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Abstract 
Short lived positron emitters are used as flow following 

tracer particles in the study of dynamic processes within 
physics and engineering applications. For full representa-
tion of the materials of interest, tracer particles must be ac-
tivated with proton rich radionuclides utilising reactions on 
their naturally abundant isotopic content. Cyclotron accel-
erated alpha particle beams incident upon (16O) oxygen 
rich targets have been investigated in producing the posi-
tron emitter 18F within naturally occurring materials.  

Simulations and numeric calculations of the beam con-
ditions are used to maximise the activation yield and mini-
mise heat load by carefully placing the Bragg peak in rela-
tion to the water-cooled target. Corresponding to the target 
thickness, the 100 MeV extraction energy is degraded to 
match a broad resonance in 18F production around 35 MeV, 
while maintaining energy above the 18 MeV threshold. 
Beam currents below 1 microamp resulted in typical 18F 
yields of 1 - 2 mCi within spherical SiO2 targets of diame-
ters 1 - 10 mm, ideal for envisaged application studies.  

INTRODUCTION 
Positron emitting species are used in the non-invasive 

investigation and radiological imaging of dynamic physi-
cal and engineering systems, and those of industrial inter-
est. Materials representation is critical in these applica-
tions, requiring the positron emitting species to be pro-
duced within naturally occurring materials as it is infeasi-
ble to use isotopically enriched targets for this purpose. 
Production of the medically significant positron emitting 
radioisotopes uses a range of different target systems and 
natural or isotopically enriched targets. The focus of this 
article is on 18F production with naturally occurring solid 
targets. Production of 18F and other isotopes within the con-
text of this work are summarised in Table 1.  

The predominant production of 18F (110 minute half-
life) results in free 18F- ions in aqueous solution (the use of 
gaseous targets is excluded in this discussion), with the ma-
jority of conventional global production prepared by irra-
diating 18O-water targets. The resultant solution can be pro-
cessed chemically, leading to the vector molecules of diag-
nostic imaging (including for example 18-fluorodeoxyglu-
cose (18FDG)), or other materials used as radiological trac-
ers. Similarly, 68Ge offers a convenient radiochemical syn-
thesis route, being produced from a solid target loaded onto 
a SnO2 based separation column. The long lived (271 day 
half-life) 68Ge decays via electron capture to the short lived 
68Ga (68 minute half-life) which collects as free 68Ga3+ ions 
in liquid form within the column. In the cases of both 18F-  
and 68Ge3+, the ions can be extracted, concentrated, and 

processed radiochemically to produce tracer substances 
and radiopharmaceuticals as required by the imaging ap-
plication in question. These techniques have been utilised 
in imaging physical and industrial systems with success, 
however they suffer from questionable species representa-
tion and often cannot survive the harsh conditions (e.g., 
temperatures, pressures, and chemical environment) they 
are subjected to in such devices.   

Table 1: Reactions and Targets (adapted from Ref. [1]) 
Reaction Target State, 

% abun-
dance 

Energy 
range 
[MeV] 

18O(p, n)18F H2
18O, 

18O2 
Liquid, 0.2 18 – 4 

16O(3He, p)18F 
16O(3He, n)18Ne → 18F 

natH2O Liquid, 99.7 15 – 1 
40 – 15 

16O(, np)18F 
16O(, 2n)18Ne → 18F 
16O(, d)18F 

natH2O, 
natSiO2 

Liquid / 
Solid, 99.7 

40 – 20  

40Ca( p)43Sc 
40Ca( n)43Ti→ 43Sc 

natCa Solid, 96.9 ~ 50 

natGa(p, xn)68Ge natGe Solid, 60.1 < 66 
 
Ideally, for applications in industrial systems, tracer ma-

terials produced from the bulk materials of interest are re-
quired, such that the imaging or other measurement is truly 
non-invasive. To this end, the production of 18F in naturally 
occurring solid targets has been utilised. At the University 
of Birmingham, UK, the 3He reactions are utilised, with 
3He beam of 35 MeV energy and ~ 5 A beam current. Un-
der these conditions the Birmingham MC40 cyclotron can 
produce up to 1.5 GBq / 40 mCi of 18F activity in 3 ml of 
(natH2O) water for radiochemical tracer production, and 
similar activity on solid targets containing sufficient ox-
ides [1]. The 18O(p, n)18F reaction is used when preparing 
18F in solution to be processed chemically. 

The University of Cape Town has established a positron 
imaging facility used for the study of physical, engineer-
ing, and industrial applications on the National Research 
Foundation (NRF) accelerator facility iThemba LABS 
(iThemba Laboratory for Accelerator Based Sciences) [2]. 
The primary tracer isotope used has been 68Ga, produced 
from commercial 68Ge/68Ga radioisotope generators manu-
factured by iThemba LABS. The 68Ge is extracted and ra-
diochemically treated to produce a wide range of repre-
sentative tracer materials, often starting from an ion-ex-
change resin polymer core and modifying the density and 
surface properties to match those characteristics required 
by the application and research questions [3]. Recently, 18F 
has been extracted from commercial medical supplies of  ___________________________________________  
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18FDG and used successfully in radiochemically labelling 
the surface of solid materials for similar applications [4].  

For the direct activation of solid materials of industrial 
interest, we turn to the alpha particle induced reactions on 
oxide bearing targets utilising the available beams acceler-
ated at iThemba LABS. Fig. 1 shows the cross-sections for 
the different reaction channels between alpha particles and 
oxygen-16 up to 100 MeV beam energy. The 18F producing 
reactions are highlighted in red, having a threshold at 
18 MeV and a broad resonance peaking at around 0.1 barn 
at 35 MeV. The competing reactions consist mostly elastic 
and inelastic scattering, and capture reactions leading to 
short lived (< 2.5 minute half-lives) or stable end products.  

 

 
Figure 1: Interaction cross-sections for 16O(, x) [5]. 

BEAMLINE CONSIDERATIONS 
For irradiation, helium ions are produced in the ECR ion 

source and accelerated to 8 MeV using the solid pole injec-
tor cyclotron. The beam is then injected into the k = 200 
Separated Sector Cyclotron (SSC) of iThemba LABS and 
accelerated to 100 MeV. Following extraction of the beam 
from the SSC, it is directed through a set of beam delivery 
lines using a k = 100 switching magnet and delivered to 
horizontal target station 1. The target system consists of a 
target holder designed to hold the target capsule in the irra-
diation position and to provide cooling in the form of water 
circulation. The target capsule contains the material to be 
irradiated, in this case in the form of SiO2 based glass beads 
of diameters ranging from 1 – 10 mm. The target capsule, 
mounted in the holder, and target holder are manipulated 
robotically to place them inside target station 1, which pro-
vides the interface between the beam delivery line vacuum 
and water-cooled environment of the target volume.  In 
passing from the beamline vacuum to the target material 
the beam traverses structural materials in the form of en-
trance/exit windows and the cooling layers. The beam exits 
the vacuum through two 25 m Havar foils (ICRU-470 / 
UNS R30004) separated by a 10 mm helium gas flow 
maintained at 1.2 bar pressure. A 4.0 mm air gap separates 
the final Havar exit window and a 0.5 mm thick aluminium 
layer serving as the entrance window to target station 1. 

Inside the target station a circulating water flow at 10 bar 
pressure and 30 l/min flow rate cools the target holder, cap-
sule and aluminium beam stop positioned behind the target 
capsule. In this work a perforated target capsule was used, 
allowing the flow of cooling water into the capsule, and 
immersing the target spheres. The direct contact of coolant 
with the target serves two purposes: to increase efficiency 
of heat removal from the material, and to agitate and/or ro-
tate the targets increasing the effective irradiation area. A 
schematic of the layers the beam passes through in reach-
ing the beam stop is shown in Fig. 2.  

 
Figure 2: Target stack and material layers. 

Numerical modelling for the target stack described 
above has been used to calculate the residual energy and 
energy deposition curves shown in Fig. 3. The perforated 
target capsule has not been included, assuming that the 
beam passes unhindered through this layer apart from the 
occupying water. The model proceeds by calculating suc-
cessive energy loss per 10 m linear path length through 
the given material for the current energy of the beam at that 
position. The beam energy is calculated using a linear in-
terpolation between entries in the stopping power tables 
taken from the NIST stopping power and range tables for 
helium ions [6].  

 
Figure 3: Energy and energy loss per 10 m linear depth. 

The numerical modelling is consistent with a Monte 
Carlo approach constructed using SRIM/TRIM. Fig. 3 
shows the residual energy (MeV) (blue curve) defined as 
the beam energy remaining after traversing the given thick-
ness of material in the target stack, where zero is defined 
as the edge of the beamline vacuum and the initial energy 
is 100 MeV. The energy deposition per unit 10 m linear 
path length is shown on the same horizonal scale (green 
curve), illustrating the layers where energy deposition is 
enhanced due to materials differences (density and proton 
number) between layers, the Bragg peak near the end of the 
particle range is clearly visible. The boundaries between 
target stack layers are shown in red.   
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TARGET CONSIDERATIONS 
It is useful to consider the energy and energy loss in more 

detail within the SiO2 target material, for the beam having 
already traversed the dead layers of the target stack. These 
data are presented in Fig. 4, where the depth is now meas-
ured relative to the front surface of the target and the resid-
ual beam energy entering the target is approximately 
80 MeV from a 100 MeV extraction. Under these condi-
tions the maximum linear penetration depth of the beam 
into the target is around 2.3 mm. In Fig. 4 the energy loss 
curve is shown as a proxy to heat deposition by the beam, 
with the majority of heating occurring within the Bragg 
peak at the end of the trajectory. The expected 18F yield is 
shown as the red curve, calculated by convolving the mi-
croscopic cross sections for production in Fig. 1 with the 
beam energy at the given depth within the target. The yield 
is given in arbitrary units, where calibration to absolute 
units depends on target density and beam conditions and is 
left as further work. The grey shaded region illustrates the 
region where the majority of activation is produced (the 
resonance peak shown by the dotted line), with the beam 
energy dropping below the threshold limit for production 
(dotted line) after penetrating 2 mm into the target. The yel-
low shaded region therefore shows the region within the 
target where the beam serves solely to heat the target with-
out producing useful activation species (and area under the 
green and red curves serves as proxy to target activation 
and heating respectively). 

Figure 4: Energy, energy loss, and expected 18F yield per 
10 m linear depth into the target material only. 
 

An optimisation approach can be considered, where the 
activation curve (grey) is placed within the target material 
and the heating curve (yellow) is placed outside of the tar-
get and in the cooling water or aluminium beamstop. The 
optimisation is achieved by altering the beam energy to 
match the dimensions of the target for the specific activa-
tion. In practice the beam energy delivered by the SSC re-
mains at the 100 MeV maximum that can be delivered to 
the target station (limited by the k = 100 switching mag-
net), and is degraded by placing aluminium absorbers of 
different thicknesses within the target stack upstream of the 
target capsule. Fig. 5 illustrates the calculated optimisation 
for the range of alpha particle energies possible from the 

SSC (200 MeV – 75 MeV) where the lower energy is that 
which barely penetrates into the target layer when using the 
current target stack. The 100 MeV beam (red curve) pro-
duces useful activation yield up to 2 mm depth, limiting the 
maximum diameter of the target to this value when keeping 
the heating outside of the target. The optimal beam energy 
when leaving the target is around 20 MeV to maximise 
yield and minimise heating. To optimally activate larger 
targets higher incident beam energy or a redesigned target 
stack would be required.  

 
Figure 5: Range into target for incident beam energy. 

The linear position along the target stack where the max-
imum 18F yield is expected to be produced (blue points), 
and the maximum thickness of target where the heat depo-
sition curve is placed outside of the target material (green) 
for the range of initial beam energy considered is shown in 
Fig. 6.  

 
Figure 6: Range into target for incident beam energy. 

The zero position is taken as the front face of the SiO2 
target material, and quadratic fits are shown to guide the 
eye. It is clear from these data that the maximum thickness 
of target increases with increasing beam energy, and that 
the region of maximum activation occurs close to the back 
surface of the target, it is therefore advantageous to enable 
rotation of the target within the beam to distribute the pro-
duction yield while maintaining the heat load outside of the 
material. 
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In practice it is possible to activate larger targets to a sur-
face layer, with the beam fully stopping within the target 
provided that it can survive the beam heating. The circulat-
ing cooling water has the advantage of agitating the target 
spheres and seems to provide rotation, enabling isotropic 
beam entry relative to the target centre, thus distributing 
activation yield and heat load through the target. For the 
larger spheres the heat load limits the beam current that can 
be delivered without damaging the materials. A simple re-
action rate activation model has been used to estimate the 
expected 18F yield, using the parameters as delivered ex-
perimentally [7]. An average microscopic production 
cross-section for total 18F production of 12 mb and beam 
current of 0.8 A incident for 2 hours is considered. The 
target density is 2.5 g cm-3, and thickness 0.1 cm. For our 
beam and target conditions the expected yield is then 
around 2 mCi. A more advanced model building on the en-
ergy loss calculations outlined above is left for future work. 
Experimental campaigns using the target stack as described 
above, with initial beam energy of 100 MeV and target 
spheres of diameters ranging from 1 – 10 mm resulted in a 
total of 24 samples with activities in the 1 – 2 mCi range. 
Isotopic characterisation measurements confirmed the 
yield at end of beam to be predominantly 18F (> 95%) pro-
duced by the reactions as described. The experimental re-
sults are broadly consistent with the expectations from the 
modelling. Contaminant positron and gamma emitting spe-
cies were observed at the percent level, with their origins 
traced to alpha particle and fast neutron (spallation) inter-
actions with trace amounts of other naturally occurring ma-
terials present in the target [7]. The positron emitter 43Sc 
was observed at around 5% yield, produced from 40Ca of-
fering a potential isotope for future work.   

Potential applications are targeted towards production of 
tracer particles used for the study of physical flows and en-
gineering systems using positron emission particle tracking 
(PEPT). It is desirable for the tracer particle materials to 
accurately reflect the motion and behaviour of the inactive 
bulk particles forming the system under study. For most 
applications, and specifically those of industrial interest, 
solids of naturally occurring isotopic content are required. 
For full representation of the materials of interest, tracer 
particles must therefore be activated with proton rich radi-
onuclides utilising reactions on their naturally abundant 
isotopic content. Typical PEPT studies are used to measure 
dynamic and kinematic properties of the tracer particle, 
which is mixed within the bulk material of the system un-
der study. A single tracer particle may therefore represent 
the behaviour of many millions and/or many tons of bulk 
material, with local bulk densities, residence times, and ve-
locity flow fields being of particular interest [8, 9].  

CONCLUSION 
A target holding system has been modified to enable 

SiO2 glass spheres of diameters 1 – 10 mm to be irradiated 
with up to 100 MeV alpha particles using the horizontal 
target station 1 and separated sector cyclotron of iThemba 
LABS. The 16O(, x)18F reactions have been explored to 

produce the positron emitter 18F within these naturally iso-
topically occurring solid materials. Simulations and nu-
merical calculations of the beam conditions have been used 
to maximise the activation yield and minimise heat load by 
carefully placing the Bragg peak in relation to the water-
cooled target. In correspondence to the target thickness, the 
100 MeV extraction energy is degraded to match a broad 
resonance in 18F production around 35 MeV, while main-
taining energy above the 18 MeV threshold. Beam currents 
below 1 microamp resulted in activities between 1 - 2 mCi, 
with around 95% of the yield attributed to 18F. The acti-
vated samples have applications in the technique of posi-
tron emission particle tracking, where short lived positron 
emitters are used as flow following tracer particles. As the 
tracer is designed to be representative of the bulk materials 
in question, the positron emitting species must be produced 
from the naturally occurring isotopic content of the parti-
cles, motivating this application.  
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