Abstract
BODNARUK, ETHAN WESLEY. Design and Implementation of a Digital Positron
Annihilation Lifetime System foMeasurements in Graphite. (Under the direction of Ayman I.
Hawari.)

A digital Positron Annihilation Lifetime Spectrometeas designed and e to perform
measurements on three graphite materials, reactor grade graphite, pyrolytic graphite, and a foam
graphite developed b@ak Ridge National Laboratary Positrons are a useful probe of the
microstructural features of matter since they are @#dchto opervolume pores and defects
where the electron density is lower than in other parts of the mat®¥aaious types of graphite
were studied because of their importamecenuclear technologyincluding as amoderator in
nuclear reactor cores.

A lifetime spectrometer consists of a scintillation detector, photomultiplier tube, and
equipmemto perform timing analysien the detected radiationhis equipment can either consist
of analogpulse shaping and timing electronics or a system that digiimesprocesses the
radiation pulses.A new type of scintillation material, Lanthanum Bromid&Br3(Ce)], was
teged and compared to theintillator usually used for lifetime experiments, Barium Fluoride.
The Lanthanum Bromidevas expected to perform reewhatbetter than Baf-based on its
scintillation properties, and this was confirmed.

The digital system wagested and its performance optimized. The digital lifetime
spectrometer sharezsbmesimilar equipment with a standard analog spectrometer srsiich,
both could be used simultaneously to take measurements. The digital spectrometer showed
improvement in its timing resolution over the analog system. The measuremegrapbite
were more conclusive for tlidgital system than for thanalog sysm, as results from the former
matched published data well and were more consistent in geridred.was dudo the greater

flexibility in timing methods and opportunity for optimization afforded by thgital system.



Measurements on the graphites supgub other workin the literatureshowing a lifetime
of approximately 200 ps in the reactor grade and pyrolytic graphites witlvadsietime on the
order of 410 to 42%s In the reactor grade graphithe second lifetime was abaliO ps while
for the pyrolytic graphiteit was about425 ps. The second lifetime is higher ithe pyrolytic
graphiteand it is attributed to its greatdisorder. The 200 ps lifetime is explained as the lifetime
of positrons in a perfect graphite crystalline structure wh#e400 ps lifetime is explained as the
lifetime of positrons at grain boundaries or defects between different regions in the graphite.
Data fits involving athird lifetime for the materialsvere not satisfactory in terms of fitting
statistics or resultelated to physical phenomena

Measurements on the foamaghite yielded twdifetimes of approximately 125 psnd
340 ps. The firsvaluematchesthelifetime of parapositronium,a bound tate of an electron and
positron knowrto form in porous mateals. The theoretical lifetime of this type of positronium
is 129.3 ps. The 340 ps lifetimeis most likely theresult of positron annihilation in the graphite
structureof the foamreflecting positron annihilation in both the perfect crystal structurhef
graphite and in grain boundarie$his lifetime is close to th834 psmean lifetime found in the
reactor grade graphite Further work and improvements in the experimental technand

equipment could provide more insight into the measurements on raphite
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Chapter 1

Introduction to Positron Annihilation Lifetime
Spectroscopy (PALS)

1.1 Introduction

Positron Annihilation Lifetime Spectroscopy (PALS) is a radiation detection technique
by which the lifetime of positrons implanted in consleth matter is measured. The lifetime
of the positron from creation to annihitat is directly related to thenicrostructure of the
material and so is extremely useful in the study of many materials. The positron is the
antiparticle of the electron, hang the same properties as the electron except for opposite
charge. Its existence was predicted in 1928 by Dirac [1] and was first observed by Anderson
in 1932 as a product of cosmic radiation in a cloud chamber [2]. It was the first antiparticle
discoveed and i ts annihilation with an electror
famous mass to energy conversion equatiénz m¢. Whenever a particle and its
antiparticle come into contact, the result in a short period of time (picoseconds to
nanoseeonds) is annihilation, in which both particles cease to exist, and their mass and
energy is carried away in electromagnetic radiation [2]. The detection of this radiation from
the positrorelectron annihilation forms the basis of the PALS technique.

The first experiments utilizing positrons focused on probing the electronic structure

of metals and alloys [1]. Three main techniques were used: angular correlation of the

annihilation quanta (ACAR), Doppler broadening, and positron annihilation lifetime



spetroscopy (PALS). These techniques are all independent experimental methods and
progressed rapidly in the 1950s and 660s.
characteristics of the annihilation phenomenon (i.e. lifetime and intensity)seasgive to

lattice imperfections in the microstructure of matter. Specifically, the positron is attracted to
and may become trapped in opeiume crystal defects. In such locations the lifetime of the
positron is increased due to a lower electrorsdgn This behavior was conclusively shown

by MacKenzie et al. (1967) for thermal vacancies in metals, Brandt et al. (1968) in ionic
crystals, and by Dekhtyar et al. (1969) in semiconductors subjected to plastic deformation
[1]. The above works markedetbeginning of the study of defects via positron annihilation

in these materials. Positron annihilation techniques were at first carried out mostly in metals
and alloys, but the advance of computer semiconductor technology beginning in the 1980s
fueled anincrease in semiconductor studies that has continued to this day [1].

Positron techniques for the characterization of crystal defects are powerful and useful
tools due to the sensitivity of positrons to opemlume defectsand features such as
vacanciesand pores Sucha defectconstitutes an attractive potential toward positrosiace
such vacancies by definition lagknucleus that otherwise would be present in the crystal
structure. This in effect removes the positive charge that would repel thieglpsiharged
positron, creating a localized region with an attractive potentRbres also present an
attractive potential toward positrons since they have a lower concentration of positive
charges. The sensitivity of positron techniques is due to liigh number of atoms that the

positronprobes before annihilating. A positrovll diffuse a distance on the order of 100



nm through the lattice structure resulting in a microstructural sensitivity of about one

vacancy per 10atoms [1].

1.2 Positron Physics

The PALS technique rests upon the physics

beginning with its creation and ending in its annihilation.

1.2.1 Creation

Positrons used in PALS and other ledtory applicationgare produced predominantly
byoneofh r e e me' {pbsitrahsdecaybof radioactive isotopady the pair production
phenomenorin either a nuclear reactar from a linear accelerator.Positron decay can
occur for neutrordeficient isotopes two commonly used isotopes beifCo and®*Na.

The *®Co isotope is the most efficient choice for experiments requiring a high intensity of
positrons over a short period of time, such as positron diffraction and microscopy- High
activity samples can be purchased for a fraction of the price*™asource with similar

activity due to t hdfebf@rdays|3]. i sotopeds short h

Sodium22 is the optimal choice foOPALS experiments, however, because of its
longer halflife (2.7 yrs) and most importantly due to its neaiyultaneous emigm of a
1. 27 MeV g a mhoecay[23].yThis gnmmeny berves as the detectable signal of
the birth of the positrgnallowing the lifetime of each positron from its creation to
annihilationto be measuredThe decay reaction of the isotopéddaA *Ne *+H+3dh o .

The neon nucleus is created in an excited state and thexcidles by emission of a 1.274



MeV gamma ray. This dexcitation gammaay is included in the decay reaction above.

The decay scheme shown in Figure 1.1.

EC(9.5%) B*(90.5%)

y: 1.27 MeV

Figure 1.1. Decay sheme of’Nashowing the 90% positron decay rate and the 1.27 MeV gamma
created from the dexcitation of the excitet’Ne state1].
The isotopedecays by positron emission 9%5of the time and the 1.27 MeV gama is
emitted 37 ps after the positron decayThis time is sufficiently short compared to the
lifetime of the positron such that the two events can be considered to be simultg@jeous
Electron capture (EC) is a competing process and does not redhk iemission of a

positron.

The second means of positron production at a level required for positron applications
is the pair production phenomenon, essentially the reverse of pesigr@non annihilation.
One of the ways a highnergy photon can int&ect with matter is by the creation of a
positronelectron pair involving the slight recoil of a heavy nucleus to conserve momentum.
For this process to occur, conservation of energy must be satisfied such that the minimum

photon energy for pair productios 1.022 MeV, the rest mass of the positedectron pair.



The probability of pair production increases approximately as the square of the atomic
number Z of the material involved in the process and increases approximately linearly with
the photon enexg[4]. Examples of a beadmased positron system are the positron facility at
Delft University [5] and the High Intensity Positron Beam at the PULSTAR reactor at North
Carolina State University [6]. Beabased systems are often used for dgpdfiling in
extremely thin materials as thin as tens of atomic distances. Such slow positron beam
systems offer control of the positron energy to create nearly monoenergetic beams up to just
tens of keVs. Thetsdy of materials with PALS usingNa positrons direglincident on the
materialsis characterized as bu#tudies since the positron energy is much higher than in a
slow positron beam and thus penetrates deeper into the materiaPNBhpositron has a

continuous energy spread with a maximum energy ok&45[3].

1.2.2 Implantation and Moderation

Energetic positrons incident upon a target material lose their kinetic energy through
inelastic collisions with electrons, and at lower energies by plasmon excitation and at the eV
level by energy exchange with ploms that excite the vibrational modes of the material.
This loss of energy occurs within about 1 ps [3] and the rate of loss is highest at large
energies due to core ionization processes [1]. The positron implantation profile f&ahe
positron, relatd to the thickness of the sample probed, isrgi@mpirically by Equation 1.1
below,

17r

1437
max

P(2) =e #, with a = (1.1)



wh e r e Mk tHe pasitron absorption coefficief,ax [MeV] is the maximum positron
energy, 8 is dhe asq dgnsity of the solid [Ifigure 1.2 shows the mean depth
of implantation ¢) and depth probedH) for various materials. The mean penetrator
implantation depth is defined by P( = 1/e, and the probed or information depth is defined

by P(z) = 0.999 [1].
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Figure 1.2. Positron depth profile versus sample dengdity

Once the positron has reached thermal energies it begins to diffuse through the crystal
lattice of the target material. The positrons are repelled by nuclei and thus have the highest
probability of being foundh interstitials and vacancied he diffusion process is akito that
of electrons at similar energies and can be described using semiclassicdirtteesional
randomwalk theory []. Because of the random walk nature of motion it is possible for

positrons to diffuse back to the surface ofrtegterial and exit the material if it has a positron



work functionthat is negative. The work function for a given particle is the amount of
energy required to remove it from the surface of a solid material. Some materials have a
negative positron workuhction, meaning that positrons diffusing near the surface may be
emitted from the material gaining energy equal to the magnitude of the work fuf&ition
This phenomenon is not common for the positron energies ffdia in bulk samples,
however. The sacesample sandwiched geometry used in PALS also prevents the positrons
from escaping, as discussed later. Some positrons do annihilate in the support foil and these
require a source correction that is of utmost importance in PALS.

A parameter describg the diffusion of the positron is the positron diffusion length,
L., which is limited by the finite lifetime of positrons in the defree bulk of the material,

(), as follows [3]

. kT
L, =¢,D, with D, =¢, 2, (1.2)
m

w h e 1, ie thelrelaxation time for the dominant scattering process at a giveryernehg

term m is the effective positron mass and is between 30% to 70% greater than the free
positron rest mass because of phonon scattering, the periodoe,latid the effect of
screening by electrons [1]. The diffusion length is a measure of the distance a positron will
diffuse before annihilating. That is why the positron lifetime also enters into the equation.

Positron diffusion is described in gendpglthe timedependent diffusion equation
&m(r,t) = D,D2n, (r,1) - BlAgn, (r.0)] - /een, (1 1), (1.3)

wheren, (r,t) is the positron density at positionand timet, a yigl thegpositron drift



velocity. This equation takes into account the effect of positron trapping resulting from an

effective annihilation rate

I =Yty +k(r) (1.4)
and the effective positron diffis constant

D =12/, (L.5)

wh errgis thé positron trapping rate which must be a function of position since the
vacancies, interstitials, and dislocations are located in different positions wiehioverall
crystal structure. This trapping rate can be determined from the results of PALS using the

trapping modelT].

1.2.3 Positronium

After thermalizing, a positron may form a bound state with an electron, known as
positronium (Ps). This occurs air-aor vacuumsurface boundaries and in low density
condensed matter such as liquids or some solids with sufficient free space in the lattice, for
example ice [B]. The Ps atom is similar to the hydrogen atom in its mathematical
description except thah¢ reduced mass of the Ps must be used, which is half the electron
mass. The Schrodinger equation accurately describes the Ps atom with this reduced mass
correction. Other equations such as the eigenvalue equation for the Ps center of mass yield
very simlar results as compared to that of hydrogen [1]. The reduced mass is responsible for
a decrease in the Ps energy level separations relative to the hydrogen atom such that the Ps
binding energy is only 6.8 eV. I8 658 times onal |

larger than that of the proton with the result that the Ps fine and hyperfine energy level



deviate from those in the hydrogen atonOther QED effects also contribute to this
difference [3].

The quantum state of the Ps is a major factaleit@rmining how the Ps annihilation
process takes place, as shown by Yang (1%®) Wolfenstein and Ravenhall (1952) [3]. It
can exist in one of two spin statess O ors = 1. The former sta is known as para
positronium(p-Ps) and consists of argarallel positron and electron spins, which is a singlet
state. Thes= 1 state is a triplet state in whicbth spins are aligned. YamandWolfenstein
and Ravenhallderived a selection rule for the annihilation of positrons correlating the
number ofphotons created and the sp&,and orbital angular momentuiy,values of the
positronium as follows:

(-1P= (1), (1.6)
wherep is the number of photons created [3]. For the caseRs,p= 0 and = 0 and so the
number of photons created at the time of annihilation must be even. FofRsthe 1 and
| =1 so the number of photons mustbeodd. t hough #fAall owedo, hi ghel
such as fougamma pPs annihilation or fivegamma ePs annihilation arexceedingly rare.

For oPs, the most common form of annihilation is the thyketon process; the oipdoton

process ialso extremely rarg3].

1.2.4 Annihilation

All positrons in contact with condensed matter will eveliyuannihilate with an
electron. In this process both particles are quantum mechanically converted to energy in the

form of photons. Only positrons isolated in vacuum can be preserved or stored for a long



10

period of time. By far the most common mode of annihilation is theptvaton anihilation
in which two photons sharing the rest mass and kinetic energy of $iteopocand electron
are created [3].These are observed to possess approximately 511 keV of energy and have
opposite momentum, thus obeying the conservation laws.

The twophotons exhibit an energy that only slightly deviates from the value of 0.511
Me V, because of the small contribution of
This small but detectable difference forms the basis for Doppler Broadening spectroscopy
with positrons [3]. The detection of the annihilation quanta provides the signal for

determination of the end of the positron lifetime for PALS studies.

1.3 Positron Annihilation Techniques

The three major positron annihilation expental techniques ra Doppler
broadening, Angular Correlation of Annihilation Radiation (ACAR), and PALS. Although
PALS is the focus of this work it is worthwhile to briefly explore the other two before

concentrating on PALS exclusively.

1.3.1 Doppler Broadening

As mentoned above, Doppler broadening is based on the detection of slight
differences in energy of the 0.511 MeV annihilation quanta due to the energy and momentum
of the electron in the positreslectron annihilation. A distribution spectruof the number
of caunts versus annihilation quanta energy in a given materi@liscted, resulting in a
nearly Gaussiatooking peak at 0.511 MeV. Positrons favor trapping and subsequent

annihilation in opervolume vacancies lacking a nucleus and thus lacking energetitdb
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core electrons. As a result the positron annihilates with seleergy valence electron which

adds negligible momentum to the positelactron system resulting in annihilation quanta
with energy right at 0.511 MeV. When a positron annihilates aitbre electron, however,

the electron contributes a significant momentum to the system and the annihilation quanta
may have energies as high or as low as 520 keV or 500 keV, respectively [3]. Thus the more
defects present the sharper the profile wilklmee more positrons annihilate with low energy
electrons resulting in more 511 keV quanta. Two variabesdW are used to quantify this,
Sbeing the area under the central part ofgeakandW the ratio between the aender the

wings of the peaknd the total area. A material with a higtgaralue will have more defects

than a material with a low&value [3].

1.3.2 Angular Correlation of Annihilation Radiation

Angular Correlation of Annihilation Radiation (ACAR) is raethodthat reveals
information about the electronic structure of the bulk of, and the defects present in, a
material. It is observed that annihilation quanta can exhibit a slight deviation from
collinearity or 180° backo-backemission. While the Dopplerdadening effect is duto
the conservation of momentum in the direct.i
ACAR is due to momentum conservation in the other two perpendicular spatial dimensions
making up threelimensional space. The annihilation quanta are measuosihicidence by
positionsensitive detectr s t o d et e r 4pof degiationliren 18hdgdreesg1]. U

The system utilizes electronics that filtae coincident events and stdhe deviation
in memory. This effectively saves the tdomensional electron momentum distribution and

can beplotted with contour or perspective plots. In order to acquire defestific
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information and plots, however, a normalization based on the trapping of positrons in all
types of defects must be performed. This is provided by positron lifetime (PALS)
measirements which yield the fraction of positrons annihilating in each type of defect.
Contour plots can also be compared to theoretical calculations to add to the knowledge of the
electronic structure of a given defect. The ACAR technique provides grestéution than

Doppler Broadening but requires a stronger positron source and longer collection time [1].

1.3.3 Positron Annihilation Lifetime Spectroscopy

The PALS measurement is based on the measurement of the time interval between
the detection of 4.27 MeV gamma ray emitted by*&Na source and the detection of the
corresponding 0.511 MeV annihilation photon created by the annihilation of the positron
from the®Na decay [1]. The ?Na source is usually deposited on a thin foil and sealed with
anoher layer of the same foil. This foil or support structure is placed betweesatwoles
of a material to study.As mentioned in the above sections, the positron goes through a
process of implantation, thermalization, diffusion, and finally annihilatbgeresomewhere
in the perfect crystal lattice of the material or trapped in an-spkme defecbr feature

A PALS measurement is made by collecting and storing the individual lifetimes of
positronsin a histogram or the channels of a multichannelyaer (MCA), resulting in the
positron lifetime spectrumA sufficient number of annihilation events must be captured to
ensureadequatestatistics in the overall results and in each chanAdifetime spectrometer
is characterized by its time resotuti which refers to its ability to resolve pulses that are
exactly in coincidence. Due to various detector, radiation interaction, and pulse shaping

effects a spectrometer processing only pulses in exact coincidence would still show a spread
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in the effecdtve time difference between the pulses. The shapeesipread is the resolution
function of the systenand is characterized by its full width at half maximum (FWHM),
known as the time resolution.

The time resolution of the PALS spectrometer is charze by a single value

related to its resolution function. The timing resolution is defined as the full width at half
maximum (FWHM) of the resolution function, which isv2In2 s, or approximately
2.35s5,. This is a key parameter and its minimization is the focuniath research in the

field. Values in the range of 200 to 280 ps are common for the PALS timing resolution. The
crux of this value is that positron lifetimes less than 50 ps cadmmatsolved and that
materals with multiple lifetimes of similar valuare difficult to resolve.This is an issue for
metals, many of which have bulk lifetimes of 50 ps or under. The uncertainty of lifetimes
that @an be resolved can be as lowla3 ps[1].

Another important parameter in the PALS measurement is the coincidence count rate,
or the rate at which data is collected. This depends mainly on the geometry of the setup and
the source used. A PALS measurement usually takes between severartbarslay to
collecta spectrum witlgood statistics. Some efforts to decrease the time resolution increase
the counting time so there is an important tradeoff there to be managed. The research
performed in this work strove to both attain a better timegplution and to obtain new
positron lifetime data for different graphite materials in consideration for use in future

Generation IV nuclear reactor designs.

1.4 Digital and Analog Implementation of PALS
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The conventional method of PALS measurementslu@gan analog spectrometer
which consists of the radiation detectors and analog electronics that process and extract
information from the detector pulses. A newer PALS implementation relies on digital
processing and information extraction from the detepulses[9]. Such a digital method
uses either analog to digital convester a digital oscilloscope [9,10 Recent work has
focused on achieving lower time resolution in both types of systems and this has been
successful but with varying degrees setulness in performing actual PALS measurements
[10]. A digital PALS systemhas been shown to hauvmetter time resolution than an
otherwise equivalent analog systg¢®}. This work also shows that a digital system can

provide a better time resolution.

1.5 Purpose of Studying Graphite

Nuclear energy is experiencing a renaissance in the United States and elsewhere in
the world, especially in developing countries. The world population is growing
exponentially and per capita electricity use is also asing resulting in a rapidly growing
demand. It is estimated that the world demand for electricityinatease by over 55% by
2030 compared to 20041]. Nuclear energy promises to help meet this demand while
avoiding the emission of greenhouse gasesociated with most types of base load energy
production. As the climate for the expansion of nuclear energy is ripe, new reactor concepts
are being designed that increase the overall safety of the system and that alse Ipssduc
nuclear waste. Gpdite is a key component in soraethese systems.

Graphite is a carbon material that has beemn @sea neutron moderator in various

nuclear reactor designs. Neutron moderation is important because UBiunthe
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principal isotope that fissions in a nuateeactor, has a much higher fission cross section for
slower, thermalized neutrons than for fast neutrons. The neutrons born in fission are mostly
fast neutrons, so the moderation of these leads to a greater number of fisZions [1

Graphite is well sited for neutron moderation since it has a low cross section for
neutron absorption and an atomic mass not prohibitively greater than that of the neutron.
This latter property is a major factor in the efficiency of neutron moderation. The smaller
the mass of the nucleus the neutron collides with (down to the mass of the neutron itself), the
larger the maximum and average energy the neutron loses in a single collision. In terms of
size alone, the nucleus of the hydrogen atdmaving nearly the same nsaas the neutron
is the ideal moderator since the neutron can lose practically als ehérgy in a single
collision. Hence water is another common moderator in reactor designs such as those found
in the PWR and BWR commercial nuclear power plant$ie downside of such light water
moderation is thathe wateras a large neutron capture cross section, resulting in a decrease
in the efficiency of the fission process due to removal of neutrons. Heavy water, or water
consisting of théH isotope insted of the'H isotope, is also a good moderator in terms of its
size compared to the neutron. It is better compared to light water, though, Hétdasea
much lower neutron capture cross section since it already contains an extra neutron compared
to 'H [12]. The choice between water, heavy water, and graphite as moderatogiven
reactor designinvolves economic tradeoffs as well as political and nonproliferation
considerations

For these reasons and others, graphite isntbderatingmaterial futwe thermal

spectrumGeneration IV nuclear reactors are designed to use. For such designs the need
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exists to understand the properties and behavior of graphite in more detail. After an extended
period of time in a reactor, graphite experiences significaatron irradiation leading to the
creation of many dislocations and vacancies at the microstructural level. This has important
safety implications foits mechanical propertiesEvidencealsoexists that opepore defects

in graphite affect its nuclegroperties related toeutron interaction [13. Finally, for one

design in particular, the Very High Temperature Reactor, graphite will be subject to much
higher tempraturesand radiation dosest which the understanding dhe graphite
microstructuras poot All of these factors call for the increased study of graphiae tool

which is weltsuited for this is th®ALS technique.
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Chapter 2

Description and Theory of Spectrometer

2.1 Analog PALS Spectrometer

The analog PALS spectrometer measuthe lifetime of each positron absorbed in the
test material and its supporting structurd@he measurement isitiated by the detection of
the #Na 1.27 MeV gammabhat is liberated ircoincidence withthe positron from each
nucl eace/OTheendd t he posi ismarkedly theé deteatidniofnie 0.511
MeV annihilation quantgl]. The analog system as a whole consists of the radiation
detectors, signamplification hardware and shapirgignal processing/timing hardware, and
a computer onvhich to store and view the datdhe appropriate detectéor this application
is a scintillation detector, based on the conversion of the gamysato scintillation light
given off asthe detector materiabsorbs the energy of the gamma. rayhe schtillation
photons are then collected and converted to an electrical signal with characteristics related to
the quantity and timing of the photons produced. This is accomplished by photomultiplier
tubes (PMTs) which convert the light to electrons anddst#rem through a series of
amplificationstages, creating an electrical pulse that is processed by subsequent electronics
The PMTs require a high voltage power supply to power this process of elsarat
amplificationbased on secondaelecton emision [14.

A total of two detectors are used: one to record the birth of the positron, and one to

record the annihilationFor an analog implementatiomet detector events are processed by a
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conventional analog pulse processing chain consistingime pick-off using constant
fraction discriminators(CFD), a time to amplitude onverter (TAC)and multi-channel
analyzer (MCA). The CFD use the constant fraction prin¢gto mark the time of
occurrence of the radiation evehaised on the rising edge ofetlpulse It outputs a fast,
square logic pulse thas led to the TAC to trigger itl]. Thus the first input to the TAC
marks the time at which the positron was born and the second the time at which it
annihilated.

Upon receiving the START signal, oretrsignal from the first discriminator that
performed the timgickoff on the 1.28 MeV gamma, the TAC begins charging a capacitor.
The capacitor stops charging when the STOP signal is received from the detector set to the
511 keV annihilation quanta, procing a stored charge on the capacitor proportional to the
time difference. This potential discharges, sending a voltage pulse to the MCA which
digitizes and records the maximum voltage. The MCA digitizes each pulse it receives from
the TAC. It stores i8 information across its 8192 channel range, creating a lifetime
spectrunsimilar in concept to a pulse heiglptestrum in energy spectroscopy.[1hstead of
a distribution of pulse heights, howea, a distribution of time differences representing the
positron lifetimeis obtained. The conversion from pulse height stored in the MCA to time
interval is based on the approximately 50 ns range of the TAC split across the 8192 channels.
Tests using delayed pulses from a pulse/delay generator are also dseterinine the time
interval per channelvhich wasapproximately6.8 ps/ch

A schematic of the analog PALS systensh@wnbelow in Figure 2.1, showing a not

to-scale rendition of a source/sample sandwich. Two different setups were used for the
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analog gstem, varying only the detector and its associated photomultiplier tube. The first
was the relatively new LaB(iCe) scintillation material, obtained from Sabbain Crystals

under the trademark name BriLanCe 38&ind the second was BaFa fast scintlhtion
material that has been in use for decadeswashlso obtained from Sax@obain Crystals.

Both detectors were purchased as a package with their PMT and voltage divider base, the
detector crystal having been coupled to the PMT by the manufactiifer.divider bases
chosen were onef the standarccommercidly available options,optimized for timing
performance [16,]7 The Bak crystal was coupled to the XP2020/Q PMT while the LaBr
detector was coupled to the XP20D0O PMT with voltage divider mA&8e20. The high

voltage supplies used were Ortec model 556.

Detector Voltage

divider

| |

Scintillator

_las| PMT [ N —_—— | PuT |as-
20 | xp2opo | £8Br3 | (Graphite 5, (Graphite  [HLaBEg | xpoopo | 20

High Vcltage High Voltage
Supply Supply

CFD
(Qrte 583B)

CFD
(Qriec 5838)

4

Figure 2.1 Schematic of thanalogPALS g/stem
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LaBr; and Bal; were chosen as detector materials because of their balance of high
collection efficiency, light output, and short pulse risee. The rise time is especially
important for the time resolution of the systghd]. Barium Fluoride (Bajfj detectors are
also commonly used in PALS because they have the besimisetinorganicscintillators
[14]. The LaBgwas also chosen besaiit was a new material that had not been used for
this application before but was expected to have similar or better performance thartBaF
has a decay time of 16 ns and a rise time orotter of 3 ns depending on the PMT and
operating voltage.lts decay time is among the best of scintillatorsi®yoorer than Baf
Its 63 photon/keV light emission, however, is superior to the,Ba8 photon/keV light
emission meaning that the LaByields more scintillation photons per unit of energy
depositedn the crystal. A figure of merit parameter defined as the ratio of the decay time to
the | ight emission is one indicator of a ma
figure of merit for BriLanCe 380 LaBis 0.25 while that of BafFis 0.44, vihere a smaller
figure of merit is desirald [1§. As far as is known from conversation with personnel at
SaintGobain Crystals, this study was the first PALS application using any of the
BrilLanCe® series scintillator materials. A 25 mm diameter, 25 rhitktcrystal was
chosen for both types of detectors. This was a compromise between cost, transit time of the

gammarays due to the size of the crystal, light reflection, and the eftigieh collection

2.1.1 Source and Test Material Sample Configuration

The ?*Na source is sandwiched tightly between the two test sardi@sthis work,

either graphite or high purity silicon used for calibratioto ensure that all positrons are
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absorbed so none escape to form Ps at asugiace boundary. Siné&ais expensive, it is
not feasible to deposit the isotope directly on each sample. The general procedure is to
deposit the®’Na on a thin foil and to seal it in order to create a reusablecedor use in
PALS studiesA s heet of 25em thick kapt-€@arforthis | was
purpose. Kapton is a polyamide polymer that is known to exhibit only one positron lifetime
of 382 to 386 ps [1120], allowing for a simpler source correction in the PALS spectrum
accounting for the positrons that annihilate in the kapton. The @8 t hi ckness f oi |l
thinnest availabldrom McMaster Carrand later it was noticed that most researchers use
even thinner foils to minimize the number of positrons annihilatingariah.

An aqueoudOe C¥Nas ol uti on was deposited on a s m:
foil with a small eyedropper and placed under a heat lamp until it evaparegadng only
the dried®*Na crystals. Another identical piece of kapton was plame top and was sealed
with kapton tape, antbgether this iseferred to as a source/kaptsandwich. This sandwich
is shown below in Figure 2.2. One of the high purity silicon samples used in the testing is

shown underneath the kapton for color costtra

*/' ]

L

Figure 2.2. White #Na crystals seen at the center of the orange kapton foil
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The whitish spot in the center is the drféa, and the darker orange regi@rsthe foilare

where layers of kapton overlap seal the sourcelmmediately above ancelow the source

spot, however, is only one layer of kapton. It is seen from the figure that the diameter of the
source is approximately 4 mm. In a PALS measurement the source is surrounded by two
samples of the desired test material, such as silicon, tlaisdis referred to as the
source/sample sandwich or source/kapton/sample sandwich. The sandwich is held tightly
together to eliminate any air gaps between the kapton and sample. This helps prevent
positronium femation at surface boundaries [1].

The#Nasource activity was small enough to ensure that there is only one positron on
average in the material at any given time. A€ source isxl@quival
disintegrations per second, and with a 90% positron branching ratio this corresponds to an
average of 3:8L0° positrons created per second, or one positron every three microseconds.
Since an individual positron lives on the time scale of hundreds of picoseconds to
nanoseconds, this activity ensures that only one positron will be processeridygtienat a
time, preventing the overlagf signalsor triggeringfrom separate annihilation everjfd. In
addition, the smaller the activity the better thatio of true coincidences to chance
coincidences, giving a higher true coincidence peak tdraund ratio[14]. Because the
foil is so thin (ot to scale in Figure.1) most of the positrons emitted from the sodium
source enter the specimens.

Kapton foil i s ulselda voeedca ugleen ti ti sc dinveed |t o
i.e. it has asingle lifetime parameter with thicknedependent intensity so its contribution

can be subtracted out of the experimentally determined spefd@42i]. This is known as a
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source correction and is determined by performing a PALS test on a specimereofegxt

high purity silicon or other material known to have just one posilfetime, as discussed
later. The literature shows single lifetime component of 2% for such silicoj10]. The

high purity silicon is used to determine the spectrometeg ti@solution function since its
lifetime and the kapton lifetime are known, providing the needed degrees of freedom to

calculate the function.

2.1.2 Photomultiplier Tube (PMT) and Voltage Divider Base

The photomultiplier tube (PMT) converts the lightduced in thescintillator into an
electrical pulse. It accomplishes this using a photocathode that produces a yield of electrons
from the incomingscintillationlight. The photocathode followed by a series of stages that
amplify the electrical signdtL4]. The Photonis XP20D0 PMT is designed for optimal timing
performance with the BrilLanCe® series of scintillator material. It is used in fast scintillation
detection and has good linggrand high energy resolutionThe AS20 voltage divider base
provides optimum timing performance amongst commercially available ,base®ving a
1.5 ns rise timg16]. The base supplies specific voltages to the photocathode and dynode
stages in the PMT to optimize thgnal amplification

The Photonis XP2020/Qas used for th8aF, detectors. This is the standard PMT
for this scintillationcrystal as it has an excellent quoted rise time of 1&ndsgood linearity
as well [1]. Another PMT that has been used with Bals the Hamamatsu H3378
(R2083Q) which has a quoted rise time of 0.7 ns andsheeen used successfully PALS

studieq22].
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2.1.3 Constant Fraction Discriminator, TAC and MCA

The Ortec 583B CFD is a fast differential discriminator with bulengle channel
analyzer (SCA) [1p It uses theconstant fraction discrimination principle to pick off the
time at which birth and death events occur. Constant fraction discrimination is a time pick
off method that greatly reduces amplitude walk, which is variation in timeqgficttue to
varying pulseamplitude. The buiin SCA allows energy selection criteria to be added. The
CFD in the AfAstarto chain is set to raccept
energies in the vicinity of 1.27 MeV, the energy of the gamayanarking the birth othe
positron. The CFD in the Astopo chain is se
collection of light from gamma rays in the vicinity of 0.511 MeV, the energy of the
annihilation quanta. These selection criteria ensure that only prisésy from the birth
and death of the positron are processed. F i
system only processes 1.27 MeV quanta and tl
annihilation quanta. This is imgant since bth types of gamma rayfeposit energy in each
detector. The energy selection reduces noise in the system and intpetiese resolution
[14].

At the moment of the time pie&ff, the CFD unit produces a standard output logic
signal accepted by the TA@hich for the PALS system marks either the birth (start signal)
or death (stop signal) of the positron. During the time interval between the start and stop
signals a capacitor in the TAC is charged so that the amplitude of the output pulse of the
TAC is proportional to thetime difference between start and stop signals and thus

proportional to thdifetime of the positron. The output pulse travels to the MCA where it is
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digitized and stored in a bin based on its amplitude, yieldindistribution of time
differences, i.et he | i feti me spectrum. As seen in
chain between the CFD and TAC is delayed in time. This is accomplished by using a longer
coaxial cable, adding a fixed delay time which serves to increase thaliffierence to a

region of linear response in the TAC. The MCA used in this work was an MCA PCI card
placed on board a computer via a PCI slot, and included the Maestro 32 data acquisition and
MCA emulation software used to acquire and view the data.

The system is characterized as a-fast coincidence system since both the energy
and timing selection are fast. The energy selection is fast because the 583B constant fraction
discriminator is a fast differential discriminator, and the timing is fashumsthe detectors
producefast pulses witthanosecondise time. In the past, the 583B and other fast timing

units with energy dection were not available [14

2.2 Digital PALS Setup using Fast Digital Oscilloscope

As an alternative to the analog pufm®cessing chain used in PALS, a digital PALS
system can be implemented. This eliminates the need to optimize the electronics in Figure
2.1, namely the constant fraction discriminator. This is useful since the optimizatioa of t
CFD is a tedious procesndbecause digital methods provide more flexibility in timing than
the CFD hardiareand give the user access to the pulses themsel»g#ital systems cahe
designed without the use of tla@alogCFD-TAC-MCA chain using a coincidence unit or
custom aicuit for triggering [9,10,2R The analog chain, however, can serve as a means of

triggering the oscilloscopsolely on coincident events, and if the output of the TAC is split
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to both the oscilloscope and to an MCA thbe resulihg system is capablef aollecting

both analog and digital lifetime spectwaith separateand independent timing calculations.
This allowsfor direct comparisoof the results from the same set of detection events for both
systems.The combined analog and digital PALS appfoa@s chosefor this work because

of the utility of thedirect comparison. A schematic othe sysem is shown below in Figure

2.3

Anode Anode
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Figure 2.3. Combined digital and realog PALS g/stem The setup allows data to be collected
simultaneously from bothigital and analog processing methods.

For the digital system used in this work, the output of the scintillation detectors is
taken directly from the PMT dynode and transmitted by-38G/U coaxial cable to the

channel 1 and channel 2 inputs of a WaveRu®i€®0A oscilloscope from LeCroy. The
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TAC signal contains the timing information about the pulses based on the time pickoff
performed by the CFDs. A key difference is that the digital system does not use the output of
the TAC for its timing calculation. Ae digital system utilizes this signal only as a trigger to
indicate that a given event is a coincident event. The actual timing measurement is
performed by the oscilloscope on the leading edge of the digitized pulses from the dynode
not via the CFDs.The CFDs still perform their pickff operation in order to determine if a
given pulse pair is in coincidence, but this is not used in the digital calculation of the time
difference. Thus the operations are independent and do not affect one anotherrgsilts

of the two systems can be directly compared knowing that experimental conditions are

identical for each system.

The digital system iges flexibility to optimize itstiming calculationsbased orthe
constant fraction value and opens the posgjbitif defining othertiming algorithns,
rejection criteria for spurioupulses, and prprocessing of the pulseslt gives the user
access to the detector pulses themselves in a way not possible in the analog system. The
CFD, on the other hand, is hanired to perform the constant fraction time piuf at a
fixed constant fraction of the pulse amplitude.

The LeCroy WaveRunner 6100A has a sampling rdtd® GHz and a 3 GHz
bandwidth. The sampling rate translates into a data acquisition rate ampls every 100
ps, which yields 20 to 30 sample pointsa 2 ns to 3 ns leading edgepending on the rise
time of the detector and its electronic§his is more than enough points to ensure that all
high frequency information is captured [LO Theoscilloscope has an 80GB hard drive and

runs the Microsoft Windows XP platform like a desktop computer. Furthermore, it supports
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Excel, MATLAB, and programming languages within the oscilloscope interface. With the

XMATH Advance Math Package software grade, it can build histograms of up to one

billion data points, easily accommodating a positron lifetime spect®3n [The histogram

may be saved to the hard drive for transfer to otlmenputers and to be analyzed by

prograns thatanalyzelifetime spe¢&ra.  Individual detector pulses may also be saveithéo

hard drive at each trigger signal, but this was not feasible for PALS spectra due to the

millions of pulses that would be saved and their prohiisize on the hard disk. Other

researcherbaveused digiizers in place of a digital oscilloscope and saved all data to hard

drive and subsequently performed offline time padkand pulse pycessind9,10. Online

pulse processing was convenient and avoided the writing of monelicated computer

codes but could ba bottleneck for the maximum coincidence count rate, as discussed later.
The dynode pulses are slightly faster than the anode pulses as they come from an

earlierstagein the electrorsignalamplificationprocess withirthe PMT. The dyhode pulse

are also smaller in amplitude than the anode pulses for the same reastinrexidall into

the amplitude range recognized by the CFDs. The dynode pulse am@iaczptable for

the oscilloscopehowever,and thisis why the anode pulsesra led to the CFD while the

dynode pulsg are led to the oscilloscope, as shown in Figural2o¥e

2.3 Theory of Scintillation and the Pulse Shaping Process

2.3.1 Scintillation Detectors

Both detector types are categorized as fast inorganic scomljaneaning they are

composed of nowrganic elements and have a fast scintillation response. ThedetBctor
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is an activated inorganic scintillator while Bak an unactivated inorganic scintillator. The
difference arises from the fact that the kaBetector requires a dopant, specifically the
elementcerium, in order to be an effective scintillation material. The,Ba&terial, on the

other hand, does not require such a dopant or activator. The origin of the scintillation effect
inbothmaterid | i es in the energy structure of the
lattice. The electrons in these materials as well as other insulators and semiconductors have
discrete energy values that are allowed, determined by quantum mechanics. r Arlmuyge

of energies known as the valence band corresponds to electrons that are bound to nuclei at
specific locations in the crystal lattice. A higher group of electron energies known as the
conduction band corresponds to electrons that diffuse freedyghrthe lattice. Electron
energies do not exist between the valence and conduction bands. Because of this discrete
structure only certain enerdgyansitions are available [L4 Since scintillation photons are
produced at electron energy transitionfoltows that the frequency and energy of photons
produced by a specific scintillator are limited. The frequency of a scintillation photon is
related to the energy difference in the electronic trensin by t he f or mul a E
Pl anckds constant.

Gamma rayslose energy in a scintillator primarily through two interactions,
photoelectric absorption and Compton scatteriRgir production, essentially the opposite of
annihilation, is rare congred to the other interactions for energies just allovieV and for
lower Z materials such as those used in this wamkphotoelectric absorption, a gamma ray
is absorbed by an atom and an atomic electron is ejected with energy equal to the difference

of the gamma ray energy and the ding energy of the electron. Ftre Compton effecta
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gamma ray has an interaction or collision with an individual electron imparting some of its
energy to the electron based on the conservation of energy and momelitanstruck
electron was already in the conduction band of the material it would simply gain more energy
and begin to transfer that energy to other electrdhthe original struck eleatn was in the
valence bandhoweverthen it would be stripped froits lattice position creating an electron

hole and would have energy equal to the difference of the energy imparted from the
interaction and the binding ergy of the electron. The higimergy electrons slow down in

the maerial through Coulombitteradions with other electrongyeating more electrehole

pairs. As electrons from the conduction band fall into these hailat#llation light is given

off [14]. A simplified diagram of the scintillation process is shown below in Figure 2.4.

Figure 2.4. lllustration of the scintillatiorprocessshowing a higkenergy gamma ray represented by a
large wavy arrow causing many subsequent interactions. An asterisk either represents a Compton
scattering where the gamma ray loses some energy and impartsnitelectron, or a photoelectric
absorption. After such absorption the gamma ray no longer exists and a single electron is liberated.
Both effects create a higdnergy electron that then cremwecondary electrons and electron holes.
Eventually an elecon will fall into a hole represented by a small filled circle, giving off a-tvergy
scintillation photon represented by a small wavy arrow.
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The diagram shows Compton interactions, photoelectric absorption, secondary
electrons, and scintillation phot®mrreated when an electron falls into a hole represented in
the figure by a filled black circle. An undesirable effect in scintillators occurs when
scintillation photons are reabsorbed in the material. This can occur because it takes roughly
the same ammt of energy to create an electoole pair in a pure crystal as is liberated
when an electron recombines with the hole. This results in significaralssfption of
scintillation light which reduces the amount of signal collected by the photoneitipbe.

A dopant or activator,can reduce this problem by adding its own different alloeeergy

levels to the structure as seen in Figure 2.5.

Conduction Band

Activator
Band — Euxcited States
Gap Scintillation
Photan Activator

Ground 5tate

Valence Band

Figure 2.5. lllustration of the atomic energy structure in an actigageintillator material. The

maerial itself has a valence band energy corresponding to electrons bound to a positive ion, and a
conduction band representing electrons that are free to diffuse about the lattice. When an activator or
dopant is present, its energy levels are added teytbiem and can improve the performance of the
scintillator.

I f the activatorbés energy Il evels fall be:
pure crystal then transitions between activator excited states and the ground state will be of
lower energyand scintillation photons will have a lower frequency that will fall in the visible
or nearvisible light portion of the electromagnetic spectrum. This increases the proportion

of visible light scintillation photons but most importantly these scintiieti due to the
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activator material will not lie in an energy range that can be absorbed by the pure crystal
structure. As a result the doped scintillator produces a useful visible light scintillation with
low selfabsorption [14]. Cerium plays the role agtivator in the LaB(Ce) scintillation
material used in this work.

The BaF, material has a fast scintillation component with shorter wavelengths of
scintillation photons in the ultraviolet region of the electromagnetic spectrum. Quartz is
sersitive tothis wavelength so wibws of this material are used to couple the ;Bidtector
to its photomultiplier tubeZ4]. Thefast scintillation mechanism is due to the creation of a
hole in the outer core band of the ionic crystal and the subsequent combafaticshole
with an electron from the valence band. Although this process has a fast transition time, it
does not hsra lowlight output due to seldbrption and other effects [14 The LaBg(Ce)
detector, in contrast, has a high light output dught activator phenomenon described

above.

2.3.2 Theory of the Pulse Shaping Process

Scintillation light is produced as photons lose energy from collisions with electrons in
the scintillator or are absorbed by scintillator atoms, and from the subsequegy en
deposition of secondary electrons. These electrons are then slowed down continuously as
charged particles in a fisea0o of <charges.
electrons boosting them up in energy level. When thesxdee, a poton is given off. The
energy difference between levels is such that this energy is in the visible -migilelar light
portion of the electromagnetic spectrum. Because the BrilLanCe® 380 apdnBsdtials

have a fast decay time, the photons are goférextremely quickly after the entrance and
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interaction of the birth (1.27 MeV) or annihilation quanta in the samplas results in a
narrowpulse of light with respect to timleown as dast timing pulse. The pulse enters the
photomultiplier tube \Wich converts the visible light photons into l@mergy electrons that
can be contained and diredtthrough the PMT [14]A diagram of a PMT is shown below

in Figure 2.6.

photocathode
dynodes

Y Yan
W\

anode

“b

Figure 2.6. lllustration of the Photomultiplier Tube.A scintillation photon eters the tube and
liberatesan electron from the photocathode. The electron is then guided by subsequent stages of
dynodes at high voltage. At each dynode multiple electrons are liberated since the electron is
accelerated in thelectricfields created i the dynodesgaining more energy. Final collection of the
electron signal occurs at the anode.

After multiple steps of electron signal amplification and acceleration by voltage
biased stages, a pulse of electrons with high correspondence todgimaldight pulse is
directed to the anode, or output, of the PMT. Here, the anode collects this pulse of electrons
and converts it to a voltage pulse [14]. This process is characterized by the time constant of
the anode circuit. For this applicatiohgttime constant is chosen to be small (set by the
manufacturer) compared to the decay time of the detector material. This results in a voltage
pulse with leading edge characterized by the anode time constant. The time constant is

shorter than the scihtil at or material 6s time constant or



34

of the pulse has an exponential decay behavior with time constant equal to that of the
scintillator decay. This means that the pulse tail has the same behavior as the pheton puls
tail from the scintillator [14].

The signal coming oubf the PMT going to the CFs thus a fast voltage pulse,
defined as a pulse witlisetime on the same or lower order of magnitude as its transit time.
The PMT pulse is called a linear pulse beeaits height and width carry information about
the detected radiation. In this situation, the pulse specifically carries the timing information
about the birth or death of the positron. This linear pulse enters the 583B CFD unit, is
accepted if it is inthe correct energy range corresponding to the 1.27 §davmaenergy for
one detector and the 511 keV annihilation energy for the other detector. The pulse is then
shaped according to the principle of constant fraction discrimination. It is shaped into a
bipolar signal where the zero crossing occurs at a specified (constant) fraction of the original
pulse height. The fraction used usually vaitketween 0.1 and 0.2 [[L4For the 583B unit, it
is internally set at 0.pL5]. The time at which this shapedlse has the zero crossing is then
used as the point of reference for the positron event. The time picked off from this pulse
shows very little amplitude walk and little timing jitter, so is an accurate time-gffck
method. When the signal crosses zbeccrossing, a logic pulse is created and is output by
the CHD unit [15]. This signal corresponds to the time of the positron event. The logic pulse
is a square wave of standard size and shape and is accepted by the TACt aghsta
input or sbp input [1]. The square wave has a very sharp leading edge so that the TAC
recognizes the beginning of the signath extremely good precision [25]A block diagram

of the proess is shown below in Figure 2.7
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583B CFD
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PMT “Lj"_\t'—'amc

Fast, Fast,
linear logic

Figure 2.7. Signal chain diagram fronihé¢ PMT to the TAC The CFD unit shapes the pulse so that
its zeracrossing occurs at the internally set fraction of the pulse amplitude

The 583B unit provides usadjustable external Constartaction Shaping Delayia
inputs for a50-ohm cablethat set the delay. The shaping delay is optimized through
experimentation with the length of the cable us&te delay value must be greater than the
time the detector signal takes to reach its maximum amplitude from the triggering fraction of
0.2[14,29.

For every positron lifetime capturedhe TAC creates a pulse with amplitude
proportional to the elapsed time between start and stop signals. The maximum allowed time
interval between start and stop signals for the TAC 566 unit is setbgteolontheu ni t 6 s
front panel [2%. It is important that the maximum time range be small compared to the
average spacing between signal pulses. This way the TAC unit is not likely to receive
multiple pulses duringhe maximum time range [14 T h e Nk Soure @eéets this
criterion using the minimum TAC range allowable, 50 ns. This was the setting for the TAC
range used in all PALS experiments and optimization. Based Gfithectivity there is an
average of 0.0165 positrons per 50 ns TAC range. Thussiunigkely that multiple signals
would be received by the TAC during one time range. In general, the TAC can resolve time
differences ranging in magnitude frob® ns to 2 ms [J5 Since the lifetimes involved in

PALS are on the order of hundreds of pmoends, a delay cable was needed in the stop
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branch of the PALS system. The delay extended the time difference between start and stop

signals to a magnitude the TAC could process.

2.3.3 Pulse and Cable Considerations

The fast nature of the signal to beopessed by the PALS chain brings up the
important issues of signal reflection, high frequency attenuation, and device impedances
which affect signal/voltage attenuation. For a chain of connected components it is desirable
for the output impedance of eacbmponent to be as low as possible. A low output voltage
impedance results in a small voltage drop so the signal is minimally attenuated as it traverses
the electronics chain. This is easily visualized with the voltage divider equation below, where
Zo is the output impedance of a component apdsZhe input impedance (or loadj the

next component [14

Z
L S Zo + ZL (2.1)

The voltage pulse containing the timing information that reaches the next component in the
procesing chain is attenuated by the factor on the right hand side of Eg@dtiolt is easily

seen that the smaller the output impedaneg,ti@e larger the voltage the next component

(VL) sees, up to a maximum of the original voltage, the source voltagéhus, if every
component in a signal processing chain has a small output impedance compared to the input
impedance of the next component then minimal sigttehaation will be achieved [16]

Since this issue is common to all nuclear measurement temsjiindustry has designed all

standard equipment with this in mind. The Ortec 566 TAC, for instdra® an output
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i mpedance impedarggelkq [25) and the MCA has an input iredance of about
1 kaq]. |

Changes in the impedance of variowsnponents lead to signal reflection which is
more undesirable than signal attenuation. Such reflection can alter the shape of the pulse and
not just the amplitude, throwing off the pt
consider in the networkf coaxial cables connecting the PALS system components. As a
result the problem of reflection involves both the impedances of devices/components used as
well as the characteristic impedance of the coaxial cablestassshnect the components
[14].

The solution is to ensure that all cables are terminated in their own characteristic
impedance. The characteristic impedance of a cable is determined by the amount of
resistance it provides when being initially charged. If a cable is terminated in its own
characteristic impedance, i.e. if the total impedance at the next stage is equal to the
characteristic impedance then there are no reflection issues. The current drawn by the cable
is constant during the transient charging of the cable and after curtssihgsdelivered to
the load at the end of the cable. This termination is the effective impedance of the next
component in the chain and can be altered if necessary by series or shunt terminators. Most
coax cables used in nuclear pulse processing h&@obhm characteristic impedance and as
a result, the nuclear instrument industry has designed most of the circuits designed for pulse
processing to have an effective input impedance of 50 ohms. When all of the circuits and
cables have matched impedanchsnt reflections are eliminated. The oscilloscope, for

instance, was set to have an input impedance of 5& hr ough an i nternal S
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arises from abrupt changes in impedance and is similar in concept to optical reflection
between media of dérent index of refractiofil4]. Thus the coax cables used in this design

all have 560hm characteristic implance Coax cables also have more severe signal
attenuation for high frequency components (fast signals) than for lower frequencies, so it is
bereficial to use coax cable with better attenuation propertieG-58C/U coaxial cable is
commonly used in nuclear applications. It has @B characteristic impedance and has
adequate highlrequency characteristics [[L4 This type of cable wassed inthe PALS

system.

2.4 Timing Theory of the PALS Systems

In the digital PALS system, pulses from the dynode of the PMTs are led directly to
the inputs of the oscilloscope and the output of the TAC is also led to the oscilloscope for
triggering. Triggeringwvas set up on the oscilloscope such that events were processed and
displayed only when the TAC output signal was present. This was accomplished by
triggering on the rising edge of the TAC signal at an arbitrary voltage of approximately one
volt. The detetor part of the system was essentially identical to the analog, and as a result
the main theory involved with the digital system relates to the processes and calculations
taking place in the oscilloscope: those related to the time-gffcknethod, the may
difference between the analog system that accounts for the improved time resolution of the
digital system. The folloimg section prepares this discussion by laying out the sources of

the time resolution spreading.
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2.4.1 Sources of Spreading in the Time Resolution

The time resolution of the system is the quadrature sum of the various sources of
timing uncertainty orreading. The components that afféet resolutiorarerelated to the
interaction of radiation in the detector crystal, transit timeag in the PMT, uncertainty
inherent in the time pickff method, and jitter inherent to the oscilloscope or electronics.

The following equations show the sources of timing resolution for the digital and analog

system 2]:
2 _ .2 2 2 2 2

SDIGITAL _SL +Sedge+sTTS+SCF[,,g +Sscop(’ and (22)
2 _ .2 2 2 2 2

SANALOG - SL +Sedge+sTTS +SCF +5elec' Where (23)

0. = spreadf the resolution function caused by variation in optical path length of gamma
rays and scintillation lights in detector crystal,
Uedge= SPreadcaused by variation of the shape of the rising edge of the pulse;

Orrs = spreaddue to transit the spread of the electrons in PMT;

Ucr = resolution spread due to the Constant Fraction or other timeffiokethod used;
Uscope= time jitter of theoscilloscope, < 3ps
Uelec = Spread dueo the TAC and MCA electronscchain (insignificant) [2R
Thel in the above equations characterizes the spread of the Gaussian resolution function in
terms of its width, where the timing resolution, or FWHM i s [22]. 35
The first three terms of the right hand side of Equatih@sand 23 are identical for

the amlog and digital systems as they depend solely on the detector which is comprised of

the crystal and PMT. Of these, the first term represents the timing uncertainty due to optical
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path length variation in the crystal. Scintillation light is emitted cgobally in the crystal

and in order to increase collection at the PMT the crystal surfaces are made to be diffusely
reflective, refleanhg the lighttoward the PMT. As a result, scintillation photons travel
different path lengths adding to the spreadhaf signal 14]. This effect depends on the

crystal geometry and is therefore not subject to much control or manipulation. Small crystals
were purchmatenedl § lloenmgtah) to minimize this ef
used in the literaturf9,10,29 but the direct effect of this has not been quantified.

The second term on the right hand side afi&mpns2.2and 23 is related both to the
uncertainty in the number of photoelectrons emitted from the photocathode of the PMT and
the durationof the leading edge of the detector pulse. The more photoelectrons that are
produced at the photocathode of the PMT the less the uncertainty in the resolution and the
less the fluctuation in pulse shape. Photoelectron production is a statistical smdbes
more scintillation photons created the more photoelectrons produced, and at large numbers
statistical fluctuations exhibit a smaller proportion of the overall numbearatcs and thus
have less of deleterios dfect on the time resolution [14 In this regard, the Brillance 380
detectors have an advantage over the,Rbdtectors since the former have a much larger
scintillation light outptiper keV of energy absorbedaF, detectors, however, have a faster
rise time than Brillance 380 deterdobecause of the faster decay of excited states in the
crystal The detectors are expected to have similar timing resolution characteristics based on
the tradeoff between these two factors, although thegliaBxpected to be somewhat better.

The duation of the rising edge is also dependent on the type of photomultiplier used. The
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XP2020/Q PMT has a typical quoted rise time of 1.5 ns and a Hamamatsu H3378 (R2083Q)
has a rise time of 0.7s, while the XP20DO is 1.5 ns [16,17,24].

Thethird term onthe RHS of Equation8.2 and 23 represents the transit time spread
of the electrons as they traverse the PMT. Photons entering the PMT liberate electrons at the
photocathode. These electrons and subsequent electrons from the stages travel slightly
different paths than one another and so the signal is spread because of this. Stray magnetic
fields and even cankontribaetato thé gpeading ded td theanhagnetic
alteration of the electron paths. Much of the recent setups seekinguice rdee time
resolution of PALS systemstilize Helmholtz coils to cancel any magnetic fields in the
vicinity of the PMTs. This reduces the transit time spread in the tubes but its effect has not
been known to be isolated and characterized in the litetatdagnetic shielding of the tubes
has also been used in the literature but Helmholtz coilseepoeted to be superior [R8

The fourth term in Egations2.2 and 23 is the timing uncertainty due to the CF
method used. Thisepresentdhe major advantge of the digital implementation and the
cause of thereduction of the digital timing resolution compared to the analog timing
resolution reported by Becvar et al. Becvar and his coworkers reportetheiratigital
method was superior to theotherwise dentical analog methottased onMonte Carlo
simulations butprovided little detail or reasoning [® In this work, the digital method
proved superior mostly because the constant fraction percentage used was optimized from the
built-in 20% value inherenttthe CFD hardware. Other factors such as rejection of spurious
pulses and energy/voltage criteria similar to setting energy windows with an SCA were not as

fruitful for the time resolution, as discussed later.
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2.4.2 Time Pickoff Methods

Time measuremertechnique necessary for experimental procedures such as PALS
rely on a method to identify the time of occurrence of an input linelsep In an analog
systemthis is done bytime pickoff units, such as a CF;ndthe methodelies upon the
generatiorof a logic pulse whose leading edge intésathe time of occurrence of theear
pulse. For a digital system time piokf can occur on the digitized linear pulses themselves.
Uncertainty in timing derives from noise in the pulses, shape fluctuatiehamplitude
fluctuation between pulses. Uncertainty in timing from pulses with stable amplitude is called
jitter and involves noise or shape variations. Amplitude variation that contributes to timing
uncertainty is known as walk. The underlying causgtter in the system is noise inherent
in the detector and PMT system as welshape variations caused by the discrete number of
scintillation photons (information carriers) created by the system. Although the LaBr
detector creates 35 times more station photons per unit of energy deposited than BaF
these shape variations are still an important factor since scintillation counters create few
carriers compared tmther types of detectors [JL4

Different methods of time pickff have contrastingtrengths and weaknesses with
respect to the types of uncertainty. Because of this, a separate term for the contribution of
the time pickoff method to the time resolot was included in Equations 2ahd 23 in
Section 2.4.1.Common forms of timing idade leading edge, crossover, amplitude and rise
time compensated, and finally constant fraction timing. Leading edge timing is the simplest
method, in which the time of occurrence of the pulse is defined as the moment ésraach

particular set voltageThis method is especially proneliothamplitude walk and time jitter
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As such it serveas an excellent visual illustration of ttveo processes, as seen in Figure 2.8
Signals identical in all respects except for the presence of random noise ovill ssh
considerable difference between time patkinstances as a result of the signal fluctuation.
Amplitude and/or rise time variation between pulses also causes significant skew in timing of

otherwise identical signals as ttwldwing figures indicat¢14].

Time

/I\LUV

Figure 2.8 Time jitter due to signalaise For a fixed trigger level the instance of time pickoff can
occur almost anywhere within the envelope that bounds the noisiness of the curve.

— «—— Amplitude
Walk

Trigger
level

T =
Figure 2.9, Amplitudewalk due tovaryingpulseamplitude. The potentially significant difference in

the pickoff time at a constant voltage level for two pulses with similar shape but different amplitude is
easily seen.

Figure 2.8shows a noisy pulsenclosed by an envelope roughly bounding the noise
For a set trigger level (equivalent to leading edge timing), the time pickoff can occur
anywhere in the range of the envelope at that level causing a time jitter shown in the figure.

Figure 2.9illustratestwo pulses with similar shape but different amplitud®r a set trigger
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level there is a different pie&ff time for each pulsasseenin the figure, and the amplitude
walk is the difference in these times.

Crossover timing can be useful for pulses that are bipolar in shéipe technique
registerghe time pickoff at the instance the signal crosses the baseline voltage of the pulse.
It has been shown in some situations to reduce walk in bipolar signals with significant
amplitude variation. The constant fraction method, like the leading edge meé¢teanines
the time coordinate of the pulse when it crosses a certain voltage threshold. Instead of a
constant threshold, however, it is set to be a confiaction of the pulse amplitude. Thus
the trigger point is independent of pulse amplitude iflgmads with little shape variation. The
constant fraction method is the standard in scintillation cogndéipplications involving
timing. The electronic implementation of the constant fraction method requires manipulation
and transformation of the signiato a bipolar pulse The input pulse is multiplied by the
constant fraction value (i.e. 20%) hardwired into the unit creating an attenuated signal. The
original signal is inverted and delayed by an amount of time set by the experimenter. This
signal B added to the attenuated signal creating a signal where the zero crossing corresponds
to a constanfraction of the pulse height [14].

With the digital oscilloscope the time pickoff method was carried out via an
agorithm written in Matlab.In order to inplement the constant fraction method the
algorithm measures the amplitude of the pulse and finds the time at a given fraction of the
pulse amplitude. No pulse processing with electronics was required on the pulse to the
oscilloscope. The pulses creatadhe PALS system showed variation in the rise time from

pulse to pulse. Because of this a new-tise modified constant fraction method was
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attempted which tried to take into account the effect of the rise time variation in the pulses.
It was realizedhat pulses exhibiting the same amplitude and originating at the same time
would yield different pickoff times if their rise times differed as showm Figure 2.10
below.

—»| |&— Rize tima walk

Trigger

" lewvel

Figure 2.1Q lllustration ofrise timewalk due to rise time variationThe pises have the same
amplitude but different rise timend as a result the pickoff time for each pulse is different. This
difference is the rise time walk.

The pulses in the figure above have essentially the same amplitude but each take a
different amountof time to reach its full value. A rise time modified constant fraction
(RTMCF) method was created to try to compensate for such behavior by calculating the rise
time of each pulse and adjusting the constant fraction percentage to decrease the walk. This

was exploredn this work but proved less effective than optimized CF timing
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Chapter 3

Performance and Optimization

Four variations on a@PALS system wre testedto find which had the best timing
resolutioni the two different detectors, LaBand Bak, and two different system types
analog and digital. Each detector with its PMT Vet tested to ensure propkmctionality
and adherence to quoted energy resolution specificationgpd by the manufacturers:or
the analog versions, each detecietup was tested separately and ran at the optimal high
voltage for the PMT with optimized CFD settings found by experimentationThe
functioning of the digital timing algorithm was verified by performing timing measurements
on split identical outpwt from a pulserand then from a single detector. With identical
pul ses the actual time difference is known
check on its functionality and measure of the inherent spread in timin@ptimization of
the timirg resolution with Ce60 was performed on the digital system for different timing
methods and constant fraction percentages, and also based on rejecting pulses with spurious
behavior or characteristics that fell outside of the nor@n-60 was used becaugeemits a
1.17 MeV gamma in coincidence with a 1.33 MeV gamma, thus servingcasvanient

measure of the spectrometerds response to coO

3.1 Initial Testing of Detectors and Equipment

Prior to shipment, ach detector was tested by th@anufacturer for its proper

operation andts energy resolution for the A7 662 keV full energy peakEach detector
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came with a sheet detailing the energy resolution for a given operating voltagen

receipt, be two LaBr; detectorsobtained from Sat Gobain Crystals were tested with a

small Cs137 source andhigh voltage supply of -750 volts, the same voltage the

manufacturehadtested them at The detectors had @mergy resolutiof 2.8% and2.9%,

defined by the ratio of the FWHM of the fulhergy peak (in channels) to the channel

number at the center of the full energy peak. These values matched the manufacturer

specifications, and similarly, tiigaF, detectors also matched the manufacturer specifications

of 9.2% energy resolution on the -C37 full energy peak.

To perform this energy

spectroscopyhe output of the detector (anode)sa@nnected to an Ortec 63pectroscopy

Amplifier and its outputvas connected tihne computebased MCA as seen in Figure 3.1.

Detector

(fast)

Amp
671

(slow,
bipolar)

e
=

MCA

Figure 3.1. Hardware onfigurationusedto test the detector energgsolution The detector pulse
amplitude was too small to be directly led to the MCA so it had to be amplified first.

The amplifier was needed to increase the voltage to a level aldwetty the MCA

The amplifer shapes the fast detector pulse intoreger slower pulse n

t he

order

rise time with thestable and accurate pulse heigleieded for pulse height discrimination

[29]. Theenergy resolutiomesults forthe new Brillance 380 detectors are whdbelow in

Figures 3.2and 33.

The voltages used above were not optimal for timing resoltitidrey were set at

typical voltages for energy resolution applications.

Generally speaking, the higher the

of
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voltage a PMT is operated at the better the tinpegformance since the electrons are
accelerated more, thus minimizing the effect of initial path length differences after the
photocathode. The Balffletectors wer@perated at2500 V,the maximum safe operating
voltage specified by the manufacturer/desig[17]. The maximum voltage for the LaBr
detectors was2000 V but it was found that the detector functioned poorly at this, laselll

energy spectra collected at this voltage were unrecognizable due to pulse sdtléation
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Figure 3.2. Cs137energy spectrurfrom Brillance 380 dtector
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Figure 3.3. Co-60energy spectrum from Brillance 38@tdctor
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As a test of the optimal operating voltage, the energy resolution and pulse rise time
was investigated for a range of voltages up to the maximwwalle. The pulse rise time
was determined from viewing on the digital oscillosc@mel from the builin rise time
function that measures the rise tinmm the oscilloscope Rise time values were
histogrammed, noting the most common value and the rahgaloes. For the Bak
detectors rise time improved as voltage increasedhaehergy resolution remained stable
The maximum operating voltage €4500 Vresulted in the best rise timand was used for
PALS testingas reported in all the literature liging BaF, detectors 22,28]. The LaBg
detectorsshowed a similar trend but at voltages abel®00 V the quality of the energy
response function drastically diminished. Rise tresltsfor the LaBg detectorsare shown

below.

Table 3.1 Detector RulseRise Time for Different PMT Operating Voltages

Voltage (V) Rise Time (ns) Rise Time (ns)
[Most common] [Range]

-750 4.8 3.2-6.0

-1000 4.6 3.54.6

-1250 3.5 3.4-3.7

-1500 3.4 3.33.6

-2000 2.9 2.7-3.1

The optimal voltage for the LaBrdetectors was found to be-1500 V based on the

combination of the rise time amglality ofthe energy spectrum.

3.2 Analog PALS Optimization

The analog system was set up as in Figure 2.1, with the detectors connected to the

CFD-TAC-MCA analog electronics chainThe only differencdrom the setup shown in the
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figure was that a C®0 source was used in place of smurce/samplsandwichwhich is
used for actual PALS measurements. Since6Ccemits two high energy gamman
coincidence it serves as an approximatd the inherent timing resolution of the system.
Thus initial tests and attempts to optimize the timing resolution focused on using-te Co
source

There are two main electronic features tlcan beused to improve the time
resolution the energy widow/SCA settings on the CFDs, and the optimization of the CFD
settings related to the constant fraction timing itk In the first case, thearrower the
CFD energy windows are set aroutiet 1.17 and 1.33 Me¥nergy peaksthe better the
resolution. The improvement in time resolution from this is limited, however, and also
comes at the cost of decreased count rate since as the energy windows are set more narrowly
more of the broadened full energy peak is rejected. Setting the energy wimdolves
experimentally determining the SCA settings on the CFDs as set by the discrimination
threshold potentioetess. The potentiometersone setting the upper limit discrimination
threshold and one setting the lower limit, define for each discriminator the afngulse
heightsand thus energiglat the CFDs accept [15].

A way to monitor the energy spectrum in real time as the SCA settings were varied
was necessary since the conversion between energy and the potentiometer voltage setting is
not generally known To do this, the configuration shown in Figure 3.4 below was used.
Both the anode and dynode puts of a given detector were used to provide a pulse to the
CFD for discrimination and a pulse to the MCA through the amplifier. The amplified pulse

contans the pulse amplitude information in a range the MCA could accept and process,
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while the timing pulse from the discriminator was sent to a gate/delay generator, the output
of which was led to the gating input of the MCA. The discriminator produces antout
pulse only when the pulse from the detector fell between the voltage range set by the
discrimination levels. The resulting output is a fast logic pulse which activates the gate/delay
generator. This then outputs a square wave serving as the ggtiabfer the MCA, and is
delayed by the proper time so that it overlaps with the pulse going to the MCA from the
amplifier. The overlap is assured by viewing both pulses on an oscilloscope and adjusting
the delay on the gate/delay generator. Once accsimepl, this ensures that the MCA only
accepts pulses from the detector that meet the energy range set in the CFD. The delay is
needed because the chain with the amplifier is a slow chain (i.e. a slow pulse is produced

after the amplifier) and the chairal#ing to the gate/delay generator is fast.

HV
(fas) | CED (fast,neg) |  Gate/delay
Detector anode » 5838 d 416
dynode

(slow,
q Amp bipolar) |
671 MCA gate

(fast)

A

Figure 3.4. System setup for setting the discriminator energy windows. This setup is used for each
discriminator, and allows the changes in the energy spectrum to be viewed on the MCA as the
discriminator stings are varied.

With this configuration all pulses making up the energy spectrum of tle6C

source were sent to the CHiit only the ones corresponding to the rangectsdeat the
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CFD were displayedn the MCA This made ian easy matter to adjt the discrimination
settings until only the desired portion of the energy spectrum was observed on the MCA, for
example just the 1.17 MeV peak. In this way, one detector could be set to accept pulses
belonging to the 1.17 MeV full energy peak and ttieepset to the 1.33 MeV peak.

Once this was set up, the next step was to optimize the timing portion of the CFD. As
discussed previously, the CFD takes an attenuated version of the signal arid @&dals
delayed and inverted version of the signalomler to produce a bipolar pelsvith zero
crossing at a fixed constant fraction of thrgginalp ul seds ampl i tude. I
delay must be greater than the rise time of theeplilg must not be too large. dldelay is
determined by theshgth of cable connecting the two BNC connections on the CFD labeled
cable delay The optimal length must be found by experimentationdnygudifferent lengths
of cable [15]. For each cable length the delayed coincidence spectrum of 6 €aource
wasrecorded and saved in the MCAts FWHM was then determined within thdaestro
programand confirmedby fitting the spectrum to a Gaussiasing the statistics program
SigmaPlot

Different lengths of cable were made by cutting cable and adding -omnfigNC
connectors with a crimping tool. This is one aspect of the optimization that is very time
consuming and is not needed fihe digital system. The Ortamperating manualor the
CFDs suggestean initial guess oflelay time equal to 0.7 ns plus atfacof 1.1 times the
10% to 90% rise time of the pulsfl5]. For the Bak detectors a rise time of 2.7 ns was
common, and so by this formula a delay time of 3.67 ns was necessary. The signal

propagation speed in the REBC/U coaxial cable was 0.659hee cis the speed of light in
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vacuum [14]. Performing the conversion for the length of cable needed to create this delay
time resulted in 28.5 inches. The first ki@ cable made was 28.6 inchedength Lengths
surroundingthis value were tested fdaoth detector types, plotted against timing resolution

as measured by FWHM, then data points were filled in as necessary by additional testing.

The resultdor the BaF; detectorsare shown belown Figure 3.5
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Figure 3.5 Time resolution versus comstt fraction ablelengthfor the Bak detectors.

Values of the FWHM varied by tens of picoseconds for lengths within a few inches of
the optimal value but were off by 50% or more at shorter lengths that did not produce the
minimum delay needed to carrytdhe constant fraction methodlhe best timing resolution
was found at 32 inches and this length of cable was used for the cable delays on the CFDs for
the Bak, detectors.

The coincidence count rate for the analog system with energy windows set dreund t
individual peaks was only 0.5 to 1 cosiper second. Five thousands counmtse collected
for each cable length tested.he time resolutions achieved for the optimized system were

210psand192 psfor the Bak; and LaBg detectors, respectively
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3.3 Digital PALS System
3.3.1 Oscilloscope setup

The digital system was also tested and optimized using th@0OCGmurceand the
LaBrs; detectors The signal from the TAC in channel 3 of tbscilloscope was used as the
trigger for coincident events. Thé\T signal and the detector pulses were separated in time
by about two nanoseconds on the oscilloscope disflag.time scale was adjusted to 50 ns,
which is 5 ns per division with a total of 10 divisions shown on the scope, and the signals
shifted so thiaboth would remain on the screehhis was important for the use of the timing
algorithm because the scope would only process what was on the. strakming this, the
entiredetectorpulse was easily seen on the scope as well as significant portitrespolse
baselinebefore and d@ér the pulse. The abowetup was needed to perfopulse rejedbn
based on spurious pulses and on the pulse baseline, stheh lzeselinenean or rms value
over a usedefined range

Upon setting up the proper tingeale, the TAC channelisplay was turned off to
improve the sampling rate, since the scope samples at 10 GHz for 2 clthsplelgedor 5
GHz for three or four channetBsplayed At 10 GHz sampling rate, the waveforms on the
scope consisted of points E00 psintervalswith the option of interpolation between points.
Linear and sinx/x interpolation were standard options and cubic interpolation was available
with the XMATH package [23].A cubic interpolation script was also written in Matlab for
compaison purposes and for use before the XMATH package was purchased. Their
performance in terms of timing was identical, although the Matlab interpolation resulted in a

greater dead time or decreased thhgug rate for processing events since it involved
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communication between different computer progran@ubic interpolation was found to
yield better performancian sinx/x interpolation and linear interpolation, which agrees well
with the prevalence of cubic interpolation found in the literate®(].

Interpolation was used to obtain more points on the leading edge of thenpoitder
to perform more accuratéming calculations. With a nemterpolated100 ps/ptsampling
rate, for instancat would be difficult to pinpoint the time at which a condt&action of the
pulse voltage occurs. Cubieterpolation by a factor of 20 was usexdproduce a voltage
data point every five picoseconds. At this frequency of data points, the time pickoff of the
constant fraction could be off by a maximum of 2.8ogeconds. For example, if the pulse
amplitude was 2.0 volts and the baseline was at zero volts, then the 20% constant fraction
level would be 0.4 volts. With a 100 ps/pt data frequency, there might only be 20 data points
on the curve, and the seventhmiaould have a voltage of G3/olts and the eighth point
could have a voltage of 0.44 volts. Thus if the seventh or eighth point was used as the time
pickoff, this time would be off by about 50 ps, or half of the sampling interval. For one data
point per 5 picoseconds, the points surrounding the constant fraction value are guaranteed to
be less tha@.5 picoseconds off the time at the constant fraction value.

In addition to data interpolation, the scope could also perform data smoothing. The
pulse vaveforms withousmoothingwere noisy, leading to timing jittelT he scopeds bu
math function calleckres Enhanced Resolutiomisesa process similar to a digital moving
averae filter to smooth out noisa the signal. The choices fosmoothingwere 1, 1.5, 2,

2.5, and 3 bit enhanced resolution filtering. At 2.5 and especially 3 bit filtering some pulse

amplitude attenuation was visibiue to high frequency attenuatidrom the frequency
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response of the digital filter Experimentation showed&h 2.5 bit filtering wasoptimal,
followed by 3 bit filtering. Data smoothing waalso an important part of all other work

involving a digital PALS systen9[10,23.

3.3.2 Testing of Constant Fraction Algorithm

In order to test the basic functioning deditimacy of the constant fraction algorithm
it was used to calculate the delayed coincidence spectrum for a series of pulses derived from
the split output first of a pulser and second of a single detector. A total of three tests were
performed. The ouput of an Ortec Model 48pulser was glit with a standard tee anddl¢o
the inputs of the oscilloscope. Since both channels were receiving identical inputs there
would be no time resolution spreading due to pulse shape variati@mplitude variatios
as there was witthe Ce60 source, even though with the-60 source it is known that both
gammas are given off in coincidence. A second test used the output of alsiBgle
detector, snilarly split with a tee and teto the inputs of the oscillogpe. In this test the
CFD energy windows were set narrowly so that there was very little amplitude variation
between pulse sets. In the third test, the CFD energy windowswigeeopen such that
pulse sets showed significant variation in pulse amplituger each of these tests various
types of timing were tested using the digital algorithm progmifferent constant fraction
percentages anieéading edge timing based on time padk at a set voltage instead of at a
constant fraction of the pulse antptie Each of these waalso performed for different
levels of smoothing with the Enhanced Resolution feature obsb#loscope These tests
were performedn reaktime on the scope since the output from the pulser and single detector

was of sufficientfrequency that each test could be performed in a short period of time. In
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these tests, the time difference between the pulses was measured by the toffenpatkod
and histogrammed. Each test was performed until 10,000 counts were colHutectsilts
wereplottedand the FWHM determined

Constant fraction timing performed similarly to leading edge timing which was
expected because leading edge timing is excellent when there is no pulse shape agdliation
little amplitude variationsuch as withdentical split signal$14]. Results were similar for
the tests from the single detector and for the detector with ampirarision. The latter
showed a worsening in the time resolution that was expected beohube greater
amplitudes and variains in shape across thes&.summary of the testing results is shown

below in Figure 3.
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Figure 3.6. Results oftests to determine the timing resolution of the digital system and algorithm for
split pulser and detectoufses

The split detector pulsehad the best resolution besauhey were the fastest pulses, while

the pulser produced a much slower pulse on the order of microseconds instead of
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nanoseconds.The low timing resolution achieved shows tlia digital timing algorithm

functions propest.

3.3.3 Optimization of the PALS System for Co-60 Coincidences

Although the tests in the previous section showed that the digital algorithm
functioned properly it did not necessarily follow that the same values and settings that
produced the optimal timgresolutionon the split pulsesvould be appropriate for the
system measuring the &® delayed coincidence spectremfor the PALS experiment with
?Na. In order to address thithe digital PALS system was optimized usingsseft pulses
from the Ce60 sourcethat weresaved to the oscilloscope for analysis and testing. Two sets
of 10,000 pulse paireeresaved for each detectoype. One set usinthe LaBg detectors
was runwith PMTs supplyinga high voltage 0f1500 V and anothesf -1600 V. Both BaF,
sets were obtained running the PMTs2800 V. In all cases, one CFD was set to accept
pulses from the 1.17 MeV full energy peak and the other CFD was set to accept pulses from
the 1.33 MeV full energy peak.

Cubic interpolation and digital smoatly were applied in redalme to the digitized
pulses on the oscilloscope before the pulses were saved to the hard drive. The data was
interpolated by a factor of 20 to produce a data point every 5 ps, and the smoothing was
implemented using the 2.5 bilganced resolution feature.

The four sets of 10,000 pair pulses were saved to the oscilloscope and the timing
algorithm applied offline, as peprocessing. It took about three hours temd this number
of pulses. By saving the four sets of pulsesthe hard drive, any number thing methods

andconstant fraction percentages could be implementeitiesame set oflata Performing



59

the timing online would require the collection of 10,000 pulse pair for ehahge in the
timing algorithm, whileoffline processingonly took about 10 minutes. Offline processing
on unchanging sets of data alsoreased confidend&atdifferences in timing performance
were due to the changes in timing parameters and not>gerimental differences that
might havearisen over the course of the tegt such as an inadvertent movemehthe
detectors or source.

Theeffect of theconstant fraction percentaga the timing resolution was tested first,
followed by the effect of selective pulse rejection, as descriatd. Pulses from the
detectors were all bipolar in shape, with a small falling edge to the minimum voltage then the
rising edge to the maximum voltage. Constant fraction timing was optimal on the rising edge
of the pulses for both detector types, aasdults of the constant fractidastingare shown

below in Figure 3.7 and 3.8 for the LaBidetectors and Bafeletectors, respectively.
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Figure 3.7. Optimization of the LaBytiming resolution based on the constant fraction value used for
timing. Negdive values of the constant fraction correspond to the falling edge of the pulse while
positive values correspond to the rising edge.
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As seen in Figure 3.7, the optimal constant fraction for the Jd&ectors was at

25% of the height of the rising edg&he independent axis in the figure shows positive and
negative constant fraction percentages. The negative values pertain to timing on the falling
edge of the pulse while the positive values pertain to timing on the rising edge. The best
timing resoluton was obtained at a constant fraction of 25%, with a resolution of 194 ps.
The timing resolution for the Baletectors was optimal at the minimum of the pulse, or 0%
constant fraction measured from the rising edge. Figure 3.8 shows the constant finactio
the same way as Figure 3.7, with negative values corresponding to the falling edge and
positive to the rising edge. The optimal timing resolution was 182 ps compared to the analog

resolution of 210 ps.
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Figure 3.8 Optimization of the Bajtiming resolution based on the constargctionvalue used for
pulse timing

Furthermore, it was observed theme pulses exhibited spurious behavior; such
pulses were not even visually recognizable as pulses deriving from the absorptic®®f Co

gamma rays, a$e voltage baseline and pulse shape were completely off. Another spurious
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case occurred when both pulses had reasonable shape but one pulse wais simféeedn

the order ofa few nanosecondsThis cannot be due to a scattering event between detectors
or other nearby materials becatise transit time corresponding a distance travelad 1 to

3 nsis approximately 30 cm to 100 cm, which is much larger than the detector spacing
Since this is not feasible it is concluded that this time shiflus b a chance coincidence

from an unrelated pulseExamples of both types of spous pulses are shown belaw

Figure 3.9for 5000 pulses saved from laaBr; detector with energy windows set to 1.33
MeV corresponding to one of the &0 gamma raysMost of the pulses seen fall within a
common range of time and voltage, but some are shifted with respect to time, voltage, both

time and voltage, or are completely spurious.
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Figure 3.9. Pulses fronthe LaBr; detector with &0-60 source

Another deviationfom normal pulse behavior that was observed on the oscilloscope

was the occurrence of a drift in the baseline voltage vial@gespan of nanosecontsfore
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theleading edge of the pulse. Such a drift could change the slope, shape, or rise time of the
pulse somewhat, possibly leading to an addition timing spre&& a result of thse
observationst seemed logical to filter out pulses based aiteria related tathe pulse
amplitude, baseline voltagenaximum and minimum voltage, anine occurrenceof the

pulse minimum or maximumBecvar et alhad implemente@ similarfiltering schemen

their digital timing algorithm §]. Two measures of therift in voltage over a given region

are themean of the baseline and the root mean square (rms) defined as

, (3.)

wherea is the first data point in the region of interest and the last, and; is the voltage at
each data poirit

The timing algorithm was modifiedo calculatethe baselinemean andms and to
dispay them on the scope order to observeypical and atypicalvalues. This however, was
not very robust, so another method was needEde oscilloscope had the ability to save
pulses to the hard drive whenever it was triggered, so this provided the togagrform a
large series of tests all on one set of data at a time. Sets of 10,000 pair ptésesweed for
each detector type

A Matlab code (.m file) shown in Appendix Awas written to calculate and
histogram the various baseline parameterdfage maxima and minimaand time of
occurrenceof the voltage maxima and miniméor each of the saved pair pulses. The
baseline parameters calculateegre the baseline RMS value, the baseline mean value

(voltage offset) and the difference between thelas RMS value and the absolute value of
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the mean, i.e. RMS|mean|. The latter was chosen because it was observéugiqtantity
was small and usually showed little variatsuch that the differendgetween the two terms
was usually lesthan 0.2mV but ocasionally as high as 1 m\Examples of histograms are
shown belowin Figures 3.10 and 3.11 showitige distributions ofminimum pulse voltage

and time of occurrenagf the minimum respectively.
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Figure 3.10.Distribution ofthe LaBr; detectompulse minimum voltage
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The histograms provided a solid basis for the choice of a specific range of values to
accept and conversely a range of values to reject the pulses. Ehdiffenence for rejected
pulse pairs was not calculated and thus they were removed from the calculation. In the
Matlab code this was accomplished by creating an upper and lower limit for each criteria
based on the histogram, and checking if each puleeipulse pair met the criteria. If they
did meet the criteria, the logical expression would be true and the program would calculate
the time difference between the pulses via the digital constant fraction method. If the criteria
were not met, a logicaxpression would be set to the value false and the program would not
calculate the time difference. A flowchart of this process is shown below in Figure 3.12.

The time resolution achieved and the percentage of pulses rejected were the main
factors by whth the efficacy of the limits was tested. A rejection scheme that improved the
resolution by 10% but cut the effective count rate by 90% (such that only 10% of incoming

pulses were accepted) would not be desirable, for instance.

Calculate
Load pulse baseline and
pair min/max

Parameter
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Perfarm CF
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Figure 3.12. Flowchart of the pulse rejection processlf the calculated pulse parameters did not meet the
criteria then the pulse would be ignored and the next pulse would be loaded. If the parameters did meet the
criteria, then the constant fraction timing would be perfed. After this the next pulse pair would be loaded
unless it was the last pair in the set.

The histograms for thbaseline, voltage maxima and minima, and time coordinate
position of the voltage maxima and minima values were studied and specis \hlosen

that corresponded to 1) eliminating only spuriousigalin the histogram (thoseitside the
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tail of the Gaussian distribution), 2) values cutting into the Gaussian distribution by
approximately 5% on each side, andva)ues cutting approximatell0% of the pulses on

each side (i.e1000 pulses on each side, leaving 8000 in the main panedistribution).

This scheme resulted three variations for each type of t€stg. voltage maximajoltage
minima, position of each, and so on). Epehametemastested individually to ascertaits

effect on timing resolution then criteria values that improved the timing resolution were
combined with others that also improved the resolution in order to determine the aggregate
response of many of thesactors, all in a methodical and repeatable fashibrgure 3.13

below shows the same set of pulses as in Figure 3.9 lemtrajection of spurious pulses

corresponding to option (1) above.

Figure 3.13 Pulses fromthe LaBr; detector withCo-60 after rejection of spuriousiygses



