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1. Abstract

Fluoro-deoxyglucose (FDG) labeled with fluorine-i58commonly used in
positron emission tomography (PET) imaging. PETgmg is a powerful tool used
primarily in the diagnosis and management of cantiee growth of PET has been
limited partly by the difficulties associated inoducing fluorine-18. This project
involves a theoretical investigation of a novel hoet of producing fluorine-18
utilising proton generation via tiele(d,pfHe nuclear reaction.

Currently the most common method of producing fluerl8 for PET is
with a medical cyclotron that accelerates protansnega-voltage energies. These
protons are then directed onto a target rich ingexyl8. This initiates the
80 (p,n)°F reaction to produce fluorine-18. THele(d,pfHe reaction, utilized for
the present study, has a Q-value of 18.35 MeV il results in protons being
produced at energies similar to that produced mnedical cyclotron. This reaction
was investigated as an alternative proton sourceh®'®0(p,n)'®F reaction. The
expected advantage of this method over the cyelagdhat particles need only be
accelerated to keV energies rather than the teried that a medical cyclotron
accelerates protons to. This is expected to swamfly reduce the cost and
associated size of the system.

Two systems based on th#de(d,pfHe reaction were designed and
calculations were performed to determine the raspegields of fluorine-18. The
first system involved separate targets for¥e(d,pfHe and®O(p,n)*F reactions.
Helium-3 ions are initially fired onto a deuteratptastic target. A heavy-water
(H.0") target is placed immediately behind this plaséioget to absorb mega-
voltage protons produced by the reactfbte(d,pfHe in the plastic. The second
system involved a single, super heavy wateiOf¥) target onto which helium-3 is
fired so that both théHe(d,pfHe and*®0O(p,n)*F reactions can occur concurrently
in the one target.

The input parameters of energy and beam currenthi®rhelium-3 beam

required for théHe(d,pfHe reaction were selected on the basis of th@pagnce




of currently available ion sources and in particutae saddle-field ion source.
Practical considerations such as radiation safetget degradation and lifetime and
ultra high vacuum (UHV) issues were also investidato further determine the
feasibility of the two systems.

With the beam current and energy at the extremdsliof the saddle-field
ion source it was calculated that insufficient fine-18 could be produced daily to
supply a PET facility with FDG. It was also fourigat the high helium-3 beam
currents and energy required to produce signifieambunts of fluorine-18 resulted
in prohibitive temperature rises in the targetst twauld likely result in target

vaporization.




2. Aims and Motivation

Positron Emission Tomography (PET) is a nuclear iomeel imaging
modality with great potential for applications im&logy and other medical fields.
However, the major inhibitor to the widespread o$d’ET clinically has always
been its higher associated costs compared withr athelear medicine imaging
procedures (Ruhlman et al, 1999). These increaseds coriginate from the
expensive equipment and tracer pharmaceuticalsiasso with PET as well as the
common requirement for additional infrastructure RET procedures (Ruhlman et
al, 1999).

Currently, the most common method of producing widely used PET
pharmaceutical, Fluorodeoxyglucose (FDG) is withmadical cyclotron. Such
cyclotrons have high initial and ongoing costs,uieg] major infrastructure, are
highly resource intensive and require highly skilfersonnel to operate. Because of
these limitations the growth of PET has been retrdnd PET facilities have
generally been congregated around centrally locatgdotrons that provide
radioisotopes for a number of PET facilities. Imgel such congregations have
centred on major cities and this has provided mkgjgistical problems for rural
centres with patients requiring PET scans.

It is the aim of this project to investigate thehrical feasibility of an
alternative method of producing FDG centred on>tie(d,pfHe nuclear reaction
and using a 1 MeV helium-3 beam. This would nedhte need for a centrally
located cyclotron. Practical issues are superficidiscussed to put the technical
feasibility into context, but it is not the aim dthis project to perform a full
feasibility study. It is anticipated that a systewould be developed that can be
installed and operated in any PET facility as ameénFDG is required. This would
greatly assist the growth of PET patrticularly irtgional and isolated areas.

Conceptually, two different systems based on°the(d,pfHe reaction are
investigated using theoretical calculations of FIp&d. Practical considerations for

these systems are also briefly investigated.




3. Introduction

3.1 Postron Emission Tomography (PET) and its Applications

Positron Emission Tomography (PET) is a powerfultabelic imaging
technique that has been shown to impact signifigasmt the treatment of patients
(Bailey et al, 2004). PET is primarily utilised wncology but is also used in
cardiology and neurology. To perform a PET scaadiopharmaceutical containing
a positron emitting isotope is injected into theigr@. The most commonly used
radiopharmaceutical is Fluorodeoxyglucose (FDG)ictvhutilises fluorine-18 as the
positron emitter. After a period of time to allohet FDG to be transported around

the body and metabolised, the PET scan is perfoimyeplacing the patient at the

centre of a ring of coincidental X-ray detectorsyaily scintillation detectors.

Fig 1 Photograph (frontal view) of a hybrid PET-CT scanner showing the
PET ring detector system (red ring). There are up to 250 block
detectors in the ring. Drawing shows a detector block with 8 x 8 smaller
scintillation crystals (green and orange rectangles) linked to four
photomultiplier tubes (blue circles). The PET ring is in the PET gantry
at the back, but is shown for ease of illustration at the front. Adapted
from Kapoor et al, 2004.




FDG is a glucose analogue and is absorbed and otistdb in the body the
same as glucose. It is the imaging of the metalpsbcess that is clinically useful.
Because of the decay of fluorine-18 in the FDG e, positrons are produced at
the sites of FDG uptake. These positrons can mosboat distancel{l-3 mm)
before coming to rest and into contact with antetecwhere the particles annihilate
and two photons, each of energy 511 keV, are pexiuthis energy is equivalent to
the electron/positron rest mass and as a conseguehdhe conservation of
momentum, the photons depart in opposite directiddsce these photons leave the
patient the ring of detectors can detect them. plaa of detectors both register a
photon within a small time interval known as theifcidence time window’
(Sprawls, 1993) the straight line between the twtectors, known, as the ‘line of
response’ (LOR) (Sprawls, 1993), can be storedtaligi A large number of
acquired LOR’s can be used to reconstruct an iatemage of the distribution of
FDG in the patient. Image intensity will providareap of FDG metabolism in the

patient, which can provide unique diagnostic infation.

3.1.1 Clinical Applicationsof PET

At present PET is used clinically for three mairas of diagnosis and
management:
» Cancer diagnosis and management
» Cardiology and cardiac surgery
* Neurology and psychiatry.
(Bailey et al, 2004).

PET has revolutionised the management and diagmdsimsany types of
cancer. It has been shown that PET has alterednpatianagement significantly in
more than 25 % of patients of all cancer patients @ to 40 % for some specific
diseases (Bailey et al, 2004). Specifically, PES haen found to have use in the
diagnosis of malignancy, such as in differentiatingalignant from benign

pulmonary nodules. PET is also beneficial for gngca known malignancy as FDG




uptake correlates with the degree a tumour is matiy One of the most important
facets of PET in oncology is in staging the disdasgetermine how wide spread the
disease is in the patient. PET can also be usknhiog treatment to determine how
much, if any, of a tumour is still viable (Baileyad, 2004).

Fig 2 An example of an FDG PET scan used in Oncology. Image shows
increased uptake of FDG within the primary malignancy (arrow). There
is increased FDG uptake in a soft-tissue mass (arrowhead). B,
accumulation of FDG in the bladder. Biopsy results confirmed small-cell
lung cancer. Adapted from Erasmus and Sabloff, 2008

In cardiology two things are currently tested usiRigT. Firstly, Rubidium-
82 PET can be used to measure myocardial perfusioassess the functional
significance of coronary artery disease. This esstentially measures blood flow
and is expected to increase in demand in the nearef (Bailey et al, 2004). The
second test that PET can be used for in the fielthadiology utilises FDG PET to
assess the viability of a jeopardised myocardiums Ts important because the risks
and benefits of medical treatment in advanced @xoartery disease are dependent
on the condition of viable but hibernating myocardi(Bailey et al, 2004).




Evolving fields in which PET is proving successtde in the fields of
Neurology and psychiatry. Its applications in tiétd include management of brain
tumours and the pre-surgical work-up of patienthepilepsy resistant to standard
medical therapies. PET has also been shown toedxe# other methods for
diagnosis and differential diagnosis of dementiail@ et al, 2004).

3.1.1.1 Positron Decay

Positron decay is the form of beta decay that acouproton-rich nuclei. In
positron decay the nucleus achieves greater dtabyi converting a proton into a
neutron in the nucleus by nuclear transmutatiore géneral equation for positron
decay is:

XY+ BT +0+Q 1)

Where: X = parent nucleus
Y = daughter nucleus

B" = positron
U = neutrino
Q = energy

A = Atomic mass number
Z = Atomic number

The daughter nucleus has an atomic number ondHaassthe parent so the
daughter must eject an orbital electron to baldheecharge within the atom. This is
often achieved via the process of internal conweersvhere the nucleus supplies
enough energy to an orbital electron to overconeehiinding energy and exit the
atom. In this scenario both a positron and an eladbhave been emitted from the
atom so the daughter nucleus must be at least lwotr@n masses lighter than the
parent nucleus.

3.1.1.2 Annihilation

Once Positron decay has occurred the positron rsesethe surrounding
matter, undergoing the same type of interactionamaslectron does. This includes

ionisation, excitation and bremsstrahlung procesassthe positron loses energy,

7




the annihilation cross-section increases and eaéntthe positron will combine
with a nearby electron. For a short time a likeler is that a metastable species
called positronium is formed where the positron atettron revolve around their
combined centre of mass. Positronium is a non-ancleydrogen-like element that
has a mean lifetime of around 18econds, after which the positron and electron
annihilate.

During the annihilation process the combined etectind positron mass is
converted into energy according to Einstein’s eilguat

— 2
E =mc )

Where: E = Energy
m = relativistic mass
¢ = the speed of light in vacuum
As the positron and electron are essentially dts@ssequent to annihilation
they each have a total energy equal to the resggred approximately 511 keV.
This yields 1022 keV energy from a single electpositron annihilation event and
this energy usually manifests as two photons of E\. In less than 1 % of cases
three photons are produced at about 340 keV (Bail@}, 2004). In the two photon
case the conservation of momentum requires thapliwgons travel in opposed
directions. An example of positron decay followadpwsitron/electron annihilation
is shown in figure 3 for the decay of fluorine-18.
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Fig 3 Positron decay of fluorine-18 to oxygen-18 with subsequent
positron/electron annihilation. Adapted from Bailey et al, 2004.

The nature of the positron decay and the annibilatevent are both
important for producing good PET images. The gredkee positron energy
following positron decay, the greater the rangeilithave before slowing enough to
annihilate with an electron. It is the point at ahithe positron is produced that
ideally is of interest in PET. However, it is theiqt of annihilation that is detected
via the product photons. Therefore, the greateptsitron range the less valid is the
approximation that the point of positron emission @ghe point of annihilation are
essentially the same. This results in a decreasenamge resolution as positron
energy increases. Another mechanism in which mosiemergy affects resolution
involves the concept that the annihilation photares emitted exactly opposite one
another. This concept only holds true if the positand electron have zero velocity
at the time of annihilation. If there is some véipthen the annihilation photons
will have a component of momentum parallel to tedocity. Hence, the Line Of
Response (LOR), which is the line connecting twin@dent detectors, for this
event will not intersect the point at which the @aiflation reaction occurred causing

blurring of the image.




3.1.2 Positron Emitters

The properties of the positron emitting isotope aften the source of
limitation for PET images. The half-life of the tepe has implications for
producing fluorine-18 when the physical distanceMeen production facilities and
the patient is large as well as for subsequentodapof waste from the imaging
process. Radiation safety in manual handling ofisb&ope depends on half-life and
the quality of emitted radiation. The emitted pasit energy influences image
guality due to the reasoning outlined in the prasigection. Isotope half-life also
influences image quality because a short halfd#fsults in increased activity and
hence more counts are registered by the dete&sutting in better statistics.

The chemical properties of the positron emitter al® important. The
isotope must be able to be tagged to a moleculeishagreferentially taken up in
some organ of the body and so able to indicate @aalecondition. The positron
emitter must also be non-toxic to the patient aotl decay to a toxic species.
Another important feature of a positron emitter ifisr suitability for PET is that it
can be produced relatively cheaply and easily atsl synthesis to a
radiopharmaceutical must also be relatively stitafigiward and inexpensive.

3.1.2.1 Fluorine-18

Fluorine-18 tagged to FDG is the most commonly uB&I radionuclide
(Bailey et al, 2004). Usually fluorine-18 is proagcin a Medical cyclotron. Its half-
life of 110 minutes is well suited for PET in thieprovides high enough activity to
produce acceptable count statistics in PET scanaimyis long enough to allow
transport of up to about 200 km from the cyclottonthe PET scanner (Ruhiman et
al, 1999). fluorine-18 decays primarily by positremission (97%) and by only a
proportionately small amount by Electron Capturé)3IBailey et al, 2004). Upon
decay of fluorine-18 positrons have a maximum kinenergy of 0.635 MeV
resulting in a maximum linear range in tissue of 2am, which allows for a
resolution limit of approximately 5 mm (Ruhlman at, 1999). Fluorine is

biologically inert and fluorine-18 decays to oxyge8, which is also biologically
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inert. Fluorine can be substituted for hydrogemainy compounds (Sprawls, 1995)
and its synthesis into FDG has become common peacti

3.1.2.2 Other Positron Emitters

Carbon-11, oxygen-15 and nitrogen-13 are the nexdétroommonly used
PET isotopes after fluorine-18 (Bailey et al, 20@jtensive research has also been
made for using other positron emitters such asohadogens like bromine-76,
iodine-122 and iodine-124 and with a number of tsetacluding copper, gallium
and rubidium isotopes. Physical properties for saommon PET isotopes are
presented below (table 1).

Table 1 Physical properties of a selection of common positron emitters used for
PET (Bailey et al, 2004).

| sotope Half-life Decay Modes (%) | Max B Energy

(MeV)

fluorine-18 109.8 min B*(97) EC(3) 0.635
carbon-11 20.4 min B*(100) 0.96
oxygen-15 2.1 min B*(100) 1.72
nitrogen-13 9.9 min B*(100) 1.19
bromine-76 16.1 hours B*(57) EC(43) 3.98
iodine-122 3.6 min B*(77) EC(23) 3.12
rubidium-82 1.25 min B*(96) EC(4) 3.15

3.1.3 Fluorodeoxyglucose (FDG)

Fluorodexoyglucose, FDG (2%F]fluoro-2-deoxy-D-glucose) is the most
used and most studied PET radiopharmaceutical. FD& glucose analogue and
hence, its uptake and metabolism in the body islairto that of normal glucose.
FDG PET was originally used for diagnosing chanigethe heart or brain but is
now used principally for oncology (Ruhlman et &99).
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3.1.3.1 FDG Synthesis

The production procedures of FDG differ slightlyrfr manufacturer to
manufacturer and only limited information is avhl& about these procedures
(Ruhlman et al, 1999). Biochemically, FDG is a mysiological analogue of
glucose and the fluorine-18 labeling is initiallgcamplished by nucleophilic
substitution on 1,3,4,6-tetra-O-acetyl-2-trifluorethanesulfonyl-manno-pyranose.
(Ruhlman et al, 1999). From this, the acetyl groaps removed by a process of
hydrolysis in hydrochloric acid before the prodiscpurified chromatographically in
the presence of ion-retardation resin. At thisetidg product is acidic with a pH of
about 4. The solution is made neutral by the amidinf a specific amount of
buffered Sodium Chloride before the solution undeggsterile filtration to yield 2-
[*®F] FDG with a pH of 7 that can be used for PET (ian et al, 1999).

Once synthesised FDG is a sterile, colourless gt liyellow, non-
combustible liquid. A typical batch has a volumeatout 14.5 ml and a specific

activity ranging between 1 and 10 GBagiol (Ruhiman et al. 1999).

Fig 4 The TRACERIab FXg.g system for the synthesis of general fluorine-18
tracers via electrophilic substitution with [**F] fluorine in the form of F,.

FDG synthesis does not approach 100 % efficiengyo Thodern systems
have been shown to have efficiencies of 69 % anth38spectively (Yuan-Hao Liu
et al, 2006). Quality Control (QC) testing is mataaiya post synthesis, resulting in a
further reduction in fluorine-18 activity. Typicgll QC testing takes about 30

minutes and thus the amount of activity availableifijection is about 40 to 50 % of
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the starting activity. For the purposes of thidgtthe upper limit of 50 % loss of

activity between fluorine-18 production and injectiwill be used.

3.1.3.2 FDG Dosage

The dosage of FDG required for a single patienh ssadependent on the
type of scanner being used, the target organ tmiagned and the required image
quality (Ruhlman et al, 1999). FDG dose is prestim terms of activity and for a
single scan the administered activity can rangmfi®5 to 740 MBq, although the
majority of centres use dosages ranging from 188370 MBq (Ruhlman et al,
1999). Children receive smaller dosages of 96 MBlgss. These dosages allow for
decay between the time of administration and tme f scan. This time period is
usually 30 to 60 minutes after injection to alldve tFDG to be transported around
the body and the metabolic process to begin. Itileasn estimated that administered
activity will increase in the future in the quest fmproved image quality. A recent
study by Everaert et al, (2003) recommended thitB8 per kilogram of patient
body weight was required to produce high qualitages.

32 The®O(p,n)"®F Reaction

The ®0(p,n)®F reaction is the most common reaction used talyme
fluorine-18. This is because of the relative easth which oxygen-18 can be
obtained. Oxygen-18 has a natural abundance oft&® % (Krane, 1988) and can
easily be produced commercially by the fractiondtidation of natural water
(Fawdry, 2004). The technique is based upon thepsoeffect where there is a
small preference to remove the lighter isotopehim distillate leaving the heavier
isotopes to concentrate in the residue. After mldgtdistillations the composition of
the residue tends towards@?® with more than 95 % enrichment (Fawdry, 2004).
This so called ‘super heavy water’ is ideal for us¢his project (see section 4.4.2),
but **0, gas can be produced from@?® by electrolysis and later combined with
Hydrogen gas to form 4@;s.

The Q-value for the'®O(p,n)°F reaction is approximately —2.4 MeV
(Nickles et al, 1986). And protons of such energn easily be produced in

cyclotrons, Van De Graaff generators and high-endigear accelerators. This
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relatively small Q-value is another reason why tf@(p,n)®F reaction is most
commonly used for fluorine-18 production.

Extensive work has been performed to determine'3ép,n)®F reaction
cross sections for various incident proton enerff@ésvanga et al, 1990, Blair and
Leigh, 1960, Bair, 1973.). The results of this wane presented in the paper by
Takacs et al (2003). From Takacs’ compilation*%(p,n)®F cross section data,
selected data was modeled with a Pade fit whicla igersion of spline fitting
(Takacs et al, 2003). Major resonances in the ai@accounted for in the fit but an
associated error between 15 and 30 % is obsefvakiacs’ fit provides an update to
the recommended cross section data published byAE® in 2001 as new data has
been included in the fit (Takacs et al, 2003). Tdmmmended cross section data of

Takacs for thé®0(p,n)*F reaction is presented (figure5).
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Fig 5 Recommended Cross sections for the *0(p,n)*®F reaction. Takacs et
al, 2003.

Figure 5 shows that in the incident proton enesgyge of 0 to 30 MeV the
cross section for théO(p,n)®F reaction is maximum at about 5 MeV. At this
energy the cross section is 498 mbarn though ott@rualaims a cross section of

approximately 600 mbarn at this point (Kitwangaakt1990). Figure 5 shows that
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the cross section is 0 below about 2.5 MeV, rasglfrom the 2.4 MeV Q-value of
the reaction. Between 2.5 MeV and 10 MeV the csxsgion data appears quite
noisy with a number of resonance peaks. Some ofmidger peaks in cross section
are seen at 4.3, 6 and 7.2 MeV where the cros®seare 363, 465 and 342 mbarn
respectively. Above 10 MeV the fit is smooth anddyrally declines at a decreasing
rate. This region has been smoothed due to thd somaber of data sets available in
this region and the inconsistency between the thatiis available (Takacs et al,
2003).

3.3 Cyclotron Production of Fluorine-18 Utilizing the **O(p,n)"®F
Reaction

The most common method of producing nucleophiliofine-18 for PET is
via the'®O(p,n)®F nuclear reaction induced by megavoltage prosmeelerated in
a cyclotron (Bailey et al, 2004). Although fluoria@ is the predominant
radioisotope used in PET an advantage of usingltcyn is that other useful PET
isotopes such as carbon-11, nitrogen-13 and ox§§ecan also be produced with

the same system.

Fig 6 The CTlI RDS111 Medical single particle cyclotron commonly used for
the production of fluorine-18.
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Cyclotrons used for PET isotope production gengraime in two main
forms, either single particle cyclotrons that aspable of accelerating protons to
about 10-11 MeV or dual particle 18 MeV cyclotroffiat can accelerate either
protons or deuterons. It is the single particlelayons that are most commonly
used, as they are cheaper to buy initially. Howgesteal particle cyclotrons have the
advantage of being able to produce Bromine-76 niedi24 and Copper-64 positron
emitting isotopes in addition to the four commootapes already mentioned.

A cyclotron operates by accelerating charged gegiin electromagnetic
fields. At the centre of the cyclotron an ion s@upcoduces negatively charged ions.
These ions are singly ionised hydrogen in protorekecators. A magnetic field is
applied and causes the hydrogen ions to travel iareular path around the
cyclotron. Two powerful Dee shaped electrodes dwated on either side of the ion
source. Electric fields between the dees accelénatparticles with each lap around
the cyclotron. The polarity of these electric fieldre reversed at the cyclotron
frequency so that the particles are acceleratedy euw@e they come to the gap
between the dee’s (twice per lap). The acceleratfahe particles causes their path
to become a spiral of ever increasing radius olgethe Lorentz force law until the

particle energy becomes large enough so that thiégle with a stripping foil.
F=q(E+vxB) @)

where: F = force
g = the particles charge
E = Electric field strength
v = particles velocity
B = magnetic field strength

At the stripping foil the hydrogen ion’s (Helectrons are stripped away
leaving a positively charged proton. Because o thiange in charge from negative
to positive, the curvature of the proton’s orbittire magnetic field reverses. The
proton is thus targeted onto a®¥® target for fluorine-18 production. The protons,

whose energy is now in the order of 10 to 20 MeW iteeract with the oxygen-18
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to initiate the'®O(p,n)'°F reaction and hence produce fluorine-18 (Spra®985).
Single-particle cyclotrons can typically produceegpximately 111 GBq of fluorine-
18 in an hour of beam on time, which can be symkdsnto approximately 37 GBq
of FDG. This is sufficient for 10 to 20 patient PEdans (Ruhlman et al, 1999).

PROTONf: E
¥~ . Stripping

Foil
A 3
~.Target To Be Made
Radioactive

Fig 7 Schematic diagram of a Medical Cyclotron. Adapted from Sprawls,
1995.

3.4 Alternate Production M ethods of Fluorine-18

3.4.1 Alternate Methods using the **O(p,n)*®F reaction

3.4.1.1 Linear Accelerators

Megavoltage protons for initiating th&O(p,n)®F reaction to produce
fluorine-18 for FDG synthesis have been acceleratsitlg high energy linear
accelerators. One such linear accelerator is theSRR system developed by
Accys Technology Inc. The PULSAR system targets @/Mprotons at about 100
MA onto an oxygen —18 water target (Robinson and irHai997). For a 1 hour

irradiation with a beam of these specificationb55Bq of fluorine-18 is produced.
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3412 Lasers

Promising research and development is currentlyomggtowards using a
laser system to produce fluorine-18. This reseahdws much promise but has yet
to produce a system that has been used clinicitilyhas been shown that
laser/plasma interactions can accelerate protorenésgies up to about 58 MeV
(Fritzler et al, 2003). When a laser is focusedhiggh intensity onto solid targets a
plasma is created. Free electrons within the plagadily absorb the photons of the
laser and are accelerated in the process. Theeaatsd electrons propagate through
the target and set up a space-charge field whenetkie (Fritzler et al, 2003). This
sets up a strong static-electric field that caneksrate ions perpendicularly to the
target surface. Protons from the plasma are hemcelaated with a broad
Maxwellian-like spectrum that can be used to itgtithe (p,n) reactions such as the
80(p,n)®F reaction to produce fluorine-18 or other positremitting isotopes
suitable for PET (Fritzler et al, 2003).

Most research involving lasers for medical isotgpeduction has utilised
large Nd:Glass lasers (Fritzler et al, 2003). Sladers have a repetition rate of
about one shot every 20 minutes and although &esvin the order of 100 kBq of
medical isotopes have been produced the low repetitate has limited their
practical use (Ledingham et al, 2004). An examglex dNd:Glass laser used for
research as a fluorine-18 producer is the petavaittan laser at the Rutherford
Appleton Laboratory. Using this laser Ledinghamakt2004 produced protons of
energy up to 50 MeV with laser peak intensity a&t@%W.cm?. These protons were
then targeted onto a,8" target from which 100 kBq of fluorine-18 were puoed
via the®®O(p,n)'*F reaction (Ledingham et al, 2004).

At present the research revolves around smalléteteop” sized lasers such
as Ti:sapphire lasers that have repetition ratélerorder of 10 Hz. If such a laser
could be used to produce clinically adequate ansoohisotope then it would have a
number of advantages over current techniques.l\gitste accelerating fields can
exceed GV/m, cutting down the accelerating lengtliehs of microns. Secondly,
such laser systems are quite compact and cheapthénatly, no shielding for

radiation protection is needed up to the point wi@ptons are produced (Fritzler et

18




al, 2003). Using such a Ti:sapphire laser operate8l x 16° W.cmi? at repetition
rate of 10 Hz for 30 minutes, Fritzler et al marchge produce 13 MBq of carbon-
11 and this can be extended to GBq using similserkawith kilohertz repetition

rates. Similar results were found with fluorineg®duction (Fritzler et al, 2003).

3.4.2 Methods using alternate reactions

3.4.2.1 Cyclotrons

The *®0(p,n)®F reaction is not the only reaction from which oyabns have
been used to produce fluorine-18. Other reactioseduhave included the
“Ne(dp)**F and thé®0(He,p)°F reactions.

34211  *Ne(dp)®r

The method of producing fluorine-18 via th®Ne(da)'®F reaction is well
established (Guillaume et al, 1991). Several inddpet centres (Casella et al, 1980,
Blessing et al, 1986, Guillaume et al, 1991) haudinely produced Carrier-Added
fluorine-18 with this reaction. The method thesatees use is ostensibly the same
with some small variations in some of the physpaiameters. The method involves
bombarding high pressure Neon gas (up to 25 bah) moderate energy deuterons
(11 to 14 MeV) accelerated in a cyclotron. The ngas used for the target is
required to be 99.998 % pure and in particular adedbe free of carbon oxides,
nitrogen and fluorocarbons which can drasticallfeef the chemical form of the
recovered fluorine-18 (Guillaume et al, 1991). Témget body is preferably made of
nickel and a small amount of fluoriné %) is added to the Neon prior to
irradiation. These two factors aid the fluorinerg8overy process. In the absence of
added fluorine, fluorine-18 diffuses to the targeil and is chemically absorbed as
nickel fluoride. When carrier fluorine is preseexchange of nucleogenic fluorine-
18 competes with surface absorption and recovefjuofine-18 becomes possible
(Guillaume et al, 1991). fluorine-18 yields of ©p31.9 MCijlA have been reported
(Casella et al, 1980) but difficulties with nickelrgetry and gas handling systems

for the neon/fluorine target are problematicalrfmutine use (Guillaume et al, 1991).
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3.4.21.2  ®OCHe,p)°F

The '®O(CHe,p)® reaction has been researched for use in producing
fluorine-18 for PET imaging (Tilbury et al, 1970isBop et al, 1996). Thick target
yields from this reaction are low compared with ffiee(da)'®F and**O(p,n)*F
reactions but it has the great advantage of usmgnexpensive target material
([*°*0]H,0) (Bishop et al, 1996). Megavoltage helium-3 ifation of water
primarily yields fluorine-18, but a large numberather products are produced with
half-life of 2.1 minutes and less (Tilbury et aB7D). In the work of Bishop et al
(1996), it was found that irradiation of oxygen-kéter with a 26.8 MeV helium-3
beam could produce a saturation yield of up to 3di/pA for an electroformed
Nickel target. Such a target allows for 89 % recgw# the product fluorine-18 and
it has been estimated that a typical productioe iy@adiation could produce enough
FDG for two patient PET examinations (Bishop etl@96). For practical feasibility
a higher yield is required. This can be achieveihbyeasing the helium-3 energy to
about 40 MeV, however such energies require powaduaelerators that are not
common and are expensive to operate. For this mesd®0(He,p)°F reaction is

not routinely used for fluorine-18 production (Gailme et al, 1991).

3.4.2.2 Nuclear Reactorsand Van de Graaff Generators

Nuclear reactors have been extensively studied tii@ production of
fluorine-18 (Guillaume et al, 1991). It has beenrfd that reactors capable of a
thermal neutron flux of 1.0 x 1dcm?s* can produce sufficient fluorine-18 (1 to 4
MBq) to produce quantities of FDG useful for PETu{iidume et al, 1991). The
procedure to produce fluorine-18 in a reactor ifva step process. First, the
thermal neutrons produced in the reactor are imtid® a Lithium target. The
Lithium target is usually in the form of 4C€O; but LIOHH,O or LINO; have also
been used (Ramirez et al, 1992). The Lithium taigeenriched in Lithium-6
(Tilbury et al, 1970) and is either in the dry stair is moistened with doubly
distilled water. When thermal neutrons impinge be lithium target th&Li(n,a)t
reaction occurs. The tritons produced in this ieacare then free to travel through

the target, possibly coming into contact with oxydé atoms where the
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%O(H,n)'®F reaction can take place producing fluorine-18e Target must be
chemically treated to acquire the fluorine-18 ahid process produces significant
practical difficulties, primarily due to the needl isolate the product from tritium
and Lithium (Guillaume et al, 1991).

Another method of producing fluorine-18 using tf®(H,n)'®F reaction
involves accelerating the tritons to 3 MeV direailsing a Van de Graaff generator
(Tilbury et al, 1970). This method is advantageiouhat while tritium must still be
removed from the product, the lithium target is nequired making the chemical
separation of fluorine-18 less complicated. Diffies in acquiring and storing
tritium and the associated radiation protectioruasfave limited this method of

fluorine-18 production.

35 The®He(d,p)*He Reaction

Helium-3 fusion with Deuterium to produce heliunadd a proton is a well
known reaction due to interest in it as a sourcéusion power. One of its most
attractive features for fusion power is its Q-vahiel8.35 MeV (Geist et al, 1999).
As most of this energy goes to the proton due toseovation of momentum
considerations (see section 5.3.4) IHe(d,pfHe reaction can be used as a source
of megavoltage protons.

Helium-3 is a relatively rare helium isotope witlataral abundance of
approximately 1.38 x 10 % (Krane, 1988). It is naturally produced viaitrit
decay. Helium-3 is relatively difficult to produ@s demonstrated by proposals to
mine it on the moon where there are large depdsisvever, helium-3 can still be
purchased relatively easily from companies sudic@s Isotopes Ltd, Spectra Gases
Inc and Chemgas Inc.

The ®He(d,pfHe reaction cross sections for various incidenttiga
energies have been the subject of research siec&380’s (Bonner et al, 1952,
Moller and Besenbacher, 1980 & Geist et al, 1988}.energetic helium-3 particles
onto stationary deuterium atoms over the energgedhto 1000 keV, the work of
Moller and Besenbacher, (1980) is the most commste. Moller and

Besenbacher determined total cross sections framompryields measured with
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surface-barrier detectors. Helium-3 ions were are&td using a Van der Graaff
generator. A mathematical function was fit to theasured data and is presented as

equation 4 and figure 8

g2(Ce™ +E)
EB +Ce—D£ + E (4)

Ot = A

where: Otot = total cross section in millibarns
€ = Helium-3 laboratory energy in MeV
A, B, C, and E are fit parameters

A=1577x10
B =3.53
C=2.921x 10
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E=7.93x10
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Fig 8 Recommended Cross sections for the *He(d,p)*He nuclear reaction.

Moller and Besenbacher, (1980).

The fit describes the cross section with an acguode 1.5 % at energies up
to 1 MeV. Accounting for experimental errors in thata it has been estimated that
the fit describes the total cross section for fhe(d,pfHe reaction with an

accuracy oft 4 % up to a centre-of-mass energy of 500 keV andcauracy of: 5
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% up to 1 MeV (Moller and Besenbacher, 1980). Cresstion data reported in
previous literature differ typically by approximbté % but as much as 30 % at the
peak. (Moller and Besenbacher, 1980). Moller angeBbacher also found the
differential cross section to be isotropic to withi % in the centre-of-mass system.

3.6 Heium-31on Sources

To produce mega-voltage protons using He(d,pfHe reaction the first
required process is to accelerate helium-3 nuol@rtergies of between about 300
and 1000 keV. At these energies tfide(d,pfHe reaction cross section is
maximised (Geist et al, 1999). Work has been ua#ert in both industry and
research to produce ion beam sources of varyingacteistics to fulfill a number
of applications including those associated with b@am milling, ion beam etching
and sputtering.

To initiate the®He(d,pfHe reaction an ion source is required with fairly
specific characteristics. The source must be capatblirst ionising inert gas atoms
and then accelerating the inert gas ions to ereigi¢he order of hundreds of keV.
A high beam current of protons is required to po®lfiluorine-18 and this means
that an even higher current of helium-3 is requidompensate for inefficiencies
in producing protons via thi#de(d,pfHe reaction. The highest current negative ion
beam source capable of producing kilovoltage ioargies was a Plasma source
developed by Kuroda, 1997. Kuroda’s source is cliepabproducing negative ions
at 120 keV at a beam current of 16 A. Such a soisrexpensive, dangerous and
could cause significant thermal damage to a deutefiarget, but represents an
upper limit in ion beam current for negative iouges.

As it is hoped to eventually use the device clitycdhere are a number of
practical considerations that an ion source mugttn#es the device is intended to be
operated by medical staff without specific knowledsf ion sources then the ion
source must be simple and safe to operate, reliand require minimal

maintenance.
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3.6.1 Saddle-Field lon Sources

Based on the ion source requirements the saddékiia source seemed a
good possible candidate. The Saddle-Field ioncgoig a magnetic-field-free ion
source that operates at low gas pressure witheuh#ed for an electron emitting
filament (Godechot et al, 1990). The source @dis cold cathode, has a long
lifetime, is reliable and is rugged. It works byduting free electrons to oscillate
between two cathodes under the action of a DC fietdnks, 1984). Free electrons
in the vicinity of a cathode travel through the daaegion towards the opposite
cathode, where their motion is retarded and therlarated back towards the anode
region once more for the process to be repeated thi¢ other cathode. The
electrons oscillate about a central saddle poirthénpotential field with relatively
long path lengths before finally being capturedthy anode. Because of the long
path length, when a gas is allowed to enter indosiystem the chances of ionisation
are high. The ions formed travel radially towartle tathode and emerge along
straight paths (Franks, 1984). Saddle-field ionrses are by their nature area
sources. However, conversion to a narrow beam s#yeattained by collimation,
but at considerable loss of beam current. A schemét saddle field ion source is

given in figure 9.

Osciliating
electrons

Shield
electrodes
HT +
Anode
Beomn of ions +
energetic gloms
Fig 9 Schematic diagram of a saddle-field ion source.
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Saddle-field ion sources generally need to be ramiat at pressures of 10
to 10° mbar (Franks, 1979, Sarangi et al, 2000). Suclsspres limit undue
scattering of the beam.

The energy of ions produced in the saddle field soarce are reasonably
monoenergetic with an energy that is a fixed foacof the applied anode potential
(Harrold and Delchar, 1989). The ion beam currerddpendent on the path length
of the electrons oscillating about the saddle poliiterefore, to increase the ion
current an increase in the cathode separation brishade. It is this feature that
dictates the size of the saddle field ion sourdee Baddle-Field lon source of
Franks, 1984 produces a beam covering a circudar &ith diameter of 7.5 cm. The
source typically operates at 800 kV with a partitlex equivalent to 10 to 40 mA.
The calculations performed in this study are bagedhese parameters and are

easily achievable with Saddle-field ion sources.

Saddle-field ion sources can operate with threndisdischarge modes.

1. Oscillating mode_ Occurs at high voltage and lawspure and
the discharge is anisotropic because of electreadiating in the vicinity
of the symmetry axis of the structure. Electroncgpeharge is not locally
compensated by ion space charge. Probability ofsation is high
lending to high beam currents.

2. Glow discharge mode_ Occurs at relatively highspuee and
low voltage and the discharge is isotropic andeleetron space charge
is locally compensated by ion space charge. Eleobsxillation at the
Saddle-field region is significantly prevented legdto a loss in
ionisation efficiency and hence low relative beanrents.

3. Transition mode_ Occurs between the previously tioeead
modes. The transition pressure is dependent ongdoenetry of the
structure, the operating gas and the operatinggelt

(Godechot et al, 1990)
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According to Muggleton, 1991, saddle field ion smg have advantages
over other ion sources including

1. There is no filament and the device operates @lstttically; no
magnetic field is used.

2. The electrical supplies are fairly simple and irengive (compared
with duoplasmatron sources)

3. The source can be made small, is simple in corngirucand
inexpensive to manufacture.

4. Requires minimum of technical expertise in ion bsamoperate.
3.7 Sputter Process

3.7.1 Introduction

Sputtering is the phenomenon where atoms are retrfosm a solid surface
due to energetic particle bombardment (Zalm, 198®uttering was first observed
in 1852 by Grove but it was not until the 1900’sitthhe effect was found to be
caused by ion bombardment. Sputtering has beemsaxédy studied since and is
now used to glean information about the interactibatween ions and matter, for
surface cleaning and etching, thin film depositsurface and surface layer analysis
and for producing ion sources (Wasa and Hayakaw82)l The importance of
sputtering for this project concerns the integrity the targets after helium-3
bombardment. Processes such as sputtering caficagtly reduce target thickness
and reduce target strength influencing the tanfetirhe and fluorine-18 yields as
well as posing a possible safety issue concerrfiegUltra High Vacuum (UHV)

system.

3.7.2 Sputter Yield

Sputtering is quantified in terms of the sputtezldgiwhich is also known as
the sputter coefficient. The sputter yield, S,edfirted as the mean number of atoms

removed from the surface of a solid per incident(d/asa and Hayakawa, 1992).
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S= atomsremoved
incidentions

()

where: S = the sputter yield

The sputter yield can be determined empiricallyh®yfollowing methods:
1. Weight loss of target

2. Decrease of target thickness

3. Collection of the sputtered materials

4

. Detection of sputtered particles in flight

The sputter yield is primarily dependent on théahistopping power at the
target surface and the binding energy of the tafgetse parameters can be affected
by a number of factors of which the most dominantude:

1. Energy of incident particles
Projectile type
Target materials

Angle of incidence of incident particles

o > 0D

Crystal structure of the target surface

3.7.2.1 lon Energy
Sputter yield is highly dependent on the incidemts energy. The incident

ion energy can be broken into three distinct regionterms of sputter behaviour
(Wasa and Hayakawa, 1992).

1. The threshold region (E < 100 eV)

2. Low energy region (100 eV < E < 10 keV)

3. High energy region (E > 10 keV)

Below a threshold energy sputtering will not occlinis is almost certainly
related to the mechanism of sputtering and in 1$0@art and Wehner measured
reliable threshold energies for various material®e in the order of 15 to 30 eV
(Stuart and Wehner, 1962). In the low energy regiear the threshold the sputter

yield is proportional to the square of the incidemt energy. This relation continues
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until the incident ion energy is in the order of01€V. Above 100 eV the incident
ions collide with the surface atoms of the target the number of displaced target

atoms is simply proportional to the incident iorergy (Wasa and Hayakawa, 1992).

3.7.2.2 Target Materials

The key target feature that affects sputterindhes durface binding energy.
Before a particle is actually emitted from the &rgy must overcome the attractive
binding forces of the surrounding material. For¢hse of an atom being sputtered it
is often sufficient to assume a planar surface ibggbotential (Sigmund, 1981),
which acts to reduce the velocity of the emittednatperpendicular to the target
surface. For molecular sputtering the binding carsignificantly more complicated
(Urbassek, 1992).

The atomic number and weight of the target atome leasignificant effect
on the sputter yield. It has been shown that thetapyield varies periodically with
the target elements atomic number (Wasa and Haymka®92) with the yield
increasing consistently as the D shells are filledriodicity is also observed with
the sputtering thresholds.

The crystal lattice configuration of the targeteats the sputter yield.
Ordering within a lattice effectively shields suldfage atoms as they are directly
behind surface atoms in the ions path. This redtieeskelihood of an ion colliding
with the subsurface atoms and the ion is said tmarioel” (Zalm, 1989). The
magnitude of this decrease is dependent on thetliivahd “acceptance angle” of a
channel, which is determined by the density of atomows in the plane
perpendicular to the ions path (Zalm, 1989).

Sputtering of multicomponent materials is of reles&@ to this project and
has the feature of enrichment and depletion ofaserflayers due to sputtering
compared to purely single element targets (Zaln89)9According to the Linear
Cascade Model the energy and momentum during simgftes dependent on the
masses of atoms involved in the cascade. This tsesal different ejection
probabilities for the different types of atoms dfiah the target is composed. This

effect is dependent on the surface binding enedfiése component atoms.
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3.8 Stopping and Range of lons in Matter (SRIM) Monte Carlo
Program

3.8.1 Introduction

SRIM is a Monte Carlo software package that cauded to simulate the
behaviour of energetic charged particles in mager.this project SRIM was only
required for stopping power calculations. SRIM a#dtes the stopping and range of
ions (10 eV - 2 GeV /amu) into matter using a quanmechanical treatment of ion-
atom collisions. SRIM first became available in 22$d has since been extensively
updated. In particular, the stopping of relatigdight ions with energies above 1
MeV/amu has been improved and corrections havebssa made as extensive new

experimental data became available (Ziegler, 2004).

3.8.2 The Science of SRIM

In SRIM calculations, collisions between ions aajet atoms are treated as
coulombic interactions between the overlapping tedecshells. The ion also has
long range interactions with target atoms creagilggtron excitations and plasmons
within the target. These are described in SRIM tgluding a description of the
target's collective electronic structure and irtterac bond structure when the
calculation is setup. The charge-state of the idhiwthe target is described using
the concept of effective charge, which include®eity dependent average charge
state and long range screening due to the coleedtiectron sea of the target
(Ziegler, 2004).

3.8.2.1 Stopping of lonsin Compounds

The stopping of ions in compounds is very importanthe calculations of
this project. In the upgrade to SRIM-2003 significaffort was made to improve
the stopping calculations for ions in compoundsditronally, the stopping of ions
in compounds was calculated according to Bragdes, muhere the stopping power
of a compound is estimated by the linear combinatibthe stopping powers of its
individual elements (Ziegler, 2004). Bragg’s rulashbeen found to agree with

experimentally measured stopping powers in compsundapproximately 20 %.
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The inaccuracy of Bragg's rule is because the gnlexgs of electrons in a material
depends on the detailed orbital and excitationctire of the matter and is not
accounted for by a simple linear sum of individsi@ipping powers. Any differences
between bonding in elemental materials and in camg@s will cause Bragg's rule
to become inaccurate (Ziegler, 2004).

SRIM utilises a more sophisticated development i@fgg’s rule to calculate
the stopping of ions in compounds called the Cone-Bond (CAB) approach. The
CAB approach assumes that the stopping of ionompounds can be predicted
using the superposition of the stopping due toatoenic “cores” and then adding
the stopping corresponding to the bonding electr@isgler, 2004). The core
stopping is similar to Bragg’s rule in that thegiong component of each atom in
the compound is added linearly. The chemical baridee compound then contain
the necessary stopping corrections based on theenat individual bonds. SRIM
uses the CAB approach to generate corrections betvidragg's rule and the
compounds containing the common elements in congmuhydrogen, carbon,
nitrogen, oxygen, fluorine, sulphur and chlorinae@er, 2004). These bonding
corrections that are used in SRIM have been estadtom the stopping of
hydrogen, helium and lithium ions in more than Il&fmpounds generated by
experimental data from 162 experiments (ZiegleQ40Because for this project
protons and helium-3 are the ions of interest, SRE deliver stopping power
values with an accuracy of better than 2 % at #ekpf the ion’s stopping power
curves (approximately 125 keV/u) (Ziegler, 2004).

The CAB approach provides significant improvememtstopping power
accuracy compared to Bragg’'s rule, however, it do@ge its limitations. These
limitations include:

1. Errors when calculating stopping powers for conithgctnaterials. The
data for the bond corrections in SRIM is predomilyarbased on
experiments on insulating targets. For conductangets there may be an
error with the calculated stopping correction betog small because
theoretically, band-gap materials are expectedaweHhower stopping

powers then equivalent conductors because the smaitby transfers to
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target electrons are not available in insulatoi$ie magnitude of this
effect is still unknown.

2. The list of elements used for bonding correctiossincomplete. In
particular the light elements of helium, neon, ilith, beryllium and
Boron are missing. This is because of a lack inegrpental data. No
experiments have been performed on the stoppingnsfinto elemental
helium and data on the other atoms is consideredsparse by the
creators of SRIM for inclusion. The omission of Yiea target atoms is
less significant as experiments have shown thatc@mpounds with
heavier atoms the deviations from Bragg’s rule g&sr.

(Ziegler, 2004)

3.8.2.2 Stopping of High Energy lons
The stopping powers of high energy (E > 1 MeV/anarjs have many

components that are accounted for in modern BethehBtheory (Ziegler, 2004).
Modern approaches to Bethe-Bloch stopping are cexadh this approach two
significant components are not well described bryegheoretical considerations and
hence SRIM relies on empirical data (Ziegler, 2004)ese components are firstly,
the mean ionisation energy of the target and sdgptite shell corrections for the
target. The mean ionisation energy of the targetects for the quantised energy
levels of the target electrons and also any tameise correction. The shell
corrections for the target corrects for the Beth@cB assumption that the ion
velocity is much larger than the target electroekeities. For SRIM this term is
usually dealt with by detailed accounting of thatigk’s interaction with each
electronic orbit in various elements. Both the méamsation energy and shell
corrections are only dependent on target so theassumed to be the same for both
heavy and light ions (Ziegler, 2004).

When the target material is a compound rather thanatomic the stopping
of charged particles is conventionally describedBrgggs additivity rule which
claims that the stopping cross section of an akmdependent of its chemical and
physical environment (Sharma et al, 2004). Thisliespthat the stopping cross

section of a molecule is equal to the stoppingeestions of its constituent atoms.
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Limitations to this rule are widely known but ithdeen found that for projectile

speeds well above the stopping maximum, Bragg'sitiadg rule is obeyed
(Sharma et al, 2004).

3.8.3 SRIM Accuracy

The accuracy of SRIM has steadily increased wittheauccessive upgrade.

Table 2 shows the statistical improvements in SRMD3’s stopping power
accuracy when compared to both experimental datdaa8RIM-1998.

Table 2 Accuracy of SRIM stopping calculations (adapted from Ziegler, 2004)
Approx. data| SRIM-1998 SRIM-2003 SRIM-2003| SRIM-2003
points (within 5%) | (within 10%)
H ions 8300 4.5% 4.2% 74% 87%
He ions 6500 4.6% 4.1% 76% 89%
Li ions 1400 6.4% 5.1% 72% 83%
Be-U ions 9000 8.1% 6.1% 58% 82%
Overall 6.1% 4.8% 69% 86%
accuracy

Besides the stopping powers calculated by SRIMadhdr information from

the literature the design of the system is requiogarovide the calculation geometry
for determining the expected yield of fluorine-Bich a calculation will be useful

in determining the feasibility of using tiele(d,pfHe reaction to produce fluorine-

18 for PET applications
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4. System Designs

The first step in creating a system for producimgprine-18 for FDG
synthesis via théHe(d,pfHe reaction is to develop a design that can prduc
adequate amounts of fluorine-18. This can be $adisfith theoretical calculations
of the fluorine-18 yield for a given design withetinumber of assumptions in the
calculation minimised. Some thought is also giveths stage of practical issues to
be considered, but this is not the primary focus such issues are not considered in
depth.

4.1 Practical considerations

In the process of designing a system for fluoriBegpioduction a number of
practical issues must be considered. Such issuelsiden ease of use and
maintenance, physical size of the unit, safetygerators, patients and the general

public including the more specific radiation safepnsideration.

41.1 Easeof Use

It is the intention that the system be used in @ctl nuclear medicine
department operating a PET scanner. Currently auddpartment has no personnel
experienced with heavy-ion beam systems. Hiringaekéchnical staff provides
additional complications so the system must belyeasperated by a typical
healthcare worker who has minimal technical tragnim all likelihood the system
would be operated by nuclear medicine techniciams start the machine, leave it to
operate and then return at a later time to cotleeiproduct fluorine-18, synthesise it
with FDG and then inject into the patient priorR&T scan. As such, the machine
would need minimal user time to operate and woeldtand-alone and not require

the user to be present during operation.
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4.1.2 Small size

An important aspect that will affect both the preait and economic
feasibility of a system design is its size. Thgdarthe size of the system the more it
will cost in terms of infrastructure. A device ddbletop size could easily be
accommodated in most nuclear medicine departmAnir.ger device that requires
a dedicated room may prove more difficult to hoasd in some cases may need to
be located away from the PET scanner necessitétamgport of the fluorine-18
through the hospital. Dedicating a whole room fatezice can be impractical for a
hospital, especially if the room has special reguegnts such as shielding for

radiation protection purposes.

4.1.3 Safety

To be accepted into clinical use in a nuclear medidepartment the device
must meet stringent safety standards. The safetp@fators, patients, general staff
and the public must be ensured. Electrical and am@chl safety must be ensured
and as the device is based on nuclear reactiomsrétBation safety is a principal
concern. Radiation exposure from the device mudtepe to a minimum. This may
require the addition of shielding to the designe ®afe removal of activated by-
products from nuclear reactions within the deviseanother radiation protection

issue.

4.2 Economic consider ations

The current method of producing fluorine-18 invawbe use of a medical
cyclotron that costs initially in the order of nolhs of dollars. The exact amount is
dependent on infrastructure costs, which are unigueach case. A fluorine-18
generating system, designed to operate at an thdhViPET facility, will only be
economically feasible if it is significantly cheagban a centrally located cyclotron
serving a number of PET facilities. This is becao$dhe cyclotron’s ability to
produce large and varying amounts of FDG and itktyalbo produce other PET
isotopes besides fluorine-18.
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The cost of running the device once it has beennussioned is also
important in determining the feasibility of a desidMaintenance and repair costs
need to be minimised as well as the use of inpuénads. An important factor here
concerns the availability of the required input enatls. The device requires exotic
materials such as deuterium, oxygen-18 and helitanB the availability of such

materials largely determines their cost.

4.3 Yidd Efficiency
The design of a feasible system is largely depenaiethe fluorine-18 yield

efficiency of the system. If the system is capatfi@roducing large quantities of
fluorine-18 quickly, easily and for minimal inputgources then the system will be
more effective. FDG dosage is dependent on themiweight with an average
sized patient requiring about 440 MBq (Paul Card&hjef Nuclear Medicine
Physicist, John Hunter Hospital, Newcastle, NSW, stfalia. private
communication). This equates to a 55 kg patientnithe general rule of 8 MBg/kg
of Everaert et al, 2003 is applied. 440 MBqg willbsaquently be used as an
approximate representative single patient dosealoutations. Based on this, to
treat five average sized patients per day at ong mervals and accounting for

estimated losses the system would be requiredottupe about 6.5 GBq per day.

4.4 Designs

To determine feasibility of the system fluorine-§i@ld calculations were
performed on two separate designs that could pgssieet the practical and

economic considerations already outlined.

4.4.1 Deuterated Solid Target

The first design followed the most obvious methddptacing a solid
deuterium enriched target in the helium-3 beam.e&oad film, enriched with
oxygen-18, is then placed on the far side of thaatated target. With the helium-3
beam incident on the deuterated target, energedtoms would be produced via the

*He(d,pfHe reaction. A large proportion of these protomaild exit the deuterated
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target in the direction of the oxygen-18 target wehiduorine-18 could be produced
following the*®0(p,n)®F reaction. This process is illustrated in figuée 1

The great advantage of this design is that it rébesnthe medical cyclotron
method of producing fluorine-18 except that therseuof the proton beam has
changed. This means that once the proton beam &as produced via the
*He(d,pfHe reaction, the same,&*® (heavy water) oxygen-18 target and fluorine-
18 extraction system can be used as with a medigdbtron. This would allow
some existing systems already used with cyclottorie utilized.

The deuterated target in this design performs tlesr Firstly, it acts as the
source of deuterium for th#de(d,pfHe reaction and secondly it acts as the barrier
between the vacuum, which is required for the InelBibeam, and the atmospheric
pressure at which the heavy water oxygen-18 tasgk¢pt. This design allows for
easy extraction of the fluorine-18, as the vacu@mdnnot be breached. Because of
the multiple role of the deuterated target, theiahof material is important. A
material is required that has the following chagdstics:

» sufficient structural integrity to act as a vacuseal

¢ must not out-gas under vacuum

* must retain structural integrity under ion bombagedin

* must conduct heat relatively well

* must normally have a high hydrogen content to médnthe deuterium

concentration upon deuteration

* must be able to be supplied with hydrogen in isetouterium form at

a reasonable price.

* Must have all the above properties while also bémmgenough to allow

the transmission of the 18 MeV proton beam with@ghificant energy

loss.

A number of target materials were investigated. Thaventional target
material used in medical cyclotrons is Havar. Hawas not investigated in this
project because no supplier could be found of Hawathe deuterated form. A

principal difficulty was the availability of deutsted materials at reasonable prices.
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The first target material investigated was zircomideuteride with which Horn et al
(1995) had conducted experiments on iHe(d,pfHe reaction. This material has
been demonstrated by Horn et al to meet the ragemés for this project but the
difficulties in obtaining Zirconium (because it ¢dassified as a restricted nuclear
material) meant that it was not pursued for thigqmt.
During the investigation into deuterated tasgatsupplier in Montreal,

Canada named Polymersource Inc (www.polymersowo®g.evas found that could
supply a large variety of plastics in either pdistiar completely deuterated form.
From the deuterated plastics available throughrRetgource Inc, deuterated Mylar
(C10DgO4) was chosen for further examination. Mylar has amber of
characteristics required for the target materiatluding a high deuterium
concentration of 8 deuterium atoms per moleculédiyig 3.37 x 16° deuterium
atoms per cubic metre. Mylar is also commonly usddHV applications as it does
not out-gas and has good structural integrity. @=sivacuum applications the
properties of Mylar are also well understood undarbombardment. This feature is
useful as it allows easy prediction of the Mylagdelation and heat conduction
properties under bombardment from the helium-3 beam

The deuterated Mylar supplied from Polymer sourcei$ sold at US$600
per gram (as of October 2005). Based on a targdtnaénsions 250 cfrby 1 mm
thick as is used for calculations it is envisadeat fbout 35 g per target is required.

Such a target would cost US$21000 and is thus Ipitorgly expensive.

—— = Proton

He-3 >
Beam ——

Vacuum

—» =He-3

Fig 10 Schematic diagram of the deuterated target design (not to scale).

After the Mylar target, the system is similar tattlof a Medical cyclotron in

that a proton beam of megavoltage energy is intideran oxygen-18 heavy water
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target, although there are some differences inpioton beam compared to a
medical cyclotron beam, especially in terms of bgam quality and current. A
principle difference is that the cyclotron protare in the form of a narrow, well-
defined beam while for the deuterated solid systieenprotons are emitted quasi-
isotropically from the®He(d,pfHe reaction. The useable proton beam emerging
from the Mylar will be broad and ill-defined. Withese differences in the proton
beam it may be necessary to alter the design oh#avy-water target from the
medical cyclotron target design. In all likelihotite dimensions of the target would
need to be increased and the calculations perfonmtinils project assume this. Such
a broad target design is well suited to a saddld fon source, which are principally
area sources. Assuming only minor adjustments teebd made to the heavy-water

target apparatus used in medical cyclotrons therb#fsic design can be used in this

deuterated polymer target system

4.4.1.1 Alternative Plasticsto Mylar

The SRIM software includes a library of target mials that include a range

of plastics from which stopping powers can easdychlculated and hence be easily

used to replace Mylar in the fluorine-18 vyield cdddions. The hydrogen

concentration in a range of plastics in this ligravere compared to Mylar to

determine whether a suitable material could be dowith a higher deuterium

concentration. This would make a more efficieng¢aifor proton production via the

*He(d,pfHe reaction. The results of this investigation summarised in table 3.

Table 3 Potential Deuterium concentrations of selected plastics assuming
100% deuteration.
Plastic Deuterium Concentration Deuterium concentration
(DIm®) (x10%) relativeto Mylar (%)

Mylar 3.36 100

Lucite 5.35 159

Paralene-n 4.77 142

Plexiglas 6.12 182

Bakelite 4.92 146
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Epoxy 2.95 88

Formvar 5.84 174
Lexan 2.16 64

The calculation of hydrogen/deuterium concentrasammarised in table 3
shows that Mylar has a relatively low concentratidrinydrogen/deuterium to other
plastics investigated. The highest concentratiors ficaund in Plexiglas acrylic
(HeC405) at 6.12 x 1& deuterium atoms per cubic metre. This equates3® times

the concentration of deuterium in Mylar.

4.4.2 Super heavy water Target

The second design combined a target for protonrgdoe with a target for
fluorine-18 production, which contains both deuteri and oxygen-18. This is
achieved using a super heavy water target where thaet hydrogen and oxygen
atoms have extra neutrons in the nucleus to foemthlecule BO™. This design is

shown schematically in figure 11.

— » = Proton

— »=He3

He3
Beam
DZDIB
vacuuinl
Fig 11 Schematic diagram of the super heavy water target design (not to

scale).

The advantage of this design is that both the dewmeand oxygen-18
concentrations are maximised as there are no additnon-essential atoms in the
target, such as carbon and oxygen-16 in the Mylat are not used for either the
*He(d,pfHe or the'®O(p,n)®F reactions. Additionally, as soon as tie(d,pfHe
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reaction has taken place the product protons atieeirvicinity of oxygen-18 atoms

so that thé®0(p,n)°F reaction can take place. This has two advantages;

Firstly, more protons are exposed to oxygen-18 laanck the chance to
react provided that the super heavy water targstdimmensions larger
than the protons pathlength in water. Approximatedyf of the protons
will still escape the system. This is because efdtnall helium-3 range
in water (5.31um), which means that thele(d,pfHe reactions will take
place near the front surface of the super heavemtatget. This is still
geometrically advantageous compared to the Mylgetasystem where
the protons are produced outside the heavy-watgetta

Secondly, the protons have no energy loss befag tome into the
vicinity of oxygen-18 atoms so they have the oppaty of reacting
over their entire pathlength. This is advantageousr the deuterated
target system where protons must traverse the ityajofr the Mylar
target thickness, with associated energy loss,reefeaching the heavy

water.

The disadvantages associated with the super heatgr wystem relate to the

practicalities of using a target which is liquidrabm temperature. Firstly, there is a

difficulty in containment of the super heavy watgrder UHV and stability so that

the helium-3 beam can be targeted onto it. A swiutd this problem is to freeze the

super heavy water target. Super heavy water hasntesyy similar chemical

properties to ordinary water and as such has ngefpimint at 0°C. For such a

melting point freezing the super heavy water shqase few difficulties, however,

under helium-3 bombardment it can be expected #igiificant temperature

increases will occur.

Another major impracticality with the super heavwater design revolves

around the feature of having the frozen super heatgr target situated completely

in the vacuum. This design feature is proposedhab rio vacuum seal material is

required between the helium-3 beam and the tavgeth will inevitably attenuate

the helium-3 beam similar to the Mylar attenuatihg product protons in the
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deuterated target design. Having the super heawerwarget under vacuum
provides difficulties in extracting the product dine-18 and a higher level of
technical expertise would be required for the systgperator, as they would need to
be competent at operating vacuum systems.

A producer of super heavy water in Israel has Heend that can supply
super heavy water through the Australian supph&ryachem Ltd. The Novachem
super heavy water is produced with 90 to 95 % ef llydrogen component as
deuterium and 95 % of the oxygen component in ¢he fof oxygen-18, and can be
bought for $US115 per gram plus delivery and GS€livery charge is set at
$US75 plus GST per order and the super heavy watsupplied in 10 gram
amounts. In the design used for yield calculatiankd cri by 0.4 cm deep super
heavy water target is used to maximise the heliun@8m target area and provide
sufficient target depth to cover the product priggmathlength in water. Such a
target has mass of approximately 4 grams which se¢hat a single minimum
supply of super heavy water would provide two tesgeith approximately 2 grams
surplus (for any losses in the freezing process ekemple). This would cost
$US1237 and includes shipping costs.

Now that system designs have been theorised suethg#ometries for
calculations are available and calculation requéet® such as stopping powers are
available via SRIM the calculation methodology teninvestigated for calculating

the yields of fluorine-18.
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5. Calculations

5.1 Introduction

To determine whether the systems were feasiblédorine-18 production,
calculations were performed to predict the yielfi$laorine-18 produced. Such a
yield is determined by the specific features ofttrget arrangement and the saddle-
field ion source.

There are multiple steps involved in calculationtloé yield of fluorine-18
and other by-products. This chapter describesribeegses that were considered and
their methods of calculation. The following are swolered explicitly:

The production of protons from the *He(d,p)*He reaction. This includes

the energy and angular distribution relative to divection of an incoming

helium-3 beam, the ion beam current and deuteriontentration in the
target.

The conversion of Oxygen-18 to Fluorine-18. This includes consideration

of the geometry of irradiation, proton attenuatithre interaction of slowing-

down protons with oxygen-18, subsequent decay ofgen-18, loss of
protons through other interactions and other ictévas arising from decay
products.

Deter mination of system utility. These processes are considered for the two

system designs being considered. For each, theolossrget material by

sputtering and/or loss of target nuclei are considi¢o enable determination

of expected useful yields of fluorine-18 with time.

5.2 Nuclear Reaction Product Yield Calculations

The yield of product particles and daughter nuétem an ion-induced
nuclear reaction can be calculated using equation 5
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Y =N._C, ja(E)dx
path
which, for a discretely defined energy spectrunolees:

Y =N,C; ) 0(E) 5

where: Y = number of product particles yielded
No = number of incident ions
Cr = concentration of target parent nuclei (atonis/m
>0(E)dx = total integrated cross section over the indden
ion’s path length (rf)

To calculate the final yield of fluorine-18, equmati5 must first be used to
calculate the expected yield of protons from ¥He(d,pfHe reaction. This yield is
then used as the number of incident iong, ddd equation 5 is used again to
calculate the vyield of fluorine-18 from thBO(p,n)®F reaction. This assumes
negligible contributions from reaction productsaiher subsequent reactions. The
calculations are performed along the path of pagi@as they slow down, without
consideration of angular deflection along the pdimese ‘pathlength’ calculations
are then considered in the context of a three dsmeal calculation as the number

of incident ions is based on beam currents perared from area ion sources.

5.2.1 Proton Yield

The first step in the calculation is to determine éxpected proton yield due
to ion irradiation. The proton yield is dependenttbe energy and current of the
incident helium-3 beam and the composition of teatdrium-loaded target. The

former is a function of the helium-3 ion source.

5.2.2 Helium-3 Current

A 1 MeV helium-3 beam at current of 100 mA was uB®dcalculations as
these parameters were found to maximise the fladt® yield while still lying
easily within the operational capabilities of ioousces in the literature (Franks,
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1984, Keller, 1989). At 1 MeV, singly charged hetiB atoms impinging on the
target at 100 mA correspond to 100 kW of power.sTikisignificant in that such
energy transfer will result in significant heatiof the target resulting in thermal
defects that could affect the target lifetime, dhiliey and hence practicality of the
system.

The helium-3 beam current is used to calculaterdite of incident ions in

equation 5 with the assumption that all helium-& @mly singly ionised.

5.2.3 Concentration of Deuterium and the total Integrated Cross

section

As it has been chosen to accelerate the heliune8 this the deuterium
atoms that become stationary in the laboratoryeefee frame. The concentration of
target nuclei term in equation 5 is thus the cotre¢ion of deuterium. This
parameter is dependent on the target materiasedilivith each system design. The
atomic density of deuterium was calculated from thelecular density. Such a
calculation assumes 100 % target purity and th@t%0of the hydrogen present in
the target is deuterium. The unit of deuterium emti@ation used in calculations is
atoms/m.

As a charged particle moves through a medium @danergy. This change
in energy results in variation in the probabilibat the helium-3 nucleus will fuse
with a deuterium nucleus due to the change inghetion cross section with energy.
This phenomenon is evident in figure 8. The totdégrated cross section is the
summation of theHe(d,pfHe cross section over the helium-3 path-lengthhia t

deuterated medium.

5.2.3.1 Helium-3 Stopping-Power

To determine the total integrated cross sectiom fitlst step is to determine
the likely helium-3 kinetic energy at every poidbrag its pathlength through the
deuterated medium. To establish this, stopping pe\this is incorrectly referred to
as a stopping power in the literature whereasmase correctly termed a stopping

force (ttp://www.icru.org/n 002 7.pYf In this work the more common term will

be used to conform to literature convention anddaeonfusion) of the helium-3 in
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the medium are required. Stopping powers are défasethe rate of kinetic energy
loss per unit path length of the particle (dE/dshdn, 2003).

For the purpose of these calculations, stoppingepswvere determined
using the SRIM Monte Carlo simulation program (Z&g2004). Once the stopping
powers have been calculated the typical energyladlimm-3 ion in the deuterated
target can be determined at every point along athlpngth. For calculation, the
pathlength is divided into small incremental lersg{dx) and the stopping powers
are converted into units of keV/dx. At any poinbrag its pathlength the helium-3
ions have a mean energy defined by equation 6.aNadhe particles will have this
exact energy, but there will be a spread in endefined by the energy straggling
which is small and will not impact on the calcutaus significantly. This method is

known as the Continuous Slowing Down ApproximafiGsDA)
d
E =E - Z(d—E']d)g untilg =0 (6)
i X

where: E= the ion energy
Eo = the initial ion energy

dE

d—: the stopping power at energy E in the medium
X

dx; = the incremental length

In the simulation below it was assumed that atsiin¢ace of the target the
helium-3 ion has kinetic energy of E1 MeV. For the calculations the incremental
length was chosen to be 10 nm. This value was ohtosprovide adequate sampling
of the particles energy over its pathlength. Thieesfor helium-3 stopping powers
in deuterated Mylar and super heavy watesxy) as determined using SRIM are

presented in figure 12.
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Fig 12 Helium-3 Stopping Powers in Mylar and super heavy water as
produced by SRIM

5.2.3.2 *He(d,p)*He Reaction Cross sections

By assigning théHe(d,pfHe reaction cross sections of figure 8 to theetabl
of the ion’s energy at each incremental depth i thrget material a table of
reaction cross section versus particle position@its pathlength is produced. If all
the cross section values in this table are summddren multiplied by the length
of the incremental depth the value for the totalegnated cross section is
determined.

When the total integrated cross section is muéigply the concentration of
deuterium and also by the rate of incident heliuno®s then the rate of proton

production is determined.

5.3 Fluorine-18 Yidld

Once the rate of proton production is determinechit be used as input in
calculating the rate of fluorine-18 production e **0O(p,n)°F reaction by once

again using equation 5.
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5.3.1 Useable Proton Current

The proton yield per second is used as the raiecafent ions in equation 5
for the fluorine-18 yield calculation. Because tedium-3 particles have range of
only a few micrometers in the deuterated target3 |/ in Mylar and 5.32um in
D,Osg at 1 MeV, SRIM, 2003) this means that protonspaioeluced right at the front
edge of the deuterated targets. This fact combingth the quasi-isotropic
distribution of protons from théHe(d,pfHe reaction means that some protons will
be emitted out of the oxygen-18 target and hentdaavailable for th&O(p,n)*F
reaction. Because the protons are produced atdhe ef the deuterated target
approximately half the protons will enter the targed hence transmit through the
target to be incident on the oxygen-18 target. ldefmr calculations, the value for
the rate of incident ions used in equation 5 fa& flO(p,n)°F reaction utilised a
fraction of the proton yield for théHe(d,pfHe reaction for both the deuterated
Mylar system and the super heavy water system.ffHo#ion of protons utilised is

dependent of the geometry of the system whichustiiated in figure 13.

a) b)

/-

ar | HyO'B heavy-water D,0 super-heavy-water

el = Helitm-3
——p = DProton emitted away from heavy-water

———p = Proton emitted into heavy-water

Fig 13 Diagram illustrating the proportion of protons generated by the
®He(d,p)*He reaction in a) the deuterated Mylar system and b) the
super heavy water system that travel through the oxygen-18 water and
can initiate the *®0(p,n)*®F reaction. The red arrows depict protons that
travel through the heavy-water. The green arrows denote protons that
have minimal or contact with the heavy water. Diagram not to scale.
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Figure 13a shows that for the deuterated Mylaresystess than half the
protons produced will travel into the heavy watésing the initial Mylar thickness
before sputtering of 1 mm and the proton range ylaMof 2.61 mm as calculated
using SRIM it was determined using simple geomttat approximately 37.2 % of
the protons produced travel into the heavy-watbrs Bssumes that the production
of protons via théHe(d,pfHe reaction is completely isotropic. The small ineli3
range in Mylar (4.3um from SRIM) is also accounted for but has negleyiffect.
Thus 37.2 % of the protons produced via YHe(d,pfHe reaction are useable for
the®0(p,n)®F reaction.

Figure 13b shows that for the super heavy watdesysthe assumption that
half the protons generated will travel into the ewufheavy water is an under
estimation. This is because there is no Mylar fe protons to traverse before
coming into contact with the super heavy water alsb because the helium-3
typically travels a small distance into the supea\y water before reacting with the
deuterium in theHe(d,pfHe reaction. If this distance were zero (ie thdumel3
reacted right at the surface of the super heavenéten the assumption that half
the protons generated will travel into the supeyevater would be true neglecting
the negligible losses due to protons scatteringobiihe super heavy water. As the
distance is small (maximum of 5.3@n, SRIM, 2003) then the assumption is still

valid.

5.3.2 Hedium3 and Proton Losses

The useable proton current assumes that all prqiooduced are available for the
80(p,n)®F reaction. However, some protons may be involwedther nuclear
reactions in which case they would be unavailabtettfe ®0(p,n)®F reaction. Such
reactions could occur in both:
* The Mylar before the protons even come into contaitt oxygen-18. In this
case the possible reactions could be between watoth deuterium, oxygen-
16 and carbon-12.
* The heavy water possibly between protons and hydr@g deuterium. Such

reactions would be in competition with th#(p,n)'®F reaction and hence
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act to lessen the yield of fluorine-18. It is ajswssible that there are other
reactions between protons and oxygen-18 that dopraxtuce fluorine-18

and such reactions will also work to minimise finer18 yield

The possible loss of protons due to competing @uakeactions also applies
to the helium-3 beam. Any losses of helium-3 waad to a loss of protons and
hence loss of fluorine-18 yield. For calculationrgses possible reactions that
could cause loss of helium-3 or protons were ingattd and equation 5 was used
to calculate the magnitude of such loss.

The products of the unwanted reactions could adse practical problems. It
is possible that the product atoms could:

» Decrease the structural integrity of the deuterptasdtic target

* Have large total reaction cross sections with nelior protons further

minimising the helium-3 or proton beam currents

» Be radioactive or toxic making the targets hazasdothandle.

For both systems the potential losses due to umaanticlear reactions
were investigated. A large number of such reactioese found between the
relevant particles and nuclei to this project. Heare reactions were ignored that
had: threshold energies higher than the energyesamgplicable to this project,
cross sections of order less than 1 mbarn in tlesaat energy range (as such cross
sections are small compared to the hundreds of miaasociated with the
*He(d,pfHe and *O(p,n)®F reactions) or those reactions that could not be
investigated due to lack of cross section datheénrélevant energy range. In a small
number of cases linear interpolation was used tonage cross section data for

energy ranges between two data sets where it sesppedpriate to do so.

5.3.3 Concentration of Oxygen-18 and the Total Integrated Cross
Section

The concentration of oxygen-18 was calculated & game manner as the
concentration of deuterium concentration mentiopeyiously for the proton yield
calculation.
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The total integrated cross section for #i@(p,n)'°F reaction is determined
as for the’He(d,pfHe reaction. The stopping powers of the protonthénoxygen-
18 target are calculated using SRIM and presemntéidure 14 and the cross section
values are those presented in figure 5. One majterehce between the total
integrated cross section calculations for3e(d,pfHe reaction and th¥0O(p,n)*F
reactions involves the initial incident ion energyr the®He(d,pfHe reaction the
initial incident ion energy is simply the energytbe helium-3 ion as it leaves the
ion source. Derivation of the initial proton energy as straightforward as the
protons are the product of a nuclear reaction arté their initial energy must be

calculated from first principles.
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Fig 14 Proton stopping powers in Mylar, H,0'® water and D,0® water as
produced by SRIM.

5.3.4 Proton Initial Energy Calculations

The initial energy of the protons from tfide(d,pfHe reaction is required
in order to calculate the total integrated crossise in the*®0(p,n)'®F reaction. The
energy given to particles following a nuclear reactis distributed such that
momentum and energy is conserved. The total enbagyis distributed is the sum

of the initial particle energies before the reattand the Q-value of the reaction,
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which is the total mass of particles after the tieac minus the total mass of
particles before the reaction multiplied by theexpef light squared according to
Einstein’'s mass-energy relationship (equation 2je Wistribution of this energy
between particles following the reaction is goverbg conservation of momentum
and specifically by mass and direction of emissitmcalculate the particle energies
from a reaction it is convenient to convert to temtre of mass (COM) frame of
reference to calculate the particle energies afaction and then convert back into
the laboratory frame of reference. This method &frep the handling of
conservation of momentum as it is implicit in th©K2 frame. The details of how
such a calculation is performed are now presented.
With the Q-value of 18.35 MeV (Geist et al, 1998} the *He(d,pfHe

reaction it is possible to calculate the produdiune4 and proton energies given

the initial helium-3 energy. The reaction is prasdrschematically in figure 15.

Lab Frame
. FProton (heV)
He-3 (100-1000 keV)

O 5

Deuterium &

Before After
He-4 (34eV)
Fig 15 Schematic diagram of the *He(d,p)*He nuclear fusion reaction in the

laboratory frame of reference.

To calculate the kinetic energy of the proton asirection of direction of
emission, the initial situation was transformedhe centre of mass reference frame
in which the states of the final products of thelaar reaction can be calculated
from conservation of momentum and energy releasd, more easily converted

back to the laboratory frame.
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. : \\ﬂ
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¥
. Proton

Schematic diagram of the *He(d,p)*He nuclear fusion reaction in the
Centre of Mass frame of reference.

To convert to the COM frame of reference the fatglp is to determine the

centre of mass velocity, kinetic energy and momantelative to the laboratory

frame. On the assumption that the target atomitialig stationary this is performed

using equations 7, 8 and 9:

m

Veowm =V1'm (7)
KECOM = Ka% (8)
PCOM - P'L (9)

m+m,

where: vom = the velocity of the COM frame relative to thddaatory

frame
vy = the velocity of the helium-3 nucleus in the leddory frame

KEcom = the kinetic energy of the COM frame
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KE; = the kinetic energy of the helium-3 nucleus ie thboratory

frame.
Pcom = the momentum of the COM frame relative to theolatory

frame.
P; = the momentum of the helium-3 nucleus in the tatoyy frame.

m; = the mass of the helium-3 nucleus
m, = the rest mass of the deuterium nucleus

As the kinetic energy and the energy release ishnlass than the rest
masses of the participating species, it is not seag to use relativistic equations
for this analysis. In the COM frame the momentunthef two product particles is
equal and opposite both before and after the wactio find what this momentum
is the first step is to determine the total kinetnergy after the reaction in the COM

frame, which is found using equation 10.

Total
KECOM - KECOM + Q (10)

where: KE®®.o\, = the total kinetic energy in the COM frame afthe

reaction
KEcom = the kinetic energy of the particles in the Caamfe before

the reaction.
Q = the energy released in the fusion reaction

From this total kinetic energy, the product paestimomentum in the COM
frame, which is equal and opposite for both patiadh a two body system can be

determined using equation 11.

Ptotal — ZKEéo(t)?\l/l
COM
1 1 (11)
+

m,m,
where: P®.,, = the product particles momentum in the COM fraafter

the reaction.
m; = the rest mass of the proton
my = the rest mass of the helium-4 nucleus
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By transforming now back to the laboratory frame froduct particles’
momentum in the COM frame can be used to detertfivemomentum of the
individual particles in the laboratory frame. Tledationships between momentum in

the COM frame and the laboratory frame are predantequations 12 and 13.

P.sing, =P2" sing

coMm coMm (12)

P:e, COS@S = PtOtal COS@COM + MVeonm (13)

COM

where:0; = the angle of emission of the particle in theolatory frame
Bcom = the angle of emission of the particle in the COMne
3 = product particle from the reaction so can dermither the proton
or helium-3 nucleus.

Calculations are performed over a rang®&v so that equations 12 and 13
have only two variables,sRand8;. The Kinetic energy of the product particles can

easily be calculated from their momentum using gqnd.4.

(14)

It should be noted that the Q value for fhte(d,pfHe reaction is found to
be 18.89 MeV and the incident helium-3 energy rangetween 100 to 900 keV.
This gives a combined total kinetic energy for #ystem between 18.99 and 19.79
MeV.

The resulting kinetic energies for both the pro&md helium-4 nucleus are
presented in figure 17 over a helium-3 energy rafgE)0 to 1000 keV. Of interest
is the fact that the proton and helium-4 energresnat constant with varying COM
emission angles. Results are presented for both @@dfes of 0 and 90 degrees.
This choice of angles represents the greatestn@ian proton energy for which

protons can be incident on the oxygen-18 target.
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Fig 17 Calculated proton and helium-4 energies for both 0 and 90 degrees

emission angle in the COM frame from the *He(d,p)*He reaction.
Product particle energy is plotted against input helium-3 energy.

The most important feature of figure 17 for thesdculations is that the
proton energy ranges from approximately 15 MeVdpraximately 18 MeV in the
helium-3 energy range of 100-1000 keV. It is ingéireg to note that the product
helium-4 nuclei can have kinetic energy up to 4 Medhn the reaction and will
cause damage (mainly electronic) to the target.

As incident helium-3 energy is increased the praoergy at COM angle of
zero increases linearly, while the energy of theuhe4 nucleus emitted in the
opposite direction drops linearly with incidentibet-3 energy. This phenomenon is
a result of the increase in initial momentum of system before the reaction due to
the increased helium-3 velocity. Hence, relativahe laboratory frame the COM

frame has greater velocity and when the reactikestplace and the helium-4 and
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proton are emitted in opposite directions (in t@NMCframe) the increase in COM
frame velocity adds to the proton energy and suatgrfaom the helium-4 energy.

At 90 degrees emission angle in the COM frame tlmtop and helium-4
energies increase so slowly with increased incidehitm-3 energy that they are
almost constant. This is because at 90 degreessiemisngle (COM) both the
proton and helium-4 are moving almost perpendicttathe incident helium-3
nucleus. Any increase in helium-3 momentum willyohve a small effect on the
product particle’s energy. The reason why both tieium-4 and proton both
increase slightly in energy is because at 90 dsgeseission angle in the COM
frame both particles have a small forward compornettie laboratory frame.

At the helium-3 energy of 1000 keV chosen for cidtans figure 17 shows
proton energies produced ranging between 15.33 48 MeV. For the purpose of
calculation, these energies were averaged and hamdeitial proton energy of
16.61 MeV was used for the total integrated crasstien calculations for the
180 (p,n)*F reaction.

5.3.5 Fluorine-18yield calculation

Similar to the proton production rate, the rateflabrine-18 production is
found by multiplying the total integrated cross tget by the concentration of
oxygen-18 in the target and by the proton productete as in equation 5. For the
purposes of PET scans the amount of fluorine-18ired is measured in terms of
activity. Fluorine-18 has a half-life of 110 minaté<rane, 1988). This gives a decay
constant of 1.0519 x 10s™. Using the calculated fluorine-18 production rate
accounting for radioactive decay with the use ef decay constant, the number of
fluorine-18 atoms available after any period ofidmat3 irradiation time can be
calculated. By multiplying this number by the decegnstant, the activity of
fluorine-18 can then be determined. For a typi€&DG whole body PET scan
approximately 8 MBq per kilogram of patient weightrequired (Everaert et al,
2003). Local clinical experience has shown thatawarage, roughly 440 MBq of
FDG is required at injection into the patient (P@akdew, Chief Nuclear Medicine
Physics, John Hunter Hospital, Newcastle, NSW, walist Private
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Communication). By dividing the fluorine-18 activiby 440 MBq, the number of
patient doses of fluorine-18 can be calculatedtiveato the helium-3 irradiation
time and the ability of the device for producingdtine-18 for PET scans can be
assessed assuming 50 % efficiency in synthesidingriie-18 into FDG and

mandatory Quality Control measurements.

54 Deuterated Mylar Target

For calculations of fluorine-18 yield from the dested solid target design
an ion source emitting helium-3 at 1 MeV and at b®® was simulated on a pure
Mylar target. The main effect of small target impigs would result in a small drop
in the concentration of parent nuclei in equatioth&t would make a negligible
difference in the yield calculation. It is notectlthe beam corresponds to a 100 kW
of power and that this will cause significant thatraffects in the target materials,
however such a high power beam is chosen to produgeally relevant activities
of fluorine-18. The helium-3 ions were all assunmede singly ionised and were
targeted on a deuterated plastic target that h@d%d@f all elemental hydrogen as
the deuterium isotope. The helium-3 beam impindedtarget over an area of 250
cnt giving a helium-3 current density on the targett6fuA/cm?. The thickness of
the target was chosen to be 1 mm in an effortrtdd & balance between maximising
the target lifetime due to material losses underiombardment and minimising the

proton attenuation in the Mylar

54.1 Sputtering

Sputtering is a possible limiting factor in the Myltarget system as it
determines the lifetime of the target. An estinaft¢éhe lifetime of the target due to
sputter is made in the fluorine-18 yield calculatio Using the incident flux of
Helium-3, determined from the measured beam theeardration of carbon in Mylar
and the sputter coefficient for carbon from the Mylarget due to 1 MeV helium
bombardment the rate at which the target is degramm be calculated. As a

measure of the target lifetime it was calculateshgisneasured sputter coefficients
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how much helium-3 beam time it took to sputter tdrget down to 0.5 mm (ie half
the target thickness).

5.4.2 Proton Attenuation

Using SRIM simulations, the range of 1 MeV helium8 Mylar was
calculated to be 3.53m. Such a range has a number of implications ferytald of
the system. Firstly, although the thickness ofNtar target is 1 mm the 3.59m
range of the helium-3 in the Mylar means that adyterium atoms in this range
are available for reaction at any stage. This nppear to be a severe limitation on
the system as it is reasonably expected that deotein this small range will
quickly be used up. However, the sputter phenomerm becomes advantageous
as it constantly exposes new deuterium to the ime8for interaction.

The small range of the helium-3 in Mylar means #afprotons produced
via the *He(d,pfHe reaction are produced towards the front surfsfctne Mylar
target and then must traverse the majority of tlyalto reach the heavy water and
hence the oxygen-18. Significant proton attenuattan be expected along this
journey. Once again sputtering becomes advantagedutsprogressively shortens
the distance the protons have to travel throughMiilar and hence minimises the
amount of proton attenuation before reaching thavhewater. As the target
decreases in thickness the efficiency of the systéimmprove in terms of yield.
For a practical device the optimal thickness of tasget must be found which
balances yield efficiency with target lifetime.

Proton attenuation in the Mylar was accounted forcalculations by
determining the proton energy loss in the Mylar asghg the remaining energy as
the initial proton energy for the total integratess section calculation for the
80(p,n)®F reaction. The calculation of the proton energslavas performed
similarly to the calculation in the total integrdteross section calculation where
stopping powers were used to find the energy optréicle at incremental depths in
the target material. Firstly, SRIM was used to gldte stopping powers for protons
of energy up to 17.4 MeV in Mylar. With the initialerage proton energy from the

*He(d,pfHe reaction of 16.6 MeV these stopping powers cbeldised to determine
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the proton energy at each depth in the Mylar. Tiwéom energy at 1 mm depth in
the Mylar corresponds to the energy with which gheton emerges from the Mylar
into the heavy water. This treatment does not atcéor the increase in proton
energy emerging from the Mylar as the target sputi&vay and there is less proton
attenuation, so in this regard the calculation vgoast-case-scenario. However, the
effect in terms of fluorine-18 yield will be minirhdue to the small reaction cross

sections for thé®0(p,n)°F reaction above 10 MeV proton energy.

5.4.3 Helium-3 and Proton Losses

For the deuterated Mylar system the first possibéses due to competing
nuclear reactions are between the helium-3 and/ylar target. Such losses could
include reactions between the helium-3 and cartfylium-3 and oxygen-16 and
reactions between helium-3 and deuterium other thenHe(d,pfHe reaction.
Investigation revealed no such reactions for helBiemergies of 1 MeV and lower

The second stage of possible loss occurs whileribtens traverse the Mylar
before being exposed to the oxygen-18 in the heaater target. In this stage the
reactions of interest are those between protonsdanterium, protons and carbon-
12 and protons and oxygen-16. Reactions of ordernsbor greater were adjudged
significant as this was similar magnitude to thessr sections of th&O(p,n)°F
reaction. It was found that the reactidfi®(p.a)**N and**C(p,p+21)*He had cross
sections of order mbarns in the energy range ab1t6 MeV, which is the energy
range of the protons within the Mylar. While trasiag the Mylar the protons are
not in contact with oxygen-18 so any losses carplyinbe subtracted from the
useable proton current available for #®(p,n)®F reaction. The amount of loss
from the'®O(po)**N and*?C(p,p+21)*He reactions was calculated using equation 5
and subtracted from the useable proton currerthi®t’O(p,n)*F reaction. This was
achieved by utilising the proton energy with depththe Mylar used in the
calculation of proton attenuation in the Mylar. €3osections for both the
%0(po)™N and**C(p,p+21)*He reactions were applied to each incremental depth
based on the proton energy at that depth. Cros®setata for these two reactions

was obtained using the EXFOR database of the NubBlata Services section of the
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IAEA Nuclear Data Centre. Values from Takacs, 2G08B the reaction cross
sections of thé®O(pa)*3N reaction in the energy range of 0 to 30 MeV wesed

and are presented in figure 18.
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Fig 18 Reactions Cross Sections for the *°O(p,a)"*N reaction in the energy

range 5to 17 MeV. (Takacs et al, 2003).

By summing the cross sections assigned to the mpretergy values with
depth in Mylar and multiplying by the incrementapth the total integrated cross
section used in equation 5 was obtained. The caratezm of oxygen-16 in Mylar
was then calculated and this was multiplied byttial integrated cross section and
the proton current in the Mylar to determine hownma®O(pa)*N reactions
occurred in the Mylar and hence how many proton®wast.

The process was repeated for t@(p,p+21)*He reaction. Data for the cross
sections of thé?C(p,p+21)*He reaction was also found in the EXFOR database in
the form of data presented by Harada et al, 1990 MaclLeod and Milne, 1972.
Since the data only contains three data pointsdmiwl3 and 18 MeV and no data
points between 14 and 18 MeV a linear interpolati@s made between 14 and 18
MeV to produce estimate data points at incremeht8.®» MeV. With this linear

interpolation the data for tHéC(p,p+21)*He reaction is presented in figure 19.
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Fig 19 Reactions Cross Sections for the **C(p,p+20a)*He reaction in the energy

range 13 to 17 MeV. (Harada et al, 1999, Macleod and Milne, 1972).
Data interpolated between 13 and 18 MeV.

The third possible stage of proton loss occurs wienprotons leave the
Mylar and emerge into the oxygen-18 heavy waterthis stage reactions between

the protons and hydrogen and reactions betweeprthtens and oxygen-18 other

than the'®O(p,n)'°F reaction will be in competition with th€O(p,n)°F reaction.

The only possible significant reaction found was'f®(p.a)*°N reaction. However,

there are not enough cross section data availabtbe relevant energy range to

predict the effect of this reaction of fluorine-{i@ld. This is evident in figure 20.
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Fig 20 Available Reaction cross sections for the **0(p,a)'®N reaction. Data
from Blair and Leigh, 1960 and Amsel and Samual, 1967.

55 Super Heavy Water Target

As with the deuterated Mylar target design, cakioies for the fluorine-18
yield of the super heavy water target design aréemassuming a helium-3 ion
source producing singly ionised 1 MeV helium-3 i@isa current of 100 mA. The
target is assumed to be pure and the calculatiomperformed similarly to the
deuterated Mylar system calculations using equadonlTo calculate the total
integrated cross section for tAee(d,pfHe reaction with the super heavy water
system a SRIM simulation was performed of the 1K€J helium-3 ions in super
heavy water to calculate stopping power. From $imsulation it was found that the
1 MeV helium-3 ion had a range of 5.Q8n in the super heavy water. This is
approximately 1.5 times the range of the heliune8 in the Mylar and this
combined with the increased deuterium concentratiorsuper heavy water as
compared with Mylar means that more deuterium iailable for *He(d,pfHe
reaction in the super heavy water system compargd tive deuterated Mylar

system. This will make the super heavy water systelatively more efficient at
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producing protons and should decrease the chandeutérium being prematurely
used up.

The constant sputtering of the target, which reveew deuterium to the
helium-3 ions means that the Deuterium is unlikelyoe used up in the deuterated
Mylar system and it has the same effect in the sin@avy water system. The
lifetime of the super heavy water target is lespanant than the lifetime of the
Mylar target as the super heavy water does not tawipport the vacuum. The
super heavy water needs only to maintain enougtkrbss to cover the proton
range in water so that the total integrated cresian of the*®0(p,n)'°F reaction is
always maximum. Unlike the Mylar target that hastlitickness limited by the need
to minimise the proton attenuation through the Myte super heavy water has no
such limitation. The only limiting factor associdtevith the super heavy water
thickness would be the cost of the super heavy mtself. In practice it is likely
that the thickness of super heavy water would lwseh to be the minimum super
heavy water required to produce the required fhesd8.

One issue associated with sputtering of the supavyhwater is in fluorine-
18 recovery. As the fluorine-18 is essentially proedd in the deuterium target for
the helium-3 beam in the super heavy water sydtem it is certain that some of the
fluorine-18 produced early in a run will be sputtraway. As this fluorine-18
cannot exit the vacuum system it is envisaged a@haystem of collecting all the
sputtered material, most likely in liquid form amtluding sputtered fluorine-18,
should be possible so that all the fluorine-18 lsarextracted when the vacuum seal
is broken. However, sputtered super heavy wateo @lsses the problem of
interacting with the helium-3 beam and this is aeotconsideration that must be

resolved with any practical system.

55.1 Heium-3 and Proton Losses

Possible losses in the super heavy water systenwarstaged and can be
either helium-3 loss or proton loss. Besides tleztiens already mentioned in the

deuterated Mylar system section, the helium-3 dap aome into contact with
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hydrogen in the super heavy water system, but goifgiant reactions between
helium-3 and hydrogen were found below 1 MeV.

Once the’He(d,pfHe reaction has taken place the product protonsialee
to react with deuterium and oxygen-18. Besides '‘ftdp,n)'®F reaction used to
produce fluorine-18, three other significant reaasi occur for proton energy below
17 MeV. These include D{3He, D(p, n+p)H and®O(pa)*>N. Similarly to the
deuterated Mylar system calculations, the effecthef"*0(pa)**N reaction could
not be investigated due to lack of cross sectida ddhough from the limited data
available it could be surmised that this reacti@uld be significant. This also
applied to the D(p, n+p)H reaction of which the ilalde cross section data
provided by Gibbons and Macklin, 1959 is presemmeeure 21.
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Fig 21 Reaction Cross Sections for the D(p, n+p)H reaction. Gibbons and
Macklin, 1959.

As with the deuterated Mylar calculations the gidtom the D(py)*He
reaction was calculated using equation 5. Becéuisadaction occurs concurrently

with the *®0(p,n)®F reaction it is difficult to calculate the precigeeld as the
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occurrence of a reaction will obviously prevent theton being available for
another reaction. This combined with the differemergy dependence of cross
section for each reaction makes precise calculataminyields difficult. As such,
yields from each reaction were compared independénéach other and the
magnitude of yields compared to attain a qualieativeasure as to the significance
of the D(py)*He reaction on fluorine-18 yield. The cross sectidata used for the
D(p.y)*He reaction are provided by Matthews et al, 197 opsk et al, 1979,
Griffiths, 1962.
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Fig 22 Reaction Cross sections for the D(p,y)He3 reaction as provided by

Matthews et al, 1974, Skopik et al, 1979, Griffiths, 1962. Linear
interpolation of cross sections was performed between 1.75 MeV and
8.83 MeV and between 10.83 MeV and 16 MeV.

The calculations presented express a means ofastgrfluorine-18 yield
from two different system designs. They requiréngsits the initial helium-3 beam
current and energy. These values have been choseptimise yield while still
being feasible for known saddle-field ion sourc€actors such as sputtering,
attenuation and particle loss either due to padiakxiting the system or being
consumed in competing nuclear reactions are adistigated. The final yield taking

into account such losses provides an indicatiotoaghether either the deuterated
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Mylar target system or the super heavy water sysshould be investigated
experimentally as an alternate method of producihgrine-18 for PET
applications.

The method of calculating fluorine-18 yield has niogen outlined. The two
system designs provide the calculation geometryired to apply the calculation
method and the initial beam parameters of 100 mé arMeV for the helium-3
beam have been chosen to produce clinically usggids of fluorine-18 despite the
problems of sputtering and thermal effects in Hrget due to the 100 kW beam. As
such, it is now possible to calculate the yieldflabrine-18 from the deuterated

Mylar system and the super heavy water system.
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6. Results and Discussion

In the following chapter the results for the flugil8 yield calculations will
be discussed. Firstly, the deuterated target desiirbe assessed in terms of its
fluorine-18 yield and then its performance and tations evaluated. The alternative
super heavy water design will be similarly analyaed the two competing systems
are compared and contrasted for relative strengidsweaknesses. Finally, issues

that apply to both designs are addressed.

6.1 Deuterated Target

The yield of fluorine-18 with beam-on time for tivylar-target system is
shown in figure 23, calculated using the methodfirmd in Chapter 5. The
parameters used in calculation of the yields were:

Input beam — 1 MeV singly ionised He-3 at 100 mA& 0250 crf

Target — 1 mm thick deuterated Mylar

Medium — HO'® on the opposite side of the Mylar target to¥He beam

The calculations account for decay of fluorine-1&imlg the irradiation
process. In Figure 23, fluorine-18 yields are shawath in total accumulated
activity (left axis) as well as number of patierdsds (right axis, based on an
estimate of 440 MBq per patient dose). Calculatiorese performed at 0.5 hr

resolution.
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Fig 23 Yield of fluorine-18 produced with varying helium-3 beam on time for
the Deuterated Mylar system.

The results reveal that, ignoring practical issties,Mylar system would be
capable of producing enough fluorine-18 for singkients with a helium-3 ion
source operating at 1 MeV and 100 mA. A positivatdee of the Mylar design is
that different amounts of fluorine-18 activity ch@ produced as required by altering
the time the beam is on. This is made possiblehbyfact that the heavy water in
which the fluorine-18 is in solution is not undercuum and hence extraction of the
fluorine-18 can be performed without breaking tlewum. This would allow more
flexible operation and allow multiple individualtoches of fluorine-18 to be made in
a single day, which would be impossible if the waouhad to be broken for
fluorine-18 extraction. It is envisaged that prattue of fluorine-18 would be made
immediately prior to the scan such that each pgsidtuorine-18 could be made
individually. In practice such a procedure woulgdlve producing the fluorine-18
for the next patient while the former patient isigescanned. The image acquisition
time for current PET of 15 to 25 minutes is alreadgonstraint on the number of
patient scans possible per day and hence providewe gime for fluorine-18
production. The great advantage of producing fei8 doses individually is that
it minimises loss due to decay before being ingtatéo the patient.
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The simulations show that when the ion beam is on dne hour
approximately 278 MBq of fluorine-18 is producedidhat if the beam on time is 2
hours the yield increases to approximately 461 MBgure 23). Based on the
generalism that 8 MBq is required per kilogram afignt mass to guarantee a high
quality scan (Everaert et al, 2003) then the 2 Hmeem time produces enough
fluorine-18 for a whole body PET scan of a pat&i$8 kg. Increasing the beam on
time will further increase the fluorine-18 yield datnence the system would be
capable of producing enough fluorine-18 to PET saag patient requiring the
procedure. For a typical patient of say 70 kg, MBq of fluorine-18 is required
and could be produced with 3 hours beam on timéctwivould allow for a loss of
50 % of activity in the fluorine-18 recovery fromet heavy water or FDG synthesis
process. Three hours beam on time per patient,nwhiauld be longer for patients
above 70 kg, would severely limit the number ofgrats scanned per day and hence

make the system unfeasible

6.1.1 Replacing Mylar with Plexiglas

From the information provided in table 3 Plexglia shown to have 1.82
times the concentration of deuterium than Mylars&hon this, Plexiglas was used
to replace Mylar in the fluorine-18 yield calcutais and the results are presented in

figure 24.
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Fig 24 Yield of fluorine-18 produced with varying helium-3 beam on time for
the Deuterated Plexiglas system.

Figure 24 shows a significant increase in yieldlobrine-18 by replacing
the deuterated Mylar target with a deuterated Blagitarget. For the Plexiglas
system, one hour beam on time with 1 MeV heliunt-Ba® mA produces 629 MBq
of fluorine-18, which is enough to perform a whbledy scan of a patient weighing
79 kg allowing for 50 % loss of fluorine-18 in tipeocesses prior to injection into
the patient and this is approximately twice theldyiesing the Mylar target. This
outcome is predominantly due to the increase irtetietm concentration, but the
lower stopping power of helium-3 in Plexiglas thisnMylar due to the lower
relative concentrations of carbon and oxygen alsyspa role. Hence, 1 MeV
helium-3 has a longer range in Plexiglas (5.08) than in Mylar (4.3um) and
subsequently has greater chance of interacting whgh deuterium via the
*He(d,pfHe reaction. It should be noted that the perforrean€ Plexiglas in
vacuum and under ion bombardment is not as welkkrtstdod as for Mylar and this
could lead to decreased performance under practaaditions. The well known
characteristics of Mylar were a main reason whwds chosen as the primary

deuterated plastic investigated in this study.
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6.1.2 Target Degradation

Having established an optimum condition and matéoiathis process, it is
essential that the practicality of these be eveabhatUnder 1 MeV helium-3
bombardment degradation of the plastic target @amipected. Such degradation
includes loss of target due to target atoms bemdtared, blistering of the target
surface (Shrinet et al, 1986) and changes in thectste of the surface of the
polymer due to cleavage of chemical bonds alongdherajectory. (Hnatowicz et
al, 2000). The two main sources of target degradadre expected to be sputtering
and heating due to energy transfer from the heBubeam. For a 1 MeV helium-3
beam at 100 mA, 100 kW of power is transferredni target. As the plastics are
poor conductors of heat, the worst case scenateaf dissipation by radiation will
be considered. The equilibrium temperature that trget will reach can be

determined using the Stefan-Boltzmann law.

P = coAT* o

where:¢ = total emissivity of the target
o = universal gas constant = 5.67 X*My/m?.K*
A = Area of radiating surface
T = absolute temperature in Kelvin

Using the parameters of the system design it wamaed that due to
helium-3 bombardment the Mylar target would be éeédb approximately 2570 °C.
The emissivity of Kapton at 0.94 was used as amast for the emissivity of
Mylar. The melting point of Mylar is approximately 250°C
(http://www.grafixplastics.com), which is much lowethan the predicted
equilibrium temperature of 2570 °C. Therefore, he#fiects due to the ion
implantation will be prohibitive. Some possible hnads of mitigating this 2570 °C
temperature rise could be to increase the targéac®iarea under bombardment
from the currently used value of 250 Tand employing a target cooling system,
possibly liquid nitrogen, in an attempt to helpsipsite the heat. Such remedies
would be unlikely to keep the target below its ringjtpoint.
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Sputtering is a significant issue in that sputtasrdet atoms will deplete the
target affecting its ability to act as barrier tolch vacuum. Also, sputtering of
deuterium could potentially lead to a decreaseentefium available in the target
for the*He(d,pfHe reaction leading to a drop in the proton beamea and hence
yield of fluorine-18. A calculation was performeding the incident helium-3
current and sputter coefficient of helium-3 in puobr targets to determine the target
lifetime. For the Mylar target system and a heliBrbeam of 1 MeV and current
density of 0.4 mA/crh associated with the 250 éntarget irradiation area, the
sputter rate was found to be 42mn/hour. This assumed a sputter coefficient of 2.0
atoms/ion. This sputter coefficient was estimatedfthe work of Rovner and Chen
(1974) in the absence of any better data. This swdat for a 1 mm thick target the
beam time for half the target to be sputtered @pmately 117 hours. In practice,
this target lifetime is quite short and changing thrget so often would likely be a
burden on a clinical department. Using 117 howgetalifetime, the total amount of
fluorine-18 that can be produced in a target’diliie can be calculated for varying

lengths of fluorine-18 production runs and is présd in figure 25.

35

\ + 70
30

Patient Doses assumes 440

MBq per patient 160

+ 50

N
(9]

N
o
L

+ 40

=
[63]
L

sasoq 1uaied

+ 30

Fluorine-18 Activity (GBQ)

10 A
+ 20

0 1 2 3 4 5 6 7 8 9 10 11 12
Fluorine-18 Production Run Time (hr)
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If the system is used as envisaged with beam oestiof approximately one
hour then almost 33 GBq of fluorine-18 can be poasdlper Mylar target. Results
are not presented for fluorine-18 production rssIthan one hour because for less
than one hour not enough fluorine-18 is producedcn an average sized patient.
The results show that short production run timesraost effective for maximising
the fluorine-18 yield per target. This is becauselbss of fluorine-18 due to decay
during the production process is minimised. Maxingsthe fluorine-18 yield per
target is important for ensuring that the systenedgenomically feasible. There is
also an important practical advantage in that @nge the target it is necessary to
spoil at least part of the vacuum. As such reptaanarget is both time consuming
and requires technical expertise and thus minimisie number of required target

changes is important.

6.1.3 Effect of Unwanted Nuclear Reactions in the Deuterated
Target system

For the deuterated target system only two unwantedear reactions were
found that would take place and have any significapact on the yield of fluorine-
18. These two reactions at&O(po)**N and *C(p,p+ax)*He. The two reactions
work to minimise the number of protons availabledact with oxygen-18 to form
fluorine-18. It should be noted that in the casehaf'°C(p,p+21)*He reaction the
total number of protons available for reaction wattygen-18 is the same before and
after reaction with carbon-12. The result of theact®n however would be a
significant decrease in the proton energy betwbenptoton initiating the reaction
and the one produced by the reaction due to er®rmyg distributed to the product
alpha particles. Since the cross section of ‘fi@p,n)'®F reaction drops sharply
below 5 MeV and the threshold energy for the reacits about 2.5 MeV (figure 8)
then such a drop in proton energy would decreasgigid of fluorine-18.

From calculations of the number $D(p)**N and**C(p,p+21)*He for the
deuterated target system using equation 5 it isnatd that about 1.28 x 40
protons/s would be lost to these reactions. Theesyss expected to generate 1.85 x

10" protons/s. As such, these alternative reactionidewit! to the loss of less then 1

73




in 10 000 protons. Although insignificant, this dolsas been taken into account in

the available proton current for th©(p,n)*F reaction.

6.2 Super Heavy Water Target

Due to the limitations of the deuterated targetgtesn alternative design
based upon a single super heavy water target \gasiralestigated. Such a design
had expected advantages over the deuterated tdegggn in terms of target
degradation and efficiency.

With a helium-3 ion source producing 1 MeV singinised helium-3 ions at
a beam current of 100 mA targeted onto super heatgr (309, the yield of

fluorine-18 produced is shown in figure 26.
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Fig 26 Yield of fluorine-18 produced with varying helium-3 beam on time for
the super heavy water system.

The results show that for a 1 MeV, 100 mA heliurbeam, the super heavy
water system provides greater vyield of fluorine-1Ban the deuterated
Mylar/Plexiglas target system. For a one hour patida run time, 925 MBq of
fluorine-18 is produced, which is enough for thseans of patients of 70 kg with a

50% loss margin. This is approximately 50% morddythen for the corresponding
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production run time for the Plexiglas system andraximately 200 % more yield
than from the Mylar system.

One reason for greater yield from the super heastemwsystem than the
deuterated plastic target system is that there irinml proton energy loss in
traversing a deuterated target before coming iotdact with the oxygen-18. Also,
the concentration of deuterium in super heavy wat@pproximately 10 % greater
than in deuterated Plexiglas and almost 100 % gréfaén in deuterated Mylar. This
fact along with the decrease in stopping power e@fuim-3 in super heavy water
compared to Mylar or Plexiglas because of the alesef carbon leads to higher
efficiency in proton production via tiele(d,pfHe reaction. This is borne out in the
proton current produced in the super heavy watglegy compared to the deuterated
plastic target systems with proton current of Qu@9produced in the super heavy
water system and 0.63A and 0.30pA produced in the deuterated Plexiglas and
Mylar systems respectively.

A disadvantage of the super heavy water systeniméodeuterated plastic
target systems is that the oxygen-18 and hencepitbeuct fluorine-18 is under
vacuum. This makes extraction of the fluorine-1&ach more involved process.
Because of this it is more likely that with the sufpeavy water system, one long
fluorine-18 production run would be used to produceltiple patient doses. An
example can illustrate this point; Common work pcacwould involve the super
heavy water system being used to produce fluorthe¥inediately prior to the first
scan of the day. If four patients required PET saana single day with an image
acquisition time of one hour, the super heavy waystem would have to have five
hours production run time to produce enough flusi8 to inject each patient with
440 MBq of FDG (taking into account decay of flumil8 throughout the day).
This allows for 50 % loss of fluorine-18 during edtion and FDG synthesis..
Being able to only scan four patients a day andirggy a five hour fluorine-18
production run is unfeasible for a clinical depasti
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6.2.1 Target Degradation

The issue of sputtering, while more pertinent ® deuterated Mylar system
is still relevant to the super heavy water syst8puttering is both detrimental and
advantageous to fluorine-18 production. Sputteringadvantageous in that it
constantly exposes new deuterium to the helium-8nbeavhich is important
considering the relatively short range of heliumB water. Sputtering also
determines the required thickness of super heavwerw&putter coefficients for
helium atoms with energy as high as 1 MeV couldb®found. However, the work
of Baragiola et al, 2003 and Fama et al, 2008 fium atoms of 100 keV and
lower found sputter coefficients for helium atoms water ice of the order of 10
ions/atom. It is unlikely that such a sputter coméfht would apply for MeV helium
atoms, but if it did then it is calculated that eppmately 0.7 mm of target would
be sputtered away for every hour of beam time. Déjpg on the number of patient
doses of fluorine-18 required and hence the reduisam time this could be used to
calculate the minimum required super heavy watgetahickness.

Sputtering also has a detrimental effect in fluerit8 production. Sputtered
particles will potentially degrade the vacuum regdifor the helium-3 beam and
also spread the product fluorine-18 around the warcehamber making it more
difficult to extract.

To utilise super heavy water as a target it needetin solid form. This can
easily be achieved using liquid nitrogen but metreg heat effects due to ion
implantation can be a significant issue. For thel&V helium-3 beam at 100 mA
target onto an area of 10 €ras was used for fluorine-18 yield calculations th
temperature of the super heavy water would risagproximately 6174 °C. Such a
large temperature rise would rapidly vaporize duget and it is highly unlikely if
this could be prevented in a feasible system byetkes such as increased target

area or by a cooling system.
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6.2.2 Effect of Unwanted Nuclear Reactions in the Super-Heavy-
Water System

Three unwanted nuclear reactions were found toroccthe super heavy
water system that could impact on the yield of ffine-18. Similarly to the
deuterated target system, no helium-3 reactiong vdentified. However, there are
proton reactions including D()>He, D(p,n+p)H and™®O(pa)'°N. As these
reactions are all proton reactions and are ocayirrthe presence of the oxygen-18
then they are in direct competition with & (p,n)'*F reaction. As such, the yields
from these reactions cannot simply be subtractech fthe available proton current
for the ®O(p,n)°F reaction and it is difficult to quantify the edfs of these
reactions on the fluorine-18 yield. By performinglg calculations using equation 5
for the above-mentioned reactions in isolation atheother a rough estimate of
yields can be calculated. The yield of the P)jtJe reaction is estimated to be 1 %
of that of the'®0(p,n)®F reaction and as such is relatively insignificat.indirect
benefit of this reaction is that it would incredke helium-3 beam current slightly
but this is offset in that the effect of the reantis also to minimise the available
deuterium concentration.

The yield of the D(p,n+p)H reaction is estimatedyéoapproximately 2 % of
that of the'®O(p,n)'°F reaction which again is relatively insignificaifhe products
of this reaction result in an increase in availgimeton current. However, as with
the *2C(p,p+21)*He in the deuterated target system the protonsupemtifrom the
D(p,n+p)H reaction would have significantly lesergy than the initial proton. As
neutrons and protons have roughly the same médbivs that the energy from the
D(p,n+p)H reaction would be distributed fairly elemetween the three product
particles. With initial average proton energy opegximately 17 MeV, the product
protons would each have a maximum of about 5.5 Med the majority would
have far less than this. Because of the rapid meahi reaction cross section below 5
MeV for the *®*O(p,n)*F reaction demonstrated in figure 8 then the cbution of
protons from the D(p,n+p)H reaction towards prodgciluorine-18 would be

minimal.
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The estimated yield from thé°O(po)'*N reaction is calculated to be
approximately 2.2 % of the yield from tH&O(p,n)°F reaction which again is
relatively insignificant. Thé®O(pa)*N reaction works to minimise the amount of
oxygen-18 available for thEO(p,n)®F reaction, but countering this is the fact that
fluorine-18 decays back to oxygen-18, such thatfargrine-18 that decays before
irradiation is finished will revert back to oxygé®-that can be converted back to
fluorine-18 again. Interestingly tH&O(pa)**N reaction listed as a cause of proton
loss in the deuterated target system producesgeitrd3 which is one of the PET
isotopes listed in table 1. It could be speculatet using standard D' heavy
water as the target in the super heavy water design nitrogen-13 could be
produced as a PET isotope. However, the small ioraaross sections of the
%0(pa)™®N reaction, typically in the order of 10 mbarnstire relevant energy
range, coupled with the short half life of nitrogE® of 9.9 minutes would make

such a proposition unfeasible.

6.3 Issues common to both the Deuterated target and Super
Heavy Water Designs

6.3.1 Radiation Protection

A major detriment to using methods involving tH®(p,n)}’F reaction for
fluorine-18 production concerns radiation protettion the **0(p,n)*F reaction
used to produce fluorine-18 an energetic neutrgmrasiuced for every fluorine-18
atom produced. Neutrons pose a significant radigpimtection threat due to their
high penetration and tendency to activate nuclé which they come into contact.
As a result a variety of unstable nuclei are formaith varying half-lives in places
beyond typical X-ray shielding. This can cause rmgraased radiation background
long after the system has stopped operation. Rinadt measure as to how much of
a radiation hazard our device would cause, a calon was performed to determine
the neutron energy from tH&O(p,n)®F reaction. This calculation was performed
similarly to the proton energy calculation in senti5.3.4. The results of this
calculation are presented in Figure 27.
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Results show that neutrons are produced in'teép,n)F reaction with
energy ranging from about 16 MeV down to thermargies. Aside from the direct
hazards of neutron production, the super heavy mgstem poses a radiation
hazard due to the production of tritium from thetnens interacting with deuterium.
Tritium is an unstable isotope of hydrogen thatagscovia beta emission. The feature
that causes tritium to be dangerous is it's reddyivong half life of approximately
12.3 years (Krane, 1988) and the fact that ithgdrogen analogue and so integrates
easily into DNA. However, its removal from water & relatively common

procedure.

6.3.2 Shielding

The **0(p,n)®F reaction is known to create a broad spectrumeafrons as
indicated in figure 27. Such neutrons as well asmmt gammas and gammas
produced from neutron capture in the system posgymificant radiation safety
hazard. Medical cyclotrons also use tf@(p,n)*F to produce fluorine-18 so would
pose a similar hazard. Such cyclotrons are somstiowated in specially shielded

rooms but some designs incorporate self shielddugh self shielding would likely
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also be appropriate for the systems presented fere.example of a self shielded
cyclotron is the CTI RDS system (Computer Technpland Imaging Inc,
Berkeley, CA.). This system is surrounded by sierlocking shielding blocks on
hydraulic tracks. Each block is composed of 0.hioktlead blocks which surround
the targets and are used to attenuate any gammagraguced. The lead blocks are
then followed by 0.8 m of a mixture of Portland ety boron carbide and
polyethylene which is used to moderate and absethirons (Hertel et al, 2004).
The need for such shielding would significantlylueihce the practicality of the
system in that it would significantly increase soahd require a relatively large,
dedicated space for the system making it diffibuliransport easily.

In 2004, Hertel et al performed a radiation sureéytheir CTI RDS self
shielded cyclotron using Bonner sphere spectrometeytel et al, found the neutron
dose equivalent from the cyclotron immediately wlgsthe shielding ranged
between 9.3 and 0.28 mSv/y and the gamma dosed-dmfjeeen 16 and 9.7 mSvly.
This was based on the assumption that the cyclgiroduced 61 GBq of fluorine-
18 per production run and that five runs were mpeleweek over the year. They
also assumed that the cyclotron room had zero @emypduring a production run.
The dose readings they measured were well belowpational dose limits (Hertel
et al, 2004).

The results show that both the deuterated targdt super heavy water
systems can produce relevant amounts of fluorine-8vever, both systems have
significant practical issues revolving around spuitig and target degradation, target
heating, radiation safety and the production of am&d by products. Practical
solutions do exist that could help to minimise dfiects of a number of these issues
and they can be further minimised through work pecas that optimise fluorine-18
production run times to preserve the target andimrmag efficiency, however such

remedies will likely be insignificant and not retsul the systems being feasible.
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7. Conclusions

From a purely theoretical perspective, both thetetated target and the
super heavy water systems have been shown to ke with a 100 mA, 1 MeV
helium-3 beam, to produce an amount of fluoringie8 could be used for a single
PET scan. The beam parameters are at the extremteofi saddle field ion source
capability and still the amount of FDG produced Vdonot be sufficient to supply
the daily requirements of FDG for a PET centre soag multiple patients daily.
The issue of excessive target heating is a magmtioal difficulty. The equilibrium
temperatures, calculated in the thousands of de@etsius, would quickly vaporize
the targets making them unusable. It is unlikelgt ta solution could be found to
remedy this problem.

The main issue for producing fluorine-18 revolvesuad the inefficiency of
using a two step nuclear reaction process. BothPtteéd,pfHe and™®0(p,n)*F
steps in the process are quite inefficient and thesns that a high current, high
energy Helium-3 beam is required to produce sigaift fluorine-18. The high
Helium-3 beam energy and current not only pushekli8dield ion source to the
limit of its capability but also results in prohibe target heating.

Radiation safety issues are also significant wathlsystems. The energetic
neutrons produced by tH80(p,n)'°F reaction would require significant shielding to
either system that would greatly increase the eost limit mobility. The super
heavy water system has the additional radiatioretgaproblem of tritium
production. Although extraction of tritium from veaitis a well established process,
it adds another required step in the process gqoudsible extra source of fluorine-18
loss.

The effect of unwanted nuclear reactions occuriingither system appears
to have minimal effect on fluorine-18 yield. Howeyveéhe by products of such

reactions would need to be studied to ensure tle¢ysaf either system.
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Of the two designs investigated, the super heaviemsystem has been
demonstrated to have greater fluorine-18 produatithiciency, but it is likely that
the deuterated plastic system has greater prospesblving the practical issues.

Neither system is considered to be viable in aadirdepartment
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