MeV

spectrum range.

u/A8
vr{x

LryutGAS

Equation2-3 - Calculated Resolution capability of the gamma detector circuitry in theifi8§ reported 12 bit resolution

To convert the channel to an actual reported energy value, the calibration of the detector is achieved
by exposing the detector to known isotopes with watlaced energy emissions, where the channels
can be mapped to the known energy peaks in the generadeelctrum.In practice, the energy
conversion not perfectwhere factors such as signal to noise ratios, and energy resolutions of the

crystal contributeto adegradation in the spectrum gatheregKnoll G. F., 1999)

2.9 Lterature ReviewConclusion

The development of scintillation detection technologies and the required electronics for processing
radiation events for gammand neutron detection has a solid foundation in portable radiation
detector products.The importanceof accurately capturing the scintillation characteristics, i.e. the
pulse shape using the processing electronics is paramourdei@mrmining the energy deposited in
the crystal or distinguishing the difference between a gamma or neutitois. clear thatthe next
generation of research on dual gamma neutron scintillatwils prove aviable solution for future
enhancemens toportabledetector products exploiting SiPM technology. There exastequirement

to develop the next generation of electronic ciiity to enable the low power processing of events
from upcomingdual gamma neutron scintillatorapplying the discrimination methods that have so
far only existed in laboratory based environmentikhdugh the scintillator CLLB currently yields high
application performance, newer scintillators could surpass the performance of CLLB in thedfutlure
as researchn to dual gamma neutron scintillatoc®ntinues to evolve, any electronics would need to

be upgradable to yielthe continuous high performance ttie detector product.
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3 LowPower Digital Solutionfor Radiation Detection

Lowering power consumption and maximisifigxibility of processing electronics fahe use of
multiple scintillators in uncharged radiation detector products is addressed Wéproposeddigital
processing solutiorBy converting theassociated electrical signal of tdetected gammabr neutron
event, to digital informationearlier in the event signal processinghain, performanceand power

efficiency improvemerg, as well as irmware modifiable system configuration is achieved

3.1 High Rate Peak Capture

Traditionally, as discussed in seciiijthe energy information of the gamma radien event will be

converted to a digital value typically by the ADC sampling a peak hold vditage. be seen from

Figure3-1|that the peak detect and hold circuitadds46 uSafter the peak of the output fronthe

shapingcircuitry stage, where the total event lasts . As the peak detect function is a substainti
proportion of the total event time, ¥ reducingthe hold timethe maximum event rate can be
increased The hold time howevers dictated by the speed of the implemented AB@d reset
procedure programmeth the microcontrollerdrcuitry improvements mast be maddo improve the
ADC sample time, and reduce peak hold tineemprove detector capabilitywith and enhancéiigh

count rate processing

In an ideal case, the peak hold function should be reset upon the output of the shaping stage returning

to the baseline of the output signal, where the radiation event tes passed. This can be seen in

Figure3-1

SiPMoutput signal 10 uS Shaping Tinr
/ Shaped Signal Peak Hold Signe

/Ideal Reset Poin/

500

Voltage (mV)

Time @s) 20

Figure3-1 Oscliloscope tacewith overlaidtrace showirg the dealpeak hold reset gint.
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For acaesiumiodide scintillatorwith an appliedLOuS shaping timeg symmetrical shaped decay time

of 10uSisideallythe required timeto complete an ADC conversion and reddtisis not demanding

for most commerciallyavailable AC components or microcontroller &0modules however, as the
requirement for the number samples per second increases, the power consumption and cost of the
ADC component tends to risghis must be considered for applications where fast scintillators such

as Na(Ti)are used that require &aster2 uSshaping time

3.2 Analogue to Digital Conversion Requirements

Given that the energy information is represented by #raplitudeof the shaped pulse, if a radiation
event with same energy was to occur again it is impor@méngenerating a spectrurthat the same
pulseamplitudesampled by the ADfleldsthe same digital resulh each eventThe parameters that
are mostimportant for the accuracy of thiis the INL of the ADC, where these parameters represent
bit accuracyerror from the ideal trangér function of the ADC, arttie accuracy of théin width per

output code (Maxim Integrated Products, Inc, 2001)

Some ADC architecturesyield higher level of INwith two commonly used ADC architectures in
detectorsbeingthe Wilkinson linear ramp converter and the Successive Approximation (SAR). The
Wilkinson ADC can offanprovedINL performance at the cost of conversion speed, where the greater
the resolution, the more output codes the ramp generatoust cycle through)imiting the detector

event processing ratéSAR ADCs offer fast conversion speeds of aroiiflian samples per second
(MSps) however INL figures vary, where cost is often a factor in the performai®ll G. F.,

MultichannelPulse Analysis, 1999)

3.3 Increasing the Sample Rate for Digital Peak Detection

The use of digital peak detection for this application allows the removal of the peak detect cjrcuitry
and hence the additional processing time used in its functionalitye shapedpulse amplitude
however still must be acquired tteterminethe radiation eventnergyinformation. The method used

in this application isvhere upon areventthresholdtrigger, continuously sample the shaped pulse

signal to digitally determinéhe maximum amplitude.

The ADC used for digitizing the signal for this application utilispgbelined foldingarchitecture
currently under developmen research led by David Upton at the University of Huddersfield leading
to collaboration of its develbment for a use in this radiation detection application. The ADC

architecture allows conversion rates of up to REps, whilst maintaining sample accuragje

implementead detector system is shown in the diagramkigure3-2
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Figure3-2 Gamma Detector System using tRipelined-olding ADC fguulse amplitudeapture.

3.4 TheHighSpeedPipelinedrolding ADC System

There are two main part® the PipelinedFolding ADC, the analogs&gnal comparison circuit, and
the data control logic implemented in this application usingeddProgramableGate Array (FPGA)
Theanalogue signal comparison sectwithe ADC systemas already well developexhdwas based
on works completed b§Moreland C. W., 1995Moreland, et al., 200(8nd(Dine& Maloberti, 2003)
The ADC architecture therequired the contrologic to be designednd implementedn the FPGA.

The analogue sectioof the ADC systeroonsists okevenfolding stagesan input sample and hold
(S&H)circuit, and an additional eoparator making up eight digital outputs for agight-bit ADC
architecture Each stage consisté an amplifier with a gain of twbased on the Tent Map function
applied where noninverting or inverting functionality is controlled by the output status af
preceding comparator. A reference voltaye; that is half of Vinax, is compared to the inptiof the
previous stageutput, where if the signal is ovéf.sthen the amplifieroutput in the stages inverted.
This essentially representise Vminto Vimaxoutput of a preceding stage asmmo Vmaxand back tVmin
on the output. The comparator outpytlogic zero or logic onérom each stage also represeradit

in the ADC output code where the total result code output is of Gray code representg@fioreland,
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et al., 2000)This functionality is demonstrated with typical sigrfalsafour-bit folding ADGhownin

Figure3-3

Theaddition of a S&Hcircuitin each folding stageas shown in workéDine & Maloberti, 2003)and

shown inFigure3-3| allows the pipeliningf each of the stages in the folding AO®is functionality

requiresa non-overlapping clock (NOLC) as each stagjieson a stable output from the previous
stage, therefore showing that each can be in sample or hold mode, as the signal sample ripples
through each stageAs each stage is then processing successive samples in the incoming sequence,
reconstruction of theGray codeesult from each of the pipelined stages is requiréte pipelining
increases the maximum sample rate of the original foldinzhitecture where the maximum sample

rate was limited by eaclADC input sample rippling throughl the stages for a validoutput result

code This reconstruction was implemented in the FPGA, where the logic program for the FPGA was

designed and writterin VHDL.

Ramp Input Typical signal output at each stage as labell

Folding |«o | Folding |x3 | | Folding |xg | Folding :
*1 ) < ] - | a
SH Stage 1 SHI™ Stage 2 SHI™ Stage 3 SHI™ Stage 4 SH
i i Digital, Comparatci l

Outputs
Dour (msB) Dour (2) P Dourt (3) Dour (LsB)

1 1 L JUL JUUIL

Figure3-3 Block level diagram @f 4bit Sample and Hold, Folding ADC, with ramp input asd@ated typical outpusignals
(over multiple samples).

3.5 Designing the ADC Data Controgjicusing FPGA Technology

The block elements required in the data control logic for control over the pipeline folding ADC

architectue are shown ifFigure3-4/where the nonoverlapping clock generator, the data assembly

logic and a communication interfacembined to form the overall processing applicatiequired in

the design.
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FPGA Applicatio

Nonoverlapping
clock generator
(NOLC)

Data Control Logic Results Storage /
Transmission

Figure3-4 FPGA Application diagram showing the required components in the degigaritten VHDL outline

Figure3-4|also outlines the operatiaa sections of the written VHDL codehich was written to the

FPGAor system operation. The VHDL written can be found\;irpendxlE' where each subsequent

logic design sectiomithis research details the operation of the logic written in the VHDL.

3.5.1 Clock Control

The NOLC component implemedt is a bphase, 2 outputclocks where the noroverlapping
requirementuses two time points where both outputs have a logic 0 output. The Pipedid:ng ADC
architecture requireshe NOLQo guarantee isolation between each folding as&Hstage. Loss of
this isolation would result in adjacent ADC sample cross talk, viher@mplifier outputs of each stage

start to affect the adjacent stage amplifier, yielding sammelsultsthat are contaminated with each

other. A diagram of the NOLC outgs shown ifFigure3-5( where ¢« is the sample rate, Clk_p and

Clk_n are the outputs signals, andiland Tz are the noroverlapping time points.

40 nS

A
\4

— 5 Clk_p

— Clk_n

i

%ol1l %ol 2

Figure3-5 Waveformdiagram showing the dh Overlappingdockgeneration ancbutput.

The NOLC component was implemented using the available FPGA logic and the onboard Phase Locked
Loop (PLL) clock source by settimg PLloutput frequency to 250 MHz, ten times that of the intended
sample rate of the ADC. Due to the noverlapping requirenent, this high frequencywas requiredo

be able to implementhe two nonoverlap logic 0 output pointwith the required time length optimal

for maintaining accurate operation of ti&DC angbroviding the stage to stage isolation.
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3.5.2 Pipeline Gray Code faaHandling

dZ W]% o]v &}o JvP [+ ]JP]S o "® C } }uS%pusS ] P v E §
where its input signal changes the state of the comparator if its greater than that of the reference
voltage. For the pipeline operation to functipthe S&Hstages preceding each stage require time to
charge theS&Hcapacitor When these are chaggl to match thestageinput, so thevoltage output is
stable the comparator outputwhich could have changed state many times during chargiiibalso

now be stable This is then the ideal point at which the FPGAsanplethe state of the logic outputs,
however in case of anyccurrenceof capturing the comparator outputs on a point of logii@nsition,

input protection was implemented to minimise glitconditionsfrom enteringthe data conversion

logic. By using synchronisatidngic on the data inputas shownin|Figure3-6| glitchesbecause of

metastability can b@revented(Altera Corporation, 2009)

Figure3-6 FPGA Input Synchronisation Logic for Metastability Prote¢iftera Corporation, 2009)

The ADGIOLGIthough generated by the FPGA in this ¢asstill treated as an external clock domain,
whereif an external NOLC was usiedtead this would be the case anyway. The data inputs to the
conversion logic are synchronised to the fast PLL clockeasynchronisation occurssing the state
sequence driven by the fast PLL cldalam a design view both the sample, ahé hold states each

occur once in a sample clock cycle, and therefore the results are only available at the end of each hold
state, inan alternating pattern as the input sample ripples through each stage. Categorising the stages

in to odd and even stagedlows for the array logic to be designed with both this two point availability

of results and the pipeline logic, allocated as showRigure3-7

Analogue

Input Signa

SHFA SHFA SHFA SHFA SHFA
A B C E G
Odd Even Odd Odd Odd

Digital Comparator Output Signals

Figure3-7 ADC sample and hold stages showingAlECstage odd andevenoutput categories
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For multiple samples and the pipeline contimkeries of 4 aligned registers allow for the input of data

according to the stage of the ADI@& Gray code sample Hilas come from, in order to reonstruct

the single sample result from the ADC pipelinegiRters A0 to A®n|Figure3-8|represent an array

where each register is filled with data from the preceding part of the pipeline, and the new input data

from each sccessive folding stage of the ADCsequence Thissequenceis shown in the data

constructiontable inFigure3-8| showing the first 4 samples of the ADC in operaéind the converted

data outputfrom Gray code to binaryheoperation of thedata construction table is also expanded
in Appendiﬁ wherethe construction of tle results and the state of theéata control logichrough
the first eight clocledgessdetailedusingindividual constructiotiables The detailedriew also shows
clearly how the latency of a standard pipelimethodis halved due to theacquisitionof two bits in

a single clock cyclastead of a single bit of the full ADC result code

Group | Ox) | Array(Gray Code)
A0 Al A2 A3 Binary Result
Bven | CA | SA3 SA2 SAl SAO0 Bit7 MSB
Odd CB |SB3 SB2 SB1 SBO Bit6
Bven | CC |n SC2 SC1 SCO Bit5
Odd CD |n SD2 SD1 SDO Bit4
Even |CE |n n SE1 SEO Bit3
Odd CF |[n n SF1 SFO Bit2
Bven | CG |n n n SGO Bitl
Odd CH |[n n n SHO BitO LSB
< CW £ A hhHBotusEdU
Data format example S A 0
Sample Comparator Sample Numbel

Figure3-8 ADC Data Control Logic Table showing the firsbraversionsipple through the control logiof the ADGasin
operationat the time of the4t sample + 1 PLL clock.

Whenthe binaryconversion result iavailable jt hasincurred4 sample clock cyd@ndan additional

3 PLL clock cyddatency from the original sample of the input sigaal detailedn Appendi@ The

172 nS latency of the results is of no issue to the application, as any radiation detection results would
still be processed in a sufficient time for spectrum reporting to a human operator of a detector device.
The pipeline latency is improved over attwould be arB-samplecycle latency due to the use of the
NOLC, and the ADC architecture converting two bits in one sample clockTdyel@.PLL clock cycle
latency is due to the input synchronisation logic and the Gray code to binary convessierethe

input synchronisatiorhappens before the acquisitions enter tdata controllogicand therefore is

not shown in the dat@onstruction tables

ThisADC data control logic wassed in the testpplication, initially written to test theerformance
of the ADC, before adding the functionality for the gamma detector requirements with the peak

capture improvementsThe VHDL code uses in this design can be found in Apﬁndix
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3.6 Application of the FPGA for ADC Architecture Control

The application control layer for testing the ADC for bulk sample data processing is shown in the flow

diagram ifigure:%—g and the VHDL implementation can be seeAppendiﬁ

Figure 3-9 How diagram showing the data processing system implemented in the FPGA for result reconstruction and
transmission.

The application designed brought together the ADC data control logés a 3XB Random Access
Memory (RAM) implemente@s an array in the FPGA logic to store the sample results ready for
transmission to a computer for offline analysis via the transmit only design based on a Universal

Asynchronous Receive and Transmit (UART) module.
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3.6.1 Design of the UART Transmission

UART modulesare used in many electronic devices as a communications medbdtie hardware
required to implement a UART communication mode is commonly supported by many devices and
computer communication portsThe UART module written in VHDL for the FPGA seshecause of

this combability however, only allowed communication data rates of up to 1 MBaud due to hardware

limitations ofthe computer.

UART transceivers can be configured with different settings for flow control, data parity and frame

sizes. The configuration settings chosen in the design are shplable3-1| where the 800 kbps data

transfer rate is due to the required UART frame packing for communication synchronisation, shown

in|Figure3-10

Parameter Configuation
Baud Rate 1 MBaud
Parity None
Flow Control None
Stop bits 1
Data Rate 800kbps(Based on
configuration)
Data bits 8

Table3-1 UARTconfiguration used ithe application

Whilst other communicationnterfaces exist, such as Universal Serial Bus (USB) which can handle
increased data rates of over 200 MBps, the UART communication does not limit the operation of the
ADC as the results are stored in the RAM first, and then transmitted. The RAM atyaitabédsed on

the logic available in the FPGA, whéhne 32 KB RAM and the application fills 90% of the available

logic onboard.

The construction of a data franie a UART module when using the configuratitfﬁable&l is shown

in|Figure3-10| The start (St) and stop (Sp) bits are the mandatory packing required for UARE, whe

D(n) is the data bit for the data payloathe design was based around tin@nsmissioroperation of
an Atmel (now Microchip) UART modtmel Corporation, 201&nd then written in VHDL, as in

Appendi

‘ Frame ‘
N >

IDLE \ St DOXDlXD2><D3><D4XD5><D6><D7 Sp\ St/ IDLE

Figure3-10 Logic diagram showing a single UART frame at configured in the design
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3.7 Initial TestResultsand Analysis
Initial results werecollectedby first using 200 Hz ramp input, wherie S&HFolding stage outputs
were verified, as shown |iﬁigure3—11 A Gray code representatiarf the ramp input was observed,

closely matching the expected output signals as shoy#igare3-3

Figure3-11 Oscilloscope trace showing the verification of the Gray code outputs fro8&HEolding ADC

Multiple frequencies were then used to test the AMDere asine wave of 100 kHz collected from

the ADC systelis shown ifFigure3-12| The results for this were transmitted to the computer through

the UART to enabléne replotting of the data.

Rising edge anomalies

I 4

Fallingedge anomalies

Figure3-12 Results obtained by using the ADC systéth a 100 kHz sine wavaput, re-plotted from the captured data
with circled anomalies
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Sincethe input sinewave is reconstructed ivI|Figure3-12 this verifies that the functionality of the

logic implemented in the VHDL applicatiorca@ately handles the pipeline data reconstruction and
the Gray Code to Binary conversiofnalysing the reglotted data closelyhowever does show

repeating anomalies, where these are likelyberrors in the folding ADC conversion process. The

anomaliesshown by the red and blue ringgfigure3-12jare likely to be a more significant gain error

in the MSBfolding stage, making the accuracy of that bit output loweart the other outputs.

Due to the anomalies, therototype system is not achieving the maximunti8 accuracyhowever it

is rare that a commercially available ADC would have an ENOB that is the same as the total resolution
of the ADCAs the resolution @n be increase by adding further stageswever, the Folding ADC
system accuracy can be improvesing the knowledge gained from testing the folding ADC system
further source of inaccuracy is the potential for noise, or inaccuracies from the sinegeaeeator.

Further testing when using the ADsystem for peak detecti@hows how these anomalieaffect the

peak detection accuracy.

3.8 Peak Detection Application
The advantageof the designedADC system for peak detection and capture is Highspeed
conwersion rate of 25 MSps allows for accurate capture of the peak amplitude, at the position of peak.

A slower sample rate would result in an increased probability of missing the true healeen

samples The application was modified from that in sect|{@®%|to implement the peak detect

functionality,by comparing current and previous samples within the FPGA.

The peak detection state is a condition attached to thaage of the result, hence only the results of
the peak values are loaded to the RAM array for later transmission through the UART. This allows the
capture of more peaks in the signal and improved the testing for peak accuraeycondition on

storage alsaloes not add any further latency to the output of the result.

The peak detection method used consists of the FPGA comparing the newly acquired sample result to
the previous sample results to determine which is of higher value. The FPGA holds this/higber

for comparison with the nexsample result. Noise prevents the use of the first lower sample result
determining the peak, therefore the higher sample result is held for 10 samples before confirming the
peak value. If a higher sample result is acqilingthin the 18sample period, the confirmation period

restarts with the higher valueA peak confirmation pulse with thed-sampledelay can be seen on

logic line D8 iprigure3-13
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3.9 Peak Detection Results and Analysis

Using the Gaussian function signal generator in an Agilent-XISQ54A simulated shapedhput
signals were used to test the accuracy of the peak capture, since the amplitude of the peaks in the
simulatedsignal can be set to a known valdelimitation of the function generator however is that

the shaping time is linked to the event rate, however as faster scintillators would be used in high count
rate applications anyway, the peak detection accuracy rstilst be maintained where any loss of

accuracy would determine the limits of the system.

Since a system using a sodium iodide based scintillator would typically employ shaping tin&s of 2
to 3 uS, generating a 2J8S gaussian pulse using the signalegator for 10000 events, &t rate of
100,000 events per secomeas used to test the peak capture accuracy. To then test the system
limits for peak capture accuracy, 10QaQuS shaping time gaussian pulse evaita rate of 250,00
events per secondere generated and captured low, mid and high amplitude inpof the

generated gaussian signaere used with each shaping time, to validate performance across the
input range of the ADC system arftetresults are shown |iﬁigure3-14

To validate the peak capture systdomctionality, test signal outputs were used and shown bie t

annotatedoscilloscope trace |Figure3-13| showing a single pulse event, where the reconstructed

binary representation is shown in the logic traces D0, MSB to LSB respectively. The black centre
line annotation shown is time position of the peak, however the latency of the ADC system can also

be seenwhere the first time thepeakvalue of 77asrepresented by D7t DO, isless than 8(hS as

shown in the trace. This parallels with the calculations in se&ibr#)
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Figure3-13 Annotatedoscilloscope trace showing a generated shapedepulgh a 2.5uS shaping time, and binary logic
representation fronthe ADC system

10000
8000
6000
4000
2000 2.5 1

Counts

36 37 38 39 74 75 76 77 78 233 234 235 235

ADC Conversion Bins

Figure3-14 Graph showing 1,000 acquired peak values using tienerated2.5uSand 1uSshaping timenputs for 3 discrete
amplitudes.

The comparison of the shaping timegHigure3-14{show thatthe system performance accuracy with

the 2.5 pSshaping time achieves the full 8 bit accuraath the three test amplitudes. With the 1 uS
shaping time testsafter consideration of the generator noise, and that the generator output is of 8
bit resolutionits self the folding ADGystem performancenay degradeto 7 bit accuracy at the mid

test amplitudewith the 1 pS shaping timet the low and high test amgplide for the 1 pS shaping
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time, the generated shaped signal amplitude could be falling between two discrete bins upon

conversion, therefore not representing resolution degradation.

Forthe application of radiation detection using a sodium iodide baséatilator with a16 by 4 inch
size a count rate of 100,000 counts would represent a considerable radiation source present, and
since the ADC system can maintain the 8 bit accui@cshaping times used with Nal($dintillators

respectable spectrum information can be gained for use with the source identification.

For testing the absolute accurachetvoltage represented by the peak resattshown igFigure3-13

is 1 V.The result codeof 77 translates to a voltage of 905.9 m¥ difference of 94.5 mV from the

oscilloscope measuremenivhere the reference is 3.V

Although the peak conversion result is consistent over the 10000 peak sari@esltagedifference
between the oscilloscope measurement and the ADC system result is likely theofdbel560 OBNC
cable used between the oscilloscopand the low input impedance of the AQGvhere the input
impedance of the ADC circuit reduces thpparent amplitude of the input signdllsing design
information of the analogue ADC section, the input impedance is determinedh bytRe inverting

sample and hold circuit at the input of the ADC, which is @98

Figure3-15 Circuit representation of the measurementdtest setup

The equivalent measurement setup circuit is shown abopeégare3-15 where a potential divider is

formed between thescope reading of a 1 V peak, the BNC cable and the ADC input impgedance
resulting inthe attenuation of thel V peak signal as seen by the scep®13.5 mV, closer to the

result obtained by theADC systenilhis could be improvedsinga buffer amplifier with a high input
impedance at the input to the ADC system, which is typical in the application of many ADCs in practice.
Secondly, each bit in the 8 bit ADC system represents a voltage sté@on¥, therefore the decimal

result of 77 has a tolerance 5.9 mV
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As shown by the resultse functionality ofADC fothe peak capture applicatiowill provide accurate
8 bit gamma speca information for the use in radiation source identification with scintillators

requiring as faster shaping time of 215, such as sodium iodide.

3.9.1 Digital Design and FPGA use improvements

The use of the FPGA for the ADC architecture control could be adhangémplemented in dedicated

logic, potentially in an ASIC for examfaeachieve a dedicated ADC integrated circuising an FPGA

(JE 8Z] 8§ ¢l Z}YA A EU % E}A] « §Z A vs P }( o00}AJvP pue3}ule
S$}% [ }v SZ (iywofkphiroling the ADC architecture. Such a method was used to implement
the peak capture application into the FPGA process, allowing the ADC to function as both the peak

capture and ADC requirements in the detector system.

Digital correction logic add also be added to the FPGA applicasobject to further research at the
University of Huddersfieldo compensate for the gain stage to stage, and total gain offsets as seen in
with the difference between the meaired peak on the oscilloscop@aces ad the ADC result output
in the resultsFurther reduction of these offsets would be gained with the use of precision resistors in
the Folding ADC prototype circuit, or fabricating the anatogjrcuitry, or both digital and analogue

circuitryon siliconwith an ASIC implementation.

3.10 Further Implementing Digital Event Processing
Given the ADC systems high sample rate, its ability to directly sample the amplified SiPM pulse was

tested, where given the flexibility of the FPGiy spetra processing can be hieved uingthe FPGA

and appropriateadditionsto the processing logicThe system diagram can be seefFigure3-16

where the requirement for pulse shaping andaecapture can be implemented digitally in the FPGA.
Also, by removing the electronic circuitry used for provgithepulse shapindunction, further power
savings can be gained, on top of thewer savings gained by removing theak capture circuitry

previously

Richard Paul Haigh U1059980 Page |51

o



Low Power Digital Solution for Radiation Detection

Controlled Bias
Supply 26 V29 V

Scintillator Gain

SiPM Array

DAC

Pipeline Folding ADC and
FPGA controller

Event Threshold
Comparator

Figure3-16 Folding ADC Systeapplied to sample an amplified SiPM signal directly.

Spectrum
Display or PC
Communication

To evaluate the system accuracgnle radiation pulsewere captured using the ADC systehy,

continuously samplingt 25 MSpsan amplified SiPM outgucoupled to a CsI(Ti) crystal, capturing

background gamma radiation evente results are showin|Figure3-17(and Figure3-18

and show

the re-plotted samples from the ADC data, anéivee data pointmoving aveage example trace that

could be applied in the FPGA logic to improve evestamstruction
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Figure3-17 Mid ADC input range captured gamma radiation event extracted from continuous sampling an amified Si
output coupled to a Csl(Ti) crystal using the ADC system and applied moving average.
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Figure3-18 Lowend ADC input range captured gamma radiation event extracted from continuous sampling an amplified
SiPM output coupled to a Csl(Ti) crystal using the ADC system and applied moving average.

Asthe FPGA uses a RAM array to store sample data before transntiittirgpntents, it is possible to
apply live processing in the FPGA for the desired data output in the application, such as spectrum
generation.Since the sample ratef 25 MSpss known, both the time and amplitude informati@ne

available, where digitalydse analysis methods can be implemented in the FPGA logic.

The system when collecting the results |Figure 3-17|and|Figure3-18| is running continuously,

therefore sampling even when no events are preséintanbe implementedin the FPGApplication
that the storageof events onlyoccurswhen the signal crosses a threshold, similar to a digital low level
discriminator, replacing the DAC and comparagwchusage where continuous sampling at 25 MSps

was requiredachieved a power consumption of 160 m®Bar maximum power efficiency however, if

the DAC and comparateemainedin the system as |Rrigure3-16| the ADC system care liriggered

by the comparatooutput andtherefore stop sampling when no events are preseBuch operation
was tested by starting and pausing the NOLC, where the ADC system consumed 100 mW, a power

saving of 60 mW over continuous sampling operation.

3.10.1 Apdication for Dual Gamma Neutron Scintillators.

As mentioned in secti¢B.4| the use of dual gamma neutron scintillators has relied on post processing

results collected from laboratorgcquisitionsystems,to obtain gamma neutron separation data.

Using the system proposed |Figure 3-16( with a dual gamma neutron scintillator such as CLLB,

application logic can be added to the FPGA to applylse shape discrimination meth@d mentioned

in sectiorEA.Zto the captured eventfrom the lower power ADC systelimplemented in a portable

detector product. The advantage of the upgradable firmware of the FPGA can also be used to apply
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the latest pulse shapdiscriminationmethod orbe changed to use with any of the next generation

scintillation detection crystals.

3.11 Conclusion

The proposed use of the folding ADC architecture and the flexibility o&pipdication of theFPGA
improves on the technology tygally implemented in the current generation of hand held gamma and
neutron detectors. Although the peak capture applicatimproves on spectrum linearity by removing

the slight nonlinearity contribution of the peak hold circuit, the ADC system allowkigfmesample

rate benefits of raw output event processing from a relatively low power acquisition system capable
of implementation in chand-held gamma neutron detectorThe total digital systerexploredallows

for on device event processingpplication fexibility and lower power system to fully exploit the use

of next generation scintillators such as ChahB providing the ability to process high radiation event

rates
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4 Low PowerAnalogueSolutionfor Utilising Advanced Dual Gamma

Neutron DetectiorScintillators

The emergence of scintillators capable of gamma and neutron detection promises footheacting

of hand held detection The technology required to process the scintillation event information
however,has agai previously relied upon labotary MCAsand offline processing of the acquired
event data to determine the gamma and neutron evenftie crystal of interest for use with the
analogue discrimination technique designeccigsrent state of the art gamma neutron scintillator
CLLB, due tds optimal scintillation properties, where SiPMs alfeen used to detect theemitted

photons form thescintillationevent

4.1 Analogue Discrimination Method in Principal
The discrimination technique designed makes use of analysing the scintillation event atipre
set amplitude percentages, therefore making the variable of interest a time measurement between

these preset points.The technigue also combines benefits of existing discrimination techniques as in

section2.4) where a combination of pulse height and pulse gradient discrimination provides the same

benefits of pulse shape discrimination without the requirement of reconstruction the pulse by either

digital or analogue integration.

By analysing CLLB scintillation outputs as shown earli€igiure2-6| there are maximum points of

difference in the output signal that can be exploited as tinest appropriatecomparison points for
pre-set amplitude percentagesvhere for this technique two pots will be usedeingthe upper and
lower percentage®f the peak amplitude of the eventhe use of amplitude percentagaliows for
any amplitude of scintillation event pulse to be analyded discrimination between gamma and
neutron events as even hough neutron eventappear to have a fixegamma equivalenenergy
outputin a spectrumfactors such as variations in the photon collection and other éngingy gamma

events occurring results in neutron scintillation events with a range of amplitudesuggested in

Figure2-7

A diagram of the discrimination technique explored is shoWhigure4-1{ where the addition of an

upper level discriminator (ULD) adds the capability of pulse height discrimination, as reviewed in

section2.4.1landtherefore,enhance the capability of accurate discrimination further.
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Figure4-1 Implementedmethod forpulse shape discrimination of normalised typical CLLB scintillation otdigpiggamma
and neutron event.

For the discrimination decision between a gamma and neutron event, the time measured between
the set level thresholdwiill be compared to a preet window length, where lengtiessthanthe pre-
setwill be determined as neutron events, agreaterthan will be determined as a gamma evenihis
window length would be programmed to adjust in environments with changing temperatures, as the
guantity ofemitted photons form the scintillation evepand performance of the SiPMs in a device

would change wer a temperature range.

4.2 Analogue Discrimination System Design

The designed analogue system takes the appraguiimising existing analogue event processing
circuitry for low power operation and then incorporating the designed discrimination circuitry which,
usesefficient time to digital conversion methods that generates instantly comparable conversion

results foruse in the discrimination technique appliéchecircuit functionality used tamplement the

designed discrimination method in sectjdrilis explored.

4.2.1 Peak Finithg

The gamma neutron discrimination methods explored in se @Tequire a known peak position

time to then process thaliscrimination operation. In systems thpost process acquired data, the
peak can be easily determined by processing the data with peak finding algoralilsnsas the peak
to be determined changes amplitude event by event, comparing the signal amplitude to a set voltage
threshold will not yiéd the true peak positionThe method designedetermines the peak live in

operation ands implemented byomparing a delayed repeat of the event with its self. The system is

shown iriFigure4-2
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Figure4-2 Diagram of the peak finding method using a delayed repeat of the scintillation event signal using a comparator to
compare both signals.

In the design, th conparator compares both signals, and when the original event signal falls below
that of the delay event, the output changes. Internal hystisin the selected comparatothe Texas
Instruments LMV721%reventsthe output from charging state upon any intduced noise, or short
event signal imperfectionthat may occur within thelefinedinternal hysteresis Althoughhysteresis

can be added to a comparator using external resistors, the intdmsteresismplemented in the
comparator offers improved accurac over using external passive componerasd uses less

componentsin total whichis agairadvantageous for portable design.

Another property of the selected comparator is the propagation time, where the time taken from the
signal comparison to outputhang is 7 nS. Since the output of the comparator represents the position

of the peak in time, any propagation delay introduces an error in determining the true position of the

peak.

Correcting for the peak error timis achieved by attenuating the origal event signaby introducing

a potential divider on the comparator input. The effect of this can be sg&igure4-3| By using the

traditional low level discrimiator (LLD) ashown inFigure2-14| however triggering on theriginal

event signal, as well asingthe ULD, the logic signals availabledee in thetime measurenents are

the LLD, ULD and peaémparator outputedges.
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Figure4-3 Diagram showingpeakerror correction by attenuation of the original event signal.

4.2.2 Event Signal Delay Generation

Introducing a delay in the signal can be achieved by usnigus circuit modulessuch ashy using
passive filter components or imitating a transmission line by using large size inductor compbaénts
are not ideal for portable devices where space is oftecoastraint and arelsolimited to achieving

short sngle Nanesecond signal delays.

The design implements an active all pass filter based signal delay, making use @ap tgpachieve

larger delay times with minimal signal distortiofhe circuit module can be seerkigure4-6| and

makes use of a passive filter to introdugghase shiftwherethe amplifier compensates for the loss

of amplitude relative to the input signéiHarowitz & Hl| 2015)

Since the delay caused by the phase shift is frequency dependant, the all pass circuit required tuning
for the frequency characteristics oécintillation event signal. he comparator hysteresis and
propagation delayalso bound the minimum day required ado trigger accurately, there must be
enough ofa difference in signal amplitude at the peak position as generated by the signal delay,
greater than the comparator hysteresis. This delay must then also be greater than the propagation
delay d the comparatoras f the signaldelay is not long enough at all points of the event sigte

time position accuracy of the comparator triggerimg the peakwill be reduced.

The required components of the all pass filter are calculated |Bquationd-1

t4%
bgroh——

Equation4-1 Finding the time delay generated from an all pass filter Hase known signal frequenci¢BallasAreny &
Webster, 1999)
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Thetarget delay chosen was 100 nS based on the rising edge component of the scintillation event

signal typical of CLLB, and sifisguation4-1jhas an input frequency term, the delay generated will

change dependent upon the frequency construction of the scintillation event signehgthe decay
of the scintillation event sighathe delay generated for the event decay would be less than the faster
rising edgedue to its frequency content and therefoteaving a compression effeon the delayed
event signal compared to the origin@l 100 nS delagllows these constraints to bemet across the

majority of the event signal.

The all pass filter provides a phase lag or phase lead dependant on fResr@C configuration,
where the phase variatiodue to the use of the ofamp is doubled tdetween-180C° or 180°and Q

centring onthe B cut off frequency at 9®f the filter stage(PallasAreny & Webster, 1999F5ince
minimal attenuationis required for use with the comparators for peak detection, Bé&equency is

set above the fastest frequencyomponent in the scintillation event signal.

By selecting C as 470 piRd R as 10@0at the first instance,B is calculated as 3.39 MH® using

Equationd-2[ (Analog Devices, Inc, 2012)

S
ted%

B L

Equatiord-2 Findingfoin Equatiord-1jwherefyis equal to 3.39 MHz

By approximating the event rising edge frequentlye maximum delayachieved on the event signal

can be calculategirigure4-4|shows a typicalgammaevent output from using a CLLB scintillator with

SiPMsusing a Cs137 radiation sounéggure4-5/shows an annotated measurement of theading

edgerise timeof the event.
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Figure4-4 Event signal output of a Cs137 scintillation event using CLL84aHarray of SenstSériesSiPMs
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Figure4-5 Leading edge rise time measuremen70 nS$ased orthe event ifFigure4-4

Thesine wave fit frequencyapproximation usinghe measurement ifFigure4-5|is shown below in

Equation4-3| as assumes the completion of a full sine wave period, where the measuresmawn

represents—6.

—— LwuiG*V
VHVYI e

Equatiord-3 Calculating a sine wave fit approximation using the measuremgrigires-5

Using 532 kHz dsin|Equation4-1{ the time delay using the selected components is calculated as

91.7nS.

4.2.3 Simulating the delay circuit
The selected amplifier used in the all pass filter to generate the delay is the@I;®&2ed on its low

current consumption of 240A and a bandwidth of 30 MHz, well inclusive of f§feequency.

The simulated circuit is shownigured-6| wherethe calculated 532 kHz rising edge approximation

frequency is used as a simulated voltage source to check the desired delayed responsgevautpet

the simulatedoutput waveformsare shown ifFigure4-7
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Figure4-6 Simulated All Pagsrcuit used to generate the signal time delay.
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L 2
=2
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OriginalSinewaveSignal
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0
1 1.5 2 25 3 35 4

Time (1S)

Figure4-7 Simulated results of using the circu|tF|'rgure4-6 showing a delayed output of the input waveform of 99 nS

The simulated delay of 99 nS is close to the calculated delay of the all pass circuit, where the difference
is can be explained by @perties of the amplifier that the simulator is using in its calculations.
Simulating the same circuit with different egnps in place yields different delayer example if an

LT6220 or an LTC6240 amplifier is used, a del@g o5 and 110 nS is simddtrespectively

Simulating the all pass delay circuit with a typi@hplifiedscintillation event pulse&an be seen in

Figure4-8
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Figure4-8 Simulating the All Pasielay circuit with a typicadcintillation eventsignal.

The compression effect can be seen on the delayed siiqmgure4—8 as discussed in sect‘@an.Z

This was simulated and tested for use with the windowing discétiin method.

4.2.4 Window Generation

Similar to the peakime error correcion method in sectio.2.) adjusting the amplitude of the

delayed or original scintillatioevent signal relative to each other changes the time at which the
signals intersect each other, at which point the comparator can change state. By2esingparatos
1 for the upper % window, and the lower % window intersect point, the time between th&o

comparator output changes can be measured using a toireuit element The time in thisdesignis

an FPGA counter, however could be an adjustable logic pulse compgFigoine 4-9| showsthe

generation of the start of the time window W1, wheExuation4-4|shows thecalculaton for the

intersecttime, with A [referring to the associated comparator designation.
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Figure4-9 Diagram showing the adjustment of the original and delayed event signals to adjust the intérsepbint to
generate W1

o e A N
5= RAUVUARE Eat,, — "PB89s | E4t.,
Equatiord-4 Calculating the relative amplitude interseirhe point for W1

R1 and R2 are the potential divider resistors placethatin the positive and negativsignal input of
the comparatorfor the delayed and aginal event signal amplitude adjustmeiffhe potential divider
ratios, relative to each input determine the % thresholW1 and W2 are both points in time relative

to the original event signal at which the comparator changes, where the delay is notlfieeit the

frequency dependency of thal pass and the frequency contenttbg scintillation event signgkigure

4-10|shows the generation of the end of the timeindow W2, whereEquation4-5|shows the

calculationfor the intersect timg A]$Z Z [ & ( EE]vP 3§} §Z e}l 18 lu% E S}E

time between W1 and W2 is then measured and used for the discrimination decision.
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Figure4-10 Diagram showing thedjustment of the original and delayed event signals to adjust the intersect point to
generate 2.

Cma at,, Ep ) 4t .
Re R&VVUAPE E gy *OBO)s | E 4t

Equatiord-5 Calculatinghe relative amplitude intersetime point for W2.

Figue 4-11|shows the comparator configuration to generate the discrimination window, where the

LT1720 has been uséor simulation part availability purposes, where its performance closely matches
the LMV7219 partThe resistor values represent upper and lower percentage window values of 52%

and 25% respectivelyalues found using a simulation of the circuit

Figue 4-11 Discriminatiorwindow generation using two comparators.
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4.3 DiscriminatiorSystem Design
The analogue system designed for gamma neutron discrimination is shoj#igure4-12[ where

similarto the previous FPGADCsystem, SiPMs biased inttoe Geiger modeperationwere used to

capture thephoton emissionsrom the CLLB dual gamma neutron scintillatand the $*M electrical
signal is then amplified before entering the discrimination circuifty.adjustable potential divider

was used for the prototype design howeyarDAC an also be used for digital adjustment of the LLD

and ULD.
Contrdied Bi Attenuation Window Generation
ontrdled Bias
—> Comparators
Supply 26 V29 V L] p
Gain Data
CLLB Scintillator All Pass Timer / out
| Delay FPGA |[—*
Generator
SiPM Array
LLD and ULD Event
Threshold Comparators
DAC/
potential g % 8
divider . 2 g_ 3
Event Indicators S g

Figure4-12 Designed gamma neutron discrimination system

4.3.1 FPGA Window Timer and Program Design
The diagram ifFigure4-13{shows the timer unit implemented in the FPGA. As mentioned, the

discrimination decision is only required for events that are greater than the ULD, therefore the timer
unit is only enabled after a ULD trigger output. The timer resulpwaiudata is then ready upon the

W2 stop signal, and then can be reset and disabled, ready for the next event.
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ULD
Enable Trig

wi | Start o _ Digital Value

S | Timer Comparator

8 Result j
W2 =

Stop .g Preset —~—» Gamma or
F= | Discrimination Neutron Logic
/\ Threshold Output

PLL Clock

Figure4-13 Timer unit diagram implemented in the FPGA for window time measurement

For the prototype, an RGB LED was used to visually check the discriminatome of each radiation

event above the ULD. The timer result data was compared with a digital value adjustable in the VHDL
code, where the gamma or neutron outcome was used to drive an assigned colour of the RGB LED. An

error colour was also used for yver range events, where the timer unit overflowed.

4.3.2 Simulation of the Discrimination System

Combining the circuit elements discussed in seqdo?| a full systen was simulated in order to

determine the best upper and lower percentage threshold for gamma neutron discriminBtyarsing
the simulation circuit in Appendito step through different values for the window percentages, a

maximum window time difference between the simulated gamma and neutron events was foled.

results forsimulated schematim Appendiﬁare shown ifFigure4-14

3.5
Neutron Gamma
3.0
2.5
— w1l
S 20 W T
o T « W2 «—W2
9 .
2 10 [\ [\
0.5
1 N l N
0.0 |/ S~ J ~——
05 0 2 4 6 8 10 12 14 16
Time (US)
V(delayed) ——V/(original) V(wl) V(w2)

Figure4-14 Simulateddiscriminationcircuit results, showing window for neutron (1st event) and a ganiamal event).
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Looking at each event closely, the time measurement between the two comparator rising edges are
measured a§70 nSor the neutron event, and 710 nS for the gamma dyas shown iEigure4—15
andFigure4-16

1.4 DelayedeventSignal
1.2
670 nS
< 1.0 D E—
% 0.8 Wi
I W2
S 06 - «

0.4
0o / OriginalEventSignal \

0.0 0.5 1.0 15 2.0 2.5 3.0 35 4.0
Time (US)
——\V/(delayed) ——V(original) V(wl) V(w2)

Figure4-15 Simulatedheutron eventwindow measurement

1.4 DelayedEventSignal

1.2

S 10 710 nS

< - 4—>

0.8

% o WL w2
So.

0.4 — _
/ OriginalEventSignal \

0.0
10.0 10.5 11.0 11.5 12.0 12.5 13.0 13.5 14.0
Time (US)
—V(delayed) ——V(original) V(wl) V(w2)

Figure4-16 Simulatedgammaeventwindow measurement

Although the simulatiorshows that a discrimination can be made, a difference of 4f#tfveen a
gamma and neutron eventvould require a fast timer of gréer than at leasttwo times the time
perioddifference therefore greater tharbO0OMHz.This is not ideal for power consumption, as Phase
Locked Loops (PLLs) consume more pasdne output frequencyincreases The FPGA on the DEO
Nanodevelopment board used for the ADC system is capable of generatingotlapkto 570 MHz

using the onboard PLL, whichn be used for a counter.
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4.4 Testing the Prototype Discrimination Circuit

A prototype discrimination circuit was built, implementing thié pass delay and windowing circuits,
and bringing the comparator outputs to the FP&goused in secti where the difference between

the W1 and W2 window nrliers were measured, and sent to a computer via the designed UART

terminal explained irsection3.6.) The SiPM array attached to the CLLB crystal was a 4x4odrday

Series SensL SiPMs biased at 27T8¥é createdschematicthat implements thecircuit design from
each of the system elemen&édcan be seen iAppendbEl A rendering of thelesigned outsourced

manufactured and populated PCB used for testhmgcircuitcan also be s in Appendiﬂ

4.4.1 Measuring theDelayGenerated

The delay generated by the designed all pass circuit, using the LTC6261 amplifier was measured, where

the results are shown jRigure4-17

1.20E+00
1.00E+00 DelayedEventSignal
N
2 8.00E-01 /
[}
o
2 6.00E-01
5
£ 4.00E-01
200801 OriginalEventSignal
0.00E+00
-200E-09 300E-09 800E-09 1E-06 2E-06
Time (s)
Delayed Original

Figure4-17 Measuring the generated signal delay in the prototype ciraibwing a delay of 173 nS

The delay generated was longer than simulated and calculated, however is only beneficial for circuit
performance, as longer delay improves the comparators triggering accuracy over relying on the

hysteresis.

4.4.2 Setting theULD

By usinga Cs137adiation soure, its 662 keV energy emission can be used to map the amplitude of
the scintillation event signal to its corresponding energy, to then establish energy ranges. CLLB has
good linear scintillation properties, where a reasonably linearly proportional numbphatons is

emitted per keV in the radiation interaction. Since a neutron interaction will cause a scintillation event

equivalent to approximately 3.2MeV, the calculatiofEquation4-6|can be used to determine the

expected amplitude of the neutron scintillation event sigfraim the SiPM outputThe Cs137 event
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amplitude of 32.125 mV iEigure4—4 will be used for the 662 keV reference, where using an

oscilloscopewith displaypersistence, the most common event amplitugeith exception of the low

level 30 keV emissiomill be the 662 keV energy emissidine oscilloscope tracesedcan be seen

in Appendiﬁ

Equatiord-6 Calculating the expected amplitude of neutron scintillation events using a €gdB87amplitude reference

ud /A8

utadtw 8 Hm'. swirl8

Given the neutron range as suggestefHigure2-7[of 3 MeV to 3.4 MeVhte ULD cartherefore be set

to approximately 18 mV as any event below this will be determirestomaticallyas a gamma event,
and any events with an amplitude greater than the ULD threshold will be determined as gamma or
neutron based on the discrimination circuit resultheseamplitudesare based onSiPM output

amplitudes anatan be scaled when setting the thresholds according to the gain dgiBdamplifier.

4.5 Results andnalysis

The discrimination circuit prototype was firstly tested by using individual gamma and neutron sources,
to establish a kown readout expectation of the system with each source. A Californium 252 neutron
source (Cf 252hat can be seen in Appenﬁ was used to show the typical systeperformance

using an oscilloscope to monitor the SiPM event signal, and the W1 and W2 comparator outputs. This

can be seen |Figure4-18

2.00E-01
1.80E-01
1.60E-01
1.40E-01
1.20E-01
1.00E-01
8.00E-02
6.00E-02
4.00E-02 \
2 00E-02 NeutronEvent ————
0.00E+00

-1.00E-060.00E+001.00E-06 2.00E-06 3.00E-06 4.00E-065.00E-06 6.00E-06

Time (s)

Voltage (V)

Figure4-18 Oscilloscope trace showing a neutron event with the discrimination window

A directional (by lead case) Cs137 soulwd can be seen in Appencﬁ was used as the gamma
radiationsourceto identify adistinguishable pulse shape difference for gamma events. A high energy
gamma eventlikely to be cosmic radiatiowas then capturedas this would be an evemith

equivalent energyo that of a neutron eventhat the would require a discrimination restifhe typical
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system performanceanbe seen ifFigure4-19| with the same test setup as uséal capturing the

neutron event with the system.

2.00E-01
1.80E-01
1.60E-01
1.40E-01
1.20E-01 /WZ
1.00E-01
8.00E-02 — W1
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4.00E-02 \
2.00E-02 _1 GammaEvent )
0.00E+00
-1.00E-060.00E+001.00E-06 2.00E-06 3.00E-06 4.00E-06 5.00E-06 6.00E-06
Time (s)

Voltage (V)

Figure4-19 Oscilloscope trace showinggammaevent with the discrimination windaw

When comparing the two events and the associated comparator outputstifer windowing

discrimination system, the window movement and lengthening can be seen for the gamma event

compared to the neutron eventhis is shown |Rigure4-20[ where the countermeasurementesult

from the FPGA applicatidor each windows also shownThe calculations for converting the counter

result to a window time is shown|lBquationd-7| where the window times calculated match with the

oscilloscope trace jRigure4-20
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1.80E-01 W2 W2
GammaEvent Neutron Gamma
1.60E-01
Sa “—
1.40E-01 /
< W1 L 325 -
< 1.20E-01 T »
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2 1.00E-01
IS S
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A/
6.00E-02 Gamma
N,
4.00E-02 \'\
NeutronEvent
2.00E-02 -J
0.00E+00
-1.00E-06 0.00E+00 1.00E-06 2.00E-06 3.00E-06 4.00E-06 5.00E-06 6.00E-06
Time (s)
—— Neutron Event Neutron W1 == Neutron W2 = Gamma Event—— Gamma W1l—— Gamma W:

Figure4-20 Oscilloscope trace showinghautron and gammavent with the discrimination windasy
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