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HATHAWAY IIl, ALFRED GASTON. High Intensity Pulsed Picosecond Positron Beam
for Nanophase Examinatiorfunder the direction of Ayman |. Haw3ri

The physics ofositron (&) annihilationwithin matter has proven to be a pofuér
non-destructive probe for the characterization tbé surface conditions and subsurface
defects of materials. The lifetime of a positron is inversely proportional to the concentration
of electrons at theite of the annihilation. &ause of the particlgmsitive charge, positrons
can be trapped at defect sites due to coulombic interactions. High energy (>1 MeV) photons
generatd by nuclear reactoysmpinging on a suitable moderating materiehn generate
slow positron intensities on the order of®1§'. When utilizing the pair production
mechanism to generate positrons, no suitable start signal is available to indidaitéhtbé
the positron To compensate, the incidgmbsitron beam can be bunched into periodic pulses
using rf electric fields gpied to suitable electrodes. As the buedhpulse becomes
narrower in timethe deviation of arrival time at the target from the electronic clock signal
decreases, resulting in an increased time resolution. This increased time resolution allows
the stug of short lifetime defects which occur in metals and semiconductors.

A high intensity slow positron beam has been successfully implemented at Beam Tube
6 of the PULSTAR reactor at North Carolina State University. The moderator design and
extraction optis are optimized for the maximum slow positron rate focused into the guiding
field of the beam. Oubf-core testing was performed to optimize the beam perforenanc
prior to insertion into Beamube 6 of the reactor. dcore testing indicated the slow posit
beam could generate an intensity of approximatefysi®w €/s before stabilizing at 6x20
e'/s due to issues with outgassing contaminantslifying the condition of the surfacd the

moderator



A variable energy pulsed positt beam was developedtilizing the high intensity
positron beanas a sourcdor the study oflefects in metals and semiconductors. This beam
uses a 50 MHz doublgap harmonic buncher to generate pulses with a time resolution on the
order of200ps. Utilizingthe principles otonservation of charge and energy, a relationship
between the focal length, kinetic energy and voltage amplitude was determined. A
SIMION3D user program was created to test the effectivenedsedbuncher designThe
calculationsindicated thedesign shouldsuccessfully generate short pulses of positrons.
Simulations, using the #ware AMaze and TriCompwere also performed to optimize the
magnetic guidance of theeam. A 190 nnTungsteAMolybdenum (WMo) transmission
remoderator foilvas used to improve the energy and angular spread sbtheebeam

Once construgin was completed, thenagnetic coilpositions were optimized to
maxmize the positron intensityeaching the sample. AanthanumBromide (aBrs)
scintillation detectoiwas used to detect the 511 keV annihilag@mmasecaise the higher
light yield per gamma fisets thelargerrise timeof the scintillator yielding a better time
resolution Tests were first performed to demonstithiz slow positrons were successjul
emitted from the remoderator foil by measuring theam intensity against a retarding
potential The detector efficiency wasetermined using a N22 source. To optiipe the
timing of the beam, discrimination levels weset to accept pulses corresdony to the 511
keV annihilation peak. The timing performance of the buncher was optimized by varying the
drift and buncher potentmbut the time spectra indicatébe presence ad long lifetime
component. With the application of a 50 MHz, 1§, Squae wave to the remoderator foil,
the beam was successfully chopp®dich eliminated the long lifetime component. The

optimizedspectrometetime resolution was found to be 2%
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Chapter 1 Introduction to Positron Physics

1.1 Introduction

I n the |l ate 19200s, Paul Dirac was able
theory for an electron moving in an electromagnetic field. While the theory was able to
predict the spin properties of an electron, it yielded the troubling restiffdhevery solution
which produced electrons with positive kinetic energy thees a mathematically valid
solution with negative kinetic energy, which had no physical meaniif@pe negative
solutions could not simply be disregarded due to the factpdmatirbations applied to the
system could cause transitions of the electron from the positive energy solution to the
negative. In an exteal field, the trajectory of thisegative energy electron would be that of
an ordinary electron with a positive e¢ga. In an attempt to rectify this discrepan@jrac
assumed the most stable electron states were the negative energy states and electrons would
therefore fill these states with the emission of electromagnetic radiation. Furthermore, most
of these stats would be filled forming an infinite uniform distribution which would be
unobservable. Positive energy electrons would then be incapable of filling negative energy
statesand holes in the negative energy distribution would appear as a patrticle tfeposi
charge. Also, when an ordinary electron fills one of these holes, the electron and hole
disappear with the emission of electromagnetic radiation. Dirac assumed these negative
energy electrons were protons, grdtons were real particles while elexts were holes in

the negative energy level§l]



In 1933, Carl Anderson observed a particle with a mass on the same order of magnitude
of a free electron but with posie charge while analyzinghotographs of cosmic ray tracks.
Knowledgeof the experimental conditions of the measurements allowed Anderson to place a
limit on the charge of this partiglevhich he called the positrotg be no more than a factor
of 2 greater than the charge of an electron and the mass couteé mobre thar20 times
largerthan the mass of the electrofi2] Therefore, the observed particle could not be a
proton, but was a previously unobserved parti€larther suport was presented by Blackett
and Occhialini with the observation that
particles of equal mass but opposite charge with the absorption of high energy photons within
matter. The combinekinetic energy of th particles would be

E=m 2mé 1.1
whereE is the total kinetic energyy 3s the energy of the incident photanis the rest mass
of an electron ana is the speed of light This relationship was backed by experimental

evidence.[3]

1.2 Positrons within Condensed Matter

Theory, backed by experimental evidence, suggests the positroiabie svithin
vacuume.g. [4], having a lifetimeon the order o2x10** years[5], but upon entering a
material, the lifetime is inversely proportional to the local electron deagjtj4]. Energetic
positronsinitially lose energywithin solids inmuch the same way electrons do. For high
energy positrons, with energy on the order of a fdeV, positrons slow via radiative
emission but the energy loss is lesscedht compared to electrons due to the difference in

charge. Alsothe expected range of positrons is less than that of an electron because of



annihilation while slowing downAdditional energy loss comserom electron scatteg and
electronic excitatin. [6] At energies on the order of eV and below, positrons slow to thermal
energies by scattering off density fluctuations and phonons, namely longitudinal acoustic
vibrations. [7]

At room temperature, positrons slow to thermal energies in a matter of picoseconds and
continue propagation via quantum diffusion process&se motion takes the form of a
homogeneous random walk because the acepltioon scaering is mostly isotropic.For
positrons, the continuity equation includes a term to account for depletion due to trapping

and annihilations:

un(x 1)
pt

wheren(x,t) is the time dependemiositron densityJ(x,t)i s t he current dens.]

+ BI(xt) =/{x)n(x 1) 1.2

the depletion rate. This depletion rate includes terms to account for annihilation and
trapping,

1(9= fu() + (@) 13
whereasn(X) anda ( arg the annihilation rate and trapping rate of the positrons respectively.

The diffusion of positr onasinithe cadeco$etectrons,ecan by |

contain a term to compensate for an electric field if present.
J(xt)= D, mxt) AE(X 1.4

whereD. andd. arethe positron diffusivity and mobility respectively7]



1.2.1 Positron Trapping

As positrons diffuse within a material, they may become trapped at defects present in
the crystal lattice.Atoms missing from té crystal latticaesult in the absence ofrapulsive
potential that the positive nucleus produces. This absence results in an attractive negative

potential which catrap the diffusing positrons.

Annihilation Photon

Slow e*
Positron Implantation Depth
/

Defect
(Vacancy)

Fig. 1.1. lllustration of the lifetime from implantation to annihilationpf positrors within a
material.

The positron trapping rate, 9, is @roport
For transition limited trappinépy):
k,= @ 15
where [ is the trapping coefficient and is constant for a particular defemt.diffusion
limited trapping(aq)), the trapping rate includes the diffusion coefficient of positrons within
the material. The trapping rate for a spheritefect takes thiorm:

k,=4 pD,C 1.6



In this form,4 "4 iIs related to the size of a spherical defect, wingie taken as the radius
and D. is the positrons diffusion coefficientThis trappig rate can be dependent on the
material of the samplendthe temperature dependence of the diffusion coefficient. The total
trapping rate will therefore be the superposition of the two individual trapping f[&fes.

_'_l 1.7

-1
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1.3 Positron moderation

As stated previously, positrons of sufficient kinetic energy are capable of implanting in
a maerial where they quickly loose energy to thermal levels and begin to difflisa.
positronreactesthermal energies within a diffusion lengttie averge distance a positron
travels during its lifetimeof the surface, it can aeh the surface with itsext jump while
diffusing. At the surfacehere is a possibility of remission as a free positron. To maximize
the efficiency of free positron emissiomoderating materialcan be annealed to remove
nontequilibrium defects which act as trapping sitd3ositrons emitted frorhe surface of a
materialwith a negative positron work functiambtainkinetic energies upo the magnitude

of the positron work function of the materidl]

1.3.1 The Negative Positron Work Function

The work function of an electrofti.) can be thought of as the minimum amount of
energy required to remove an electron from just inside the surface to a location just outside
the surface. It is composed of two terms; sheface dipole barrier anglectron chemical

potential, which are conbutions by thesurface andbulk of the crystal respectively.

j =D = 18



In Eq.1.8, p. is the chemical potential of an electravhich is simply the absolute value of
the Fermi energy for metals. The surface digBleterm arises mainly from the fact thae
electron difribution near the surfagarotrudesnto the vacuum outside the surfadé]

The work function of a positron can be defined isimilarmanner.

Jj.= D =n 1.9
The chemical potential of the positr¢a) is influenced by the by the repulsive forces due to
the ion cores and attractive forces by the electrofy Because of the charge of the
positron, the surface dipole term is negative, meaning positrons will be drawn out of the
surface. Depending on the strength of the dipole term, the wortidnraf a positron can be

zero or negative. A negative work function would result in work needing to be performed to
keep tle positron within the surface[10] It has been demonstrated that the slow positron

emission rate from metal surfaces increases with as this work function becomes more

negative. [6]

1.3.2 Slow Positron Reemission

Implanted positrons diffusing to the surface of a material can undergo a variety of
processes upon reaching the surface. fétiemain routes are:

A Trappingand annihilatiorat the surface

A Emission as free positroniuatom(a hydrogerlike boundstate of a positron and

_ electron)

A Emissionas a free positron

A Reflection[11]
These processaesmnoccur with roughly equal probability[12] Upon reaching the surface

of a materialthermalizedpositronsmay bereemitted with alistribution ofkinetic energes

These energies carany upto the work function of the materjednd for a clean surfacde



energy spread of the peak is consistent with thermal broadeingadditional feture of
interest is the high energy tail of the elastic peak. This be attributed to positrons that

reach the surface before complete thermalizafidj.
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Fig. 1.2. Measured errgy distribution of slow positrons emitted from the surface bfi|@00)
crystal. Curveb is collected at room temperature while cuais collected at 23K[13]

Slow positrons also leave the surface of a matevidi an angular spread strongly
peaked about the surface normal, as sedig.iri.3. If the work function is thought of as a
potential step at the surface, the positrons gain kinetic energy in the direction of the surface
normal, which introduces the angular distributiobhis angular distribution has a half angle

(dy2) that can be estimated by:

2 Y2 o V2
. aE , 0 8kT 6
G, Qe 6 2o 0 1.10
¢/ + ¢/ =
whereEpon, Or KT, is the most probable energy of the positron @ne the work function of
the material. This angular spread is also consistent with the thermal broadening of the

p o s i tcompanénomentunparallel to the surfacél3]
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Fig. 1.3. Measured angular distribution of slow positrons emitted from the surface of a W(110)
crystal. [13]

1.4 Positron Sources

1.4.1 Radioisotope Sources

Laboratory bas#slow positronbeams tend to use radioactive isotopes as sources. For
b*-decay, a proton within an unstable nucleus is converted inButonwith the emission
of a positron and neutrino

p- n+€ A, 1.11

The positron is not present in the nucleus pricgression;yrather it is createdia the energy
released by the decayl4] A free proton is incapable of undergoing such a reaction due to
the conservation of energy, the proton rest mass being smaller than that of the neutron.
However, within a nucleysexcess inding energy allows the proton to undergo the decay.

[15] An example of such a radioisotop&ibla:



?Na- #Ne+ é n, 1.12

The emission of the neutrino results in the emitted positenng a broad energy
spectrum. Figure 1.4 presents a typical energy spectrum of positrons emitted froib2Na
The high kinetic energy of the emitted positrons results ielatively large implantation
depth, which limits the use oadioactive sources to the study of the bulk properties of a
material. [16] By implanting the posions generated by the source indosuitable
moderating matéail, the large energy distribution can be reduced to a few@/to positron
thermalization andeemission. With the strongest commercially availal$®topic sources,
this technique can be utilized to produce monoenergetic slow positron beams wiitiggen
which can reach f0s* under ideal conditions.[7] This result is influenced by the
moderation efficiency of the slow ®eam, the highest efficiency fan isotopic beam being

a noble gas deposited (frozen) on a tungsten surface.

10 10" 10° 10" 10" 10° 10 10
Positron energy [eV]

Fig. 1.4. Comparison of the energy spectrum of positrons emitted directly from nuclear decay
and after the reemission of the positrons from a moderating maj@tial.
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1.4.2 Pair Production

A practical way to reach intensities greater tpaactically achievable by an isotopic
beam (on the order of ¥a0° s?) is the utilization ofthe pair production mechanisim a
high-Z convertormaterial Pair production is # creation of a positreelectron pair via the
conversion of a photon in the vicinity of a third boiyconserve momentum[15] The
threshold energy for such a process is equat?(m1.022 MeV) As presented by Blackett

andOcchialini, the energy of the pair is givby:
T+T, £ 2mé 1.13

where T, is the kinetic energy of the resulting particl&sis the excitation energy of the
nucleus,m. is the mass of the electron ands the speed of light. The total atomic pair
production cross section is proportional to the square of the atomic nhumber of the nucleus
and increases with photon energpproaching a constant at high enerd¥7] Therefore,

the utilization of a higkz moderating material will maximize the probability for pair
production to occur.

Nuclear Reactors dnLINACs are capable of generatipgotons with energy in excess
of the pair production thresholdl hese photonsncident on a suitable moderating material
can then generate high intensity beanhs.LINACs, bremsstrahlung radiation creates fast
positrorrelectron pairdy implanting relativistic electron beanrgo high-Z materials The
fast positrons produced by pair productiman then be moderated to low energ@aeating
pulsed slow positron beams Alternatively, nuclear reactors can generate high energy
photons directly from the nuclear chain reactigsuling in continuous beamsThe photon
flux can be intensified and hardened with the use of thermal neutron capture reabtens

emit high energy photons, such as usingadmium shroyd*c d ( H*‘Ca [7]
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1.4.2.1 Reactor Based Slow Positron Beams

One of the first attempts to use a nuclear reactor to generate a slow positron beam did
not involve the pair production mechanism. In 1983, Brookhaven National Laboratory began
operation of an intense slow positron beam, where a nuclear reactor was geeerate a
high activity (~100 Ci) C«64 source. This source was transferred to a seuockerator
chamber where it was deposited onto a Tungsten moderator crystal. The positrons were then
magnetically guided from thgource region to the experimensshtions. Because this beam
operated via a source with a halé of 12.8 hr, the beam intensity would vary with time.
This beam was used to study the maotoen distribution of a sample usingngular
correlationmeasurements of the annihilation gamm@gg

The first reactor to begin to use the pair production mechanism to generate slow
positrons was the Delft reactor located in the Netherlands. Initially, itavase a hybrid of
a Copper source and pair production from thermal neutron capture gaithakhe hybrid
design consisted of Copperbes with a Tungsten folining. It was determined that the
beam was generating approximately the same number of slow positrons from the pair
production mechanismas from the activated sourcehetefore themoderatorswere
redesigned to beomposed of only Tungstdails and utiize the pair production mechanism
exclusively This moderatoconsisted of four Tungsten banks forming a 1x1 cm array 8 cm

in diametey which wasable to generate an intensity of 2%%0. [38]

1.4.3 The Quantification of Beam Quality
Fast positrog from radioisotopes or pair production, can be used to generate slow

positrons via the remoderation process. The slow positrons emitted from a moderating
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materialhavea lower energy and angular spread than those impinging on the surfagsebeca

of the physics of remoderation. These slow positrons can be electrostatically focused or
magnetically guided to form a slow positron beanhe phase space and brightness ae tw
guantities which are used to describe the quality of the resulting beam and predict the future

behavior of the beam.

1.4.3.1 The Phase Space of Positron Beams

The initial position andmomentumof a chargedpatrticle (e.g. a positron)n Cartesian
co-ordinates(x, y, z, pX, py, pz define its position in a&ix-dimensional phase spaceA
group of particldrajectories forming a beam occupy a volume in phase space which, under
the influence of conservative forcesmains constant, accordinglimuville G theorem.For
cylindrically symmetric electrostatic beam system® phase space of the beam crossing a

plane perpendicular to its centerline can be represented by an area in a plane with erdinates

andd.
(a) (b)
f_‘:;.-\r_’"’__: g
> 4 r 1
= } A

>

-
A BEAM AXIS
A

Fig. 1.5. (a) Particles irr-d are described by their distance from the centerline and angle particle
creates with horizontal. (b) Example ifl diagram for ensemble of particles. The area of the
diagram is invarian{20]

For these diagrams,is the perpendicular distance of the particle from the beam axid iand
the angle of the particle trajectory away from the axial directittnis assumed that the

particles under consideration have minimal transverse energies, meaning particle trajectories
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form small angles away from the axis, leading to the sarale approximation, where the

angle of the trajectorydj can be t.aThe beamais assDmed @zbe radially
symmetric, therefore theosition inx andy in Cartesian coordinates can be replaced with a
single ordinater. The r-d diagram is an abstractioof an envelope of real particle
trajectories as they transe a planegrpendiculartotheaxis 1| 't r epresents a s
the particle trajectories at an instantaneous moment aloregtkis. [19] The motion othe

particles ina beam ixonstrainedy Li ouvi |l |l eds theorem, which
a group of moving particles is invariambder the action of conservative forcebhis means

a group of particlesorm a volume in the sidimensional phase space which can change
shape while traversing a lens system, but the volume cafi®jt.Therefore the shape of the

r-d diagram may change as the particles travel dowrzdnas, but the area enclose by the

d diagram remains the sameBy applying Llouvi | | ed s trideiagramnhe t o t h

transverse momentu(p) can be taken as:

p=g~2mE 1.14

whered is the angle of the trajectorgndm and E arethe mass and energy of the particle
respectively. Whenconsidering the phase space of particlesinthe xp | ane, xis he ar e

a conser v¥dacosservea afdaE By integrating over the boundary of particles

composing the beam, the area ofthdd i agram can be generalized
Louvi | I e 6 sa grobpeobmowna pafticles can be taken L]
GJE =constan 1.15

The implication of this relationship is that the beam diameter can be decreased only with a

corresponding increase in the angular divergence of the bieain.
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1.4.3.2 Beam Brightness

The concept of beam brightness provides a figure of merit whiclclzanacterize the
properties of a charged particleame An analogy to light optics is that the ratio of the
radiance of a light beam to the square of the local index ofct&frais invariant. For light,
this implies that the brightness of a beam is a measure of the energy flux density per unit
solid angle. In terms of charged particle beams, with consideration of conservation of
charge, the brightness defines the b@&awctarge flux density per unit solid angle. The

current densitylk is equal to:
J«= nNRcosgdV
0 1.16

whereY is the brightness and is independent of adgl@he solid angle is taken as:
W =2p(1 <cos ¢ 117

and thesolution is simply:

1

R= %

1.18
The particle is emitted with a characteristic endigy, so the voltagean be determined as:

eV =& 1.19
Therefore the brightness per volt can be defined 2k}

eJ,

PE, 1.20

R =

A more common definitiom characterizing positron beam brightness|[6]

g°d’E 1.21
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This derivation demonstrates that the brightness per volt is related to the ratio of the source
intensity and squa of the product of the phase space areghenergy of the particle

The beam brightness can be increased by remoderating the positron beam. As
mentionel previously, the phase spadescribing a beam must remain constant under the
influence of conservate forces. Te brightness is a fation of the phase space area, s
conservative forces cannot increase the brightness of the beam. Remoderakon is
conservatives o Liouvill edst apply.e dPosdrans ikeamitedroim the
remoderator surface possess eneaagy anguladistributionswhich are dependent on the
composition and surface condition of the remoderatimaerial. Because the reemitted
positrons have a smaller angular sprefidraeemission, the phase space areerehses.
This, coupled with the decrease in the energy distribution, leads to an increase in the

brightness.

1.5 Defect Characterization Techniques

The study ofdefects and the evolution of the microstructure has become an important
aspect in the developmeot modern materialsFor example,dn implantation is important
in the fabrication of semiconductor devices, but creates many defects requiring additional
processing steps such as annealiigis therefore advantageous to study the formation of
defects and how further processing inflnces the presence of defects.Defect
characterization is not limited to the study of microelectronics though.-ir&ealfation of
Plutonium can generate vacancies which can precipitate into voids leading to macroscopic

swelling of the materialresulting in uncertainty of the materials lifetime in a stockdde3]
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Positrons can be used to probe the composition and structurematesial, which
provides complementary information to that of other techniqugsveral techniques offer
the ability to depth profile a sample for imy atoms. One such techniqige Secondary
lon Mass Spectrometry (SIMSyvhere the sample in questio sputtered and the atoms
ejected are analyzed. With the impact of a heavy ion, with energies of a few keV, sample
atoms are ejected from the surface, with a sputtering yield typically several ejected atoms per
incident ion. A fraction of the ejectetbans are then ionized, where they can be analyzed by
a mass spectrometer to allow the determination of the composition of the ejected flux.
Because this technique erodes the surface of the sample, the technique provides depth
profiling of the sample becaa surface being analyzed moves deeper within the sample.
[23] While this technique can characterimgpurity atomsit is notsensitive to openolume
defects.

Additional techniques are required to characterize the microstructure of a sample.
Small angle neutron or-pay scattering (SANS/SAXS) allofor indirect probing of open
volume defectsSmall angle Xray scattering is capable of determining variationghie
density in the size scale of subnanometer to 100efacts For this technique, observed x
ray scattering spectra are analyzed by fitting the data to calculated spectra generated by
scattering theory for samples with varying density fluctuations. dHte is fit using a least
squares method with optimizations on the shaping parameter and average radius of the pore.
For thin samples, aeflection type geometry must be utilized to maximize the scattering
intensity and models must consider reflection agfdaction at the samples surfacg24]
This is also the case for small angle neutron scattering. The collected scattering data is

corrected for background ande resulting data is converted into a scattering eseston.
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A size distribution is fit to the scatteringosssection data, where the slopkthe curvature
provides the mean size and distribution of the defect and absolute intensity provides the
number density and volume fraction. The data for a sample without defects can be subtracted
from one with defects to isolate the feature of inter¢25]

One ofthe best methods to examine op@&iume defects is using particles, swaga
helium atoms hydrogenatomsor positrons, which enter the sample and become trapped in
cavities. One of these techniques is Mercury porosimetry. For this technique, the sample
must first be cleaned and degassed in a vacuum (*1ath) to removed adsorbed species
from the sample. While under vacuum, mercury is introducethe chambeand the
pressure is budup gradually to high pressure (~2000 atm). As the pressureasase
mercury penetrates the pores, lowering the level of the mercury introduced to the chamber
The chamber pressure versus the mercury level is recd&idTypically, to quantify the
pore size it is assume that the sample contains nonintersecting cylindrical poiesnodel
converts the applied pressure into pore sikbe volume distribution of mercury introduced
into the sample is determined by takirmg tderivative of the mercury level versus pore size
data. [28] Another common technique to determine the pore size distribution of a sample is
the use of nitrogen as a gas probe. For this technique, models must again be calculated to
generate isotherms, which can then be fit to the colledsd to determine the por
distribution. [29] For these techniques to be successhd pore must be connected to the
surface to allow the impinging probe atoms to breech the pore.

There are many advantages of performing these analyses by positrons alone. The
material is not damaged by positron irradiation and because of positron diffusion; analysis of

open and closedolume defects can be performed. Witlariable energy positron bea
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layered structures can be studied, resulting in the etipthbution of defects within a

sample.[7] Figure 1.6 [25] compares the use of positrons for defect characterization to other

techniques. As can be seen, positrons are tbbiscern the smallest defects over a wide

range of implantation depth below the surface. It is also capable of determining the defect

concentration over a wide range of concentrations and depths.

Resolved defect size, meters

(a) Defect size (b) Defect concentration
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Fig. 1.6. Comparison of various defect characterization techniques for defecvssidefect
depth (a) and defect concenteaitvs. defect depth (b)[25]

1.5.1 Doppler Broadening

Upon annihilating, a positreelectron pair must conserve momentum, transferring the

momentum of the system to the photons produced. If the pair were at rest, the resulting 511

keV gamma rays would be collinear, i.e., emitted at 180° apart. Mofidhe particles

introduces variations in the momentum of the gamma rays. This can best be sesvirlyy

the annihilation process in a l#fame of referenceas demonstrated lig. 1.7. Since the

positron is usuallyhermalized when annihilation occurs, the momentum of the system can

be attributed to the electron, therefore the measurement of 511 keV peak offers a gnebe of
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momentum distribution of electrons in a sampBy analysis the annihilation of the positron
and electron in the center of mass reference frémeeenergy spread of the annihilation peak
can be determined by:

DE, =mcy,,cosqg 1.22
where ven is the center of mass velocity of the system dnd the angle separating the

direction of motion and one of the @ted gamma rays[4]

. Pe-

-Yl .

_,'Y

Fig. 1.7. Diagram of the conservation of momentum of an annihilating posdiextron pair in
the lab reference frame.

For Doppler Broadeng Spectroscopy (DBS), the energy spectrum of the 511 keV
annihilation peak is measured usindedector with suitablenergy resolution, usually a high
purity germanium detectorf23] When trapped in open volume defects, positrons are more
likely to annihilate withvalence shelklectrons which have lower momentumather than
core electrons, leading to a sharper annihilation pé&k.

Two parameters of interest to Doppler broadening measurementsSipanemeter and
the W-parameter. The S-parameter is defined as the ratio of the area of themiowentum

centralregionof the annihilaibn peak to the total peak area.

A E,+E
s="5 A =f NdE 1.23
A E-E
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In Eq.1.23, Sis the calculate®-parameterA, is the total area of the 511 keV peak @gds

the area about the center of the peak. This area is defined as the area under #ig peak
from the central energlf, (511 keV). A high Sparameteindicaiesa greater concentration

of annihilations with lower momentum valence electrahsrefore more vacancieS heW-
parameter is also of interest. This is taken as the ratio of the atiea loipher momentum

tails of the annihilation peak to that of the total peak 483a.

W:%, A N, dE 1.24

In this caseW is the calculatedlV-parameterA, is the area of the 511 keV peak agis the
area under the wings of the peak. In this c&seand E, define an energy range from a
suitable starting point)) to the edgef the peak[E,). The value oE; must be chosen so it

does not interfere with the calculation of tBarameter. [23]

1.5.2 Positron Annihilation Lifetime Spectroscopy (PALS)

The lifetime of positrons within a material is a function of the electron density at the
site of the annihilation.[8] When trapped within a defect, the positron encounters a lower
electron density due to the absence of lattice atoms, resulting in a longer positron lifetime,
relative to the lifetimewithin the bulk of the material. The measurement of the lifetime
within a material can therefore belated to the concentratiosizeand typeof defect.

The key to a successfydositron annihilation lifetime experiment is th@ecise
determination of té instanthatthe positron enters a sample. In a conventional bulk positron
experiment, a SodiutB2 radioisotope is utilized as a positron source, which emits a positron
nearly 90% of the time and decays to the 1.27 MeV level of @onThe emission ahe

1.27 MeV gamma ray is nearly instantaneous with the emission of the positron. The
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detection of this gamma ray can therefore be utilized as a time marker for the beginning of
the life of the positron. The detection of a 511keV annihilation gammanralelayed
coincidence with the 1.27 MeV gamma @nthereforebe used to determirtbe lifetime of
the positron in the sampleThe start single and stop signal, with a sufficient delay, is
processed by a timm-amplitude converter (TAC) and sent tonaultichannel analyzer
(MCA) resulting in a lifetime spectravhich is a histogram of detected lifetimed/hile this
technique offers a simple experiment to characterize the nanophase structure of a sample,
because of the high kinetic energy of the poasittbe method is limited to characterizing the
bulk propertieof a material [8]

A histogram of the measured lifetimes takes the form of a summation of decaying
exponentials. As a simple example, consider a sample which contains only one type of
defect. Positrons can then annihilate in either the bulk of the sample or become trapped in a

defect. The individual annihilation rates are therefore:

DO, gn(y) 1.25
d”;t(t)z 1, (0) ny(t) 1.26
whenean@g@are the positron annihilation rgates

is the trapping rate of the particular defect. The solutions to these equations results in a

decay spectrum:

o

D(t)=1, expae—t oHi exp % 1.27
¢

where:
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t, = 1 1.28
lot K

t,= 1 1.29
/d

=14, 1.30

1, S, 1.31
lo- § + o

The lifetime spectrum would therefore be the time derivativeod.27.
dD(t A 0 q
N(t)= db(t) -—-I—lexpge t gIAexp ; 1.32
dt 1 c = .t G2

wherel; andl, are the intensities of the signal adaand{ are the lifetime components. To
match the redts of the actual measurement, a time resolution function must be convolved
with the lifetime spectrum. This resolution function, which is attributedtly to the time
resolution of the detectarsan be approximated kaysum ofGaussian functions. Witthe
utilization of least squares fitting techniques, a suitable model with appropriate lifetime
components and resolution function can be fit to measured data. The intensities and lifetime
components can then be related to the type and concentrati@iectsdpresent.[8] For
samples with high defect concentrations, almost all implanted positrons annihilate while
trapped. This yields the positron lifetime of the particular defect present in the mdttjal.

As seen infig. 1.4, moderatinga spectrum ofast positrons allows the production of
slow positron beams, which allows the control of ttinetic energy of the particle upon
entering the sample, allowing depth profiling of the sample. Unfortunately, in the case of

using a radioisotope source, the moderation process destroys the time correlation between the
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between the emission of the gammay and positron, i.e. the start of the positron lifetime is
unknown. [16] Additional measures must therefore be undertaken to perform the
measurement. One thed to provide a suitable start signal is the detection of secondary
electrons emitted from a sampiMhen a positron enters. The detection of these secondary
electrons in a CEMA detector and coincident annihilation gamma ray marks the lifetime of
the pogron in the sample. Due to the energy and angular spread of the emitted secondary

electrons, the time resolutionusuallylimited toaround500 ps.[16]

1.6 Pulsed Positron Beams

The lifetime of positrons in a metal semiconductois typically in the range of 160
300 picosecond$32], therefore the detection of secondary electrons does not provide a
suitable time resolutiorotcharacterize defects in these materigd additional methodo
determine a start signal is generatea time resolved beamia bunching of the incident
beam. [6] Beam bunching is the process of compressing a continuous beam of particles into
narrow peridic pulses[33], which can offer greatly hanced time resolution One
technique for producing such longitudinal bunchimghe use of rf electric fieldappliedto
suitableelectrodesproduadng acceleration gapwhich imparta velocity modulationto the
positrons traversing the gapkigure 1.8 displays example phase spaguets of positrons
undergoing the bunching processThe velocity modulation imparted to the positrons
decelerates positrons which lead the final pulse and accelerate those which lag the positron
pulse. After drifting some distance, the instantanepuositron current is maximizedt the
focal point of the buncher The particle bunching isptimized whenthe nitial energy

distributionof the beam is smatlompared to the voltage applied to the bunching electrodes
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[33] and theincreased time resolution comes at the expense of increased energy spread at the

focal point.

1
—)

Fig. 1.8. Phase space plots of positrons undergoing the bunching process. The figure on the left
depicts the phase space of the positrons prior to entering the buncher. The figure in the middle
presents the phase space of the pmsitrafter traversing the accelerating gap and receiving an
energy modulation. The figure on the right depicts the phase space of the positrons at the target.
At the target, the velocity spread is larger but bunch width is smaller, as opposed to tied origi
phase space which has smaller velocity spread but a wide pulse. The area of the phase space is
constant.

The applied rivoltageresults in a timevarying electric field which takes the form of a
sine wave. Only a portion of this waveform results ptimum bunching, with the rest
producingbackgroundcounts between the pulses. The sigodbackground raticcan be
improved by chopping the incident continuous positron beam into pulses which are narrow
enoughto minimize the number of positrons fallingn thenonideal portion of the rf field.

The chopper prevents positrons from reachingntihreideal portion of the applied rf voltage,
preventing energy modulatiovhich adds to the background.

The increase in time resolution is due to the fact thatsthg signal can be taken
directly from the electronics of the system, which has less variability than the detection of a
secondary particle.The time resolution of the spectrometer ranges from the moment the
positrons reaches the surface to the detedatiothe coresponding annihilation photon, and

includes the width of the positron pulses and the electronic time resolution of the detector
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system. As the width of the positrons pulses narrow, in time, the deviatiidine arrival time
of the positron athe sample tdhe electronic start signal used for the lifetime measurement

decreases, resulting in a smaller time resolution for the spectrometer.

/ Positron Pulses

20ns é/ 20ns

=»{€=150ps

-y
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Target 2
(Focal Point) /\/\/\/

™ Applied Waveforms AN e

Fig. 1.9. lllustration of the use of the techniques of chopping the incident beam badatiing

to produce positron bunches. The incident positron beam is chopped using a square wave
potential applied to a remoderator. Five nanosecond wide pulses arrive at the first acceleration
gap of the double gap buncher every 20 ns. The rf bunché@unges high resolution pulses with a
repetition rate of 20 ns.
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Chapter 2 The Intense Slow Positron Beam

2.1 The PULSTAR Reactor at North Carolina State University

In 1953,North Carolina State University was the fimtnfederal institutioio own and
operate a nuelr reactor.The PULSTARReactorbegan operation in 1972 and is the fourth
reactor to be operated at the site. This generation of the rea@mwimming pool style
research reactpwith the core placed within a 15000 gallon open tank of pure water.

= | {mMt

11

Fig. 2.1. A diagram of the PULSTAR reactor. Five of the six beam ports radiate out from the
reactor core. Beam Tube #2, which is not shown, passes through the reactor in front of the core.

The core is compsed 0f359 kg ofuranium dioxide fuel enriched to 4% urani®$b,
producing a peak power ofMIWth. Six beam tubes (BT) positioned within the patibw

experiments to be placed as close to the surface of the core as passgden irfig. 2.1.
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Five of the six beam tubes extend radially from the surface of the core. The remaining beam
tube acts as a through port and crosses the face of ther reaetq34]

The pool is filled with pure light water which is utilized as coolant and neutron
moderator. Rflectors are placed on two sides of the core to exghére neutron economy
and therefore maximize fuel usagBecause of the high fuel to moderator ratio, the core is
highly undermoderated. This design characteristic, combined with the small reactor core
dimensions results in a high fast neutron leakagm fthe core boundary, which causes the
thermal neutron flux to peak at the edges of the d8fg. This allows tle relatively small
research reactor the capatlyiliof generating radiation intensities comparable to reactors

many times its size.

9.0

80F—+ \w i

7.0 b—ICORE £ | NN FAST- | CORE —
BOUNDARY // EPITHERMAL\N BOUNDARY

::- | i//l, | -I : [ t —
A A

A
3.0 &+

ol 1/
/7 / %
/

N

@ ,RELATIVE TO AVERAGE CORE FLUX

\I’HERMAL———
I

28 24 20 16 12 8 4 0 4 8 12 16 20 24 28 32 36 40
DISTANCE FROM q:_,(cu)

FUEL FUEL FUEL

Fig. 2.2. A measured neutron flux profile of the PULSTAR reactor. The fast, epithermal and
thermal neutron fluxes can beese

Beam tube 6 was designated to house the slow positron beam. Beam tube 6 is square

with a cross section of nearly 1206x120, for
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reactor core. The large cross section allows theofigrge € moderatorsmaximizing the
amount of positron moderating material in the vicinity of the core. Another highlight of this
location is that the beam is directed towards the wall of thén@mentbuilding, allowing

the positrons to be steered into the adjoining labgctv house the spectrometers.

2.2 Simulation and Design Calculations

Before construction of the second generation intense slow positron beam, thorough
design calcudtions were performed tpredict and optimize the performance of the final
beam. The MonteCarlo codeMCNP was utilized to directly calculate the energy dependent
reaction rates of positrons within the moderator. Also, a SIMION psgram was written
to predict the survival of positrons from the moderatoupled with the utilization ahe ion
optics modeling software AMazehich offered better simulations of thextraction and

focusing of positrongito a magnetic gradient produced by a solenoid

2.2.1 Slow Positron Production Rate

For the second generation beam, the core of the PULSTAR reactoeavesnged to
place fuel directly beside the entrance of beam tube 6 to achieve the increase in photon flux
predicted by calculations performed dwyiwork ona prototype beam|[36]

To produce a more intense beam, a larger moderator was designed to thaplclose
to the end of beam tube 6 pgssible The conceptlesignof the moderator for the second
generation beam ogisted of an array of imlecking one inch wide tungsten strips with an
overall diameteof 8.8 , f o rmatrixrofyl cacellst o ut il i ze as much
cross section of beam tubea$ possible MCNP calculations were performed to optimize the

thickness of the tungsten vanes mhaximize slow positron produoh. To predict the

C
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positron production rate, the core of the PULSTAR Reactor was modeled with two tungsten

cells placed as clesto the surface of BT6 as pdssi

Fig. 2.3. A MCNP model of the PULSTAR reactor core with fuel next to beam tube 6 utilized
for calculations for the second generation beam. Bour 8udgsten moderator banks were
modeled to be as close to the core as possible to see how the production vardistavice from

the core.

Rather thanmodding each individual vane comprising the moderator, each bank was
modeled as a single cylinder with a diameteBaf &nd aheighto f , ak Geen itig. 2.4.

For this simplification to be accurate, the densitpplied forthe cell defining the moderator

must be reduced to maintain the same linear attenuation coefficient as normal tungsten.
Varying the thickness of the tungsten strips will result in a change in the density supplied to
MCNP for this region allowing the optimization of the thickness. To determine this

simulation density, the mass of the moderator must first be determined.urfdeesarea of
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the moderator will be essentially constagsumingverlap of the tungsten vansaninimal
due to the thinness of thmaterial utilized so the product of the surface area of the
moderator, approximatelg819 cnf, and the thickness undepnsideration will yield the

volume of thetungsterused to construct thmoderator in question.

Fig. 2.4. Image demonstrating the conversion of 1x1 cm Tungsten array to single solid cylinder.

The mass othe moderator can then be found with the multiplication of the density of
tungsten, 19.25 g/ctnand the calculad volume. The volume of the simulatedderatoris
simply the volume of theed! representing the moderat@pproximately996 cni, which is
constant for each calculation. Therefore, the densupplied to MCNP willbe the
calculated mass of the moderator in question divided by the simulated volume for the
moderator. For example, assuming tungsten vanes with a thickness of 0.254 mm, the
calalated mass would be approximate®®0 g resulting in a simulated density of
approximateh0.89 g/cr.

With the utilization of tally multiplier cardsMCNP is capable otalculating the
product of the energglependent flux and any of the approximately ENDF reactions

[34]
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P=Cfj (E) § E) dE 2.1
If G(E) is taken as theair production cross section tafngstenP representshe number of
pair production reactions oaging in the moderatoii ( & the energy dependent fluxn
Eqg.2.1, C is an arbitrary scalar constant which can be used to normalize the calculation.
MCNP utilizes microscopic cross sections in units of baohs Therefore, if the constad
is taken as the atomic densiand has the form atoms/b/ctie calculation rests in the
energy dependeneaction rate in units of reactions/ffém[34] The simulated density for
each thickness is therefore converted to atomic densitys@molied as the constant for the

tally multiplier card.

Table 2-1. Constant values supplied to MCNP for the tungsten thickness optimization

calculation.

Thickness (mm)| Simulation Density (g/cf) | Constant (BecmiY)
1.00x10° 3.51x10° 1.15x10°
1.00x10° 3.51x10° 1.15x10’
3.50x10° 1.23x10" 4.03x10’
7.00x10° 2.46x10" 8.05x10’
1.40x10" 4.92x10° 1.61x10°
5.00x10" 1.76x10° 5.75x10°
1.00x10° 3.51x10° 1.15x10°
1.00x10° 3.51x10° 1.15x10"
1.27x10° 4.46x10° 1.46x10"
2.54x10° 8.92x10° 2.92x10"
6.35x10° 2.27x10" 7.44x10"
1.27x10" 4.46x10" 1.46x10°
1.91x10" 6.69x10" 2.19x10°
2.54x10" 8.92x10" 2.92x10°

The MCNP calculation is capable of determining the number of graiduction events,
which is taken as the number of positrons generated by the moderator, occurring in the

moderator bulk, but only a small fraction of those positrons are capabifusing to the
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surface for emission. The production rate determinedMiBNP must be multiplied by

correction factors to determine the number of slow positrons emitted from the moderator.

a o)
raslowe 9 e\, P 2.2
¢ S =

The production rateR, is therefore the product of the surfasenching ratio,(., the
effective volume Ve, and the resultingroduction rate predicted by MCNP, The slow
positrons surface bBnching ratiois the fraction of positrons reaching the surface of the
moderator which are emitted as slow positrofifie factorVes denotes the volume of the
moderator one diffusion length from the surface, andalled the effective volume. It is
assumed that positrons created in this volume successfully reach the stitfeceolume is
taken as the product of theurface area of the moderator and the diffusion length of a

positron in tungsten.
V,, =S 2.3

In Eq.2.3, Sis the surface area of the moderator Bhis the diffusion length.

L* L*

Fig. 2.5. Diagram showinghediffusion length, L, in relation to thehickness of the moderator.
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The diffusion lengthL., is the average distance traveled by a thermalized positron prior to
annihilation. [7] It was assumed thany positronwhich thermalizesat a deeper depth
cannot successfully reach the surfdoe slow positron emission From literature, the
diffusion length for tungsten can range from 50 nm for tungsten anneald®0 K[38] to
100 nm for a single crystal annealed to 230f®]. It is therefore assumed that the effective
volume for the tungsten used for the moderator will range from 0.009fod0182 cri

Gamma rays from fission products produce an additionatigphspectrum which tends
to soften over time because high energy gammas tend to be emitted more rapidly than lower
energy gammas. While operating, fission fragments which emit high energy gaarama
constantly being replenished, so the photon spectrumesdoequilibrium [41] MCNP
ignores the production of deted photons while performingritically calculations. [34]
Because these photons can have energies in excess of the pair production energy threshold,
they must be considered for the positpoeductioncalculation. To compensate, a simple
correction factor wasntroduced which determined the ratio of prompt photons to delayed
photons. The prompt fission photdistribution with energies in excess of 1 MeV, takes the
form [41]:

c,(E)=8.0e** 2.4

The delayed photon spectra can also be approximateddxpanentia[41]:

¢, (E)=6.65¢"* 2.5

Both expressions result in the number of gamma rays produced per fission event per MeV.
By integrating ovethe energy rangewhich is assumed to cover the fission photon eesrg

the ratio of delayed to prompt fission photons can be determined.
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c. 6.65FEdE

—Zd —

—_——~0.8 2.6
c, 8.OfF=dE

This implies that for every 10 prompt fissigammas, there should be approximately 8
delayed gammas. Therefore, multiplying the production results calculated by MCNP by a
correction factor of 1.8 is a reasonablereotion for MCNP to compensate foelayed
photons,
P=P 9©.8P £8P 2.7

wherePdis the raw data calculated by MCNP.

Figure 2.6 displays the results for the thickness calculation. The resultmanmslized
to the maximum production rate, with the black points displaying the total production rate,
the red points displaying the production rate in the first bank (the bank closest to the core)
and the blue displaying the production rate from the second bankhicknessedess than
the diffusion lengthit is assumed all created positrons produced are capable of reaching the
surface as thermal positrons. Therefore the production is simply dependent on the reaction

rate The probability of interaction of a pkon within a thickness is simply:

1- //(—X) 4 g B 2.8

where( ( is Yhe flux at a distance U, is the initial flux andi, is the macroscopic pair
production cross section. This presence of this exponential term dictates the shape of the
production curve at low tungsten thicknesses. Oncehtbleness of the tungsten is twice the
diffusion length of positrons, the producticate begins to plateau. This can be attributed to

the fact that positrons produced deeper within the moderator than the diffusion length cannot

reach the surface for reemission and are lost. As the thickness continues to increase, the
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production rate lgans to decrease because Yimdume of the first bank (the bank closest to
the core) begins to attenuate more and more of the photons produced by the reactor, limiting

the production in the second bank, where the extraction efficiency is higher.
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Fig. 2.6. Results of the MCNP tungsten thickness optimization calculations. The bank located
closest to the face of the reactor core is labeled Bank 1 with the remaining bank labeled Bank 2.

The moderator was comstted from vanewith a thickness 00.25 mm. While this is
approximately 7% less than the maximum production rate, which occarghatkness of
about0.0127 mm, the increased thickness offers greater structural intetgritye assembled
and annealedhoderator. The producbf the effective volume, surface branching rdtaken
as 0.25)and MCNP pair production rate yieldspaedicted slowpositronproduction rate
whichranges from (1.2.4)x10 s* for a moderator composed of 0.25 mm vamiepending

on the thickness of the diffusion length utilizéal the calculation [42] This positron
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production calculation included the thermal neutron capgaramasemitted by acadmium

shroud which is discussed in the following section.

2.2.2 Cadmium Thickness Optimization

Thermal neutron capture reactions, in a suitable shroud surrounding the moderators, can
be used to intensify and harden the gamma spectra thtbegmoderators. A search was
performed to determine the ideal material which would maximize the thermal neutron
utilization and yield the highest energy gamma rays. The product of the number density of
target atoms, the cross section and incident flietds the reaction rate of a particular
reaction,

R= Ns 7 2.9

whereR is the reaction rate is the number densityj is themicroscopic cross section afid
is the neutron flux. Therefore, the probability of a particular gamma emission to occur is

simply the product of the flux and the microscopic cross section and the intensity of emission

G— = &/ 2.10

Assuming the flux to be invariant for the search, elements should be sorted based on the
product of the intensity of emission and microscopic cross section. The results of this search
indicated Cadmium and Gadolinium offered the best perfornfandearge sheets of
Cadmium( 1 2 0 »lcdgs sectioncould beeasily obtained thereforethis element was

chosen to construct the shroud surround the moderator.banks

& Initial work sorting isotopes to optimize thermal neutron capture reactions performed by Dr. Jianwei Chen.
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MCNP calculations were performed to optimize the thickness of the cadmium cap
surrounding the vamim can housing the moderator banks. The goal of this optimization was
to maximize therate ofthermal neutron capture reactions while minimizing éffiect of
photon attenuation through the cadmium shroud. To accomplishreépisated runs were
performel with varying thickness of cadmium surrounding the vacuum can containing the

moderator. The cadmiunthickness was varieflom 0 to 3 mm
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Fig. 2.7. Results of the MCNP cadmium thickness optimizatidhe bank located closest to the
face of the reactor core is labeled Bank 1 and the remaining bank is labeled Bank 2.

These calculations demonstrated that the addition of 0.25 mm of cadraiuimcrease the
positron production by nearly 39%ompared taising no cadmium. Thinner sheets do not
capture all the available neutrons while a thicker cap begins to attenuate the photons

produced by the core. This particular thickness can also be purchased in large sheets which
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can easily cover the entire vacuatmmber housing the extractioptics;therefore 0.25 mm

cadmium sheets with a cross section of 120x1

2.2.3 Slow Positron Survival within Moderator Banks

Calculations were performdd test the efficiency of various moderator configurations
in an attempt to maximize the production and extraction of slow positrons from the
moderator. As the length of the moderator is increased, the production of slow positrons
increasedecause of the increase in volurbet the extraction efficiency decrease® da
collisions of positrons with the walls of the moderator.

To test the extraction efficiency of various moderator configurations, a user program
for SIMION [39] was created which simulated the physics of positron interactions with the
surface of a materiallf an emitted positron collided with the walls of the cylinder, a Mente
Carlo program was called which determined if the positron survived the interaetibn
refection probabilities shown to be approximately 60%3]. An emitted positron with
kinetic energy greater than the work function of the moderating material can penkéa
surface where it can annihilate be reemitted as a slow positron. thiis event occurs, the
user program emits a positron with kinetic energy equal to the work function of the material,
2.8 eV for Tungstefi7], and itis given a random direction vector to mimic positron emission
from pdycrystalline tungsten. Ae positrons can also undergo elastic and inelastic collisions
with the walls of the moderator. For an elastic collision, the incident kinetic energy of the
positron is kept the same while the direction vector is randomized. For inelastic collisions,

the direction vector and kinetic energy (up to the energy of the incident particle) is
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randomized. When necessary, the angle is randomized in a hemisphenieetiah away
from the surface.

Positrons were flown from different positions with an increasing distance away from
the exit of the moderator. The location of the positrons were recorded when the positrons
impacted an extraction grid directly in front of thienulated moderator bank. Reaching the
extraction grid indicated the positron was successfully extracted from the moderator. In
addition to the position, the kinetic energy and component velocities of the positrons were

recorded dr use in focusing caldations.
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Fig. 2.8. Figure displaying the slow extraction efficiency for a 1 cm in diameter, 50 mm long
tube versus the distance from the extraction grid of the bank.

The ratio of the number of positrons successfully reaching the extraction grid to the number

of positrons emitted from a particular point resulted in the extraction efficiency for that
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particular location. [44] Figure 2.8 displays the extraction efficiency resufts a 1 cm in
diameter tube whicks 50 mm long.The extractn efficiency is calculated to be 30.2%.

To increase the extraction efficiency, multiple shorter moderator banks can be used. By
placing a potential difference between banks, positrons produced in the bank further away
from the focusing optics can be eadied into the nextwhere the prbability of escape
increases. The potential difference between the banioduces a fringing field which
penetrate the moderator tubggroducing an electric fielthat pulls positrons from the first
bank into the seconayhichis closer to the extraction lenses. Unfortunately, this field forces
positrons emitted near the gradient in the second bank back into the surface, asfigeen in
2.8, reducing the extraction efficiepc This can beemediedby placing a grid between the
two banks at the same potential as skeond bank. Thisliminates the potential gradient,

allowing positrons to travel further before being deflected towards the exit.

Fig. 2.9. Simulation displaying the effectiveness of grids behind the moderator bank. prhe to
simulation contains no grid. The bottom simulation has a grid at the same potential as the
moderator on the rightThe first bank is on the left and second (closest to the extraction optics) is
on the right.

Removingthe fringing fidd at the end of th seconankminimizesthe possibility that the
positrons will be pushed back into the surface upon emission. The results for a case with and

without grids can be seenfiig. 2.10
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Fig. 2.10. Extraction efficiency results for a 50 mm tube, two 25 mm tube biased with potential
difference and two 25 mm tubes with potential difference and grid between two banks.

The overall extraction efficiency for the cases with and without grids is calculated to be
38.4% and 30.9% respectivelylhe results of the simulationith grids indicate extraction
efficiencies of 60% for the bank closest to the focusing optics with 268 efficiency for
the next bank[42]

Further simulations were performed utilizing 4 banks separated by grigse results
indicated an additional two bankeuwdd increase to overall production by 29%4] Two
moderator banks were utilized the final desigras a simplificatiorfor the initial testing of

the positrm beam, although the capability to add two additional banks was included.

2.3 Charged Particle Optics
With a complete knowledge of applied electrostatic and magnetic fields, the trajectories

of charged particles traversing those fields may be analyticallyndieted. A nonrelativistic
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charged particle with an initial velocity vectey traversing a region containing an electric
and magnetic field will experience two forcesAn electrostatic field will generate a

coulombic forceFe, given by:

oE 2.11

wherem s the mass of the charged particjes the charge anfl is the electric field. Within
a magnetic field, the charged particle will experience a Lorentz force defined as:

d(mv
dt

N—

Fg = £q)vxB 2.12

whereB is the spatial distribution of the magnetic flux density. The Lorentz force on the
charged particle acts in a direction perpendicular to the velocity of the pawticdad
magnetic field. The total force acting on the particle is the superposition of the two
individual forces[18]

d(mv)
dt

F =

9(E wB) 2.13

With knowledge of the initial position and direction of the charged particle, the
complete trajectory of the patte can be definedFor example,dr a positron emitted from
the origin with a velocity of=(vy,w,V;), travelling through a uniform magnetic field defined
asB=(By,0,0) and an electric field=(E«,0,0), fom Eq2.13, it follows that the equations of

motion of the particle are solutions to:

d*x

mS X = 2.14
dt a5
2

mdY-yg 215
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2
m‘;—tzzz z,B 2.16

By defining the initial position (x,y,z) andinitial velocity (w,w,V;) of the particle, the

complete path of the particle through the field regian be determined.

2.3.1 Electrostatic Extraction and Focusing Optics Optimization
SIMION 3D is an electrostatic and magnet simulation software which utilizes the finite
difference technique of oweelaxation to estimate the potential of the +&dectrode regios
of a defined potenti al array. Eq. 2.15,evithk s t o
boundary values supplied froanbitraryuser defined geometry.
PV =0 2.17
Each norelectrode point is estimated as theerage of the nearest neighboring pgintsich

is demonstrated biyg. 2.11 andEq.2.18 for a Cartesian coordinate syste[9]
P3
By Po Py
Py
Fig. 2.11. Diagram of relationship between nodes for difference method ofrelaration

utilized by SIMION 3D.
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For each iteration, the residual between the new calculated potestialate and the
previous estimate is decreased and the potential array is refined until residual is less that
some specified criterion. While this technique works well for electrostatic modeling,

SIMION is not intended to model true magnetic fields.refjuires the use of potentials for
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refinement, but magnetic fields present themselves as flux. To model a mdgiet
magnetic poles must be definefB9] Gradients in magnetic fields must be estimated with
the use of shaped poles.

Because it was necessary to model magnetic field gradeas#ted at the entrance of
the solenoid different modeling software was utilized. Field Precision offers a suite of
software that can be used to model 3D (the AMaze software packag@paitde TriComp
software packageslectric and magnetic field§45]

As mentioned previously, hMonte Carlo routine written to determine the extraction
efficiency of different moderator designs was able to record the location, kinetic energy and
component velocities of particles emitted from the surface of a simulated moderator. This
data could tbn be utilized as the initial particle parameters used in the optimization
calculations for the extraction optics. This method offered a reasonable estimation of the of
the phase space of actual particles emitted from the moderator, including inteiitrainpos
bouncing within the moderator banksather than roughly estimating the perpendicular
energy of surviving positrons and etimty themwith the same energy in a fan ofgges, as
was performed for design calculations for firetotype beam.[36] The initial conditions
required by AMaze and TriComp include: the mass, charge, kinetic energy, initial position
coordinates (X,Y,Z) and the direction vectof the particles(or vector composed of the
percentage of the particles momentum in a particular Cartesian dirgipn The direction
vector was taken as theector deschied by the component velocitiedetermined by
SIMION.

The conceptual design of tlkeatraction optics consisted of an extraction grid directly in

front of the moderator, 6 lenses of decreasing diameter and a final drift lens running the
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lengthof the solenoid. After the first lens, which was simply a large diameter cylinder, the
following three lenses were tapered. The reason for this taper was to allow the lenses to be
located in a similar location as cylindrical lenses (which are easieortstract), but the

edges of the lenses weremoved from the trajectory of the positrofieeing theinternal

volume of theextraction optics of obstructions.

Positrons were raitted from a plane at the inlet of the extraction optics. Placing a
particular potential on the emission plane essentially mimicked the effect of biasing real
moderators, increasing the kinetic energy of the emitted positron accordingly.
representative group of simulated positrons were emitted from the plane in increasing 1 cm
increments from the center of the beaBata was tabulated for each positron that reached a
plane approximatel®0 cm away from the emission point. This ensured that positrons had
successfully been focused into the solenoid and through the magnetic gaadienentrance
of the solenid. Once in the solenoid, it waassumed positrons safely reach the outlet of the
reactor biological shield.The results of this optimization can be seerfign 2.12. The
extraction efficiency is in excess 05% up to 7 cm away from the center of the moderator,
and still nearly 6% at 9.5 cm away from the centefhe drift lens was held at ground and
remaining lenses were biased achtiogly. The voltages used in tHenal optimization
simulation were, from the extraction grid to thkas 6 910 V, 800 V, 735 V, 50\+3100 V,

640 V and 0 V [42] While the extraction efficiency for a particular location is shown to be

in excess of 90% across a majority of the face of the moderator, this is not entirely accurate
for the trueoverall extraction efficiency. The extraction efficiency at points further from the
center of the beam must be weighted ndure to the fact that the slow positron production is

higher at larger radii, i.e. an annular ring of the moderator at a radius of 9 @se=nolore
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moderator mass and surface area than an annulasfrthg same widtlat 1 cm. Weighting
the extraction efficiency to compensate from this radial component reduces the overall

extraction efficiency to approximately 80%42]
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Fig. 2.12. Results of simulations predicting the extraction efficiency of positrons emitted from
the moderator.

Figure 2.13 displays the results of the extraction optics calculation with some
representative positron tracks. It becomes difficult to focus positrons furtheri®ffiax to
the fact that high potentials are needegutsh positrons emitted near the edge back to the
center of the beam, which drastically reduces the efficiency of positrons emitted across the
entire fae of the moderator After considering thealculated slow positron production from
MCNP, the positron survival within the moderator banks and the efficiency of the extraction

optics, the slow posibn beam intensity wasstimated to range from (4118.2)x16 s™. [42]
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Fig. 2.13. Results ofthe slow positron extraction optimization produced by the TriComp ion
optics software.

2.3.2 Magnetic Guidance Optimization

Measurements performed at the conclusion of testing of the prototype positron beam
indicated the presence of residual transverse magnetic fields within the biological shield of
the reactor. These fields are capapleshing positrons off the axis of the bearausing
annihilation with the walls of the vacuum chamber. Torexd for these fields, sets of
racetrack coilsvere placed along the body of the solenoid passing through the biological
shield which can produce a resultant transverse fialable of steéng the positrons
through the residual transverse fiblaickto the center of the beamline.

Simulations were performed to test the effectiveness of these racetrack coils on steering
the beam. Two sets of these coils, set 90° apart, were modeled arthendolenoid.
Additional sets of squa coils, again set 90° apawere then modeled to surround the

solenoid in a location that would correspond to the biological shield. Current supplied to
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these external square coils would then prodadeansversefield which was capable of
overcoming the applied axial field and could direct the posstioto the walls of the lenses.

The orientation of these simulated coils can be seég.ig.14.

)

Fig. 2.14. Diagram of coils used to test effectiveness of steering coils. The blue cylinder
represents the solenoid, the large rectangular coils produce a simulated residaatfigldetrack

coils run the length of the solenoid.

Figure 2.15 demonstrates that the simulation can produce a transverse field that can steer the
beam into the walls of the drift leng.he goal of thiooptimizationexercise was to see if the
race track cod could negate this transverse field and steer the posibamisto the center of

the beam, the results of which can also be seég.i@.15.

Fig. 2.15. Results osimulations demonstrating the effectiveness of the steering coils. Residual
fields and capable of steering positrons off axis and into the walls of the lens, which can be
countered with the use of steering coils guiding the positrons to the center of the beam.

Initially, positrons are directed off axis by the racetrack coils due to there bersgidoal

field to negate. Thesimulation demonstratedhat theresultant field generated by the
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superposition of residual transverse field abelering coils \as able tosteer the positrons
backonto the axis of the bedime at the outlet of the reactor biological shield.

At the outlet of the biological shield, the positrons must be magnetically guided out of
the neutron headlight of the beam tube to allow the placeniemtbeam stop. Positrons
travelling in a curved magnetic field undergo two guiding center drifts, from gradients and
curvature of the applied magnetic field. Gradients in magnetic fields causertherlradius
of a charged particle to be smallerthe high field regionbut larger in the lower endf the
gradient. Generalized tbree dimensions, theB drift can be characterized p&5]:

.1 BxPB

Vg = EvArL? 2.19

wherev, is the drift velocity,b is the perpendicular components of the particles velocity,
r_is the Larmor radiup46]:

oV M

= 2.20
w, |dB

andB is the magnetic field.In addition ton B drift, charged particles travelling in a curved
magnetic field undergo a curvature drift due to centrifugal forcen@atn the particle.

Wheren B drift is characterized by the perpendicular component of the velocity, curvature

drift is related to the pallel componen{46].

< 221

In this expressionvg is the curvature drift velocityn is the mass of the patrticlg, is the

charge B is the magnetic field) is the parallel component of the particles velocity Rpcs
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the radius of curvature of the magnetic fieldh a curved magnetic field, these two drift

components are added tolget resulting irf46]:

Ba 1
Vo +V. = IV 2.22
bB R q Rz Bz éé{z 2
This relatioship can further be reduced by taking the unit vect&®;@hdB resulting in:
ma, 1 a
=2 £V BB 223
gR. B(jaé/'2 2 8

Assuming the total energy of the positrons is 1003 eV, the resulting velocity is 1'886s10
With the additional assumption th#te component velocities are separated by, 45°a
conservative assumptipthe perpendicular and parallel velocities will be 1.33xa0s.
With the aguiding field strength o8B0 G and a radius of curvature of 0.2 m, the drift
velocity, perpendicular to the curvature of the bend, can be found to be approximately
9.4x10° m/s. To determine the magnitude of the drift of the particle, the time the particle is
in the curved magnetigeid must be caulated as well. Witharticles travding through a
45° angle (or 0.79 radians)ith the 0.2 m radius ofurvature the arc length of the drift can
be found by47]:

S=¢gR 2.24
whereSis the arc length and is the angle swept by the arc in radiaresulting in a length
of 0.158 m. Because the arc length and velocity throughehd, ihe parallel velocity, is
known, the time the partiel spends in the curved field determined to be approximately
11.9 ns. Therefore a conservative estimate for the amount of drift positrons will experience
traversing a curved magtic field is approximatehl mm. Nearly 85% of simulated

positrons fall within a diameter of 30 mm, while the diameter of the vacuum chamber which
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the positrons are traversing is nearly 100 mm, soeffect of the particle drift on the
intensity of tle beam should be negligibl@ his drift would not need to be corrected due to
the fact that positrons are guided through S-bend;therefore the drift off axis due to
traversing the first bend is reversed by traversing a bend in the opposite direction

A simulation was performed to ensure positrons could be successfully guided through a
bent magnetic field. The 3D ion optics simulation package AMaze was utilized to simulate
the bent magnetic field. The model consisted of two solenoids, at 45° aphrthevbend
simulated with a 45° segment of a toruhe results of the previous calculation, focusing of
positrons from a moderator face into the guiding solenoid, were used to provide the starting
trajectories for this simulation. This mimics the bebawf actual positrons emitted from a
moderator and focused into a solenoid, rather than estimating the phase space of positrons
and emitting a few positron trajectoriesThe simulation, as seen ifig. 2.16, clearly
demonstrates the magnetic field gradient produced by the bent solenoid and the resulting drift
caused by the curvature and gradient drift, which is shown to be approximately 1 cm.
Further simulations athe Sbend demonstrate positrons guided off axis due to the first bend

successfully return to the center of the beamline while traversing the second opposite bend.

Fig. 2.16. Simulated particle trajectorig¢isrough a bent solenoid.
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Once out of the radiation headlight, positrons must be steered tpelserometer in
use As mentioned for the&sBend, positrons traveling through curved magnetic fields
undergo guiding center drifts. Unlike ti&bend, positros travelling through a potential
switchyard will not undergo a bend in the opposite direction to correct any resulting drifts.
To account for this, the concept of the positron beam switch yard consists of large diameter
coils placed on gimbals, sharingcammon center point. The large diameter coilare
capable of producing a field which can bridge gap in the magnetic field between the two

solenoids used to guide the beam.

Fig. 2.17. A schematicof the coll plaéement for a concept first beam switchyard. This is
capable of compensating for particle drifts.

Thesecoils can rotate in the direction counter to any drifts resulting from the curvature of the
field, i.e. the beam can be steered intoitiet of the desired solenoid. Additional coils are
placed at the end of the solenoids to provide additional fine tuning of the particle guidance.
Providing current to the desired array of cqioduces the magnetic field which guides
positrons to theespective spectrometers, either directly to thd®>RES spectrometer or to

the second switchyard which then guides positrons to HfAES spectrometeras seen in

fig. 2.18.
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The advantage of theoncept is the positron beamster the labs at perpendicula
angles to the wallsremoving the need for additional steeringhe switchyard design was
tested using the AMaze simulation suitPositrons emitted from the sifated moderator are
first guided through the main solenoid e&&8end portions of the beam. At the outlet of the
SBend, the positronds position, direction ve
as the starting position for the switchyard simulati®mulations indicate the efficiency of

this switchyard design is in excess of 96%.

Fig. 2.18. Results of beam guidance simulation through two switchyards #@AES
spectrometer.

The principle of using coils to correct for charged particle drifts can also be applied to
the Sbend. Coils must be used to bridge gaps in the magnetic field where vacuum chamber
crosses are located, which provide locations to attach feedthroughs and vacuum pumps. For
the Sbend, additional coils can be used to provide a bridging field into theod&noid. The

advantages of thiarea magnetic coil is easier to wind than a bent solenoid and the coil can
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be manipulated to guide positrons through the bend and correct for dFitgire 2.19
displays the results of the optimization simulation of$H#end. Helmholtz coils are used to
bridge the gap in the axial field due to the placement of a vacuum chamber Thisss
followed by a coil rotated to 22.5° at the center of the bend to bridge the gap. Termination
coils are located at the outlets of the 45° solenoid to provide an addiiaggietic field to

bridge gaps.

b e

Fig. 2.19. Results of simulations demonstrating the effectiveness of steering slow positrons
through the $end at outlet of biological shield.

Figure 2.19 alsodemonstrates how tuning the coils in the bend can compensate for gradient
and curvature drift.The reason for #nsharp bend seen in the figusebecause the positrons

are sent through the first beam switch and out of the solution volume.
2.4 Design and Construction of the Intense Slow Positron Beam

2.4.1 Moderator Design and Construction
The final design of the modeor consisted of two banks composed of 0.25 mm

Tungsten strips, forming an interlocking matrix of 1x1 cm ce€lls.assemble the moderator,
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small slits had to be cut into these pgi This was achieved usiriglectrical Discharge
Machining(EDM). Electrical Discharge Machining is the process of removing material from

an electrically conduate material using an electrdischarge.For EDM machiimg, a small
electrode is placed very close to the surface of the material to be machined. The electrode
never actually touches gurface to be machingtutthe application of a high voltage causes

an electric discharge between the electrode and mlatessalting in the vaporization and
melting of the piece.[48] Care must be taken to use Tungsten wire to cut the moderators.
Other materials could introduce prities into the tungsten moderator which can reduce the
moderation efficiency, therefore reducing the number of positrons emitted from the

moderator.
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Fig. 2.20. Image of an assembled tungsten vawderator.

Once constructed, the moderators were cleaned, followed by an etching process to

remove the outer la&ys of tungsten. The moderategs first cleaned of organic surface



56

contamination by submersion in a mixture of 30% hydrogen peroxide andntted
ammoniumhydroxide This was followed by submersidn a solution consisting of 0.1 M

nitric acid and 0.1 M potassiunitrate containé in a stainless steel dish, witte moderator
insulated from thgpan by placingt on a small insulating dishA thin tungsten wire was
attached to the moderator to serve as a contact 6&PPBEA DC power supply, model 9312

PS Thesupply leadsvere connected to this contact and also attached to the wall of the
stainless steel dish. This allowed tgplication & a canstant 1 A currentresulting n a
potential differencebetween the moderator and dish. As the tungsten oxides)(\E¢er
formed, the voltage rose on the power supply #redcolor changed to a dark blue. The
current was removed when the voltagadteed approximately 40 V, or when electrical arcs
could be seen between the moderator vanes. After the surface was anodized, the moderator
was placed in a solution of 0.1 M potassium hydroxide, which stripped the tungsten oxide
layer, leaving a fresh tusten surface. This process was repeated 10 times resulting in the
removal of approximately 330 nm of tungsten.

Once cleaned, the moderators were annealed in a high temperature vacuum furnace at
the High Temperature Materials Laboratory at Oak Ridge Naltihab (ORNL). This
furnace had an all tungsten hot zone approximately 30x30x30 cm. This was large enough to
anneal an entire assembled moderaiffine initial moderators were annealed individually in
the event of damageccurring during the annealing pcess,e.g. sintering to a tungsten
hearth plate which supportedthe moderator in the furnace, thermal stresses, etc. The
moderator was annealed in vacuum at a temperature of approximately 2200 K for 4 hours,
during which time the pressure increased fi&x0° to 5x10° mbart, then allowed to cool

overnight. The same process was performed for the second moderator bank. The annealing
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process did not damage the moderators, so future moderators can be annealed
simultaneously. After annealing, the moderators were transferred to North Carolina State
University under vacuum using a simglesccator, where they were promptiystalledin

the beam and returned liigh vacuum. [42]

2.4.2 Extraction Optics Design and Construction

The extraction opticg&nses were fabricated from 60&Liminum. Six lenses, and an
extraction grid, were utilized to extract slow positrons from the moderators and focus them
into the solenoid for magnetic guidance through the biological shield. Each of theWesses
machined from single bloslof aluminum.

A drift lens ran the length of the solenoidhiah served multiple purposes; to guide the
wires supplying high voltage, shield the drifting positrons from the applied vel&ud
allow the possitiity to float the beam if it weraecessary.The drift tubewas split in half
lengthwaysusing a waterjet cutting procedure. Thefacesvere then smoothed and a layer
of Aerodag G was applied fwovide a conductive coatiran the inside surfaceAerodag G
is an aerosol graphite spray and was appliealit@luminum components which held a
potential. Aluminumcomponents develop a thin oxide layehen expo®dto air. It is
possible thathis oxide layer can influence the resulting electric fidlee to noruniform
charge from the thin insulating layer whicould vary in thicknessherefore the application
of the graphite layer results in a surface with constant conducti@tce the surfaces were
prepared, the lens was reassemhlsithg supportrings, alternating in composition between
aluminum andMacor, to hold the individual halves together. TRkacorrings were wide

enough to insulate the drift lens from the walls of the vacuum chamber, while the aluminum
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rings simply offered electrical contact between the two halves and maintained the shape of
the lens. TheMacor rings were machined with holes ie wall to aid in pumping
Aluminum oxide tubes, with an outer diameter df205 were installed which spannele
Macor rings, down the length of the leasid providedguides for the wires used supply
high wltage tothe extraction optics Once the wires were installed, the drift lens was
inserted in the solenoid.

The extraction optics of the positron beam consiste@ afuminum énses and one

extraction grid, as seen below.

Lens 6 Lens5 Lens4 Lens3 Lens?2 Lensl

14

W repeller
plate

Vacuum
‘l || =) i A4 Chamber

Extraction W moderator
Gride banks

Fig. 2.21. Diagram of the extraction optics of the second generation slow positron’beam.

The extraction grid consisted of a tungsten grid sandwiched between two aluminum support

rings placed directly in front of the tungstetderator baks. The first lens waa cylinder

® Image courtesy of Dr. Jeremy Moxom, North Carolina State University.
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with a diameter of 9. 40, with an inner di a
following three lenses were taperatdl5.8°. This taper brought the inner diameter of the
l enses from &.t3FEId tda 3aDp wrvexi m he The emanindh o f t
two |l enses were cylindrical with inner di an
lenses, respectively.

The electrostatic lenses were designed to be swgapday the sixth lens, which was

mounted to the vacuum chamber flange housing the extraction optics using a circular array of

0-80threaded rods

Fig. 2.22. Profile image of the assembled extraction optidghefslow positron beam.

Alumina tubes and spacer sets, purchased fonball Physics|nc., were placed on the-0

80 threaded rods which served to electrically isolate the lens from the vacuum chamber and
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support the remaining internal componentfie abminum wire used to supply high voltage
to the lenses were drawn through the lens assembly, isolated using the alumina tubes.

The remaining lens, extraction grid and moderator banks were supported from the final
tapered lens using aluminabes and B0 threaded rodsThe interior face of each lens was
coated in a layer of Aerodag G to ensure a well conducting surface providing a constant
electric field. A thin sheet of tungsten, sandwiched between aluminum collars, acted as a
repelling plate for the naeratorsand an extraction grid was constructed in the same wa
using a tungsten mesk\s can be seen ifig. 2.23, additional wires were drawn through the
lensassembly to allow for the possibility to add an additional two banks of moderator arrays

in the future

Fig. 2.23. Images of the slow positron extraction optics with (right) and without (left) the
moderatorsnstalled.

2.4.3 Vacuum Chamber Design
A single vacuum chamber is utilized to house the extraction optics of the beam and
support the solenoid which guides positrons

aluminum pipe was used to act as the vaculramber through the biological shield.
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Aluminum cannot be welded to the typical stainless steelatdidnge, so a custom flange
was utlized. The bulk of this 60 flange was machi
welded to the vacuum chambewtha stainless steel surface was fused to the aluminum
which contained the knifedge required for sealing conflat flange# circular plate was
attached to the opposite end of the vacuum chambér.. 2gBdve with an inner diameter
of 9wa6 fatimed in this flange to allow anng to seal the solenoid vacuum chamber
totheendcapT hi s end cap was 16.80 |l ong and 10. 90
single piece of aluminum to reduce the possibility of failure of the vacuum chambedat wel
Initially a Viton o-ring was utilized to seal the chamber but the resubuigassingroved
problematic, therefore this-ring was replaced with aring style seal made of aluminum,
manufactured by High Tech Metal Seals of Belgium.

A customizedcross was designed to support the positron beam at the outlet of the
biological shield. This cross was fabricated at-Bat Products and was composed entirely
of aluminum. Because theass contained aluminum configdnges, aluminum-sings were
requred for sealing. The high voltage feedthrough was attached at this point to supply the
potentias to the positron beam lenses. The cross also demgethe pumping station of
extraction portion of the beanilhe pressure could be measured here usingss ginvelope
ionization gauge and a gate valve was installed allowing the front end of the vacuum system
to be isolated from the rest of the beam line, therefore high vacuum could be maintained for
this end of the beam, which houses the tungsten moderaters with the rest of the beam at
atmospheric pressure. A VaridarboV 301 Navigatoturbopump was utilized to maintain

the vacuum of the beam. This pump has a pumping speed of 480]lfer nitrogenand
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could bring the pressure at the pumping station below #xdbarr. AVarian Dry Scroll

pumpwas used as the roughing pump for the turbo pump.

Fig. 2.24. Image of the pumping station of the reactor end of the slow positron beam.

The vacuum chambers for the switchyamd® r e appr oxi mately 180

constructed from stainless steel. The size of the chamber allowed plenty of room for the
positrons to b guided to the desired destination. Each chamber contained a pumping port
where a VarianTurboV 301 Navigator turbopump was attached, with rough pumping
supplied by a Varian Dry Scroll pumpThe switchyard chambers were designed with a
removable lid. This allowed easy access to the inside of the chdonbd#eaning and the
ability to add internal lenses if the need ever arddss lid was sealed using a standard large

diameter elastomes-ring. A2-3/ 40 fl ange was also install

ed
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pressure gauges if desireA.solenoid valve was installed on each roughing pump within the
shielding cave. In the event of a loss of power, the solenoid valve would close, prgeenti

loss of vacuum.

Fig. 2.25. Images of the vacuum chambers for the two positron beam switchyards.

Many of the vacuum c¢ hamb e composed froestaisléessnp | vy s
steelwi t h 6abflangeas rof $ealing These chambers connected the two switchyard
chambers and lead from each switchyard into its respective spectrometer, penetrating the
shielding. The 45° bend in the vacuum chamber was achibyedtilizing two standat 45°
bends and atmaight section making up the difference in height. This angled chamber was
connected to the switchyard using a small bridging chamber. If additional moderators were
installed in the beam, this small bridging chamber could be removed to make up for the

additional length added to ¢hfrontend of the beam due to the additiorited moderators.

2.4.4 Magnetic Coil Design and Construction
An overview of the magnetic guidance system used to transport positrons from the
moderator banks to the respective spectroreetan be seen ifig. 2.26. The solenoid

guiding positrons through the biological shield of the reactor consisted of two layers of 8
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gauge aluminum magnet wire, with a square cross section and aluminum oxide msulatio

purchased from Oxinal, Inc..

L 1 1

Fs-PALS

Fig. 2.26. Schematic overview of the positron beam from the vicinity of the core to the
respective spectrometers.

This solenoid wasvound directly on the vamim chamber,he outer surface of whichwvas

first smoothed of rough patches and cleanethe vacuum chamber was mounted to a
welding positioning headrom All-Fab Corp.which could rotate the vacuum chamber at a
constant speedherefore pulling wire around the surfacéhe opposite end of the vacuum
chamber was cradled between two rollers to support the weight of the solenoid and allow it to
rotate. A layer of30  w aludinenum oxide fabri¢ape, Cotronics Ultra Temp 39@as first

wound around the suppaid insure the layers were electrically isolated from the vacuum

chamber. While composed of high purity aluminum oxide fibers, this-maven tapg50],
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is capableof being cut with scissorsrsimply torn The tape layer was adhered at the ends

of the soénoid using aeramic adhesive, Resbond #88m Contronics Corpwhich was

composed of mostly high purity aluming0]

Fig. 2.27. Image of the solenoid vacuum chambesunted on welding positioning hepdor to
winding the solenoid.

When dry, the potting material formesh eggshell like consistencyhich gluedthe fabric
tape ends to the surface. The seams of the winding weredtered in the potting materjal
further strengthening the layef-ollowing the application of this insulating layer, the first

layer of thesolenoid was wound.

Fig. 2.28. Images taken during the winding of the main solenoid of the slow positron beam.



66

Care was taken to insure the wire did hwist as the coil was being wound to insure the
resuting layer wasa flat surface. After the first layer was wound, another layer of 8te
aluminum oxide fabric waspalied to electrically isolate the two solenoid coil layers. One
final layer of the aluminum wiravas wound to complete the solenoidllowed by an
additional layer of th&0 Iluminum oxide fabrido protect solenoid.

The proposed racetrack coils were applied to the outer surface of the solenoid, on top of
the aluminum oxide layer. These coils consisted of five loops of 14 gduggnum wie,
circular in cross section and insulated with aluminum oxi@ufactured byOxinal, Inc,

andconformed o the surface of the solenoid.

Fig. 2.29. Image of the completed solenoid used to transpositrons through the reactor
biological shield. Racetrack coils run the length of the solenoid and are positioned 90° apart.

Two sets of coils were placed at 90° of each other. These coils were simply adhered to the

beam using th®esbond 989Botting material usedsglue for the aluminunoxide fabric.
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The remaining long straight vacuum chambers served as forms for solenoids. Copper
magnet wire with enamel insulation was used for these solenoids because they were far
enough from the high newin field that activatiorand damage to the enamel insulatieas
not expected Because of the quantity of wire needed for the project, two venders were
utilized, MWS Wire Industries and REA Magnet Wire Company, IBecause this we& was
more robust, thre was nameed to wrap the vacuum chambers in the aluminum oxide fabric,
although rough patches on the surface were smoothed. The welding podisadewas
again used to wind these coils. Each of these solenoids consisted of two fagetr was
applied to one end of the vacuum chamber to provide a flat surface for the coil to wind
against, although the opposite end of the coil was free. After winding of the solerasids w
completed, approximately three inches at the ends were wrapped in Kgpaio garevent
the coils from unwinding.

Coils with an outer radius of 60, and i nn
axial field. A chuck was installed on the weldipgsitioner which could expand and clamp
onto the inner surface of the il After mounting the coils on the chuck of the positioner,
the edges and rough points of the coil form were smoothed. A layer of Kapton tape was
utilized to isolate the magnet wire from the coil form. For these coils, 12 gauge copper
magnet wire, withenamel insulation, was used. During the winding process, the coil was
checked for shorts to grourafter each layer was woundAfter the coil was complete, a
layer of Kapton tape was wrapped around the coil for protection.

The magetic fields for the swithyard were produced with large diameter coils
mounted to gimbals suspended from an aluminum pld¥ksst of the remaining coils where

suspended from gimbals, allowing the individual coils to move freely about two akes.
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first switchyard consisted of twgimbak which allowed the coils to share a common center
and steered positrons either into theF24d.S spectrometer or sepositrons to the second
switchyard The coils were large enough to surround ¢hreular va&auum ¢ambers of the

switchyard The | arger of the two coil forms had

ot )

and produced a coilwithacresse ct i on of 30x30. The small er
230 and Badtaoanr o§s 1. 25 achydsdovas conftiuaed im @ intlard s wi
manner, except only one large diameter coil was needed to steer the positrons ifito the e

PALS spectrometer.

Fig. 2.30. Image of the gimbal and coil forms used to guidsitpons through the first
switchyard:

¢ Image courtesy of the Precisibrstrument Machine Shop, North Carolina State University.



69

Thesecoils were wound with 10 gauge enamel insulated magnet wire, with a square
cross section These coilsvere too largend heavyo wind with the welding psitioner used
previously for winding; hereforetheyhad to be wound by hand. Braces were ditatto the
coil which allowed itto be suspended on steel bar wheehved as an axle. This axle was

then inserted into a cart whietlowed the coil to spin freellyy hand.

Fig. 2.31. Image of the coils used for the first positron beam switchyard.

As with the small coils, the large coils forms were first smoothed of rough patches and a
layer of Kapton tape was used to cover the bottom of the coil fdira.coil form was turned
by hand which pulled wire onto the form. As with the small coils, the coil was checked for
shorts after each layeAfter winding, the coils were wrapden Kapton tape for protection
2.4.5 The Positron Beam Shielding Cave

In additionto the radiation shielding whicsurround the outlet of the biolgical shield
and solenoid, a cave was constructed to house all the magnetic optics of the system. This
allowed easy access to the positron beam in the espairs are neededithout theneed to

dismantlemostof the shielding.
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A track was installed in the front of beam tube 6, extending in a radial direction away
from the biological shieldwith a turntable installed at the opposite end. A cart was placed
on this track to allow thenovement of the positron beam into beam tube 6. The positron
beam was cantilevered from the c¢dréeing the opposite end from suppovtich allowed
it to be pushed into the beam tube without a great deal of difficulty. Because one end of the
positronbeam was fredrom supports a counterweight of lead was used to keep the cart
from tipping over This counterweight of leadlso served as a beamstiop beam tubes.

The reason fothe turntable was to enable the positraan to be removed from bedaobe
6 and rotated away towards the wall of the shielding for storage. This allowed the beam tube

to be sealed and flooded, allowing the reactor to operate without the positron beam in place.

Fig. 2.32. Image of the cart and track used to support and guide the slow positron beam into
beam tube 6 of the PULSTAR reactor.

The positron cave consisted of interlocking preformed concrete atabshared one
wall with the adjacent radiography beam shiggleel foms were constructed and filled with

concrete. The rear wall of the positron

cC a

nort hwest wall were only 120 thick. The shi

a cutout section to accommodate thcation of the turntable. This cutout section was filled
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with a layer of lead and covered wiBho bordted polyethyleneThe door of the positron
cawe was a prefabricatezlt e e | frame and door, filled with
blocks wee lowered into place using the reactor bay crane. Once the individual blocks were

in place and level, they were welded to each otfdre roof of the shield also consisted of
interlocking concrete blocks. Roof blocks were placed at both the front @kdobahe

shield, working towards the center, where a cap block was used to bridge the two segments.

In the event that the reactor bay crane is needed for work inside the cave, the roof can be

removed and set aside for access.

Fig. 2.33. Images of the assembly of the positron beam shielding cave.
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Chapter 3 Intense Slow Positron Beam Testing

3.1 Out-of-core Testing of the Intense Slow Positron Beam

Prior to insertion into beam tube 6 of the PULSTAR reactor, the ptsitron beam
went through an array of bench top testing. This was to ensure the beam was functioning
properly without having risk of activation amtntamination. The goals wete ensure the
moderators could successfully convert ganrmays into slow psitrons and theextraction
opticswere functioning properly Figure 3.1 displays animage of the positron beam while

set up for oubf-core testing.

. 4

—
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/ } 1] "“‘
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Fig. 3.1. Image of the intense slow positron beam while undergoing bench top testing.
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3.1.1 Electron Gun Testing of Extraction Optics and Guidance

The focusing characteristics of the extraction optics were tested using electrons prior to
testing the efficiency of slow positron production. Four electron sources were produced by
placing Tungsten hairpin filaments 2 mm behind a plate which servedsa®mde. Electrons
were extracted through 2.5 mm holes in the anode plate, the first hole being on axis and the
fourth located 90 mm off axis. Each of the electron guesewseparated by 30 mm. The
anode plate was then mounted at the end of the exmagptcs, remcing the moderator
banks. The anodglate was biased t®10V, relative to ground, with the filamestiiased to
-30V relative the anode, to mimic the positron energies used in simulations. A current was
supplied to the tungsten filamenstdting in the emission of electrons.

The extracted electrons were imaged at the far end of the positron beam, after the
pumping station, using a high luminosity2R (ZnSiAg) phosphor screen with a diameter of
3.8 cm (Kimball Physics Part Number PH®P2Z5L-C7X7-R1500). The resulting image
demonstrated successful focusing of each of the electron guns, each electron gun producing a
circle on the phosphor screen, into a diameter of less than 3.79 keenelectron gun tests
provided valuable information dhe performance of the extraction optics. Electrons emitted
from the outer radius were greatly influenced by the voltage placed onljgnsshing
electrons back to the center of the beam where they can be attracted by the high voltage
lenses. Lenses 2d 5 were relatively insensitive to the focusing. The drift lens and lens 6

were grounded[42]
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Fig. 3.2. Imagedemonstrating the effectiveness of the extraction optics of the slow positron
beam using electron guns and phosphor screen.

The influence of the steering coils on the guidance of the beam was also tested using
the electron gun. Only the axial electron guas used to test the steering coils, whicrav
able to guide the beam in both the up and down direction and the left and right direction.

[42]
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Fig. 3.3. Image demonstrating the effectiveness of the steering coils of the slow positron beam.

3.1.2 Na-24 Radioisotope Testing
Following the electron gun testing of the extraction optics, the annealed moderators
were placed in the positron beam. The radioisotope se2iymia24, was utilized to test

the ability of the moderators to generate slow positrons. So@iirhas a halfife of 14.7
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hours and decays paitide ahdhitveo prempis ganmaswithcemhergies ob
1.37 and 2.75 MeV. Becausetbk short halife, the source was produced multiple times.
The isotope was generated in the PULSTAR reactor by thdiation of 9 g of NaN©for
up to 11 minutes. This resulted in calibrated source activities ranging from 4.6 to 44 mCi.
A micro-channelplate (MCP) detector (E\iul, part #: DC209/2) was utilized to
measure the number of slow positrons gendrat&he cetectorwas expected to have a
detection efficiency of approximately 60%.he signals from the anode were processed by
an Ortec 584 CFD operated in leading edge mode. Thespuse counted usg an Ortec

871 counter/timer.

MCP
1l x CFD
|| T I I I I I I I | QI
L%
Na-24
Time/
Counter

Fig. 3.4. Schematic overview of the cof-core testing. This figure demonstrates the location of
the MCP detector and the two source locations.

Once a count rate above background (approximately 2 counts/sec) was found, the rate was
verified to be slow positrons by varying the applied voltages on the extraction grid. If a
higher positive potential, relative to the moderators, was placed on the extraction grid, slow
positrons generated by pair production in the moderators would béertpway from the
extraction opticsresulting in a drop in the count rat&odium24 was therefore utilized to
optimize the electrostatic lens voltages and the currents supplied to the magnetic coils

guiding the slow positrons to the detector.
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Data wagcollected with the source placed in two locations, one with the source as close

as possible to the side of the moderators and one with the source placed at the center of the

vacuum chamber behind the moderators. With the source on the side, both medenato

irradiated equally, so the relative contribution of each moderator bank to the vi@am

determined.Figure 3.5 demonstrates the typical data collected dutirgoptimization of the

lenses.

counts/s

counts/s

14
12
10

P

L}
L3 ¥ 5 w

counts/s

920 940 960 980 10001020104010601080

24

voltage on moderator 2

22 -
20 -
18 |
16 |
14 |

[

counts/s

12

650

700

750 800

voltage on lens 1

650 900

950

24

22 4

20 4

18

16 4

14

12 4

10

¢
49 $ 3
[ =3

L)

]

950 1000 1050 1100 1150 1200 1250 1300

23

22 A

21 1

20

19 1

18

-3500 -3000 -2500 -2000 -1500 -1000

voltage on moderator 1

F
b

voltage on lens 4

-500

Fig. 3.5. Examples of typical data collected during the benchtop testing of the positron beam.

A potential of +960 V was applied to the extraction grid and the potential dolane

moderator 2, the bank closds the extraction grid, was varied to determine the optimum

voltage. The maximum count ratef approximately 12 slow “ésec, occurredwhen the
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moderator was held at a +20V relative to the extraction grid. Once thisurptwas
determined, a potential of +980V was placed on moderator 2 and the voltage of moderator 1
was varied. The ca rateincreasd to approximately 21 slow’fsecwhen thismoderator

wasat a potential of +100V, relative to the extraction grid. Once the maximum count rate
was achieved, further optimizations were performed on the voltages applied to the extraction
optics [42]

Following the optimization of the positron beam with the source located at the side of
the moderator banks, the source location was moved to the center of the outside of the
vacuum chamber behind the moderators. This wastalube previous test favoring the
production of slow positrons near the edge of the moderators were extraction efficiency was
lowest. Moving the source to the rear of the beam better estimates the geometry of the
positron beam in the beam tube 6. Thmaaptimization procedure was aggerformed
resulting in arintensity, including the detector efficienaf 6.81 + 0.18 SmCi’. [42]

Because the intensity shid scale linearly with the photon flux, the measured positron
rateis assumed to be equal to the product ofgbarceflux, pair production cross section
anda constantvhich encompasses the moderator conversion efficiency and efficiency of the

extractian optics and magnetic transport,

N(e*/ s): a s
where N is the intensityi is the flux, 0 is the cross section aralis the constant. This
constant is determined to be 9.59%10 MCNP was used to determine the photon flux

greater than the pair production threshold through the moderators withintbearé of the

PULSTAR reactor. The scaled rate can then be calculated as:
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R:a.ai../.i(E) $(E)

whereR is the scaled ratéj(E) is the flux of an energy group addE) is the pair production

cross section foan energy group. his calculationyields a predicted ircore intensity of

5.2x16 s*.
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Fig. 3.6. MCNP calculated photogpectrumof the PULSTAR Reactan theregion of positron
moderator.

3.2 Insertion of the Intense Slow Positron Beam into Beam Tube 6

Once out-of-core testing wasomplete, the beam was disassembled and clefamed
final assembly. Foout-of-core tests, a teporary drift tube was used, which was replaced
for the final assembly of the bean©nce reassembly of the extraction optics was complete,

the solena and extraction opticwere moved into the reactor bay along with the pumping
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station. Once in the re@e bay, the solenoid was reattached to the pumping station and the
integrity of the highvoltage connections were tested. -©Ofitore tests wer@nce again
performedto ensure the positron beam was still functioning propaftgr the move
Unfortunatey, testing indicated the production rate decreased dramatically from the initial
out-of-core testing. This was attributed to the time the moderators were out of high vacuum
while the positron beam was being prepped for insertion into beam tube 6 ofltBd RRY
reactor. The moderators weagain annealed at Oak Ridge National Laboratoryhis
refreshed the moderators and brought the production performance back to the expected
values.

Finally the positron bem wasready to be taken into the shielding cdeoe insertion
into the beam tube. Once inside the cave, the pumping station was removed from its stand
and placed on the caatready in place The opposite end of the beam was theacatd to
the cradleby bolting the cradlego the vacuum chamber hongi the extraction optics.
Because the solenoid of the positron beam was substantially smaller than treectiossof
beam tube 6, internal neutron shielding was installed around the positron beam and cradle.
This shielding was atedngolgeth@dethe sbefets. 1RBeamt tibe 6 k b ¢
possesses three tiers of decreasing cross section. The first twelve sheets where designed to
rest within the smallest tier, havingacreasge ct i on of approxi mately I
the sheets rested on the tidgrese shielding blocks supported the reactor end of the positron
beam. This was followed by ten layers withacessct i on of approxi mat e
finally five layers with a crossect i on of a p p r bhis nemteoh shielging1 8 0 x 1
was folloned by eight 10 thi-s&cl ead o6fhyaeplsoawx i ma @

gamma attenuation.
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Borated Polyethylen

Turbopump

Fig. 3.7. Image of thepositron beam installed on its cart with the borated polyethylene shielding.

Therefore 27®p@odfyebbyhcepeereased to 8ffectivelyf reduce thel w

neutron headlight for the full face of the
Once the positron beam was installed on the cart, the cart could be rotated to be in line

with the beam tube. The opposite end of the positron beam was supported by a hoist to help

support the bearine during the insertion. The vacuurhamberof the pasitron keam was

first slid into beam tubé until it cleared the smallest tie©nce the beam was safely within

the smallest crossect i on portion of the beam, S 0 me

were installed which supported the beam within théolgical shield, then the positron beam

and the remaining shielding blocks could safely be slid into place within the biological

shield.
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Fig. 3.8. Images of insertion of the slow positron beam into beam@ube

An enclosure of borated polyethylene was constructed to shield the outlet of the
biological shield of the PULSTAR reactor. This enclosure consisted of blocks constructed
from 10 sheets of borated pol yet hyof eghte . Th

sheets, withacrossect i on of 480x480, assembled simply

Fig. 3.9. Images of th&Second Generation Intense Slow Positron Beestalled in beam tube 6
of the PULSTAR reactor

The right side of the enclosure formed an angle witmthgron imaging shieldingherefore
the first sheet was 480x480 with the remain
bet ween the positron beam and the shielding

stacked on the cart, followed by an enclosure wall whichicens e d of 80 of
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polyethylene that interlocked with the two side walls. The top of the enclosure was again
fabricated from borated polyethylene, which was split in half so the entire roof would not
have to be removed if access to the positron beasirequired. Holes were placed in the
roof of the enclosure to allow the passag&oknd of the positron beam and the electronic
connections.

The switchyard coils and vacuum chambers were designed to suspendwioom
aluminum plates mounted near the ceiling of the positron shielding cavese plates
provided tracks to limit the amount of travel the coils could achieve. The plates were bolted
to aluminum bars spanning the widththe positron shielding caveTo reduce bowing of
these bars, due to the weight of the switchyard, a few threaded rods mounted to the aluminum
plate supporting the gimbals were attached to the roof of the €avee the plate was hung,
the gimbas and coils holders were installedThe two coil holders which comprised the
gimbal were mounted off a single threaded rod which passed through the plate. Once the coill
hol ders were in place, the | arge diameter cc
installed by balancing the cain a hydraulic lift, so the weight of the cae¥as supported
whilebei ng hung. N e x tcoil cduld be irstallad. [Tleisr coilz@ull beO D
rested on the larger coil then lifted into place for installation. Once the coils were in place,
the vacum chamber of the switchyarcbuld be suspended within the coils from rods
attached to the aluminum plate aboveéAfter the switchyard vacuum chambers were
installed, the exact location of the core holes through the positron cave and lab walls could be
deer mi ned. Three holes were bored through t
t o penetrate the walls i n t he respective

connections to pass from the lab to the equipment in the shielding cave.
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Fig. 3.10. Image of the assembled coils used to magnetically guide positrons into the respective
labs

Prior to the holes being boredltrasoundimages of the wall were taken to ensure the
holelocations were free of obstructions, e.g. steel refarce the penetration holes were cut,
solenoids were installed in the respective switchyafdsgeseholesareair tight so a negative
pressure can be maintained in the reactor bay fofirmmentpurposes. To achieve this, a
circular aluminum plate was firstounted to the wall usingnchors. A thin rubber sheet was
wrapped aroundhe solenoid and provided a buffer between the solenoid and an aluminum
collar which then attached to the plateuntedto the wall. This served to support the end of

the solenoid outside of tle®nfinement wall
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Fig. 3.11. Image of the solenoid penetrating the shielding walls into tHA&S spectrometer
lab with the accoipanying gate valve.

To provide an airtight seal, the seams between the aluminum plates, the wall and the solenoid
were sealed with silicone caulkThe ends of these penetrating solenoids were sealed with
Varian gate valves; therefore the main positroeam could be isolated from the
spectrometers when not in use.
3.3 In-core Testing of the Intense Positron Beam

Once installedtesting the positron beam with photons produced by the PULSTAR
reactor could begin. Low power tests were first performed to ngtemdure the shielding
cave offered sufficienprotection to personnel in the reactor bayt also in the event of a
problem which required removal of the beam for repair, the induced activities would be

minimized. At low power, the slow positron beanteimsity was measured using a
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microchannel plate which was installed directly after the first bend o%ttend. As with

bench top testing, a measurement was performed using the optimized potentials fofm out
core testing followed by a measurement with potential of the extraction grid higher than

that of the moderators, which pushed slow positrons away from the extraction optics. These
low power runs indicated that the positron beam was successfully convganmga rays

from the core into slow pasons and extracting them through the biological shield.

While measurements using the microchannel plate demonstrated the positron beam was
functioning, as power levelsicreased, the beam intensity quickly reached a level where the
microchannel plate dettor did not work effectively. For higher power runs, a BaF
scintilation detector wasitilized. To reduce the dead time experienced by the detector due
to the detection obackgroundradiation from the beam tube, the straight portion of$he
bend wasinstalled, removing the detector from the radiation headlajhihe beam tube.

This also allowed the lid of the borated polyethylene shielding enclosure to be installed,
furtherreducing the radiation fieldThe detector was also placed within an enale®f lead

bricks, which providedcollimation. The Bak detector was caliated using a N@2 source

placedin the location of the annihilation targeAn example of the 511 keV annihilation

peak for the spectra with the positdogam on can be seenfig. 3.12. The difference in the

peak area with the beam Aondo and #fAof 23, pai.

source, indicated the intensity of thesulting slow positron beam.
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Fig. 3.12. Energy spectrum taken with Bascintillation detector while the positron beam was
operating. The peak indicates the 511keV annihilation peak.

The reactor power was increased in 1 keV increments until power reached 10 kW.
These tests were followed by 10 kW increments to 100 kW and 100 kW increments to 1
MW. This initial round of testing indicatetthe slow positron beam intensigcaled linearly
with reactor power and surpassed.(’ s?, as seen ifrig. 3.13.

Unfortunately, after a short time of exposure, a problem with shorting between the
moderators begamo develop and a degradation of the vacuum whserved The
degradation of vacuum was attributed to the increased temperature due to the reactor power,
but the podiron beam was removed and unsealed to inspect and repair the internal
components The shaing issue was attributed to bowing in the grmhind the individual

moderator banks, which contacted the adjacent moderators and lens components. This
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problem was alleviated with a modification of the grid holdergnclude thin supports that
passedacross the crossection of the grid, which offered support to the large diameter grids

and effectivéy prevented bowing
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Fig. 3.13. Results demonstratirthe linearity of the beam intensity to the reactmwer.

Following the modification of the grid holders, the positron beam was reassembled and
reinerted into beam tube 6Testing indicated that after the positron beam was reinstalled,
the repairof the tungstemrids and degradation of vacuum leadhe intensity of thebeam
stablizing atapproximately 6x19s*. [51]

The loss in intensity was attributed to surface contamination due the degradation of the
vacuum. This degradation wésought to bedue to outgassing of théiton o-ring used to
seal the vacum end cap to the solenoid vacuum chamb&rreactor based intense slow

positron beam located at the FRMreactor in Munich also experienced a degradation of
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intensity during operationvhich was attributed to surface contamination of the platinum
modeator foils used to produce positrons. Measurements indicated a loss of intensity with
time constants of 5 minutes and 1 hour, with saturation occurring at 18 hours. With the
introduction of 1 mbar of oxygen to the system for 150 s, the fiRJdsitron bam rate was
increased by approximately 90%7 1]

An RGA, residual gas analyzer, was used to measure the composition of the residual
gas within the vacuum chamberAs the power increases, the pressure increases due to

outgassing caused by the increase in temperature.
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Fig. 3.14. RGA measurement of the partial pressures of the residual gas versus time with
changes imeactor power.

The water arises fra outgassing from the surface. The presence of nitrogen indicates the

presence of oxygen which can possibly react with the surface
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Measurements were performed on the moderator banks to determine the composition of
thecontamination. These XPSyray photoelectron spectroscopy, measurements indicate the
presence of a Wgayer which was not present prior to insertion of the tungsten moderator
bank. A measurement of a piece of annealed tungsten which had not beed imserthe
reactor, but was kept at atmospheric pressure, did not show thiday#d. Thereforethe
WO; layer was attributed to the degradation of vacuum in the elevated temperature and
radiation environment in the vicinity of the reactor core.

The Viton o-ring originally usedwaseventuallyreplaced with an aluminumring seal
manufactured by High Tech Metal Seals. Algoorder to minimize the pressure of the
beam prior into insertiorafter the new seal was installed, the vacuum chamber was heated
with resistive heater tape and the solenoid was powered on to allow the vacuum chamber to
outgas prior to insertion of the beam into the reactor. The temperature was maintained at
approximaté/ 140°F for one week. Tis allowed the vacuum chamber to outgas prior to

insertionto obtain better vacuum
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Chapter 4 The Pulsed Positron Beam

By moderating fast positrons generated by a primary spsle® positron beams have
been developed whichllow for degh profiling of asample,therefore demonstratinthe
evolution of the defdcstructure spatially [7] This technique is based on the careful
measurement of thpositrons lifetime in a material, which is inversely proportional to the
local electron density at the site of the annihilatips] While the detection of thel3 keV
annihilation gammaiay isasimpway t o determine the end poin
a method to accurately determine a starting point for the lifetime is necessary to perform a
PALS measurement.
As mentioned in the introduction, there is pammpt gamma to signahe birth ofa
positronin a beam generated by pair productiddne successful techniqugsedto generate
the required timing signal for a PALS spectrometervio | v e-5 a § ¢themugsitrons by
generating equally spaced, in time, pulses of positr¢@k. In this case, the start signal
taken directly from the electronics used to genetagobsitron pulsesvhich is correlated to
the time the positrons reach the sample.
The | ifetime of positrons in metals and s
[32], therefore the spectrometer must have a time resolution desththan 30@s to discern
these short lifetime vents fromthe prompt peak due to piedf annihilation. The time
resolution of the spectrometer is taken as the quadrature stira détector resolution and
the pulse width. Thdetectortime resolutionis limited to the properties of the detector, i.e.
the rise time of the scintillator, the collection time of the photoelectrons tletcefore it is

set by theutilized detector. With the utilization of rf bunching techniques, the pulse width of
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the spectrometer can be controlled with optimization of rf fields applied to internal lenses.
The time resolution of the electronics driving the rf fields is negligible, on the order ofp,
compared to the time resolution of the detec@ompression ofhe positron pulses, in time,
decreases the deviation of the posiGrarrival time from the signal generated by the pulsing
electronicsincreasing theveralltime resolution of thepectrometer

A spectrometer has been designed and built using the principles of longitudinal beam
bunching paired with rf bunching techniques. The spectrometer was designed with the intent
to producethe smallest pulse widths achievable to generate a spectrometer with a time
resolution on the order &#50 ps, which requires a pulse width on the order of 150 ps, so
measurements on metals and semiconductansbe performed. The ability to bias the
sanple was also included to allow control of the positrons kinetic energy, granting the ability
to depth profile the sample.

Longitudinal beam bunching techniqueleveloped for bunching electrons and heavy
ions has proven to be successfubr geneating puses of positrons withgood time
resolution. This technique involves the longitudinal compression of a stetalg beam in
periodic pulses via velocity modulation using periodic electric fiel@3] The appliation
of an rf potential to a particular lepsoduce high frequency electric fieldsetween a lens
with an oscillating voltage and lenses with a static.bidgon reaching thacceleration gaps,
positrors that lead the bunch are decelerated while positrons that lag the bunch are
accelerated, producinguncheswith a narrow time spreadt the focal pointdue to the

velocity modulation introduced by the acceleration.gap
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Fig. 4.1. Schematic of the bunching process using a single velocity modulation. The incident
positron beamraverses an acceleration gap where it obtains a velocity modulation. The velocity
modulation causes the positrons to cross at the focal point.

The parameters for the time focusing can be determined by considering conservation of
charge. The amount of afgge that passes any point of the beamline would equal the product
of the beam current and the time interval at that point. Because of conservation oficharge,

is assumeall particles passing an upstream observation point must pass a downstream point,

SO:
ldt =1 (t)dt 4.1
or
|
1(t) =2 4.2
() adt
ol
cat

wherel, is the incident beam intensitlft) is the instantaneous intensity at the focal point of
the modulation, andit and d t abe the time interval of the observation. Therefore, to

determinel(t), a relationship between éndt must be determined. The time at the focal
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point would equal thewsn of the time at the acceleration gap and the time of the particle
drift.
t =t + 4.3

where the particle drift time would equal:

L
t, = 4.4
T ov(t)

In the previous equatior, is the focal length of the acceleration gap aft) is the
modulated velocity. The modulated velocity is found from conservation of energy at the
bunching gap. The total energy of the particlegsal to the sum of the initial kinetic energy
of the particle and the modulated kinetic energy.

E(t)=E +E, 4.5
where Ex and E, are the initial and modulated kinetic energy of the particléerefore,

considering classical kinematics:

lmv( )° =1 my +e\ } 4.6
2 2
a
(i =2 mi 23 20 47
g M
v(t) =y, 1 +—e\é(t) 48

4.9
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Under the assumption arigk>>eV(t), the relationship for the time to tlecal point reduces

to:
a  eV(t
ca 2y eVl 4.10
Vk ¢ 2E,
The derivative of this expression with respecdt i®
dt_, L e dv(y 411
dt v, 2E dt
therefore:
I
I(t)= o 412
() el dv (t)
2v E, dt

For ideal bunching, the denominatmfrthis expressiomust equal zero. This is due to the
fact that add t Gappuoaches zerd(t) approaches infinity, signifying infinite intensjty.e.

ideal bunchingso,[33]

' dv (t

d_t =1 _e_L¢ 4.13
dt 2v E.dt

This equation provides the relationship between the design parameters of beam energy and

focal length relative to a supplied voltage waveform

4.1 Design Optimization Calculations

A doublegap bunchersimilar to what was used at the pulsed positbeam located at
FRM-II [55], was usad to bunch the slow positrons from the primary beam. A high
frequency timevarying potential irthe form of a sine wave is applieddcsuitable bunching

electrode generating accedéion gaps at the ends.
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V (t) =V, sin(mt) 4.14
Because ideal bunching only occurs near the zero crossing of the waveform, i.e. where the

sine wave is most linear, the bunching waveform can be appr@dnaat

V(t)° v 4.15
whereV, is the amplitude of the applied waveform ands the angular frequency. The
derivative with respect to time is constant:

av(y_,, , 4.16
dt °

Inserting this derivative int&qg.4.13 the relationship between the focal length and kinetic
energycan be determined.

L:M 4.17

e\,

(o]

By considering classical kinetic enerdyg4.17can be reduced to remove the velocity term.
[BEc \F £
L= m -\m 4.18
e\, e/

Because the energy can be taken as the product of theice@rgeand the potential,

E=eV, the relationship between the applied potential and focal length can be determined.

VLA
I
m

The optimumlength of the bunching electrode can be determirsdgthe definition

4.19

of classical kinetic energy.
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By assuming the time it takes slow positrons to traverse the bunching electrode, i.e. the time

[ERN

= =Ly
2

it takes the slow positrons to reacle tecond acceleration gap from the first, is equal to half
the period of the rf field, slow positrons must traverse the acceleration gaps in phase with the
applied waveform. A bunching electrode length ob7equires the incident positrons to be
acceleraed to approximately 900 eV.Because of the short distance separating the two
acceleration gaps, the total energy modulation will be the sum of the acceleration gap
potentials[33], therefore the focal lengtis taken to span from the center of the bunching
electrode to the target. Taking the length between the center of the bunching electrode and
the targé as 35.6 cmandassuminga beam energy of 900 ethe amplitude of the applied
sine wave must b&43 V, or the waveform must have a paalpeak voltage 0286 V.

The effectiveness of the dould@p buncher design was tested using a user program

created for SIMION The model utilized can be seerfim 4.2.

[ W N | I |
. T ]

Fig. 4.2. Image of the geometry supplied to SIMION to simulate the pulsed positron beam.

The program launches a particle every 10nphe axial direction.Each particle is given an
energy sampled from a 0.4 eV Gaussian distribution centered at 2.8 eV to mimic the energy
spread of positrons emitted from a transmission remoderatof5fjil The results of the
simulation indicate the buncher design is capable of bunching positrons with an initial

assumed energy spread of 0.4 eV to a time focus of 120 ps.
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Fig. 4.3. Resllts of a SIMION3D simulation displaying the time focus at the target with emitted
particles given an initial energy spread of 0.4 eV.

The bunching cavity is designed t axialact
transmission linecomprises twoconcentric cylinders separated lay insulating material
Electromagnetic waves propagate down the transmission line with a velocity which is
dependent on the permeability and permittivity of the medi[56] Because the gap
separating the inner and outer conductoesvacuum, the propagjan velocity can be taken
ast he speed of l i ght . Since the | ength of
would take the rf wave approximately 593 ps to traverse the lens, meaning if the voltage was
applied to the end of the electrode, the entrance and exit accelegapiomould be out of

phase by approximately 11°. To compensate, if the rf potential is applied to the center of the

as



99

electrode, the wave propagates to both ends with equal velocity. Meanirgjtfuges across

the twoacceleration gaps must be in phaséwihe another.

-5.5° -4.3° -3.1° -1.8° -0.6° -0.6° -1.8° -3.1° -4.3° -5.5°

Fig. 4.4. Closeup image of the geometry defining the buncher used in the SIMION simulation.
The electrode is broken into segments and a phase shift is applied to each to mimic theagffect of
electromagnetic wave propagating down the surface.

To account for this effect in the sinatiion, the bunching electrode waioken into 10
segmentsas seen iriig. 4.4, where each segmentchan applied sine wave with a phase
shift. The center ofite bunching electrode would beés5 out of phase with the ends, so this
total phase shift is split among the segments accordifgitrons were again emitted every
10 ps, without an initial energy distribution, in the axial direction. Multiple simulations were
performed to see the effect of changing thet griftential on the time focusThe results of
this optimization can be seen fiy. 4.5. When including the effects of the propagation
velocity on the potential applied to the buncher, the new optimum drift potentB00y/
relative to the potential applied to the simulateshoderating foil.

The pulse deviates from ideal due to a number of factors. If ideal bunching was
achievable, the pulse width would be limited by the initial energy spread of the incident

particles. A deviation of the energy of the positrons would leadgpread in the ideal pulse
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width. Remoderating the primary positron beam decreases the longitudinal spread of the
positrons acquired during focusing, giving the positrons a small energy spread about the
work function of the moderator, but factors caad to further energy spread. Non
homogeneous fields within the spectrometer can act on the positrons introducing an increased
deviation in the longitudinal field. These fields can arise from fringing fields between
adjacent lenses. Also, if rf fieldpplied to the bunching electrode are picked up by the
lenses of the spectrometer, a low magnitude fluctuation on the bias applied to these lenses

can arise. This would again provide an energy modulation to the positrons traversing the

spectrometer.
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Fig. 4.5. Calculated time resolution at the sample position of the pulsed positron spectrometer
while varying the drift potential to the target.
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One factor causing a spread in the pulse width is a deviation @utee from ideal.

Only a small portion of the applied sine wave is capable of mimicking the ideal waveform.
Positrons arriving away from this ideal portion receive a slightly different potential from the
ideal. This would increase the energy spreaith@ipulse leading to a wider pulse width.

The spot sizeof the beam can also lead to deviations in the pulse width. The fringing
fields at the entrance and exit of the bunching electrode cause deviations in the magnitude
and shapef the electric fieldat positions off theaxis of the beam. This leads to deviations
in the transit time of the positrons throutlte acceleration gapspeaning the positrons

would not acquire the ideal kinetic energy for bunching.

4.2 Beam Design and Construction

A diagram of tle pulsed positron beam can be sdmiow and consists of 6 main
components: magnetic coils for an axial field, magnetic steering coils, a moderator chamber,
a drift chamber, a bunching chamber and a target chamber. The positrons are transported to
the taget using a combination of bridging coils and a solenoid. Two small coils bridge the
moderator chamber and direct the positrons into a solenoid. The position of the small coils
can be altered to fine tune the axial magnetic field. The solenoid trésmp@positrons to a
set of large bridging coils, placed on gimbals for fine tuning of the field. To reduce the
background created by positron annihilation within the transmission remoderator, the
positrons are steered around an internal lead shield)y @sinarray of coils which supply

transverse fields.
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Fig. 4.6. Diagram of the pulsed positron spectrometer. This figure displays the placement of the
magnets used to guide the remoderated slow positron beam.

4.2.1 Magnetic Guidance System

Positrons are magnetically guided through thHePALS spectrometer from the
moder ator to the target. Two small 60 radi:
1.50, wer e u snederatdr chantberiheé goésare rhoeinted to small holders
containing three standoffs. By varying the length of the standoffs, the vertical angle of the
coil could be modified. Also, the holders are installed in small tracks to allow the horizontal
angle to befine-tuned This ensugs the positrons are efficiently guided through the
moderator stage. After traversing the moderator chamber, the positrons are guided through a
four layer solenoid. This provides a steady axial field for the guidance of the positrons while
minimizing theamount of individual coils required. An additional coil, identical to the coils
used to bridge the moderator chamber, is used at the outlet of the solenoid to aid in bridging

the field between the solenoid and large coils which follow. Because ofatenpent of the
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vacuum chamber supports, three large coils are used to guide the positrons from the outlet of
the solenoid to the target. These coil s ha
current needed to produce a desired fe@ldare seprated byl1.7%to positionthemaround

the vacuum chamber supps. The coils are installech@imbals to allow fine tuning of the

axial field in the horizontal and vertical direction. The gimbals are mounted to the table

using a single rod in theenter of the gimbalpenetrating the tabléor stability. Teflon

spacersare placed at the endis support the gimbal and calkssemblywhile reducing the

friction between the heavy coil and table surface to aid in positioning the coil.

The positrons arguided around an internal lead shield located in the solenoid to reduce
background due to positron annihilation in the moderator. This guidance is achieved with
two sets of transverse coils. These coils m&angularwith an inner cross section of
6.5 x7. 50. The coi laed ara positioree@ gp the solenoid passgs through o
the center of the set. The coils are connected in series so each set receives identical current
but the current flows through each set in the opposite direclibis ensuresneset ofcoils
will push the positrons off axis and around the inteatald while the following seateturns
the positrons trajectory to the center of the heam

The AMaze ion optics suite was used to test the effectiveness of this yamik.laAn
image of the coil definition file used in the simulation can be seefigind.7. Each
individual coil is represented by a different codord consistsof a reasonable estimation of
the number of turns in the respective coil, except the four transverse coils, which are modeled

as a single rectangular coil.
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Fig. 4.7. The purposed coil layout for the slgasitron spectrometer.

To test the effectiveness of the magnetic guidance, 989@rgns were emitted randomly

from a 1 cm diametatisk from a uniformangular distributiorof +/- 5° and an initial energy

of 2.8 eV. The final results of the simulation cebe seen irfig. 4.8. The simulation
demonstrates that the magnetic coil spacing should be capable of transporting positrons from
the moderator to the target and tinansverse coils should be able to successfully guide

positrons around the internal shiglith 99.6% efficiency

Fig. 4.8. Results of the magnetic guidance simulation of positrons from the moderatar to th
target.

4.2.2 The Vacuum System
The pressure of the spectrometer must be reduced to a point where the mean free path
of the residual gas is on the order of the dimensions of the chamber. This ensures that the

residual gas is more likely to interact with the walls of the spectrometides ridnan with
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postrons traversing the chamberUsing the kinetic theory of gathe average distance
between interactions can be estimated as:

1
/| =———— 421
J2pd?n
wherea-is the mean free patld, is the molecular diameter of the gas ang the number
density. This relationship arises by equating the volume swept out by a moving particle

traversing chamber and tlwelume of a single moleculeFor air at room temperaturan

engineering equatioto estimatehe mea free path i$52]:

ha 2= 4.22

wherea-is the mean free path in mm apds the pressure in Pa. Assuming the chamber is
approximately 2 m long, therefore the distance traversed by the positrons is 2 m, the pressure
of the chamber must be reduced to at least 2:5x46 to minimize the interaction of the
positrons with theesidual gas.

A Varian DS 102mechanical pump is used to reduce the pressure of the spectrometer
to less than 1 torr. At that point,\éarian 301Navigatorturbomolecular pump is used to
quickly reduce the pressure to 1xXltbrr. When the chamber is reduced to th& i@
range, avarianDiode ion pumps used to add additional pumping speed. After a night of

pumping, the pressure of the chamber can be reduced to less th&ridx10

4.2.3 The Moderator Stage
The moderatorstagei s s uspended -3f 40 rengivresficer conflat 2
flange. Three SHV feedthroughsewelded into the flange to supply voltage the internal

components. The remoderator holder is attached directly to a direct rditzegr
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manipulator, MDC part #: 672008, to allow the remoderator to be moved within the vacuum
chamber.

Theranoder at or hol deD disk commsed of semayheticastairdeds O
steel A TungsteAMolybdenum YWMo) transmission remoderator foil is placedv er a 0.

diameter hole in the holder and is held in place with a corresponding stainless steel collar.
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Fig. 4.9. Image of the moderator holder. Groves were milled into the boron nitride insulator to
prevent arcing to ground when applying have voltage to the moderatorsitu annealing.

The remoderator is electrically isolated from the manipulator using an lmitrdde ceramic

block, with groves machined across the surface to minimize the possiliitscing down

the surface of the insulatoifhe lengths of the remoderator holder and insulator were chosen
so the center of the remoderator is located on the axis of the beam when the manipulator is

fully inserted into the vacuum chamberThe timevarying potential is applied to the

4 5
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moder ator through a 50 Y coaxial cabl e with
outer conductor is grounded to minimize degradation of the applied waveform.
An aluminum bracket is installed directly in front ofhee manipulator tohold an
aluminumgrid support. This support holdstungsten mesh which prov&la constant bias
in front of the remoderator. The application of the twagying potential to the remoderator

is used to chop the DC pramy beam.

Fig. 4.10. Image of the assembled moderator stage.

The potential biassi supplied to this electrode wusing
insulation. This electrode grounded through a 1 nf capacitor, with adkdown voltage of
3 kV, which acs as a DC block Figure4.10 and4.11 demonstrate how the remoderator lies
at the center of the beam line when the manipulator is fully inserted into the vacuum
chamber.

A grounded aluminum plate is also placed directly behind the remoderator. This
screens the primary positron beam from the electric fields due to the moderator and fringing
fields from the extraction grid in front of the moderator in an attempt to minideitccusing

of the positron beam.
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Fig. 4.11. Close up of the moderator in position behind the extraction grid. The tungsten foil
lines up with the center of the beamline when the manipulator is fullytéasito the vacuum
chamber.

The diameter of this aperture approximately @ mm. Because the primary beam diameter
is 30 mm, a loss in beam intensity can be attributed to the prirbagm traversing the

aperture.

Beam Diameter

30 mm

Beam Aperture
L

Fig. 4.12. Schematic of the beam diameter compared to the open aperture.
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Assuming the primary beam is uniform in cross section, the loss in intensity can be estimated
by taking the ratio of the aperture area to the beam cross sectional' beeatio of the cross
sectional area is simply the ratio of the square of the radii, resulting in an estimate of 11% of

the primary beam is capable of successfully traversing the aperture to reach the moderator.

Fig. 4.13. Image of thechopper stagenstalled in the pulsed positron spectrometer. The
viewport allows for checking of the position of the moderator.

A view portis placed on the top of the remoderator vacuum chamabaliow the inspection
of internal components to ensure the remoderator is in the proper orientation for operation.
4.2.3.1 The WMo (Tungsten-Molybdenum) Transmission Remoderator

Typically, a 100 nm Tungsten (W) transmission foil is utilized to remoderate the
primary positrons for théunching process because of its large negative work function
resulting in higher reemission efficiency. As mentioned in the introduction, moderating the

primary positron source decreaste energy and angular spread of the positrons. For
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transmission mgerators, the transmitted fraction of slow positrons is approximately equal to
or |l ess than the number of positrons emitt
positrons are effectively lost from the positron bed&2]

A rectifying transmission moderator can be created by growing a moderator composed
of two layers in contact. When W and Mo (Molybdenum) foils come into contact, the
electron Fermi levels equalize ahe interface via charge transfer. This charge transfer
therefore introduces a dipole at the interface. The size of this step pdtedgtdrmined by
the difference of the chemical potential of the two metals. This dipomebioed with the
differences between the positron chemical potential in the two metals results in a difference
between the ground state energy of the positron in the total foil. For the WMo foil, the
potential step has an experimental value of 0.64 4] Therefore positrons gain energy
when entering the Mo foil from the W foil by crossing this step potential. After
thermalization in the Mo layepositrons are not able to penetrate the step potential to return
W layer and are therefore reflected towards the Mo face. A transmission efficiency of 17%
has been measured for a 110 nm WMo foil (composed of 10 nm W and a 100 nm Mo layers)

with an implantation energy of 3 keV[52]

4.2.3.2 In-situ Annealing

Prior to the operation of the spectrometer, the moderators can be refreshed with the
utilization of in-situ annealing. This will maintain the performance of the moderator by
minimizing the formation of nowequilibrium defect and cleaning of the surface from

contaminants. This annealing is achieved using electron bombardment annealing.



111

The electrons a emittedfrom a hot tungsten filament. The tungsten filament
fabricated by winding tungsten wire around a small diameter rod. Once wound, each end of
the filament is spot welded ta 16 AWG stainless steel wird he filament is then thermally
and eéctrically isolated from the supporlahge using aluminum oxide insulators. The
support langeisa 23/ 40 conf | a2 pinf2ky,n§ A feedthadudh. Ehe copper
feedthrough connectismare then attached to the stainless steel wires at the ehtlse

filament using inline electrical clamps.

Fig. 4.14. Image displaying filament with 1 A of applied current while the remoderator is within
the beamline.

A current of 1 A is applied to the filament ugiaGW Laboratory DC power supply,
model #: GPSL850D This is enough to sufficiently heat the filament and allow for
outgassing. After outgassing, the current supplied to the filament is removedtlznd
moderator is extracted from the axis of the beaenbnd placed directly in front of the
tungsten filament. AGlassman High Voltagénigh voltage power supplymodel #:

PS/EQO010P12Q22,is used to apply10 kV of potential to the moderatat a current of 0.1
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A. Once the potentias applied, the application of current to the filameiit eject electrons
from the filament surface where thegre accelerated towards the moderator, providing the
annealing. The moderate annealed in flashes to minimize the possibility of melting the

holder.

4.2.4 The drift stage
Following the moderator stage, a straigagment is required to allow theguoons to
drift to the buncher and around an internalshididhe dr i ft st age 1 s simp

33.250 long vacuum chamber.

Fig. 4.15. Image of the solenoid, termination coil, and steering coils for the drift portion of the
pulsed positron beam.
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A four layer solenoid, composed of 10 AWG square copper magnet wire with enamel
insulation, is wound directly on the surface of the vacuum chambée solenoid was
wound usingthe welding positioner and winding began next to an aluminum collar which
supprted one end of the solenoid windinge.he f i nal 30 o frewrdpped sol en
in Kapton tape to prevent the layer from unwindinds seen infig. 4.15, one end of the
solenoid is supported by the moderator chamber, which is hidden by lead bricks in the image,
while the opposite end is supported by a customizedybcross.

Figure 4.15 also displays the tav sets of steering coil&hich are placed around the
solenoid to guide the positrons around an internal lead shigltk steering coilsvere
mounted ¢ the chuck of the welding positiongvhich expandeda grasp the coil form.
Rough edgesvere smoothed from the side and base of the coil forms to reduce the risk of
surface imperfections damaging the wire insulation. Small chaaregdaced in the sig of
the forms to allow the wire to penetrate the form to ensure smooth coil layers. Kaptan tape
wrapped around the wire to again reduce the possibility of the form cutting through the
wireds insulation. Once t hesetcwas dssembleg@toe wo
measureghe transverse field strength. A current of 2A was supplied to the assembly and the
magnetic field strength was measur edThat 0.5
coils were wired in series so each coil would reee¢he same currentThe results of this
measurement are displayedfig. 4.16. The 2A current is capable of generating a transverse
field in excess of 6G. This measurement indicates that the available power supplies can
generate transverse fields which are capabkiofessfully steering the positrons around the

internal shield.
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Fig. 4.16. Map of the transverse magnetic field produced by a steering coil with the application
of a 2 A current.
Because the moderator mip held at a negative potential to enable slow positrons

to be emitted from the opposite surface of the transmission moderator, the entire beamline
must be capable of being negatively bias€dis requires that a drift lens must run the length
of this cramber to maintain the proper kinetic energy, i.e., if the beam were held at ground
potential, reemitted positrons would be attracted back to the surface of the remoderator. The
drift lens consist of an aluminum tube split down the middle to allow theeinsurface to be
cleaned. Aerodag Gis againapplied tothis lens prevening surface charging that coulded
the transport of the beamlIfrhe 10 | ead shield i s-4Qpscransed wi -

preventing the shield from shifting. The lens is reassembled using Teflon and aluminum

rings. The aluminum rings maintain the two lens halves at the same potential, while the
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Teflon rings hae a larger diameter and isolate the lens from the inner walls of the vacuum

chamber.

Fig. 4.17. Image of the drift lens for the pulsed positron spectrometer. The lens is cut in half and
reassembled to allothe application of graphite to the internal surface and the installation of the
internal shield.

4.2.5 The Double-gap Harmonic Buncher

The buncher conssbfa7 0 | ong cyl indrical el -sided r ode,
conflat flange. The application of & 9Hz rf voltage resudt in the production of two
acceleration gaps at the entrance and exit of the electrode. Five additionaatepdased
before the bunching electrode to accelerate the positrons to the desired polemidirst
four lenses arsimply 0 . 1 hiskodiskswhile the final lens extends through the conflat
flange to maintain the elevated potentalthe bunching electrodeAn aluminum disk is
attached to the double sided confl ataydfl ange
8 holesarebored through the assembly to allow 1 alndna tubes to pass througihese
tubes are used to support the lenses, which are placed on the outside of the conflat flange,
and the bunching electrode. Each |l ens 1is
Kimball Physics Inc. The assembly is secured usi#8@ threaded rds, which pass through

the alumina tubes.
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Fig. 4.18. Images of the assembled double gap buncher.
The outer diameteof the bunching cavity i . 56 t o simplify the
components. This meant the outer diameter of the bunching electnasidbe 1 . 0 86 0

yield a 50Y transmission |ine

Fig. 4.19. Image of the bunching electrodéth the power supply cable attached.
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Prior to assembly, the copper bunching electrode was cleaned using a nitric acid solution to
remove the oxide layer on the surfaceloles are bored through the outer cavity of the
buncher to aid in pumpingA RG-58/U coaxial cableis used to supply rf power to the
bunching electrode. The outer insulation laygrremoved from the cable to minimize
outgassing into the system, exposing the outer braided conductor. One end of the coaxial
cableis attached to the céar of the bunching electrodelThe outer conductor of the coaxial
cableis then attached to the grounded outer cavity of the buncher. The opposite end of the

cableis attached to an MHV connector.

Fig. 4.20. Image of the double gap harmonic buncher installed in the bunching chamber prior to
assembly of the vacuum system

Utilizing a MHV connector within the vacuum chamber and attaching the connector to a

MHVY f eedt hrough on a §&thaBtResupiarhid shieldedkfrothe a n g e €
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rest of the beam.Once assembled, the buncheas inserted into the buncher vacuum
chamber, where itvas tempaarily supported by two bolts.Voltages on lenses near the
bunching electrode are supplied using calbzable, with the outer insulation removed. The
shielding conductor of each cable is grounded to the outer cavity of the buncher, with the
opposite ends also grounded, in an attempt to minimize the effect of residual rf from reaching
the lenses surroumdy the buncher. The high voltage feedthrough is placed on the bunching
chamber, therefore the bunching chamber contained all the electronic connections for lenses
around the buncher, aiding in the assembly of the vacuum chambers. The bunching chamber
was then rotated to be in line with the rest of the heidwm temporary boltsvere removed

and the chamber withuncher flange was slid into place, mounting to the solenoid support

chamber.

4.2.6 The Target Chamber
The target vacuum chambisrconstructed froma2o | ong 80 outer di a
steel tube. The chambmrattached to the rest of the buncherusingad t o 60 zer o
reducer flange. A Lesker fasntry dooris installed on the target chamber to allow easy
access to the internals of the betmnthange samples. A glass envelope ionization gauge is
also installed to the target chamber to measure the pressure of the beam.
The end of the target chambisrs e a | e d  waorfldt flarye fab8cated with a
detector well. This welallows the detector to be placed as close to the sample as possible
and the thin walls minimize attenuation of the annihilation gasraga. A Teflon spacds
attached to the inner surface of the detector well to support the sample eedtnedsample

holderi s a 0. 250 pl athesampteiumdér ingestigatiop.s ont o
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Fig. 4.21. Image of the stainless steel sample holder.
A 0.450 in diamet er holderwhiclsis located toorrespandot hr o u g
the axis of the beam line when the holder is fully inserted into sample electnedefore

centering the sample in the beamline

Fig. 4.22. Image of the sample holder and accompanying dnifs.| The lens stack is attached to
the detector well of the vacuum chamber using a Teflon holder.



120

A clamp is placed behind a cutout in the sample holder to hold samples in place. This clamp
contains small ledges to prevent samples from sliding out dfdlaer, but limits theize of
sampl es t o Tais hbl@edixMachihédda slide into @ . 2shipport plate, also
composed of stainless steaVhich provides a constant bias to tekemple The close
tolerances bthe sample holdeallow good cordct between the holder asdmple holder
support meaning the application of a negative ptitdrio the sample suppoliiased he

sample for depth profiling.

g y LB

Fig. 4.23. Image of drift lens and sample holder installed in the pulsed positron beam.

An additional platds placed behind the sample electrode to ensure a constdnbdisveen
the drift lens from the bunchand the sample electrode. An image of the assshiblget

assembly can be seenfig. 422 The sampl e holder is separat ec
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and from the end of the detector well b750 . T h g should gnsure ithahe sample
bias should reach up t80kV.
4.3 RF-electronics system

All periodic waveforms utilized by the pulsed positron beam are generated by a
Tektronix 3102 dual channel arbitrary function gexter. This function generat@ capable
of producinga sine wave with a frequency aip to 100 MHz and user defined arbitrary
functions up to a frequency of 50 MH&ith peakto-peak voltages up to 10, The phase

of the two channels can be adjusted relative to each other.

Detector Buncher Chopper
DC
Block
Matching DC
CFD Network Block
' z
VSWR %
l o
170W RF Channel 1 | Tektronix Arbitrary
Amplifier Function Generator
Sta S
Trac]>P CFD Voltage
Divider
PC

Fig. 4.24. Flow diagram of the rf electronics used for the pulsed positron spectrometer. A single
arbitrary function generator is used to provide power for the rf amplifier, a stop signal for the TAC and

the squae waveform for the chopper.
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A 50 MHz sine wave is produced by the first channel oftfiitrary function generator
and issent to a 50 MHz, 170 W rf amplifier, manufactured by TE Systems, wheneptlie
power of the AFG is amplified to its final powervid. The amplifier is set up so the
maximum output power of the AFG, 0.28, corresponds to the maximum output power of
the amplifier, 170 W.The amplified signal is then sent to a VSWR meter, which displays the
forward and reflected power and the stagdivave ratio (SWR). A lower SWR indicates the
better impedance matchingtis@en the source and the load.

Matching the impedance of the amplifier and the load is necessary to ensure the

optimum power transfer to the load.

AFG b—> RF_. —3 VVSWR meter | | HV
Amplifier
4 %CO&X %Buncher
ux-m%’ '\\
1 nf== A
m T /}\ummum Enclosure

Fig. 4.25. Flow diagram for power applied to the buncher, including a wire diagram for the
impedance matching network.

The impedance matching network is contained within an aluminum enclosure. The buncher
acts as a coaxial capacitor and fornsedesLC circuit, with a variable capacitor in parallel
to the buncher and an inductor in series with the capacitors. Chahgiogpacitance of the
variable capacitor modifies the equivalent capacitance of the network and allows the circuit

to come into resonance. At resonance, the impedance of the inductor is equal to the
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impedance of the capacitor network, but is 180° oupludse, therefore cancelling the
complex impedance of the load.

The valueof the inductor must be determined to bring the circuit into resonance at 50
MHz. The capacitance was measured at the contact of the BNC bulkhead installed on the
enclosure. The sasurement indicated the capacitance of the coaxial cable and the puncher
which are inparalle] was 114 pf. This was combined serieswith a network of 2 1 nf
capacitors in parallel. These two capacitors have a breakdown voltage of 6000V, therefore
the rf signal is capable of propdm past the capacitors, butleC voltage up to-6000V
applied to the bunching electrode is isolated from the rf electroiies reactance of the 1nf
capacitor at Sherefdidthe equisalens impegancg tife two capacitors is
onl y 1 .wbul nat sighificantly affecthe reatance of the circuit. The equivalent
capacitance of capacitors in series can be determined by:

oq = ﬁ 4.23
C +C,
and was found to be 102 pf. It was assumed that the variable capacitor would supply a

capacitance of 50 pf, with an equivalent capacitance found by:
Cy =G G 4.24
resultingin an equivalent capacitance of 1por the network of capacitors.

The resonance condition for an LC circuit is that the angular frequemnayst be equal

to the inverse of the square root of the product of the inductance of capacitance of the circuit.

W=— 4.25
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Therefore, the inductor strength required to bring the circuit into resonance can be
determined as:

L= 1 4.26
4p°fC
Inserting the equivalent capacitance, 152 pf, and the desired resonant frequency, 50 MHz, the
i nductor mu s t have an inductance of appr ox

determination of the dimensions of an air wound coil which results in the di@siheéctance

This can be estimated by:

d?N?

- - % 4.27
18d + 44

whered and | are the diameter and length of the coil, respectively, in inches\ athe

number of coils.[77]

Fig. 4.26. Image of the assembled impedance matching network.
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A coil composed of 3 0.50 mnductdnee ofagproxdnzaitly ov e r
0.06 6 eCHannel 2 of the arbitrary function generagsplit to supply &0 MHz time-

varying-potental to the remoderator aradstop signal to the time of flight electronics.

4.4 Power Interlock

When the rf amplifier is firstregaged, there is a short transient time of instability where
the amplitude of the applied rf fluctuates. Once the amplifier has operated for a period of
time, the applied waveform becomes stable. The amplifier stability can be maximized by
allowing it to operate continuously. This leaves the buncher vulnerable to possible damage
due to the input power supplied to the buncher being dissipated as heat. If the applied power
were to melt the internal wiring, the pressure of the spectrometer could draipatmaase,
leading to shorts in the system. To account for this possibility, a power intesask
constructed which would turn off power to the amplifier in the event of an increase in
pressure.

The interlockis simplya comparator integrated circuitweh supplies a control voltage
to a relay. A comparator IC compares the magnitude of two input voltages. If the non
inverting signal is higher than the inverting signal, the comparatiputaia desired output
voltage. When the magnitudes of the volesgare switched, the comparator does not output a
voltage, eliminating the control voltage to a relay. When the relay is tripped, power supplied
to the rf amplifier power supply and AFG would cease, effectively shutting of the buncher.
Because the AFG wid also be powered through the relay, the AFG would reset, meaning

the buncher would not turn on again until the AFG is reset manually.
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A wiring diagram for the power interlock can be seefign4.27. The pressure of the
spectrometer is monitored using a Bayaidert (hot filament ionization gauge) Board in a

Varian Multigaugecontroller.

100 kQ
1 Green Red

LED ZLED

L1

1~1

10 kQ

/

10 kQ

N
Pressure - / lﬁlay
Gauge L /

ov
Fig. 4.27. Wire diagram for the power interlock.

The B-A board outputs a reference voltage which can be used as a pressure recorder. The
output voltage is calibrated to the pressure measured by the ionization gauge and therefore
can be used as the invag signal for the comparator. The nimwverting voltage can then be

a reference voltage produced by a potentiometer calibrated to a desiredf gmassure. |f

the pressure in the spectrometer were ever to increase to a point where the recorder output
voltage was in excess of the set ppthe control voltage supplied to the relay would cease
andthe power supplied to the amplifier and AFG would shut off, therefore protecting the
beam from damage. If the pressure increase were due to the powed &pphie buncher,

shutting off the amplifier would allow the beam to return to its base pressure. The interlock
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also has a bypass so the pressure gauge can be disabled but the relay will still provide power
to the amplifier if needed for testing purposes.

As the pressure of the spectrometer decreases and the gauge output voltage nears the
reference voltage, the relay could cycle on and off as the gauge voltage fluctuates about the
reference. This would lead to oscillations in the power supplied to theagles, which
could lead to damage to the amplifier and AFG. To prevent this, a hysteresis must be added
to the circuit. The hysteresis will cause the reference voltage at which the relay trips off to
be higher than the reference voltage at which eleyrturns on. This will mean that the relay
will not turn on until the pressure of the spectrometer is well below the shutoff point. To
accomplish this, the 12 V output of the comparator is sent to théxerting input through
a 100 kY rredoseithe reference voltaige ér the riowerting input would be the
sum of the voltage from the potentiometer and the output of the comparator. If the pressure
of the spectrometer was to increase higher than the set point, the 12 V control voltage from
the comparator would not be sent back to the-ingerting input, therefore the reference
voltage would only be supplied by the potentiometbanging theset pointto a lower value.

This decreased value means the pressure must reach lower levelshmetaratrol voltage is
supplied to the relay

To determine the reference potential supplied potentionkeier ¢ h kaw mdstobe
appled to the nofinverting input. The current flowing into and away from the rowerting
input must be equal, therefore:

Vr -V — V- VO
10kw 100k W

4.28



128

where V; is the reference voltage from the potentiometgrjs the output voltage of the
comparator, an¥. is the input voltage of the nanverting input. The output voltage of the
comparator is 12.09 V. Assuming thétis 4.45 V,which would provide a shutoff voltage

that corresponds to a pressuret@x10’ torr, V;, must be set to 3.74V.

100 kQ

Fig. 4.28. Circuit diagram for the neimverting input of the comparator.
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Chapter 5 Testing and Results

Positron annihilation lifetime spectroscopy has proven to be a valuable tool in
characterizing the nanophase structure of materials. There are many techniques that are
capable of probing these defect structures, but the use of positrons results insiraciiek
measurement technique which is able to probe open and closed volume défectgpical
bul k positron | ifetime measfuaetmendi nci dceanrcrei
where a radioactive source (122) is placed between the sampleslemstudy. Positrons
enter the sample and thermalize, annihilating in defects within the sample. This sample
geometry is placed between two scintillation detectors with short rise times to ensure high
timing resolution. The electronic signals producgdhe photomultipliers of the scintillators
are processed using constant fraction discriminators to produce conventional fast timing logic
pulses. The discriminators also provide energy selectivity to the two detectors, therefore one
detector only recogmes the 1.27 MeV gamma ray produced by the2R@&ource, while the
other detects the 511 keV gamma ray produced by the annihilating pedéotron pair.

The fast timing pulses produced by the discriminators are then sent to the start and stop,
including a sufficient delay in the signal arrival time, to a titneamplitude converter (TAC)

which outputs a signal whose amplitude is proportional to the time interval separating the
start and stop signalg8] A majority of beam based positron lifetime spectrometers use Na

22 for their primary positron source, but the time correlation between the 1.27 MeV gamma
and the birth of the positron is lostor beam based slow positron lifetime spectrometers
using pulsed positron beams, regardless of the source of the primary po#itedh27 MeV

gamma used to trigger the start of the timing electronics is replaced by a signal taken directly
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from the pulsng system of the spectrometdy decreasing the pulse width, the deviation of
the positrons from the electronic start signal is redudf perfect bunchingvere achievable
i.e. all particles arrived at the sample after the same time intehekimeresolution would
be that obnly the detector.
To fully understand the time resolution of the spectrometer, the various lifetime

components involved should be examine@nce a positron is implanted in a material it
reaches the thermal energy’Q"Yin approximately 18? seconds[52] After thermalization,

the lifetime of the positron can range from approximately 100 ps for a free difjpegitgon
to hundreds of picosecondsr fpositrons trapped in defect®3] The actual time of the
annihilation processfahe positron and the elgon is 10%* seconds6]. The dominant
contribution to the positron lifetime is the time spent diffusing in the bulikagpped in a
defect. Fdbwing annihilationthe generateghotons traverse the gap from the sample to the
scintillation detector, which can take 100s
sample and detector are separated. Because this time is fairly constantyf@newmeilation
event, it contributes littleotthe final timing resolution.

The overall time resolution of the spectrometer is the quadrature sum of the positron
pulse and the detector. The detector resolution is taken as the quadrature sum of the
individual components which contribute to the spreading of the energy deposdetthe

scintillation crystal.[72]
S'=§ t & s 51
Assuming the spreading components are Gaussians, the overall time resolution of the

detector is the product of 2.36n d [6%] .
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The valuell, is attributed to the time spread due to variations in the optical path length
of the photons in the scintillation detectolhe interaton of the gamma ray excites the
electronic states of the crystal introducielgctron hole pairs. This excitation decays with
the recombination of the electrtiole pairs, resulting in thesotropic emission ofprompt
fluorescenceand has a charactediestime period which is dependent on the scintillation
material chosen. To maximize the light collected by the photomultiplier, the scintillator
crydal is surrounded by a reflectivmaterial. Reflection from the surface of the crystal
results in a deviation in theath lengthof the light to the photomultiplier. To minimize this
time spread, smaller crystals can be udmebause the path length of the photon in the
scintillator woud be smaller. The reducdone spreaccomes athe exyense of detection
efficiency. [65]

The crystal chosen will also emitted a certain amount of light per gamteraction. A
crystal which has a larger light yield will therefore produce larger pulses in the timing
electronics. Larger pulses would have less timing jitter becausentpltude & the pulses
would have less variation[65] Thi s i s r el adgevhichtiorelatet ® the e r m
timing jitter o f t he rising edge of the p
proportional to the wmmber of electrons(Npg) emitted by the photocathode of the

photomultiplier.

s |- 5.2
Nee

By narrowing the discriminator levels about the timing peak of interest, the timing jitter due
to the rising edge would be proportional to the energy of the detected phdi@y.

Therefore a scintillator with high light output per gamma interaction would produce a greater
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numberof photo electrons from the photocathode, leading to a lower jitter due to deviations
in the rise time of the pulse.

The photomultiplielused to increase the pulseightgenerated by the incident gamima
ray interaction can also generate spread to the detector resolutich is related to the term
Urrs. Thereis the potential to have deviation in théransit time of the electronkrough the
photomultiplier. This can be decreased by increasing the voltage applied to theetyonbd
the photomultiplier, whiclwill increase the velocity of the electrons through the instrument,
minimizing thetransittime spread. Thereforehe time resaltion of the detector is then
composed of the decay time of the scintillatl

photomultiplier tube used to amplify the signal produced by the scintillator to a usable pulse.

5.1 The LaBrs Scintillation Detector

The detector used for the pulsed positron spectrometer LianthanumBromide
(LaBr3) scintillator crystal (BrilLanCe 380) mounted orPaotonis XP20D(@hotomultiplier
tube. While most inorganic scintillators have a slow decay time for the excited stai@s)
doped inorganic scintillators have been found to generate faster decay times with good light
yield. When a charged particle created by a photon interaction traverses the scintillator,
coulombic interactions with the crystal create electrdle pairs. The electroand holes
migrate to the dopant atoms, therefore ionizing the dopant atom, because the ionization
energy is less than that of the host lattice. The electrons are free to migrate within the lattice
until it falls into the energy bands the dopant atoms. If the electron falls into one of the
exited states of the dopant, there is a high probability of quickly producing a scintillation

photon in the visible range, if the proper dopant is used. One advantage to producing
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scintillation ghotons with dopant atoms is the crystal is transparent to the resulting photons.
This is ecause these photons have energies less the band gap of the bulk of the crystal; the
scintillation photons cannot excite the crystal ardbsorb therefore increasg the light

output [65] While the rise time of LaBris slower than the more typically used BaF
scintillator, kecause of this higher light output, tbatput pulse is larger, decreasing the
effect of timing jitter on the pickoff time dhe pulse.The time resolution of a pair of LaBr
detectors in an analog bulk PALS system was measured to be 18ngsCoe60 as a
source, while the same setup laatime restution of 210 ps using Bakletectors.[70]

The detector is placed within a holder mounted in the detector well at the end of the
pulsed positron spectrometer. The detector holder consists of an aluminum tube welded to an
80 circular aluminum pl ate. A n allaminumapjate o f t w
to mount the holder to the endcap. The completed detector holder is aligned with the
mounting holes of a standard conflat flange and was supported with four bolts. This
configuration ensures the detector is on axis and as close to thet tErgpossible.
Unfortunately, while this is an ideal location for the detector, it places the detector within the
axial field produced by the three large magnetic coils of the spectrometer. The magnitude of
the field ranges from approximate\b G at tle scintillator to 30 G at the photomultiplier
base Photomultipliers are sensitive to magnetic fields due to their dependence on the use of
electrostatic fields to acarhte the electrons through the array of dynadeamplify the
pulse [65] The large axial field produced by the coils caused the detector to stop
functioning. In an attempt the remedy thiset detectors placed within a magnetic shield,
which is typically sufficient to shield photomultipliers from stray magnetic fields. This

shield was purchased from Aénce Magneticsinc.cand was a 10060 |l ong c\



134

0.0400 wall t hi c k neMUs80 matengh dUsfertdnatelyf, ¢hmapneti r A D
shield was not capable of attenuating the residual field to a point where the detector could
function. To further decrease the magnitude of the residual field within the photomultiplier,

a four layer solenoits wound on the surface of the magnetiekhi This solenoids wound

using 22 AWG hookup wire which is rated to a temperatu@0€. The application 02.0

A, supplied by aGW Instek PS&005 5A20V power supplyto the solenoidin the

direction opposite to the current passing through thidimmg coils of the spectrometer,
reduces the field to a point where the detector can successfully opBsatkecreasing the

axial field of the spectrometer in the region of the targel.#®® A the required current

through this detector coil could bedteced to 1.7 A.

5.2 Discriminator Energy Selection

The timing electronics of the pulsed positron beam determines the time difference
between logic pulses generated by constant fraction discriminat@ise best timing
characteristics occur when the input pslsee bound to a narrow range arhplitudes,
therefore minimizinghe effect of amplitude walk on the tnpickoff, leaving time jitter to
add uncertainty to the timing[65] A constant fraction discriminator can be used to set an
energy window about the 511 keV annihilation peak, therefore limiting the range of pulse
amplitudes used for timing.The upper and lower level discriminators must be setheo
output logic pulse is only generated when a pulse height corresponding to the 511 keV
energy peak is detected.

To set the upper and lowkavel discriminators, the yhode pulse of the photomultiplier

is sent to an amplifier, the output of which is sent to thatighthe MCA. The anode pulse
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of the photomultiplier issent to the discriminator. The logic pulse generated by the
discriminator is sent to a gate/delay generator, which delays the pulse and sends it to the gate
of the MCA. The gat&delay generator imieeded to compensate for the slower pulses
generated by the amplifiecWhen the MCA is run in coincidence mode, the MCA will only
display an amplified dynodepulse when thdogic pulse triggered by the anode arrivas
coincidence.

Photomultiplier &
Base

Gate & Delay CF Discriminator
Generator (ORTEC583B)

(ORTEC4164)

Dynode

LaBr;
scintillator

Gate [acal Input Amplifier
(ORTEC575)

Fig. 5.1. Flow diagram for setting upper and lower discriminator levels of the constant fraction
discriminator.

The discriminator only outputs a logic pulse when the pulse hefghtdetectoranodefalls

within the specifiedvindow.
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Fig. 5.2. Energy spectra taken with LaBscintillation detector of 511 keV annihilation peak with
discriminator levels fully open (left) and energy window set around 511 keV peak
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Thereforethe energy spectrum only displaggnode pulses that correspond to the window
set by the constant fraction discriminatorThe upper and lower levetliscriminatos are
adjusted so only the detection of the 511 keV annihilation garagsayielda logic puse.
5.3 Detector Efficiency

The LaBr; scintillation detector is placed within a detector well at the end of the pulsed
positron spectrometer 1.6250 behind the tar
annihilation and the annihilation of positronsemitted from the surface, 4 lead plates,
0.06250 thick, are mounted ai raeddtiltyy olme Mi. bd
placed within the vacuum directly behind the sample holder. A 1 cm hole is bored in the
center of each producing a collimatorthe detector. If a positron, apositronium atom, is
emitted from the surface of the sample and annihilates outside the bounds of this collimator,
the chance of the 511 keV annihilation garam@g reachinghe detector witbut scattering is
reduceda 3%.

To determine the detection efficiency of this geometry, @2Rlaource was mounted in
the sample holderThe sample was counted for 10 minytesultingin the energyspectrum
presented irfig. 5.4. The count rate of 511 keV gamymays, corrected for background
radiation, was found to be 330 cps.

The source strength was determined be 10. 1N1. 7 e@itheday June
of the measuremerthe activiy wasc al cul ated to be 9.7 ¢Ci bec

since the source calibration
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Sodium22 decays via positron emission 90.5% of the tiresulting in a 1.27 MeV anavb

0.511 MeV gammaays. This means 6XL0° annihilation gammaays are emitted per

second. The detection efficienfyr the annihilation gammas then taken as thatio of the

detected count rate to the calculatsalurceintensity or 0.05%.
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Fig. 5.4. Energy spectrum for Sodiu@2 source placed in the sample holder within the target
chamber using a LaBdetector.
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5.3.1 Increasing the Detection Efficiency

The sample is separatedd m t he detector by a ITm3750
thick wall of the vacuum chamber. Nothing is behind the sample, so a new spacer was
fabricated allowing the sample to be located closer to the endcap which contains the detector.
A Teflon disk wtha t hi ¢ k n e sufficieot toco®er thedendi o the endcap and lead

collimator while still providing . 1 6 o f frormgsoundat i on

Fig. 5.5. Image of the current target stage of the spectronfeedt) compared to a modified
moderator stage (right) with an expext detection efficiency of 0.24.

This allows the sample to be707 5 0 ¢ | odstector, leéading tolareincrease in detection
efficiency. The same N22 source used to previously measthe detection efficiency was
again placed in the sample holder, although 251 days had elapsed since the previous

measurement of the detection efficiency. A 600 second energy spectrum was recorded and
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the net number of counts in the 511 keV annihilaggeak was determinedMoving the
sample0. 7750 closer to the det e ctd®20%, amircreasea s e d
by a factor of 4.2.

5.4 Detector Timing Resolution

Because the LaBrdetector ued to detect annihilation gammays was plaatwithin
the axial magnetic field of the pulsed positron spectrometer, the time resolution of the
detector was measured determine the effect of the residual magnetic field on the timing
performance on the detectofo determine the time resolution, two itieal LaBr; detectors

were utilized.

Na-22
Source

Fig. 5.6. Diagram of the detector placement for the determination of the time resolution of the
LaBr; detector.

One detectgrwhich acts as the detector for gectrometernyvas placed within the detector

well at the end of the spectrometer dmisedn the magnetic shield wrapped in coils used

1
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to decreasehe internal axial field. The second detector was placed transverse to the axial
field as close to thdirst detector as possible. This detector was also placed within a
magnetic kield, but wasoriented perpendicularly to the applied axial magnetic field of the
coils. The Na22 source was placdgetween these two detectors and energy windows were
set so tharrangement would detettte coincidentollinear511 keV gamma rays generated

by the source.A coincidence spectrum was collected with the axial magnetic field on and
off. With the magnetic field off, it was assumed that the timing resolutioegohdetector

was identical. Because the magnetic shield works best when the applied field is transverse to
the shield, it is further assumed that the applied field has a negligible effect on the
performance on the transverse detector. Therefore, differdetegeen the coincidence
spectra are attributed to the effect of the magnetic field on the spectr@nustctor. The

results of the measurement are presentéig.irs.7.

1.2
® magnets on
® manets off

1.0 1

normalized counts

1700 1800 1900 2000 2100 2200
Channel

Fig. 5.7. Normalized coincidence spectrums for 511 keV gamma rays emitted fre22 Baurce
with axial magnetic field on and off.
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A Gaussiardistributionwas fit to each of the plotshowingthat the time resolution of the
detector arrangement w820 ps when the magnets were on and 280 ps when the magnets
were off. Because the overall timing resolution of the arrangemeasssimed to béhe
guadrature sum of the time resolution of the tadividual detectors, assuming each detector

is identicalwith the magnetic field abserthe time resolution of the individual detestas

found to be 198 ps.e. the overall time resolution of the detector arrangement divided by the
square root oR. It is therefore assumed that the time resolution of the transverse detector is
198 ps, regardless of the presence of the magnetic fgddin, because the time resolution

of the system idaken as thequadrature sum of the two detectavgh an applied =ial

magnetic field the time resolution of the p e c t r dateetdiedetérsinedo be 251ps.

5.5 Determination of the Phase Space of the Primary Beam

The primary positron moderator produgessitrons with an angular distribution due to
extraction and fousing from the moderator. The distribution can be measured within the
pulsal positron spectrometer using a lens which applipssitive retarding potential to the
primary beam.The retarding potential sets up an axial electric field whegtels the inident
positrons. If the positroids parallel energy is less than the magnitude of the applied field, the
positron is reflected, resulting in a decrease the detected catnta the end of the
spectrometer By measuring the count rate while increasing tetarding potential, the axial
energy distribution of the incident positron beam can be determined. This axial energy

distribution can then be related to the angular distribution of the primary positron beam.
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Fig. 5.8. Retarding potential vs. detected count rate for the primary positron beam.

The total momentum of a positron spiraling in the guiding axial field is the vector sum
of the perpendicular and parallel momentum.
p*=p; Pr 53
The tangent of the angle between the perpendicular and parallel momentum is equal to the

ratio of the two vectors.

tang = P 5.4
pH

For nontrelativistic particles, the relationship between the energy and momentum is:

p=+v2mE =/2meV 5.5
wherep is the momentummn is the mass of the positron akds the energy. Usingq.5.3,
5.4 and5.5, the anglebetween the components of the momentum can be determined based on

the energy of the beam atite applied retarding potential:
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— -1évmax
g =tan ?W -1 5.6

whereVe is the magnitude of the retarding potential 8dxis the potential where the beam

is almost fully eliminated. This is taken as the maximum energy because it would
correspond to positrons with most of the momentartheaxial direction;therefore most of

the kinetic energy is in the axial directiofrromfig. 5.8, a retarding potential of 1057 is
statistically insignificant from the backgrourgb it is taken ashe maximum energy of the
beam. Numerically taking the derivative of the results presentefigin5.8 and converting

the retarding potential to angular values yields the angular distribution of the primary
positron beam, as seen fig. 5.9. The results indete that 50% of the primary positron
beam has an angular spread of (MWWHM) although there is a higher energy tail due to the

two moderator banks and focusing.
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Fig. 5.9. Angular distribution of positronsom the primary positron beanormalized to 1.0
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5.6 Detection of the Presence of Slow Positrons

The positron transmission moderator foil could then be placed within the beam line to
remoderate the primary positrons and minimize the angular distributionegbdkitrons
utilized within the buncherThe first step was tdashanneal the moderator foil to condition
the surface for optimum slow positron emission. The application of a retarding poteatial to
lens element will block positrons from reaching taegetend of the spectrometare., if the
retarding grid was less negative than the moderator, emitted slow positrons are attracted back
to the surface of the moderatoA sharp jump in the detected count rate (occurring over a
few volts of retarding ptential) indicates the presence of slow positrons. The width of the
step should bepproximatelyequal to the work function of the moderator because the
maximum energy of the reemitted positrons is equal to the work function.

As indicated in results prested infig. 5.10, the detected count rate increases by a
factor of 7 by reducing the extraction potential (relative to the moderator potential) by
approximately 3 V By fitting the data to a cumulative Gaussian distribytitwe standard
deviation of the distribution fit to the data can be related to the full width at half max
(FWHM) of the energy spread of the positrons[i6]

FWHM =2.35% 5.7
wherel is the standardeviation of the distributionThe energy spread of positrons emitted
from the remoderator i®undto be 2.3 eV Because the positrons are emitted from the
Molybdenum side of the remoderating foil, the positreimguld have an energy spread which
is characteristic of the Molybdenum positron work functioRrom literature, e work

function of Mdybdenum is-2.2 eV. [7]
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Fig. 5.10. Detected count rate vs. retarding potential for positrons emitted from a WMo
moderator foil.

5.7 Slow Positron Remoderation Efficiency

The remoderation process increases the brightness of the positron beam, by decreasing
the energy spread, at the expense of losing beam intensity due to annihilation in the foil.
Brightness can be considered as the intensity of the positron beam normalizespiat Size
andangular spread of the incident beam. A large diameter beam with large angular spread
would have a low brightness and would indicate a lower quality beanrerBoderating the
positrons, the angular and energy spread which the positrons widttie initial focusing is
reduced to that of the reemitted positrons from the remoderator. As presented in the
introduction, positrons are reemitted nearly normabiytlie surface with an energy spread
about the work function of the remoderator. This reduction in the energy and angular spread

increases the brightness.
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This remoderatiorefficiency can be determined by measuring the detected count rate
with the moderatoextracted from the beam line and in place. When extracted, the full beam
is able to reach the end of the spectrometer. A 100 second count was taken, witkcbogh in
moderator banks operating, and the resulting count ratelS#&k2+6.8 3. The modeator
was then moved into the beam line and a new 100 second count wasréskilting in a
count rate of 190.7+1.4"s when the implantation energy was approximately 2500 keV.
Because the remoderator foil was slightly smaller than the aperture withimaderator
holder, a correction must be made for primary positrons entering the spectrometer through
small gaps at the edges of the foil. This was achieved by performing one additional count
where potential on the extraction grid was increased by +10@[&tive to the moderator
potential. Because the potential placed on the moderator was more negative than the
extraction grid and the energy of the slow positrons emitted from the grid was on the order of
a few eV, remoderated positrons were repelledthyy extraction grid back into the
moderator. The resulting count rate consisted of primary positrons which are able to bypass
the remoderator foil. Because their kinetic energy is approximately 1 keV, and all the
potentials in the beam are negatithese positrongrenot prevented from reaching the target
by this retarding potential. The difference
count rate is the number of slow positrons produced by thenfbith was determined to be
162.3+1.5 3. The ratio of theletectedslow positrorrateemitted fromthe foil to therate of
the primary positron beanthrough the aperture before the moderatrtaken as the
efficiency of the moderator to produce slow positrons, which determined to be

3.55+0.03%.
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One method to increase the intensity of the positrons reaching the target is to increase
the moderation efficiency of the transmission remoderator. The current moderation
efficiency has benmeasurd as3.55+0.03%for a 190 nm WMo (10 nm W and 18@nrvio)
foil with an implantation energy of 2.5 kV. Moderation efficiencies as high7s have
beenreportedfor 100 nm WMo foilsby Jergensen et alwith an implantation energy of 3
kV. [60]

By annealing the moderator foil for a longer duration, more of the nonequilibrium
defects can be removed from the foil, therefore removing defects which can acts as trapping
sites for the sl positrons. For testing, the moderator was flash annealed to a white hot
temperature four times, each flash lastongy seconds In total, the moderator may have
been at a white hot temperature for 20 seconds. The reason for this was to minimize to
possibility of melting the moderator holder or damaging the foil. Rather than annealing the
moderator for one long duration, more annealing flashes can be performed. Each flash would
remove more of the neequilibrium defects. Care should be taken to @n¢vthe thin
tungsten layer from diffusing into the bulk of the Mo layer, although the melting point of the
W is higher than that of Mo so this should not be a major concern.

The 1®6 moderation efficiency quotqaeviouslywas for positron implantation erggy
of 3 keV, but the foil analyzed was only 100 nm thi@ecause the foil used has a Mo layer
twice as thick, the kinetic energy of the slow positrons can be increase to allow them to
implant deeper into the foil. This would allow the more of the midoeam to reach the

opposite face of the foil for reemission.
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5.8 Time-of-Flight electronics
The timing setup for the pulsed positron spectrometer is the same as that for the bulk
fastfast coincidences setup, except the stop signal, which is produced tgtélotion of a

1.27 MeV gamma ray for the bulk setup, is generated by the pulsing eiestainthe

spectrometer.
Buncher
Sample
Ortec 583b Constant
Fraction Discriminator '
Positron
Bunch Matching
Network
Ortec 566 Ortec 584 Voltage
Time-to-Amplitude Convertor Discriminator Divider
Ortec
EZ-MCA-8K Tektronix 3102
Arbitrary Function Generator

|_p_c_|

Fig. 5.11. Flow diagram of the setup of the timing electronics of the pulsed positrons
spetrometer.

To trigger the timing process, pulses generated by the scintillation detector are analyzed by
an Ortec 583B Constant Fraction Discriminatof68] As the name suggests, this
discriminator uses the constant fraction technique to determinaakeff time of the input

pulse. In this method, the discriminator produces an output pulse a fixed time after the
leading edge of the pulse reaches some desired constant height of the final peak height. The
advantage of this method is the pickoff time of the iqause is almost independent from the

amplitude for pulses with similar shape but different amplitudes, reducing the effect of
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amplitude jitter on the timing properties. For constant fraction timing, the input pulse to the
discriminator is attenuated t@rme desired fraction of the final pulse height in addition
being inverted and delayed'he attenuated and delayed pulses are then summed, resulting in
a bipolar pulse with a zero crossover which occurs and the point in time where the pulse
height croses the desired constant fractior{f65] The Ortec 583B discriminator also
includes a single channel analyzer which allows the flexibility of setting energy window
around the 511 keV pulse height, resulting in a decrease in background cdBwts.
narrowing on the 511 keV annihilation pulse, the range of acceptable pulses is reduced,
further reducing the effect of amplitude jitter on the time resolution.

As mentiond previously, the signal generated by the arbitrary function generator is
used as the second logic signal for the TAC. The waveform supplied by the AFG is sent to a

voltage divider, which is designed to reduce the amplitude of the waveform by a factor of

approxi mately 10. The voltage divider is s
path, with a 47 Y resistor shunted to ground
AFG |I 470Q|| |I 47Q||

I

Fig. 5.12. Wire diagram for the voltage divider used to decreasaiti@itude of the sine wave
sent to the discriminator used to produce a stop signal for the TAC.

CFD

Because the signal path is parallel to the
bot h. The signal i s r educ edredstorimnseriesa dheor o f
attenuated signal is then sent to @rtec 584constant fraction threshold discriminator to
yield the second fast logic pulse for the TAC.

An Ortec 566 Timeao-Amplitude convertoris used to determine the time interval

separatinghe arrival times of pulses to the start and stop chanriéls. TAC operates as a
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startstop typewhere the arrival of a suitable start signal triggers the charging of a capacitor
by a constant current source. The arrival of a stop pulse terminatesirte@t surce,
therefore stopping the charging of ttepacitor The stored charge is therefgm@portional

to the time difference separating the pulses. The advantage of this method is the high
linearity of the output to the input interval65] The detection of the 511 keV gamma ray
supplies the start signal for the TAC, with the stop signal produced by the arbitrary function
generator. This technique is recommended by the manufacturer due to the large number of
pulses generated by the AF@Because iteduesthe amount of dead time occurring in the

TAC. [69]

5.9 Optimization of the Drift Potential

The previous chapter demonstrated that the relationship between the focal length,
particle velocity and amplitude of the applied waveform can be determined with
consideration ofhe conservabn of charge

3, _ WL
Be
m

\% 5.8
To test the effectiveness of the buncher, a 50 MHz, 286 8ine wave was applied to the
bunching electrodeThe voltage applied to the drift electrodéjich mnnects the buaher to
the target, was varied and the resulting spectra were examined. The results of this scan can
be seen irfig. 5.13. Each time speatimis normalized to the average background level.

Equation 5.8 demonstrates that ake drift potential decreases, the focal length

decreases. This results overbunching of the beam which manifeststtas characteristic
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doublepeaked time spectra. This doupleak is due to positrons passing each other prior to

reaching the target baase the focal length is now closertlhe buncher than the target.

-2000
-2100
-2200
-2300
-2350

15 4

Normalized Counts

Channel
Fig. 5.13. Results displaying the effect of the drift potential bias on the time resolution.

As the drift potential increases, the focal length moves farther downsaeagifrom the
target, meaning the positrons are not able tohrele optimum time resolution.The time
resolution with the highest peak results in the optimum time resolbgoause this value
corresponds to the greatest number of positrons éoldoto the smallest time intervalThe
optimum voltage was found to b2300V, with respect to groundl'he kinetic energy of the

positrons was approximately 800 eV.

5.10 Optimization of the Bunch Potential
For double gap harmonic bunching to be successful, the positrons must arrive at the
entrance and exit acceleration gaps in phase with the applied waveform. The potential

applied to the bunching electrode must be optimized so posiy@insthe proper kinetic



152

energy to arrive in phase with the rf potentidlhe results of this scan can be seefign
5.14. As before, the time spectra are normalize average constant background to account
for possiblefluctuationsin the count rate.

When the potential applied to the buncher w2300 V with respect to ground, the
maximum peak in the time resolution was achieved. This implied that the positnas;mwe

phase with the applied waveform.

25

— -2600

Normalized Counts

600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000
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Fig. 5.14. Time spectra collected with varying the potential applied to the bunching electrode.
5.11 PALSFit Analysis of Lifetime Spectra
To extract the spectrometer timesodution from the timing spectra, the nonlinear least
squares fitting program known as PALSfit is used. The program fits a measured spectrum to
a model which consists of the sum of decaying exponentials convoluted with a resolution

function and constantaskground. As mentioned in the introduction, the resolution function
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can be attributed to the experimental setup. The program attempts to iteratively minimize the

difference between the data and a model which consi&tftong parametergby):

2
F=8m(y #(b-R)) 59
wherey; is the data point anig{b,€ , pis the value produced by a function which consists of
k parameters db. The valuey; is a statistical weighting parameter:

1

2 5.10
S

W:

w h e ri%ds thé estimated variance gf assumingPoissonstatistics. The model 6s f i
parameterdy,ar e esti mated and the calr/8ul ation is
The optimum resolution fit occurred when using two Gaussians with intensities of 90%
and 10%, which have approximately the same value. Géahessiarwith a 90%intensity is
taken to be the spectrometer time resolution. Directly in front of the sample is a grid with
90% transmission efficiency. The two Gaussians are attributed to annihilation with the grid
and target, where approximately 10% of the annihilatioccur in the grid and the remaining
reach the targetThe time resolution of the 90% component was found to be 277 ps.
As can be seen ifig. 5.14, possessaan exponential tail which has a long lifetime
component in excess of 1 ns. This should not occur in metals, where lifetimes are on the

order of 1006s of picoseconds.

5.12 Effect of Chopping the Beam
In an effort to remove the long lifetime component apmgain the lifetime spectra, an
attempt was made to chop the incoming beam. To accomplish this, the second channel of the

AFG is used to supply a 50 MHz, 1G.ysquare wave to the moderator. This channel was
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split to supply the tim&arying chopping waverm to the moderator and supply the stop
signal for the TAC. The voltage supplied te textraction grid was slightlgnore positive
relative tothe voltage supplied to the moderator, meaning all the slow positrons emitted from
the moderator are repelleifom entering the spectrometer andratted back to the
moderatorsurface With the application of the squamaveform to the moderator, the
magnitude of the applied voltage periodically decreased to less than that of the extraction
grid (keeping in nnd that the potentials are negative@)eaning during this time interval,

slow positrons emitted from the moderator are able to proceed down the spectrometer. The

remaining positrons are attracted to the moderator, chopping the beam.

Slow positrons extracted
from moderator

50MHz, 10V, ,
_/ Square wave
-1500V =+ A ELL LEEE R P - -
L ]
DCBias applied &—/i

to Extraction Grid DC Bias Applied

RVAR 7 to Moderator Slow positrons attracted
to moderator

Fig. 5.15. lllustration displaying the potential differences which are used in chopping the DC
positron beam.

To be successful, the slow positrons generated by the chopper must arrive at the first
acceleration gap of the buncherphase with the afipd sine wave. Because a SinglEG
supplies waveforms for both the buncher and the chopper, changing the phase of the
chopping waveform channel to that of the buncher channel willaheat portion of the DC

beam is sent to the eptrometer therefore altering the arrival time of positrons to the
buncher. This plise must be optimized Ibgking multiple short time spectra while varying

the phase shift of the chopping waveforiithe results of this optimization can be seefign
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The optimum phase shift between the two channels occurs when the peak height of the

spectra is at its maximum. This is because the bulk of the positrons produced by the chopper

are bunchednto the final peak. When not in phase, positrons are scattered into the

background. The optimum phase shift for the chopping waveform occur@Qétrelative to

the bunching waveform.
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Fig. 5.16. Resultsof a scan through the phase shift between the bunching and chopping
waveform.

With the optimum phase shifletermined, a new time spectrwas collected using the

optimum settings. This spectrum, along with a spectratiected with a DC beam, can be

sea

in fig. 5.17. Eachspectum has been normalized toahd plotted on a lotin plot so

comparisons can be made between the two measurements. As can be seen, the long lifetime
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component does not appear in the chopped bealso, the peako-background increases

from approximately 14:1 for the DC beam to approximately 46:1 for the cdygzem.

—— DC beam
19| — W chopper

Normalized Counts

0.01

800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000

Channel

Fig. 5.17. Comparison between the time spectra collected when a DC beam is supplied to the
buncher and a chopped beam is supplied to the moderator.

5.13 Final Performance

At the time oftesting, he primay moderator bankkad approximately 1000 hours of
full power operation, leading to a decrease in the intensity, down to approximatefy 1x10
slow positrons per second (with both primary moderators functionilgp, an intermittent
short decreased theimiary source intensity approximately in half. Because of these losses,
the measured count ta of the pulsed positron beam wé@ counts per seconadvith both
primary moderators functioning/Vhen considering the detection efficiency, this corresponds

to an on sample intensity df.2x10° slow positrons per second within the slow positron



157

pulse. The loss in intensity from the primary beam is attributed to the low moderation
efficiency (3.6%), passing the positron beam through a 1 cm aperture (~90% dags)
chopping the primary beam down t® aspulse from a continuous DC beam.

With regular maintenance, it is eaqted that a primary beam intensity ofll’ s* is
achievable This will increase the on target intensity to #12° s*. Assuming the
moderation efficiencyf the transmission remoderatcan be increased by a factor qf &
conservative estimate, by better annealing and increasing the implantation efficiency, the on
targetintensity would increase to X0° slow positrons per secondVith consideration of
the emanced detection efficiency offactor of 4.2 due to repositioning the target, the on
sample event rate is expected to apprdB®@#0s*, assuming a primary source intensity of
1x10°’ s*. This would allow a 1x1Devent time sectrato be collected in just over &2
minutes. In addition to the improvements to the performance of the beam, the NC State
University PULSTAR reactor will undergo a power upraitem 1-MW to 22MW. Because
the slow positron intensity scales linearlyjthvreactor power, the doubling in reactor power
would increase intensity by a factor of 2. This would léachn on sample intensity of
4.8x10° s*, with an expected count rate B3080s™. A 1x10 event time spectra could then
be cdlected in 100seconds.

Multiple positron groups have developed pulsed slow positron beams for lifetime
measurements. The Electrotechnical Laboratory in Japan constructed a pulsed slow positron
beam using a three grid chopper, a subharmonic prebuncher and a 150 MH=intdier.

This buncher produces a time resolution-@00 ps and the pulse period can range from 25
ns to 10 ms because of the three grid chopper design. Because positrons are produced using

a LINAC, reflected positrons can be stored in a storage mtiger than being los{54]
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The Munich group developed a pulsed slow positron beam with a time resolution of
150 ps (FWHM), with an overall time resolution af®ps. The pulsing system operates at a
frequency of 50 MHz and consists of two rf bunching stages and a chopping stage. The first
bunching stage uses a periodic ramp potential to increase the utilization of the primary beam

by the main buncher, with an &fiency approaching 65%455-57]

Table 5-1. Performance comparison between pulsed positron beams at intense sources.

FRM-II AIST NCSU
(Final Performance)
Event 1.5x1d >4x10° 2.5x10¢
Rate (5.0x10)°
(1.0x1d)"
Time 240 ps ~223ps 277 ps
Resolution
Time 20 ns 25nsi 1 e s 20 ns
Window
Spot Size 2 mm 301 00 ¢ n 10 mm
Beam 22 keV 30 keV 27 keV
Energy

The Munich groupods sl ow R2®MW FRMdIreadioe a m
Slow positrons are produced by ppioduction using gamma rays generated by thermal
neutron capture reactions in a Cadmium shrdidd] The calculated thermakntron flux at
the location of the positron converter is 2¥16m%s?, with a capture rate in the cadmium
shroud of 1.2x18 cm’s®. [74] The 9.041 MeV neutm binding energy of the G#i13
isotope is released on average by 2.3 photons per ndifromeaning the photon flux in
excess of the pair production thresholdgiag through the converter is estimated to be in

approximately of 2.76x18 cmi®s*. For the PULSTAR Reactorhé photon fluxn excess of

4 Assuming a primary slow deam intensity of 5xFGs™.
© Assuming a primary slow'éeam intensity of 1x1G™.
" Assuming an uprate in the PULSTAR power level to 2 MW (primary beam intengigd 6ts™).

S



159

the pair production threshojshssing through the moderatmnkcloses to the reactor coise
calculated to be 3.620" cm®s?, an order of magnitude lessAdditionally, the material
chosen to act as the moderator/convertor material for the-FRldw positron beam is
Platinum, rather than Tungsten. Because Platinum has a higher atomic number, the pair
production cross section is larger by approximatel$ol [74] With the upgrade inthe
PULSTARGOGs power | evel to 2 MW, occurring in
possible for the detected event ratdoéocomparable to that produced by the pulsed positron
beam located at A®-II, although thepower level would be 10 times smalldran that
produced at FRMI. Also, with the use of the grid chopper design to initially chop the beam,
with the proper tunig, it is possible to easily increase the measurement time window,
allowing the measurement of longer lifetime materials.

The pulsed positron beam located at AIST is used to generate a microprobe, sa it has a
on samplespot size ranging from 16® 0 & mtheasiow positrons are generated by a
LINAC. A 70 MeV electron beam is injected onto a tantalum converter, generating fast
positrons which are moderated with Tungsten thin films. The slow positron intensiy is 2
3x10’ s, but the spot sizef the primay beamis approximately 10 mm. The high spatial
resolution is produced with the utilization of two magnetic lengesddition to aiding in
producing a beam with a higher time resolutiofhe high time resolution igroduced by a
165 MHz resonant cavity Because of the high frequency used, multiple stages of
prebunching are required to time focus positron puises suitable width to generate the
high time resolution pulse by the 165 MHz cavify5] Initial raw positron pulses must be
chopped and time focused by a prebuncher and buncher prior to reaching the final

acceleration gap, which leads to complexity to the bunching system. Because the pulsed
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positron beam implemented at NC State operates on a 50 MHz double gap harmonic
buncher, a suitable pulse width can be achieved using simpler electr@scause it is a

double gap harmonic buncher, the positrons experience two sections of velocity modulation,
therefore the required power needed to generate the pulse is less than the resonant cavity
used to generate the high resolution pulses at AlldTaddition, because both use a grid to
provide a longitudinal field for chopping the beam, the repetition ratbeobeam can be
modified to allow for the measurement of longer lifetime componentsxtiend the use to

the measurement of long lifetime defects.
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Chapter 6 Conclusions and Future Work

6.1 Conclusions

The goal of this work was the development of a high intensdw glositron beam
which can be used to provide positrons to two lifetime spectrometétha development of
a variable energy pulsed slow positron annihilation lifetime spectromét®AeS) ableto
characterize defects in metals and semiconductors. The development of the high intensity
slow positron beam proved to be a success, producing awbkexm reached an intensity in
excess of 10s*. The beanstabilized at aominalintensity of5x1(s*, due to contaminants
in the vacuum altering the condition of the surface, witbemm diameter of approximately
30 mm. In addition, the beam switchyard deswgas successful in efficiently guiding
positrons to either of the slow positron spectromedsenseeded

Implementation of the variable energy pulsed slow positron beam-P@&LS
spectrometer) used to study metals and defects has also been successful.  The current time
resolution has been shown to B&7 ps, which is the quadteie sum of the dettor
resolution and pulse width With fresh primary remoderators, the on sample intensity is

expected taeachl.2x10 event rate
6.2 Future Work

6.2.1 The Prebuncher
Prebunching of the positron beaxmuld beaccomplished by the use of a periodic ramp
function applied tahe transiissionremoderator. Directly behind the moderator is a grid,

which would produce a small region containing a tivegying electric field. Assuming a
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50MHz ramp function with a peao peak voltage of V is used, the kinetic energy of the
positrons can be calculated to obtain a specified focal length. The ideal periodic ramp

function waveform is given bjB3]:

Vt & 1 FY
V()= K 6.1
(V=% ac 2f,  2f,
&af, 2

wheref, is the frequency of the waveform aviglis the peakto-peak voltage. The derivative

with respect to tira would therefore be constant in this case:
dv(t) v,
dt ge }/
¢/ 2f,

By inserting this intd=g.4.13, a relationship between the kinetic energy of the beam and the

6.2

focal point can be determined:

L=—2°9 6.3
eV, f,
or
g =% bt 6.4

JZm

Because the kinetic energy of the positrons is simply equal to the product of the charge and
appliedpotential, the voltage required for a given focal length is:

viz = VoLl 6.5

mod ~
2¢
Vm
Assuming a focal length of 118, the required voltage applied to the moderator would

be approximatgl 50V. Becausehe positros are emitted with an energy of approximately

2.8V, the required potential would therefore be 47.2V.
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To test the effectiveness of the prebuncher, a user program was created for the ion
optics simulation package SIMION[39] The model consists of vertical grids within a
grounded tube. The simulation consisted of 4100 particles emitted drgnid with an
energy smpled from a Gaussian distribution withRAWHM of 0.4 eV [55] and a mean
energy of 2.8 eV. The time of birth of the particle, which ranged from 0 to 20ns, degermi
the potential supplied to the grid. At a focal length of 1.2m, the time of flight and the kinetic
energy ofthe positrons were recorded. Mstogram of the time of flight data is presented in

thefig. 6.1 below, with time bins of 100 ps
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Fig. 6.1. Calculated time spectrum at the entrance of the buncher produced Qy ey
potential applied to the moderator.

This simulated time spread was found to be 1.4RWHM) with a corresponding

energyspread of approximately 8 eMf the prebuncher was able to compress 50 percent of
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the incident DC beam into the acceptance wwdf the buncher, the detected count rate
should effectively doubleto 10080events per secon@ssuming a priary positron beam

intensity of x10° s™.

6.2.1.1 The Buffer Amplifier

The capacitance to ground of the prebuncher, including the coaxial lines sgpiblgi
signal, was found to be 167 pThis capacitance yields an impedance ofYl9 at 50 MHz.
Because the output impedance of the arbitrary function generator used to supply the time
varying-potential is 50Y , there is an i mpedaaurceandrioad mat c h
resulting in a degradation of the applied signal.

A unity gain buffer amplifierwith lower output impedance than the waveform
generator maye used to transfer theaveform with greater efficiency to the laadrhe
amplifier used is an opational amplifier set up in a voltage follower circuit. Becausisof
large input impedance, very little current is drawn fromieveform generatpmeaning
there is little distortion to the source signal. Also, because of the small output impedance, the
amplifier can supply current to the load wigssdegradation to the input signdb2]

An Intersil high slew rate operational amplifier used for the buffer amplifier. This
amplifier had a s[63,which éstsefficiemtf to SUply @he désireds
burching signal. This amplifiersiattached to a coppelad circuit board, which acts a
common ground for all the components. 1Aamp, 24 V AGDC power supplys used to
supply voltage tohte opamp. Avoltage divider $ placed on the positive and negative
supply kbadsto supply a +/10.9V to the positive and negative inputs of the amplifier. The

slew rate of the amplifier increaseith higher supply voltage . A 100 pgladcedcapaci
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in parallé with both the positive and negative supply voltage to act as a low pass filter, which
keeps ripples in the supply voltage from reachingamplifier. A 10 nf capacitor $ also
placed in parallel with the supply voltages to act as a higher frequengaksifilter, which

prevents high frequency kages fronthe amplifier from reachinthe supply circuit.

+24V
2200 22000 22000 2200
| | |
| | High
100 pf 100 pf voltage

1m0

/A I|
10 pf == * |

J-— 470

AFG Moderator
Fig. 6.2. Wire diagram for the buffer amplifier.

The signal from the AFG is fed to the amplifier through a bnc bulkhead connector. This
bulkheadconnectsto the norinverting input of the ofamp andist er mi nat ed wi t h

resistor in parallel to ground. The output of the amplifier is attached to th#imgvimput of
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the amplifier, toproduce the unity gain voltage follower circuit, and capacitively coupled to
the high voltage supply using a 1nf, 3 kV capacitor. This is then sent to an SHV bulkhead
connector, where it can be fed to the moderator elgetrd\n image of the assembled buffer

amplifier can be seen filg. 6.3.

-
.

Fig. 6.3. Image of the assembled buffamplifier. The copper circuit board acts as a common
ground.

Further tests would need to be performed to determine the effectiveness of the buffer

amplifier.

6.2.2 Magnetic Focusing
To focus more of the primary positron beam onto the transmission moderator,

simulations have been performed to see if a magnetic lens can be utilized to focus the
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primary positron beam.In a design similar to that presented by Oshmhaal [76], the
proposed magnetic | ens consists of a 120 in
yoke. The yoke would be constructed from multiple overlapping platgsitoo vi de a 120
diameter, It m t hi c k, p | duree Thisiwbulld beaattathied ta e front of the
magnetic coil, with the remainder of the coil enclosed 1 cm thick soft iron. The yoke would
contain a 2 mm gap, resmig in an intense magnetiteld over a short distance. This lens

design was modeled in TriComp testits effectiveness Positrons were emittedithin a
solenoidwith the initial simulated trajectories produced by the extraction optics simulation

for the primary lenses of the gitron beam.

Fig. 6.4. ATricompmo d e | of a 40 | D solenoid foll owed b

An additional coil was placed between the exidhe solenoid and magnetic lens so the
divergence of the beam exiting the solenoid could be modified. Electrostatic lenses were
also simulated so the simulated positrons could be accelerated.

Figure 6.5 presentghe simulated magnitude of the magnetic field strength on the axis
of thebeamfor both a 4 inch in diameter solenoid and a 4 inch solenoid with a magnetic lens
placedapproximately® . 7aWway from the outlet of the solenoidt should be emphasized
that the graph presents the magnitude of the magnetic field. The current passing through the

coil acting as théens is in the opposite direction of the current flowing through the aiolen
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of the primary beam. Therefore, according to the simulation, if the current through the
solenoid is 80G, the field produced tine lens is approximatei30G.

To test the effectiveness of the proposed focusing design, the position of positrons were
recorded at various locations as they traversed the beamline. Positrons were emitted with
starting positions, trajectories and kinetic energies determined by the electrostatic simulations
of the extraction and focusing of positrons from the moderator bank& was to ensure
positrons used in the beam focusing simulation mimicked the behavior of the primary

positron beam.
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Fig. 6.5. Calculatedmagnitude of the axial magnetic field strength for the outlet seblenoid
(black) and solenoid followed by magnetic lens.

Figure 6.6 displays a contouplot of the primary positron beam within the primary

beamdés solenoid.
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Fig. 6.6. Simulated beam profile for the primary positron beam.

The following is a contour plot of the positron beam approximately away from the yoke

of the magnetic lens.
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Fig. 6.7. Simulated beam profile of the primary positron beaom after a magnetic lens.
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With some optimization of the current applied to the magnetic lens and extraction coil, and
the kinetic energy of the positron beam, approximately 53%heforimary positron beam
can be focused into a 1 cm aperture

Because the magnetic lens focuses the positrons into a region of low axial magnetic
field, further focusing can beerformed to reduce the spotsize of positrons emitted finem
remoderator fio into the spectrometer. To accomplish this, the magnetic coils of the
spectrometer can be arranged so that they act as a magnetic funnel, meaning the positrons
emitted from the remoderator foil follow the camgng magnetic field of the magnetic
gradiento f t he spectr ome The pdmsedndeggn &vduld consdstool &ans
extraction grid directly in front of the remoderator foil followed by two lenses. The first lens
has a positive potential, relative to the extraction grid and seemsdd ensure positrons do
not collide with the walls of the focusing lenses.

TriComp was once again used to test the effectiveness of this proposed design.
Positrons were emitted withn energy sampdefrom a 0.4 eVGaussian distribution and a

10° Gaussian distribution for theitial trajectory

Divergence Tuning Lens M?(gr;(etic /First spectrometer coil
oke _
Primary beam solenoid / SDectfm/eter solenoid

Fig. 6.8. A Tricomp simulation of thenagnetic lens and additional coils off the spectrometer
acting as a magnetic funnel.

The starting points for the emitted positrons were taken as the recorded positions from the
focusing simulation at the focal poin@ -100 V, relative to the remoderatimil (or emission
plane for the simulation) was placed on the extraction grid and the second focusing lens, with

-50 V on the first lens.This simulation indicated 98 of the positrons emitted from the
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remoderator foil could be furer focused into a spsize with a FWHMof approximately3.2

mm.

Y Coordinate (cm)

-4 -2 0 2 4

X Coordinate (cm)

Fig. 6.9. Simulated beam profile of slow positrons emitted from a remoderator foil into a
magnetic funnel. The FWHM of the profile is 3.2 mm.

Further simulations were conducted to ensure that the performance of the magnetic lens
did not degrade with the additional cod$ the spectrometer inserted into the simulation
The magnetic focusing simulation wagainperformed and1% of the primarypositrons

can traverse a 1 caperture 7 cm away from the lens.
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Fig. 6.10. Simulated axial field of the transmission to the spectrometer with and without a
magnetic lens.

6.2.3 Load-Lock and Sample Holder

Currently, to replace the sample, the entire spectrometer must be brought to air. The
introduction of air also results in atmospheric water vapor entering the spectrometer. This
water vapor can then adsorb to the surface of the internal componentst@asl during the
pumping down of the spectrometer. This increases the time required to reduce to beam
pressure to high vacuum conditions. One method to minimize the amount of water vapor
introduced into the spectrometer is to backfill the spectrometdr dvig nitrogen. The
amount of atmospheric water vapor entering the spectrometer is therefore minimized
Because the nitrogen is mostly inert, it is easier to pump from the spectrometer.

An alternative approach teducing the time taken to change sampgds install a load

lock to the targethamber of the spectrometer. A load lock is a small chamber attached to
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the vacuum system, separated by a gate valve. Because of the small volume ofldekJoad
the pressure can be quickly brought to high vatwonditions. Once a suitable pressure is

reached, the gate valve can be opened and the sample can be lowered into position.

Fig. 6.11. Image of a proposed loddck vacuum chambettesign.

The volume oflie proposed loatbck would be made as small as possible to minimize
the amount of time required to lower the chambers pressure to a suitable presshire. A
conflat flange would be used to mount the chamber to a gate valisolate the loadbck
fromthe spectrometer. A 2.750 flange would b
flange by0.77% so a simple linear manipulator can be used to side the sample into place at
the target position. Additional hr@ughg 8nd f | an
offer a location for measuring the pressure of the chamber. When necessary to open the

load-lock to air, filling this chamber with dry nitrogemill minimize the amount of water
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vaporentering the loadbck, coupled with the small volume of tbeamberthe pumpdown
time should be greatly improved.

Further improvements to the sample throughput can be made by fabricating a sample
stalk which could hold multiple samples in a row. Otieeanalysis is performed on the first
sample of the stalk, the holder could be lowered, introducing a new sample for analysis. The
previously analyzed sample then simply lowers into the vacuum chamber support.
alternative stalk could also be utilizad allow resistive heating of the sample for the

characterization of defects with respect to temperature.

6.2.4 Optimization of the Moderator Diameter

Currently, the diameter of th@imary moderator banks are as large as can be achieved
without the risk of shorting of the lenses to the vacuum chamber wall. This maximizes the
amount of tungsten in the vicinity of the core in an attempt to generate the greatest slow
positron intensity. A smaller moderator would in principle produce fewer slaitrpios, but
could possibly be focused into a smaller spot size, generating a beam with ariggttaess
Because beam tube 6 which houses the positron beam forms a 37° angle to the face of the
reactor core, if the primary moderators are made withalendiameter, they could be slid
closer to the face of the core. The ability to place the moderators closer to the core where the
photon flux is higher could make up for positrons lost because sfithéer moderators.

Multiple MCNP runs were performedith moderator banks of different diameters,
ranging from 306 to 8. 80. | n e aixequalsoithatwfl at i on
a moderator composed @25 mmt hi ck tungsten strips for mi

di ameter, 1 0 tfdrm ankarrag ofd cn dels.e. satculatiomss assumehat
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each moderator banpossesest he same surface area and mass
for the current positron beamTherefore the effective volume for positron emission is the

same for all cass
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Fig. 6.12. MCNP simulation results for varying the diameter of the moderator banks while
maintaining a constant vain thickness and surface area.

This calculation assumes that the volume of each moderator bank under consideration
is equal. In addition, because of the thin thickness of the moderator strips which would be
used (0.25 mm) the surface area of each moderator bank would be the same.twbhes
conditions imply that the cross section of the cells of the moderator must decrease, which
would lead to a reduction of the moderation efficiency. The true optimum in the moderator
size would therefore be thmint where the increase in positron guotion would be offset
by the loss opositron extractiorefficiency due tocollisions with the walls of the smaller
array cross section. A decrease in spot s@a@ld possibly be obtaineldecause of better

electrostatic focusing due to the smaller mattans
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Appendices
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Appendix A The Band Reject Filter

The high amplitude r¥oltages applied to the bunching electrode were picked up in the
anode coaxial cable of the detector. The result was a sinusoidal structure superimposed on
the detected pulse. The first attempt to correct this was to house the detector within an
aluminum enclosure, which served as a faraday cage and offered rf shielding to the detector.
Unfortunately, the sinusoidal structure was not removed from the output, indicating the rf
was being picked up by the coaxial cable connecting the detector to itenthisdar.

A notch filter is a band reject filter with a high quality factQr, The quality factor of a
filter is the ratio of the central frequency to the bandwidth of the filter. A Qidir a notch
filter indicates the rejection of a narrow range iqluencies about the central frequency.
This means the filter would be capable of attenuating the rf picked up by the detector while
allowing the signal pulses to pass through to the discriminator. A series resonant trap can be

seen irfig. A.1.

/{ Ayl
(0

Fig. A.1. Series resonant trap in parallel with the signal path.

This series LC circuit is shunted across the signal path and offers low impedance to incoming
signals with frequencies at the resonant frequency of the filter and high impedance at all
other frequencies[66] At resonance, a series LC circuit acts as acts as a short @it

therefore if the incoming signal is at thesonant frequency, it is shunted away from the
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signal path and straight to ground. For all other frequencies, the pulses bypass the filter and
continue along the signal path.
The resonant frequency of a notch filter can be determined using:

f:1_59 Al

JLC

wheref is the frequency in MHzZ.i s t he i nducQisinpfeThe fiterwad and
designed to attenuate signals with a frequency of 50MHz usAtdapf capacitartherefore

the desired inductor must be design. Simply rearrangmaA.1 allows the calculation of

the strength of the inductor required to produce in a resonant LC circuit at a given frequency
and capacitance.

| = 25280 A2
f2C

Assuming a capacitance of 7pf, the required
An air core inductor with an inductance of approximately 1.4puH must be wound to

produce a resonant circuit for the notch filter. The inductance of an air wolembil can

be estimated usingg#.27. Assuming adiameteo f 0. 50 and a | enagth of

17 coil solenoid would pr oducneecanrhenbedatiect anc e

to 6.88 pf.



