
Abstract 

BODNARUK, ETHAN WESLEY. Design and Implementation of a Digital Positron 

Annihilation Lifetime System for Measurements in Graphite. (Under the direction of Ayman I. 

Hawari.) 

 

A digital Positron Annihilation Lifetime Spectrometer was designed and used to perform 

measurements on three graphite materials, reactor grade graphite, pyrolytic graphite, and a foam 

graphite developed by Oak Ridge National Laboratory.  Positrons are a useful probe of the 

microstructural features of matter since they are attracted to open-volume pores and defects 

where the electron density is lower than in other parts of the material.  Various types of graphite 

were studied because of their importance in nuclear technology, including as a moderator in 

nuclear reactor cores. 

A l ifetime spectrometer consists of a scintillation detector, photomultiplier tube, and 

equipment to perform timing analysis on the detected radiation. This equipment can either consist 

of analog pulse shaping and timing electronics or a system that digitizes and processes the 

radiation pulses.  A new type of scintillation material, Lanthanum Bromide [LaBr3(Ce)], was 

tested and compared to the scintillator usually used for lifetime experiments, Barium Fluoride.  

The Lanthanum Bromide was expected to perform somewhat better than BaF2 based on its 

scintillation properties, and this was confirmed.    

The digital system was tested and its performance optimized. The digital lifetime 

spectrometer shared some similar equipment with a standard analog spectrometer and as such, 

both could be used simultaneously to take measurements.  The digital spectrometer showed 

improvement in its timing resolution over the analog system.  The measurements on graphite 

were more conclusive for the digital system than for the analog system, as results from the former 

matched published data well and were more consistent in general.  This was due to the greater 

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



Measurements on the graphites supported other work in the literature showing a lifetime 

of approximately 200 ps in the reactor grade and pyrolytic graphites with a second lifetime on the 

order of 410 to 425 ps.  In the reactor grade graphite the second lifetime was about 410 ps while 

for the pyrolytic graphite it was about 425 ps.  The second lifetime is higher in the pyrolytic 

graphite and it is attributed to its greater disorder. The 200 ps lifetime is explained as the lifetime 

of positrons in a perfect graphite crystalline structure while the 400 ps lifetime is explained as the 

lifetime of positrons at grain boundaries or defects between different regions in the graphite.  

Data fits involving a third lifetime for the materials were not satisfactory in terms of fitting 

statistics or results related to physical phenomena.  

Measurements on the foam graphite yielded two lifetimes of approximately 125 ps and 

340 ps.  The first value matches the lifetime of para-positronium, a bound state of an electron and 

positron known to form in porous materials.  The theoretical lifetime of this type of positronium 

is 129.3 ps.   The 340 ps lifetime is most likely the result of positron annihilation in the graphite 

structure of the foam reflecting positron annihilation in both the perfect crystal structure of the 

graphite and in grain boundaries.  This lifetime is close to the 334 ps mean lifetime found in the 

reactor grade graphite.  Further work and improvements in the experimental technique and 

equipment could provide more insight into the measurements on graphite.  
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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 condensed matter is measured.  The lifetime 

of the positron from creation to annihilation is directly related to the microstructure of the 

material and so is extremely useful in the study of many materials.  The positron is the 

antiparticle of the electron, having 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 

discovered and its annihilation with an electron provided a concrete example of Einsteinôs 

famous mass to energy conversion equation, E = mc
2
.  Whenever a particle and its 

antiparticle come into contact, the result in a short period of time (picoseconds to 

nanoseconds) 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 positron-electron 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 
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spectroscopy (PALS).  These techniques are all independent experimental methods and 

progressed rapidly in the 1950s and ó60s.  By the end of the 1960s, it was discovered that the 

characteristics of the annihilation phenomenon (i.e. lifetime and intensity) were sensitive to 

lattice imperfections in the microstructure of matter.  Specifically, the positron is attracted to 

and may become trapped in open-volume crystal defects.  In such locations the lifetime of the 

positron is increased due to a lower electron density.  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 marked the beginning 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 an increase 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 open-volume defects and features such as 

vacancies and pores.  Such a defect constitutes an attractive potential toward positrons since 

such vacancies by definition lack a nucleus that otherwise would be present in the crystal 

structure.  This in effect removes the positive charge that would repel the positively charged 

positron, creating a localized region with an attractive potential.  Pores also present an 

attractive potential toward positrons since they have a lower concentration of positive 

charges.  The sensitivity of positron techniques is due to the high number of atoms that the 

positron probes before annihilating.  A positron will diffuse a distance on the order of 100 
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nm through the lattice structure resulting in a microstructural sensitivity of about one 

vacancy per 10
7
 atoms [1].   

1.2 Positron Physics 

 

The PALS technique rests upon the physics of the positronôs interaction with matter, 

beginning with its creation and ending in its annihilation.   

1.2.1 Creation 

 

Positrons used in PALS and other laboratory applications are produced predominantly 

by one of three methods: ɓ
+

 (positron) decay of radioactive isotopes or by the pair production 

phenomenon in either a nuclear reactor or from a linear accelerator.  Positron decay can 

occur for neutron-deficient isotopes ï two commonly used isotopes being 
58

Co and 
22

Na.  

The 
58

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 of a 
22

Na source with similar 

activity due to the former isotopeôs short half-life of 71 days [3].   

Sodium-22 is the optimal choice for PALS experiments, however, because of its 

longer half-life (2.7 yrs) and most importantly due to its nearly-simultaneous emission of a 

1.27 MeV gamma ray upon ɓ
+
 decay [3].  This gamma ray serves as the detectable signal of 

the birth of the positron, allowing the lifetime of each positron from its creation to 

annihilation to be measured.  The decay reaction of the isotope is 
22

Na Ą 
22
Ne + ɓ

+
 + ɜe+ ɔ.  

The neon nucleus is created in an excited state and then de-excites by emission of a 1.274 
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MeV gamma ray.  This de-excitation gamma ray is included in the decay reaction above.  

The decay scheme is shown in Figure 1.1.  

 

Figure 1.1.  Decay scheme of 
22

Na showing the 90.5% positron decay rate and the 1.27 MeV gamma 

created from the de-excitation of the excited 
22

Ne state [1]. 

  

The isotope decays by positron emission 90.5% of the time and the 1.27 MeV gamma is 

emitted 3.7 ps after the positron decay.  This time is sufficiently short compared to the 

lifetime of the positron such that the two events can be considered to be simultaneous [3].  

Electron capture (EC) is a competing process and does not result in the emission 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 positron-electron annihilation.  

One of the ways a high-energy photon can interact with matter is by the creation of a 

positron-electron 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 production is 1.022 MeV, the rest mass of the positron-electron pair.   
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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 energy [4].   Examples of a beam-based 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].  Beam-based systems are often used for depth-profiling 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. The study of materials with PALS using 
22

Na positrons directly incident on the 

materials is characterized as bulk studies since the positron energy is much higher than in a 

slow positron beam and thus penetrates deeper into the material.  The 
22

Na positron has a 

continuous energy spread with a maximum energy of 545 keV [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 phonons 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 for the 
22

Na 

positron, related to the thickness of the sample probed, is given empirically by Equation 1.1 

below, 

,)( zezP a-=  with 
43.1

max

17

E

r
a= ,                                                         (1.1) 
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where Ŭ [cm
-1

] is the positron absorption coefficient, Emax [MeV] is the maximum positron 

energy, and ɟ [g/cm
3
] is the mass density of the solid [1].  Figure 1.2 shows the mean depth 

of implantation (z ) and depth probed (zĔ) for various materials.  The mean penetration or 

implantation depth is defined by P(z ) = 1/e, and the probed or information depth is defined 

by P(z ) = 0.999 [1]. 

 

 

Figure 1.2.  Positron depth profile versus sample density [1] 

 

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 found in interstitials and vacancies.  The diffusion process is akin to that 

of electrons at similar energies and can be described using semiclassical three-dimensional 

random-walk theory [1].  Because of the random walk nature of motion it is possible for 

positrons to diffuse back to the surface of the material and exit the material if it has a positron 
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work function that 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 work function, meaning that positrons diffusing near the surface may be 

emitted from the material gaining energy equal to the magnitude of the work function [3].  

This phenomenon is not common for the positron energies from 
22

Na in bulk samples, 

however.  The source-sample 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 describing the diffusion of the positron is the positron diffusion length, 

L+, which is limited by the finite lifetime of positrons in the defect-free bulk of the material, 

Űb, as follows [3] 

++= DL bt   with  
*m

Tk
D b

rt=+ ,                     (1.2) 

where Űr is the relaxation time for the dominant scattering process at a given energy.  The 

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 periodic lattice, and 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 general by the time-dependent diffusion equation  

),()],([),(),( 2 tntntnDtn
t

effd rrrr +++++ -Ð-Ð=
µ

µ
ln ,                    (1.3) 

where n+ (r,t) is the positron density at position r and time t, and ɜd is the positron drift 
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velocity.  This equation takes into account the effect of positron trapping resulting from an 

effective annihilation rate 

 )(1 rktl += beff                                         (1.4) 

and the effective positron diffusion constant 

eff
eff LD l2++ = ,                                         (1.5) 

where ə(r ) is the positron trapping rate which must be a function of position since the 

vacancies, interstitials, and dislocations are located in different positions within the overall 

crystal structure.  This trapping rate can be determined from the results of PALS using the 

trapping model [7].   

1.2.3 Positronium 

 

After thermalizing, a positron may form a bound state with an electron, known as 

positronium (Ps).  This occurs at air- or vacuum-surface boundaries and in low density 

condensed matter such as liquids or some solids with sufficient free space in the lattice, for 

example ice [2,8].  The Ps atom is similar to the hydrogen atom in its mathematical 

description except that the reduced mass of the Ps must be used, which is half the electron 

mass.  The Schrödinger 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 similar 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.  Additionally, the positronôs magnetic moment is 658 times 

larger than that of the proton with the result that the Ps fine and hyperfine energy levels 
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deviate from those in the hydrogen atom.  Other QED effects also contribute to this 

difference [3]. 

 The quantum state of the Ps is a major factor in determining how the Ps annihilation 

process takes place, as shown by Yang (1949), and Wolfenstein and Ravenhall (1952) [3].  It 

can exist in one of two spin states, s = 0 or s = 1.  The former state is known as para-

positronium (p-Ps) and consists of anti-parallel positron and electron spins, which is a singlet 

state.  The s = 1 state is a triplet state in which both spins are aligned.  Yang, and Wolfenstein 

and Ravenhall, derived a selection rule for the annihilation of positrons correlating the 

number of photons created and the spin, s, and orbital angular momentum, l, values of the 

positronium as follows: 

 (-1)
p 
= (-1)

l+s
,                              (1.6) 

where p is the number of photons created [3].  For the case of p-Ps, s = 0 and l = 0 and so the 

number of photons created at the time of annihilation must be even.  For ortho-Ps, s = 1 and  

l = 1 so the number of photons must be odd.  Although ñallowedò, higher order annihilations, 

such as four-gamma p-Ps annihilation or five-gamma o-Ps annihilation are exceedingly rare.  

For o-Ps, the most common form of annihilation is the three-photon process; the one-photon 

process is also extremely rare [3].    

 

1.2.4 Annihilation 

 

All positrons in contact with condensed matter will eventually annihilate 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 
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period of time.  By far the most common mode of annihilation is the two-photon annihilation 

in which two photons sharing the rest mass and kinetic energy of the positron and electron 

are created [3].  These are observed to possess approximately 511 keV of energy and have 

opposite momentum, thus obeying the conservation laws.   

 The two photons exhibit an energy that only slightly deviates from the value of 0.511 

MeV, because of the small contribution of the electronôs momentum before annihilation.  

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 experimental techniques are 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 mentioned 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 positron-electron annihilation.  A distribution spectrum of the number 

of counts versus annihilation quanta energy in a given material is collected, resulting in a 

nearly Gaussian-looking peak at 0.511 MeV.  Positrons favor trapping and subsequent 

annihilation in open-volume vacancies lacking a nucleus and thus lacking energetic bound 



 

 
 

11 
 

 

 

 

core electrons.  As a result the positron annihilates with a low-energy valence electron which 

adds negligible momentum to the positron-electron system resulting in annihilation quanta 

with energy right at 0.511 MeV.  When a positron annihilates with a core 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 will be since more positrons annihilate with low energy 

electrons resulting in more 511 keV quanta.  Two variables S and W are used to quantify this, 

S being the area under the central part of the peak and W the ratio between the area under the 

wings of the peak and the total area.  A material with a higher S value will have more defects 

than a material with a lower S value [3]. 

1.3.2 Angular Correlation of Annihilation Radiation 

 

Angular Correlation of Annihilation Radiation (ACAR) is a method that 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 180º back-to-back emission.   While the Doppler broadening effect is due to 

the conservation of momentum in the direction of the annihilation quantaôs propagation, 

ACAR is due to momentum conservation in the other two perpendicular spatial dimensions 

making up three-dimensional space.  The annihilation quanta are measured in coincidence by 

position-sensitive detectors to determine the angles Ūx,y of deviation from 180 degrees [1].  

The system utilizes electronics that filter the coincident events and store the deviation 

in memory.  This effectively saves the two-dimensional electron momentum distribution and 

can be plotted with contour or perspective plots.  In order to acquire defect-specific 
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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) 

measurements 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 greater resolution 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 a 1.27 MeV gamma ray emitted by a 
22

Na source and the detection of the 

corresponding 0.511 MeV annihilation photon created by the annihilation of the positron 

from the 
22

Na decay [1].  The 
22

Na source is usually deposited on a thin foil and sealed with 

another layer of the same foil.  This foil or support structure is placed between two samples 

of a material to study.  As mentioned in the above sections, the positron goes through a 

process of implantation, thermalization, diffusion, and finally annihilates either somewhere 

in the perfect crystal lattice of the material or trapped in an open-volume defect or feature.   

 A PALS measurement is made by collecting and storing the individual lifetimes of 

positrons in a histogram or the channels of a multichannel analyzer (MCA), resulting in the 

positron lifetime spectrum.  A sufficient number of annihilation events must be captured to 

ensure adequate statistics in the overall results and in each channel.  A lifetime spectrometer 

is characterized by its time resolution, 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 effective time difference between the pulses.  The shape of the spread is the resolution 

function of the system and is characterized by its full width at half maximum (FWHM), 

known as the time resolution. 

 The time resolution of the PALS spectrometer is characterized 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 is 2 2ln2 ss , or approximately 

2.35 ss .  This is a key parameter and its minimization is the focus of much 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 cannot be resolved and that 

materials with multiple lifetimes of similar value are 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 can be resolved can be as low as 1-2 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 several hours and a day to 

collect a spectrum with good 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 timing resolution 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 

 



 

 
 

14 
 

 

 

 

The conventional method of PALS measurements involves an 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 detector pulses [9].  Such a digital method 

uses either analog to digital converters or 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 of usefulness in performing actual PALS measurements 

[10].  A digital PALS system has been shown to have better time resolution than an 

otherwise equivalent analog system [9].  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 increasing, resulting in a rapidly growing 

demand.  It is estimated that the world demand for electricity will increase by over 55% by 

2030 compared to 2004 [11].  Nuclear energy promises to help meet this demand while 

avoiding the emission of greenhouse gases associated 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 also produce less 

nuclear waste.  Graphite is a key component in some of these systems. 

Graphite is a carbon material that has been used as a neutron moderator in various 

nuclear reactor designs.  Neutron moderation is important because Uranium-235, the 
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principal isotope that fissions in a nuclear reactor, 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 fissions [12].   

Graphite is well suited 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 atom ï having nearly the same mass as the neutron ï 

is the ideal moderator since the neutron can lose practically all of its energy 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 plants.   The downside of such light water 

moderation is that the water has 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 the 
2
H isotope instead of the 

1
H isotope, is also a good moderator in terms of its 

size compared to the neutron.  It is better compared to light water, though, because 
2
H has a 

much lower neutron capture cross section since it already contains an extra neutron compared 

to 
1
H [12].  The choice between water, heavy water, and graphite as moderator for a given 

reactor design involves economic tradeoffs as well as political and nonproliferation 

considerations.   

For these reasons and others, graphite is the moderating material future thermal 

spectrum Generation 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 significant neutron irradiation leading to the 

creation of many dislocations and vacancies at the microstructural level.  This has important 

safety implications for its mechanical properties.  Evidence also exists that open-pore defects 

in graphite affect its nuclear properties related to neutron interactions [13].  Finally, for one 

design in particular, the Very High Temperature Reactor, graphite will be subject to much 

higher temperatures and radiation doses at which the understanding of the graphite 

microstructure is poor.  All of these factors call for the increased study of graphite.  One tool 

which is well-suited for this is the PALS technique.   
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Chapter 2  

Description and Theory of Spectrometer 
 

2.1 Analog PALS Spectrometer  

 

The analog PALS spectrometer measures the lifetime of each positron absorbed in the 

test material and its supporting structures.  The measurement is initiated by the detection of 

the 
22

Na 1.27 MeV gamma that is liberated in coincidence with the positron from each 

nucleusôs decay.  The end of the positronôs lifetime is marked by the detection of its 0.511 

MeV annihilation quanta [1].  The analog system as a whole consists of the radiation 

detectors, signal amplification hardware and shaping signal processing/timing hardware, and 

a computer on which to store and view the data.  The appropriate detector for this application 

is a scintillation detector, based on the conversion of the gamma rays to scintillation light 

given off as the detector material absorbs the energy of the gamma ray.  The scintillation 

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 and send them through a series of 

amplification stages, creating an electrical pulse that is processed by subsequent electronics.  

The PMTs require a high voltage power supply to power this process of electron signal 

amplification based on secondary electron emission [14].   

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

record the annihilation.  For an analog implementation, the detector events are processed by a 
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conventional analog pulse processing chain consisting of time pick-off using constant 

fraction discriminators (CFD), a time to amplitude converter (TAC) and multi-channel 

analyzer (MCA).  The CFD uses the constant fraction principle to mark the time of 

occurrence of the radiation event based on the rising edge of the pulse.  It outputs a fast, 

square logic pulse that is led to the TAC to trigger it [15]. 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, or the signal from the first discriminator that 

performed the time-pickoff 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, producing 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 this information across its 8192 channel range, creating a lifetime 

spectrum similar in concept to a pulse height spectrum in energy spectroscopy [1].  Instead of 

a distribution of pulse heights, however, a distribution of time differences representing the 

positron lifetime is 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 used to determine the time 

interval per channel, which was approximately 6.8 ps/ch. 

A schematic of the analog PALS system is shown below 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 system, varying only the detector and its associated photomultiplier tube.  The first 

was the relatively new LaBr3(Ce) scintillation material, obtained from Saint-Gobain Crystals 

under the trademark name BriLanCe 380
©
 and the second was BaF2, a fast scintillation 

material that has been in use for decades and was also obtained from Saint-Gobain 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 manufacturer.  The divider bases 

chosen were one of the standard commercially available options, optimized for timing 

performance [16,17].  The BaF2 crystal was coupled to the XP2020/Q PMT while the LaBr3 

detector was coupled to the XP20D0 PMT with voltage divider model AS-20.   The high 

voltage supplies used were Ortec model 556.   

 

Figure 2.1. Schematic of the analog PALS system 
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LaBr3 and BaF2 were chosen as detector materials because of their balance of high 

collection efficiency, light output, and short pulse rise time.  The rise time is especially 

important for the time resolution of the system [14].  Barium Fluoride (BaF2) detectors are 

also commonly used in PALS because they have the best rise time of inorganic scintillators 

[14].  The LaBr3 was also chosen because it was a new material that had not been used for 

this application before but was expected to have similar or better performance than BaF2.  It 

has a decay time of 16 ns and a rise time on the order of 3 ns depending on the PMT and 

operating voltage.  Its decay time is among the best of scintillators but is poorer than BaF2.  

Its 63 photon/keV light emission, however, is superior to the BaF2 1.8 photon/keV light 

emission meaning that the LaBr3 yields more scintillation photons per unit of energy 

deposited in the crystal.  A figure of merit parameter defined as the ratio of the decay time to 

the light emission is one indicator of a materialôs performance in coincidence timing.  The 

figure of merit for BriLanCe 380 LaBr3 is 0.25 while that of BaF2 is 0.44, where a smaller 

figure of merit is desirable [18].  As far as is known from conversation with personnel at 

Saint-Gobain Crystals, this study was the first PALS application using any of the 

BrilLanCe® series scintillator materials.  A 25 mm diameter, 25 mm thick crystal was 

chosen for both types of detectors.  This was a compromise between cost, transit time of the 

gamma rays due to the size of the crystal, light reflection, and the efficiency of collection. 

2.1.1  Source and Test Material Sample Configuration 

 

The 
22

Na source is sandwiched tightly between the two test samples ï for this work, 

either graphite or high purity silicon used for calibration ï to ensure that all positrons are 
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absorbed so none escape to form Ps at an air-surface boundary.  Since 
22

Na is expensive, it is 

not feasible to deposit the isotope directly on each sample.  The general procedure is to 

deposit the 
22

Na on a thin foil and to seal it in order to create a reusable source for use in 

PALS studies.  A sheet of 25ɛm thick kapton foil was obtained from McMaster-Carr for this 

purpose.  Kapton is a polyamide polymer that is known to exhibit only one positron lifetime 

of 382 to 386 ps [19-20], allowing for a simpler source correction in the PALS spectrum 

accounting for the positrons that annihilate in the kapton.  The 25 ɛm thickness foil was the 

thinnest available from McMaster Carr, and later it was noticed that most researchers use 

even thinner foils to minimize the number of positrons annihilating in the foil.    

An aqueous 10 ɛCi 
22

Na solution was deposited on a small square piece of the 25 ɛm 

foil with a small eye-dropper and placed under a heat lamp until it evaporated, leaving only 

the dried 
22

Na crystals.  Another identical piece of kapton was placed on top and was sealed 

with kapton tape, and together this is referred to as a source/kapton sandwich.  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 contrast. 

 

 Figure 2.2.  White 
22

Na crystals seen at the center of the orange kapton foil 
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The whitish spot in the center is the dried 
22

Na, and the darker orange regions on the foil are 

where layers of kapton overlap to seal the source.  Immediately above and below 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, and this is 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 formation at surface boundaries [1]. 

The 
22

Na source activity was small enough to ensure that there is only one positron on 

average in the material at any given time.  A 10 ɛCi source is equivalent to 3.7x10
5
 

disintegrations per second, and with a 90% positron branching ratio this corresponds to an 

average of 3.3x10
5
 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 processed by the system at a 

time, preventing the overlap of signals or triggering from separate annihilation events [1].  In 

addition, the smaller the activity the better the ratio of true coincidences to chance 

coincidences, giving a higher true coincidence peak to background ratio [14].  Because the 

foil is so thin (not to scale in Figure 2.1) most of the positrons emitted from the sodium 

source enter the specimens.  

  Kapton foil is used because it is ñwell-behavedò when it comes to positron lifetimes, 

i.e. it has a single lifetime parameter with thickness-dependent intensity so its contribution 

can be subtracted out of the experimentally determined spectrum [19-21].  This is known as a 
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source correction and is determined by performing a PALS test on a specimen of extremely 

high purity silicon or other material known to have just one positron lifetime, as discussed 

later.  The literature shows a single lifetime component of 219 ps for such silicon [10].  The 

high purity silicon is used to determine the spectrometer time resolution 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 light produced in the scintillator into an 

electrical pulse.  It accomplishes this using a photocathode that produces a yield of electrons 

from the incoming scintillation light.  The photocathode is followed by a series of stages that 

amplify the electrical signal [14].  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 linearity and high energy resolution.  The AS20 voltage divider base 

provides optimum timing performance amongst commercially available bases, achieving a 

1.5 ns rise time [16].  The base supplies specific voltages to the photocathode and dynode 

stages in the PMT to optimize the signal amplification. 

  The Photonis XP2020/Q was used for the BaF2 detectors.  This is the standard PMT 

for this scintillation crystal as it has an excellent quoted rise time of 1.5 ns and good linearity 

as well [17].  Another PMT that has been used with BaF2 is the Hamamatsu H3378 

(R2083Q), which has a quoted rise time of 0.7 ns and has been used successfully in PALS 

studies [22].   
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2.1.3 Constant Fraction Discriminator, TAC and MCA 

 

The Ortec 583B CFD is a fast differential discriminator with built-in single channel 

analyzer (SCA) [15].  It uses the constant 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 time pick-off due to 

varying pulse amplitude.  The built-in SCA allows energy selection criteria to be added.  The 

CFD in the ñstartò chain is set to accept scintillator pulses corresponding to gamma ray 

energies in the vicinity of 1.27 MeV, the energy of the gamma ray marking the birth of the 

positron.  The CFD in the ñstopò chain is set to accept scintillator pulses corresponding to the 

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 pulses arising from the birth 

and death of the positron are processed.  Furthermore, it ensures that the ñstartò chain of the 

system only processes 1.27 MeV quanta and the ñstopò chain only processes the 0.511 MeV 

annihilation quanta.  This is important since both types of gamma rays deposit energy in each 

detector.  The energy selection reduces noise in the system and improves the time resolution 

[14].  

At the moment of the time pick-off, the CFD unit produces a standard output logic 

signal accepted by the TAC, which 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 the time difference between start and stop signals and thus 

proportional to the lifetime 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, yielding a distribution of time 

differences, i.e. the lifetime spectrum.  As seen in Figure 2.1, the output from the ñstopò 

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 the time difference 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-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 fast because the detectors 

produce fast pulses with nanosecond rise time.  In the past, the 583B and other fast timing 

units with energy selection were not available [14]. 

2.2 Digital PALS Setup using Fast Digital Oscilloscope 

As an alternative to the analog pulse processing 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 optimization of the 

CFD is a tedious process and because digital methods provide more flexibility in timing than 

the CFD hardware and give the user access to the pulses themselves.  Digital systems can be 

designed without the use of the analog CFD-TAC-MCA chain using a coincidence unit or 

custom circuit for triggering [9,10,22].  The analog chain, however, can serve as a means of 

triggering the oscilloscope solely on coincident events, and if the output of the TAC is split 
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to both the oscilloscope and to an MCA then the resulting system is capable of collecting 

both analog and digital lifetime spectra with separate and independent timing calculations.  

This allows for direct comparison of the results from the same set of detection events for both 

systems.  The combined analog and digital PALS approach was chosen for this work because 

of the utility of the direct comparison.   A schematic of the system is shown below in Figure 

2.3.   

 

Figure 2.3. Combined digital and analog PALS system.  The setup allows data to be collected 

simultaneously from both digital 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 RG-58C/U coaxial cable to the 

channel 1 and channel 2 inputs of a WaveRunner 6100A oscilloscope from LeCroy.  The 



 

 
 

27 
 

 

 

 

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.  The 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 ï 

not via the CFDs.  The CFDs still perform their pick-off 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 another, yet the results 

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

identical for each system. 

The digital system gives flexibility to optimize its timing calculations based on the 

constant fraction value and opens the possibility of defining other timing algorithms, 

rejection criteria for spurious pulses, and pre-processing of the pulses.  It 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 hard-wired to perform the constant fraction time pick-off at a 

fixed constant fraction of the pulse amplitude.     

 The LeCroy WaveRunner 6100A has a sampling rate of 10 GHz and a 3 GHz 

bandwidth.  The sampling rate translates into a data acquisition rate of 1 sample every 100 

ps, which yields  20 to 30 sample points on a 2 ns to 3 ns leading edge, depending on the rise 

time of the detector and its electronics.  This is more than enough points to ensure that all 

high frequency information is captured [10].    The oscilloscope 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 upgrade, it can build histograms of up to one 

billion data points, easily accommodating a positron lifetime spectrum [23].  The histogram 

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

programs that analyze lifetime spectra.   Individual detector pulses may also be saved to the 

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 prohibitive size on the hard disk.  Other 

researchers have used digitizers in place of a digital oscilloscope and saved all data to hard 

drive and subsequently performed offline time pick-off and pulse processing [9,10].  Online 

pulse processing was convenient and avoided the writing of more complicated computer 

codes but could be a 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 

earlier stage in the electron signal amplification process within the PMT.  The dynode pulses 

are also smaller in amplitude than the anode pulses for the same reason and do not fall into 

the amplitude range recognized by the CFDs.  The dynode pulse amplitude is acceptable for 

the oscilloscope, however, and this is why the anode pulses are led to the CFD while the 

dynode pulses are led to the oscilloscope, as shown in Figure 2.3 above.   

2.3  Theory of Scintillation and the Pulse Shaping Process 

2.3.1 Scintillation Detectors 

Both detector types are categorized as fast inorganic scintillators, meaning they are 

composed of non-organic elements and have a fast scintillation response.  The LaBr3 detector 
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is an activated inorganic scintillator while BaF2 is an unactivated inorganic scintillator.  The 

difference arises from the fact that the LaBr3 detector requires a dopant, specifically the 

element cerium, in order to be an effective scintillation material.  The BaF2 material, on the 

other hand, does not require such a dopant or activator.  The origin of the scintillation effect 

in both materials lies in the energy structure of the electrons in the given materialôs crystal 

lattice.  The electrons in these materials as well as other insulators and semiconductors have 

discrete energy values that are allowed, determined by quantum mechanics.  A lower group 

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 freely through the lattice.  Electron 

energies do not exist between the valence and conduction bands.  Because of this discrete 

structure only certain energy transitions are available [14].  Since scintillation photons are 

produced at electron energy transitions it follows 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 transition by the formula E = hɜ where h is 

Planckôs constant.   

Gamma rays lose energy in a scintillator primarily through two interactions, 

photoelectric absorption and Compton scattering.  Pair production, essentially the opposite of 

annihilation, is rare compared to the other interactions for energies just above 1 MeV and for 

lower Z materials such as those used in this work.  In photoelectric 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 binding energy of the electron.  For the Compton effect, a 
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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 momentum.  If a struck 

electron was already in the conduction band of the material it would simply gain more energy 

and begin to transfer that energy to other electrons.  If the original struck electron was in the 

valence band, however, then it would be stripped from its lattice position creating an electron 

hole and would have energy equal to the difference of the energy imparted from the 

interaction and the binding energy of the electron.  The high-energy electrons slow down in 

the material through Coulombic interactions with other electrons, creating more electron-hole 

pairs.  As electrons from the conduction band fall into these holes scintillation light is given 

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

 

Figure 2.4.  Illustration of the scintillation process showing a high-energy 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 imparts it to an electron, or a photoelectric 

absorption.  After such absorption the gamma ray no longer exists and a single electron is liberated.  

Both effects create a high-energy electron that then creates secondary electrons and electron holes.  

Eventually an electron will fall into a hole represented by a small filled circle, giving off a low-energy 

scintillation photon represented by a small wavy arrow. 
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The diagram shows Compton interactions, photoelectric absorption, secondary 

electrons, and scintillation photons created 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 amount of energy to create an electron-hole pair in a pure crystal as is liberated 

when an electron recombines with the hole.  This results in significant self-absorption of 

scintillation light which reduces the amount of signal collected by the photomultiplier tube.  

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

levels to the structure as seen in Figure 2.5.   

 

 

Figure 2.5.  Illustration of the atomic energy structure in an activated scintillator material.  The 

material 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 to the system and can improve the performance of the 

scintillator. 

 

 

If the activatorôs energy levels fall between the conduction and valence bands of the 

pure crystal then transitions between activator excited states and the ground state will be of 

lower energy and scintillation photons will have a lower frequency that will fall in the visible 

or near-visible light portion of the electromagnetic spectrum.  This increases the proportion 

of visible light scintillation photons but most importantly these scintillations 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 self-absorption [14].  Cerium plays the role of activator in the LaBr3(Ce) scintillation 

material used in this work.  

The BaF2 material has a fast scintillation component with shorter wavelengths of 

scintillation photons in the ultraviolet region of the electromagnetic spectrum.  Quartz is 

sensitive to this wavelength so widows of this material are used to couple the BaF2 detector 

to its photomultiplier tube [24].  The fast scintillation mechanism is due to the creation of a 

hole in the outer core band of the ionic crystal and the subsequent combination of this hole 

with an electron from the valence band.  Although this process has a fast transition time, it 

does not has a low light output due to self-absorption and other effects [14].  The LaBr3(Ce) 

detector, in contrast, has a high light output due to the 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 subsequent energy 

deposition of secondary electrons.  These electrons are then slowed down continuously as 

charged particles in a ñseaò of charges.  This energy loss leads to the excitation of other 

electrons boosting them up in energy level.  When these de-excite, a photon is given off.  The 

energy difference between levels is such that this energy is in the visible or near-visible light 

portion of the electromagnetic spectrum.  Because the BrilLanCe® 380 and BaF2 materials 

have a fast decay time, the photons are given off extremely quickly after the entrance and 
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interaction of the birth (1.27 MeV) or annihilation quanta in the sample.  This results in a 

narrow pulse of light with respect to time known as a fast timing pulse.  The pulse enters the 

photomultiplier tube which converts the visible light photons into low-energy electrons that 

can be contained and directed through the PMT [14].  A diagram of a PMT is shown below 

in Figure 2.6. 

 

 

Figure 2.6. Illustration of the Photomultiplier Tube.  A scintillation photon enters the tube and 

liberates an 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 the electric fields created by the dynodes, gaining 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 to the original light 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 application, the time 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 scintillator materialôs time constant or decay time, so it is very fast.  The tail 
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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 photon pulse 

tail from the scintillator [14]. 

The signal coming out of the PMT going to the CFD is thus a fast voltage pulse, 

defined as a pulse with rise time on the same or lower order of magnitude as its transit time.  

The PMT pulse is called a linear pulse because its 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 in the correct energy range corresponding to the 1.27 MeV gamma energy 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 varies between 0.1 and 0.2 [14].  For the 583B unit, it 

is internally set at 0.2 [15].  The time at which this shaped pulse 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 pick-off 

method.  When the signal crosses the zero-crossing, a logic pulse is created and is output by 

the CFD 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 TAC, either at its start 

input or stop input [1].  The square wave has a very sharp leading edge so that the TAC 

recognizes the beginning of the signal with extremely good precision [25].  A block diagram 

of the process is shown below in Figure 2.7. 
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Figure 2.7.  Signal chain diagram from the PMT to the TAC.  The CFD unit shapes the pulse so that 

its zero-crossing occurs at the internally set fraction of the pulse amplitude 

 

The 583B unit provides user-adjustable external Constant-Fraction Shaping Delay via 

inputs for a 50-ohm cable that sets the delay.  The shaping delay is optimized through 

experimentation with the length of the cable used.  The delay value must be greater than the 

time the detector signal takes to reach its maximum amplitude from the triggering fraction of 

0.2 [14,26].   

For every positron lifetime captured, the 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 set by a control on the unitôs 

front panel [25].  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 during the maximum time range [14].  The 10 ɛCi 
22

Na source meets 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 on the 
22

Na activity there is an 

average of 0.0165 positrons per 50 ns TAC range.  Thus it was unlikely that multiple signals 

would be received by the TAC during one time range.  In general, the TAC can resolve time 

differences ranging in magnitude from 10 ns to 2 ms [25].  Since the lifetimes involved in 

PALS are on the order of hundreds of picoseconds, 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 be processed 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 each component 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 and ZL is the input impedance (or load) of the 

next component [14].    

L
L S

O L

Z
V V

Z Z
=

+
                (2.1) 

The voltage pulse containing the timing information that reaches the next component in the 

processing chain is attenuated by the factor on the right hand side of Equation 2.1.  It is easily 

seen that the smaller the output impedance, ZO, the larger the voltage the next component 

(VL) sees, up to a maximum of the original voltage, the source voltage VS. Thus, if every 

component in a signal processing chain has a small output impedance compared to the input 

impedance of the next component then minimal signal attenuation will be achieved [16].  

Since this issue is common to all nuclear measurement techniques, industry has designed all 

standard equipment with this in mind.  The Ortec 566 TAC, for instance, has an output 
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impedance < 1ɋ, input impedance >1k ɋ [25] and the MCA has an input impedance of about 

1 kɋ [27].    

Changes in the impedance of various components 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 pulseôs timing information.  This is important to 

consider in the network of 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 cables used to connect 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 current is being delivered 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 have a 50-ohm 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 impedances then reflections are eliminated. The oscilloscope, for 

instance, was set to have an input impedance of 50 ɋ through an internal setting.  Reflection 
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arises from abrupt changes in impedance and is similar in concept to optical reflection 

between media of different index of refraction [14].  Thus the coax cables used in this design 

all have 50-ohm characteristic impedance.  Coax cables also have more severe signal 

attenuation for high frequency components (fast signals) than for lower frequencies, so it is 

beneficial to use coax cable with better attenuation properties.  RG-58C/U coaxial cable is 

commonly used in nuclear applications.  It has a 50-ohm characteristic impedance and has 

adequate high frequency characteristics [14].  This type of cable was used in the 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.  Triggering was 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 detector 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 pick-off method, the major 

difference between the analog system that accounts for the improved time resolution of the 

digital system.  The following 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 or spreading.  The components that affect the resolution are related to the 

interaction of radiation in the detector crystal, transit time spread in the PMT, uncertainty 

inherent in the time pick-off method, and jitter inherent to the oscilloscope or electronics.  

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

system [22]: 

222222

scopeCFTTSedgeLDIGITAL dig
ssssss ++++= , and                            (2.2) 

222222

elecCFTTSedgeLANALOG ssssss ++++= ,  where                       (2.3) 

 ůL = spread of the resolution function caused by variation in optical path length of gamma 

rays and scintillation lights in detector crystal; 

ůedge = spread caused by variation of the shape of the rising edge of the pulse;   

ůTTS = spread due to transit time spread of the electrons in PMT; 

ůCF = resolution spread due to the Constant Fraction or other time pick-off method used; 

ůscope = time jitter of the oscilloscope, < 3ps; 

ůelec = spread due to the TAC and MCA electronics chain (insignificant) [22]. 

The ů in the above equations characterizes the spread of the Gaussian resolution function in 

terms of its width, where the timing resolution, or FWHM, is 2.35 ů [22]. 

The first three terms of the right hand side of Equations 2.2 and 2.3 are identical for 

the analog 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 isotropically in the crystal 

and in order to increase collection at the PMT the crystal surfaces are made to be diffusely 

reflective, reflecting the light toward the PMT.  As a result, scintillation photons travel 

different path lengths adding to the spread of the signal [14].  This effect depends on the 

crystal geometry and is therefore not subject to much control or manipulation.  Small crystals 

were purchased (1ò diameter x 1ò length) to minimize this effect.  Thinner crystals have been 

used in the literature [9,10,22] but the direct effect of this has not been quantified.   

The second term on the right hand side of Equations 2.2 and 2.3 is related both to the 

uncertainty in the number of photoelectrons emitted from the photocathode of the PMT and 

the duration of 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 process so the 

more scintillation photons created the more photoelectrons produced, and at large numbers 

statistical fluctuations exhibit a smaller proportion of the overall number of carriers and thus 

have less of a deleterious effect on the time resolution [14].  In this regard, the Brillance 380 

detectors have an advantage over the BaF2 detectors since the former have a much larger 

scintillation light output per keV of energy absorbed.  BaF2 detectors, however, have a faster 

rise time than Brillance 380 detectors because 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 the LaBr3 is expected to be somewhat better.    

The duration 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 0.7 ns, while the XP20D0 is 1.5 ns [16,17,24].    

The third term on the RHS of Equations 2.2 and 2.3 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 the earthôs field also can contribute to the spreading due to the magnetic 

alteration of the electron paths.  Much of the recent setups seeking to reduce the time 

resolution of PALS systems utilize 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 literature.  Magnetic shielding of the tubes 

has also been used in the literature but Helmholtz coils are reported to be superior [28]. 

The fourth term in Equations 2.2 and 2.3 is the timing uncertainty due to the CF 

method used.  This represents the major advantage of the digital implementation and the 

cause of the reduction of the digital timing resolution compared to the analog timing 

resolution reported by Becvar et al.  Becvar and his coworkers reported that their digital 

method was superior to the otherwise identical analog method based on Monte Carlo 

simulations but provided little detail or reasoning [9].  In this work, the digital method 

proved superior mostly because the constant fraction percentage used was optimized from the 

built-in 20% value inherent to the 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 measurement techniques necessary for experimental procedures such as PALS 

rely on a method to identify the time of occurrence of an input linear pulse.  In an analog 

system this is done by time pick-off units, such as a CFD, and the method relies upon the 

generation of a logic pulse whose leading edge indicates the time of occurrence of the linear 

pulse.  For a digital system time pick-off can occur on the digitized linear pulses themselves.  

Uncertainty in timing derives from noise in the pulses, shape fluctuation, and amplitude 

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 cause of jitter in the system is noise inherent 

in the detector and PMT system as well as shape variations caused by the discrete number of 

scintillation photons (information carriers) created by the system.  Although the LaBr3 

detector creates 35 times more scintillation photons per unit of energy deposited than BaF2 

these shape variations are still an important factor since scintillation counters create few 

carriers compared to other types of detectors [14].   

Different methods of time pick-off have contrasting strengths and weaknesses with 

respect to the types of uncertainty.  Because of this, a separate term for the contribution of 

the time pick-off method to the time resolution was included in Equations 2.2 and 2.3 in 

Section 2.4.1.  Common forms of timing include 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 it reaches a 

particular set voltage.  This method is especially prone to both amplitude walk and time jitter.  
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As such it serves as an excellent visual illustration of the two processes, as seen in Figure 2.8.  

Signals identical in all respects except for the presence of random noise will show a 

considerable difference between time pick-off instances 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 the following figures indicate [14]. 

 

 

Figure 2.8.  Time jitter due to signal noise.  For a fixed trigger level the instance of time pickoff can 

occur almost anywhere within the envelope that bounds the noisiness of the curve. 

 

Figure 2.9.  Amplitude walk due to varying pulse amplitude.  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 2.8 shows a noisy pulse enclosed 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 2.9 illustrates two pulses with similar shape but different amplitude.  For a set trigger 
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level there is a different pick-off time for each pulse as seen in the figure, and the amplitude 

walk is the difference in these times.   

Crossover timing can be useful for pulses that are bipolar in shape.  This technique 

registers the time pick-off 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 method, determines 

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 constant fraction of the pulse amplitude.  Thus 

the trigger point is independent of pulse amplitude for signals with little shape variation.  The 

constant fraction method is the standard in scintillation counting applications involving 

timing.  The electronic implementation of the constant fraction method requires manipulation 

and transformation of the signal into 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 is added to the attenuated signal creating a signal where the zero crossing corresponds 

to a constant fraction of the pulse height [14]. 

With the digital oscilloscope the time pickoff method was carried out via an 

algorithm written in Matlab. In order to implement 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 created in the PALS system showed variation in the rise time from 

pulse to pulse.  Because of this a new rise-time 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 realized that pulses exhibiting the same amplitude and originating at the same time 

would yield different pick-off times if their rise times differed as shown in Figure 2.10 

below.   

 

Figure 2.10. Illustration of rise time walk due to rise time variation.  The pulses have the same 

amplitude but different rise time and 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 amount of 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 explored in 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 were tested to find which had the best timing 

resolution ï the two different detectors, LaBr3 and BaF2, and two different system types, 

analog and digital.  Each detector with its PMT was first tested to ensure proper functionality 

and adherence to quoted energy resolution specifications provided by the manufacturers.  For 

the analog versions, each detector setup was tested separately and ran at the optimal high 

voltage for the PMT with optimized CFD settings found by experimentation.  The 

functioning of the digital timing algorithm was verified by performing timing measurements 

on split identical outputs from a pulser, and then from a single detector.  With identical 

pulses the actual time difference is known to be zero, so the algorithmôs results provide a 

check on its functionality and a measure of the inherent spread in timing.  Optimization of 

the timing resolution with Co-60 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 norm.   Co-60 was used because it emits a 

1.17 MeV gamma in coincidence with a 1.33 MeV gamma, thus serving as a convenient 

measure of the spectrometerôs response to coincident events.    

3.1 Initial Testing of Detectors and Equipment 

Prior to shipment, each detector was tested by the manufacturer for its proper 

operation and its energy resolution for the Cs-137 662 keV full energy peak.  Each detector 
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came with a sheet detailing the energy resolution for a given operating voltage.  Upon 

receipt, the two LaBr3 detectors obtained from Saint Gobain Crystals were tested with a 

small Cs-137 source and high voltage supply of -750 volts, the same voltage the 

manufacturer had tested them at.  The detectors had an energy resolution of 2.8% and 2.9%, 

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

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

specifications, and similarly, the BaF2 detectors also matched the manufacturer specifications 

of 9.2% energy resolution on the Cs-137 full energy peak.  To perform this energy 

spectroscopy, the output of the detector (anode) was connected to an Ortec 671 Spectroscopy 

Amplifier and its output was connected to the computer-based MCA as seen in Figure 3.1. 

 

 

Figure 3.1.  Hardware configuration used to test the detector energy resolution.  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 detectable by the MCA.  

The amplifier shapes the fast detector pulse into a longer slower pulse on the order of a 2 ɛs 

rise time with the stable and accurate pulse height needed for pulse height discrimination 

[29].  The energy resolution results for the new Brillance 380 detectors are shown below, in 

Figures 3.2 and 3.3. 

The voltages used above were not optimal for timing resolution ï they were set at 

typical voltages for energy resolution applications.  Generally speaking, the higher the 
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voltage a PMT is operated at the better the timing performance since the electrons are 

accelerated more, thus minimizing the effect of initial path length differences after the 

photocathode.  The BaF2 detectors were operated at -2500 V, the maximum safe operating 

voltage specified by the manufacturer/designer [17].  The maximum voltage for the LaBr3 

detectors was -2000 V but it was found that the detector functioned poorly at this level, as all 

energy spectra collected at this voltage were unrecognizable due to pulse saturation [16].   

 

Figure 3.2. Cs-137 energy spectrum from Brillance 380 detector 

 

Figure 3.3. Co-60 energy spectrum from Brillance 380 detector 
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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 maximum allowable.  The pulse rise time 

was determined from viewing on the digital oscilloscope and from the built-in rise time 

function that measures the rise time on the oscilloscope.  Rise time values were 

histogrammed, noting the most common value and the range of values. For the BaF2 

detectors rise time improved as voltage increased and the energy resolution remained stable. 

The maximum operating voltage of -2500 V resulted in the best rise time, and was used for 

PALS testing as reported in all the literature utilizing BaF2 detectors [22,28].  The LaBr3 

detectors showed a similar trend but at voltages above -1500 V the quality of the energy 

response function drastically diminished.  Rise time results for the LaBr3 detectors are shown 

below.   

Table 3.1: Detector Pulse Rise Time for Different PMT Operating Voltages 

Voltage (V) Rise Time (ns) 

[Most common] 

Rise Time (ns) 

[Range] 

-750 4.8 3.2-6.0 

-1000 4.6 3.5-4.6 

-1250 3.5 3.4-3.7 

-1500 3.4 3.3-3.6 

-2000 2.9 2.7-3.1 

 

The optimal voltage for the LaBr3 detectors was found to be -1500 V based on the 

combination of the rise time and quality of the 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 chain.  The only difference from the setup shown in the 
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figure was that a Co-60 source was used in place of the source/sample sandwich which is 

used for actual PALS measurements.  Since Co-60 emits two high energy gammas in 

coincidence it serves as an approximation of the inherent timing resolution of the system.  

Thus initial tests and attempts to optimize the timing resolution focused on using the Co-60 

source.   

There are two main electronic features that can be used to improve the time 

resolution: the energy window/SCA settings on the CFDs, and the optimization of the CFD 

settings related to the constant fraction timing pick-off.  In the first case, the narrower the 

CFD energy windows are set around the 1.17 and 1.33 MeV energy peaks, the 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 windows involves 

experimentally determining the SCA settings on the CFDs as set by the discrimination 

threshold potentiometers. The potentiometers, one setting the upper limit discrimination 

threshold and one setting the lower limit, define for each discriminator the range of pulse 

heights and thus energies that 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 outputs 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 

contains 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 an output 

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 gating signal for 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 accomplished, 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 chain leading to the gate/delay generator is fast.   
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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 settings are varied. 

 

  With this configuration, all pulses making up the energy spectrum of the Co-60 

source were sent to the CFD but only the ones corresponding to the range selected at the 
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CFD were displayed on the MCA.  This made it an easy matter to adjust 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 the other set 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 and adds to it a 

delayed and inverted version of the signal in order to produce a bipolar pulse with zero 

crossing at a fixed constant fraction of the original pulseôs amplitude.  In order to do this the 

delay must be greater than the rise time of the pulse but must not be too large.  The delay is 

determined by the length of cable connecting the two BNC connections on the CFD labeled 

cable delay.  The optimal length must be found by experimentation by using different lengths 

of cable [15].  For each cable length the delayed coincidence spectrum of the Co-60 source 

was recorded and saved in the MCA.  Its FWHM was then determined within the Maestro 

program and confirmed by fitting the spectrum to a Gaussian using the statistics program 

SigmaPlot.   

Different lengths of cable were made by cutting cable and adding crimp-on BNC 

connectors with a crimping tool.  This is one aspect of the optimization that is very time 

consuming and is not needed for the digital system.  The Ortec operating manual for the 

CFDs suggested an initial guess of delay time equal to 0.7 ns plus a factor of 1.1 times the 

10% to 90% rise time of the pulse [15].  For the BaF2 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 RG-58C/U coaxial cable was 0.659c, where c is 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 coaxial cable made was 28.6 inches in length.  Lengths 

surrounding this value were tested for both detector types, plotted against timing resolution 

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

The results for the BaF2 detectors are shown below in Figure 3.5.   

 

Figure 3.5. Time resolution versus constant fraction cable length for the BaF2 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 carry out the constant fraction method.   The best timing resolution 

was found at 32 inches and this length of cable was used for the cable delays on the CFDs for 

the BaF2 detectors. 

The coincidence count rate for the analog system with energy windows set around the 

individual peaks was only 0.5 to 1 counts per second.  Five thousands counts were collected 

for each cable length tested.  The time resolutions achieved for the optimized system were 

210 ps and 192 ps for the BaF2 and LaBr3 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 the Co-60 source and the 

LaBr3 detectors.  The signal from the TAC in channel 3 of the oscilloscope was used as the 

trigger for coincident events.  The TAC signal and the detector pulses were separated in time 

by about two nanoseconds on the oscilloscope display.  The 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 that both would remain on the screen.  This was important for the use of the timing 

algorithm because the scope would only process what was on the screen.  In doing this, the 

entire detector pulse was easily seen on the scope as well as significant portions of the pulse 

baseline before and after the pulse.  The above setup was needed to perform pulse rejection 

based on spurious pulses and on the pulse baseline, such as the baseline mean or rms value 

over a user-defined range.   

Upon setting up the proper time scale, the TAC channel display was turned off to 

improve the sampling rate, since the scope samples at 10 GHz for 2 channels displayed or 5 

GHz for three or four channels displayed.  At 10 GHz sampling rate, the waveforms on the 

scope consisted of points at 100 ps intervals with 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 

comparison 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 throughput rate for processing events since it involved 
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communication between different computer programs.  Cubic interpolation was found to 

yield better performance than sinx/x interpolation and linear interpolation, which agrees well 

with the prevalence of cubic interpolation found in the literature [9-10]. 

Interpolation was used to obtain more points on the leading edge of the pulse in order 

to perform more accurate timing calculations.  With a non-interpolated 100 ps/pt sampling 

rate, for instance, it would be difficult to pinpoint the time at which a constant fraction of the 

pulse voltage occurs.  Cubic interpolation by a factor of 20 was used to produce 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 2.5 picoseconds.  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 seventh point could have a voltage of 0.35 volts 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 than 2.5 picoseconds off the time at the constant fraction value.   

In addition to data interpolation, the scope could also perform data smoothing.  The 

pulse waveforms without smoothing were noisy, leading to timing jitter.  The scopeôs built in 

math function called eres, Enhanced Resolution, uses a process similar to a digital moving 

average filter to smooth out noise in the signal.  The choices for smoothing were 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 visible due to high frequency attenuation from the frequency 
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response of the digital filter.  Experimentation showed that 2.5 bit filtering was optimal, 

followed by 3 bit filtering.  Data smoothing was also an important part of all other work 

involving a digital PALS system [9,10,22].   

3.3.2 Testing of Constant Fraction Algorithm 

In order to test the basic functioning and legitimacy 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 output of an Ortec Model 480 pulser was split with a standard tee and led to 

the inputs of the oscilloscope.  Since both channels were receiving identical inputs there 

would be no time resolution spreading due to pulse shape variations or amplitude variations 

as there was with the Co-60 source, even though with the Co-60 source it is known that both 

gammas are given off in coincidence.  A second test used the output of a single LaBr3 

detector, similarly split with a tee and led to the inputs of the oscilloscope.  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 windows were wide open such that 

pulse sets showed significant variation in pulse amplitude.  For each of these tests various 

types of timing were tested using the digital algorithm program: different constant fraction 

percentages and leading edge timing based on time pick-off at a set voltage instead of at a 

constant fraction of the pulse amplitude.  Each of these was also performed for different 

levels of smoothing with the Enhanced Resolution feature of the oscilloscope.  These tests 

were performed in real-time on the scope since the output from the pulser and single detector 

was of sufficient frequency 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 time pick-off method 

and histogrammed.  Each test was performed until 10,000 counts were collected.  The results 

were plotted and 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 variation and 

little amplitude variation, such as with identical split signals [14].  Results were similar for 

the tests from the single detector and for the detector with amplitude variation.  The latter 

showed a worsening in the time resolution that was expected because of the greater 

amplitudes and variations in shape across these.  A summary of the testing results is shown 

below in Figure 3.6. 

 

Figure 3.6.  Results of tests to determine the timing resolution of the digital system and algorithm for 

split pulser and detector pulses 

 

The split detector pulses had the best resolution because they 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 that the digital timing algorithm 

functions properly. 

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 timing resolution on the split pulses would be appropriate for the 

system measuring the Co-60 delayed coincidence spectrum or for the PALS experiment with 

22
Na.  In order to address this, the digital PALS system was optimized using sets of pulses 

from the Co-60 source that were saved to the oscilloscope for analysis and testing.  Two sets 

of 10,000 pulse pairs were saved for each detector type.  One set using the LaBr3 detectors 

was run with PMTs supplying a high voltage of -1500 V and another of -1600 V.  Both BaF2 

sets were obtained running the PMTs at -2500 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 smoothing were applied in real-time 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 bit enhanced resolution feature.     

The four sets of 10,000 pair pulses were saved to the oscilloscope and the timing 

algorithm applied offline, as post-processing.  It took about three hours to collect this number 

of pulses.  By saving the four sets of pulses to the hard drive, any number of timing methods 

and constant fraction percentages could be implemented on the same set of data.  Performing 



 

 
 

59 
 

 

 

 

the timing online would require the collection of 10,000 pulse pair for each change in the 

timing algorithm, while offline processing only took about 10 minutes.  Offline processing 

on unchanging sets of data also increased confidence that differences in timing performance 

were due to the changes in timing parameters and not any experimental differences that 

might have arisen over the course of the testing, such as an inadvertent movement of the 

detectors or source.  

The effect of the constant fraction percentage on the timing resolution was tested first, 

followed by the effect of selective pulse rejection, as described later.  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, and results of the constant fraction testing are shown 

below in Figures 3.7 and 3.8 for the LaBr3 detectors and BaF2 detectors, respectively. 

 

Figure 3.7.  Optimization of the LaBr3 timing resolution based on the constant fraction value used for 

timing.  Negative 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 LaBr3 detectors was at 

25% of the height of the rising edge.  The 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 resolution was obtained at a constant fraction of 25%, with a resolution of 194 ps.  

The timing resolution for the BaF2 detectors was optimal at the minimum of the pulse, or 0% 

constant fraction measured from the rising edge.  Figure 3.8 shows the constant fraction in 

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.  

 

Figure 3.8. Optimization of the BaF2 timing resolution based on the constant fraction value used for 

pulse timing 

Furthermore, it was observed that some pulses exhibited spurious behavior; such 

pulses were not even visually recognizable as pulses deriving from the absorption of Co-60 

gamma rays, as the 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 was shifted in time on 

the order of a few nanoseconds.  This cannot be due to a scattering event between detectors 

or other nearby materials because the transit time corresponding to a distance traveled in 1 to 

3 ns is 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 shift is due to a chance coincidence 

from an unrelated pulse.  Examples of both types of spurious pulses are shown below in 

Figure 3.9 for 5000 pulses saved from a LaBr3 detector with energy windows set to 1.33 

MeV corresponding to one of the Co-60 gamma rays.  Most 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 from the LaBr3 detector with a Co-60 source   

Another deviation from normal pulse behavior that was observed on the oscilloscope 

was the occurrence of a drift in the baseline voltage value in a span of nanoseconds before 
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the leading 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 spread.  As a result of these 

observations it seemed logical to filter out pulses based on criteria related to the pulse 

amplitude, baseline voltage, maximum and minimum voltage, and time occurrence of the 

pulse minimum or maximum.  Becvar et al. had implemented a similar filtering scheme in 

their digital timing algorithm [9].  Two measures of the drift in voltage over a given region 

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

ä
=-

=
b

ai

irms V
ab

V 21
 ,                 (3.1)  

where a is the first data point in the region of interest and b is the last, and Vi is the voltage at 

each data point i.     

The timing algorithm was modified to calculate the baseline mean and rms and to 

display them on the scope in order to observe typical and atypical values.  This however, was 

not very robust, so another method was needed.  The oscilloscope had the ability to save 

pulses to the hard drive whenever it was triggered, so this provided the means to perform a 

large series of tests all on one set of data at a time.  Sets of 10,000 pair pulses were saved for 

each detector type.   

A Matlab code (.m file), shown in Appendix A, was written to calculate and 

histogram the various baseline parameters, voltage maxima and minima, and time of 

occurrence of the voltage maxima and minima for each of the saved pair pulses.  The 

baseline parameters calculated were the baseline RMS value, the baseline mean value 

(voltage offset) and the difference between the baseline RMS value and the absolute value of 
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the mean, i.e. RMS - |mean|.  The latter was chosen because it was observed that this quantity 

was small and usually showed little variation such that the difference between the two terms 

was usually less than 0.2 mV but occasionally as high as 1 mV.  Examples of histograms are 

shown below in Figures 3.10 and 3.11 showing the distributions of minimum pulse voltage 

and time of occurrence of the minimum, respectively. 

 

 Figure 3.10. Distribution of the LaBr3 detector pulse minimum voltage  

 

3.11. Distribution of the LaBr3 detector pulse minima time of occurrence  
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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.  The time difference 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 pulse in the pulse 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 logical expression 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 which 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.   

 

 

 

 

Figure 3.12.  Flowchart of the pulse rejection process.  If 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 performed.  After this the next pulse pair would be loaded 

unless it was the last pair in the set. 

  The histograms for the baseline, voltage maxima and minima, and time coordinate 

position of the voltage maxima and minima values were studied and specific values chosen 

that corresponded to 1) eliminating only spurious values in the histogram (those outside the 
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tail of the Gaussian distribution), 2) values cutting into the Gaussian distribution by 

approximately 5% on each side, and 3) values cutting approximately 10% of the pulses on 

each side (i.e. 1000 pulses on each side, leaving 8000 in the main part of the distribution).  

This scheme resulted in three variations for each type of test (e.g. voltage maxima, voltage 

minima, position of each, and so on).  Each parameter was tested individually to ascertain its 

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 these factors, all in a methodical and repeatable fashion.  Figure 3.13 

below shows the same set of pulses as in Figure 3.9 but after rejection of spurious pulses 

corresponding to option (1) above. 

 

 

Figure 3.13.  Pulses from the LaBr3 detector with Co-60 after rejection of spurious pulses 


