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Abstract 

The purpose of this study was to obtain more knowledge of the parameters affecting the 
production of 45Ti utilizing the nuclear reaction 45Sc(p,n) 45Ti. Titanium-45 decays by β+-
decay and E.C. to 45Sc with a half-life of 3,08 h. These properties make the radionuclide 
suitable for positron emission tomography (PET). 
 
The work was carried out at the Department of Physics in Lund using the Van de Graaf 
tandem accelerator, known as the Pelletron accelerator. The theoretical part of the work 
consisted of studies of the different parts involved in production of radionuclides. This 
included; calculation of the thick target yield for the nuclear reaction 45Sc(p,n) 45Ti, a study of 
how the thick target yield depends of energy of the bombarding particles and a calculation of 
cooling-water efficiency. 
 
Practical work included operating the accelerator and its components and covered different 
areas of physics, such as vacuum technique, electronics and radiation physics. Measurements 
of target current were performed as function of cooling-water flow and a radiation dosimetry 
study was done. 
 
A new target holder was constructed and adapted to fit the existing beam line at the 
electrostatic accelerator. Target foils were produced from pieces of scandium using a rolling 
mill. Preparations for irradiation contained of preparing the Pelletron accelerator and the 
target. The length of the bombardments varied between ten minutes up to about three hours. 
After irradiation the titanium was separated from the rest of the scandium target material 
using solvent extraction. 
  
Using the steering devices the beam could be controlled and directed to the target. Target foils 
were fabricated by hand and this was a lengthy process. The thickness of the foil was the one 
parameter that could be best controlled. The manufactured target holder worked well and was 
easy to handle. It could be kept at a low temperature by water-cooling. The yield of the 
bombardment compared to the theoretical yield is low, the ratio is about 0.35-0.45 and is 
highly dependent on energy. Solvent extraction can be performed with an exchange of up to 
70 %. In the separation process the fingers receive an absorbed dose of about 3 mSv. 
 
This study showed that 45Ti can be produced with a low energy accelerator and that the 
activity produced is high enough to be useful for future diagnostic imaging. The purity of the 
produced radionuclide has to be examined and its chemistry should be studied. To get good 
yields good practical skills and experience are required in solvent extraction and especially in 
operation of the accelerator and its components. 
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List of abbreviations 

DOTA 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid 
E.C. Electron capture 
EOB End of bombardment 
EOS End of separation 
PET Positron Emission Tomography 
PMMA Polymethyl metacrylate, i.e. plexiglass 
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General summary in swedish 

Titan-45 är ett radioaktivt ämne som sönderfaller med halveringstiden ca 3 timmar. 
Sönderfallet sker till stor del genom positronemission. Dessa två egenskaper, kort 
halveringstid och söderfall med positroner, gör 45Ti en kandidat till 
positronemissionstomografi (PET). 
 
Titan-45 finns inte naturligt utan måste tillverkas genom en kärnreaktion. Laddade eller 
oladdade partiklar i hög hastighet fås att kollidera med ett grundämne. Om energin i 
kollisionen är tillräckligt hög kan en eller flera kärnreaktioner ske. Vid kollisionen ändras 
sammansättningen av neutroner och protoner i atomkärnorna hos det bestrålade ämnet och ett 
nytt radioaktivt ämne skapas. 
 
Laddade partiklar kan skapas och accelereras i en partikelaccelerator. En sådan består av tre 
huvudkomponenter; jonkälla, acceleratordel och strålmål. I jonkällan skapas joner som sedan 
accelereras över en hög spänning. Genom att använda magneter kan man styra jonerna till 
olika strålmål. 
 
I den här studien studerades kärnreaktionen 45Sc(p,n)45Ti. I kärnreaktionen kolliderar en 
proton med en kärna av 45Sc (Scandium-45), en neutron slungas ut från kärnan och en 45Ti-
kärna bildas. I partikelacceleratorn “Pelletronen” skapades och accelererades protoner som 
fick träffa tunna folier av metallen 45Sc. Ett ny strålmålshållare tillverkades och anpassades 
för detta ändamål. Då det bara är en liten del av alla 45Sc-atomer som ombildas till 45Ti-
atomer vid bestrålning, måste atomerna separeras för att få fram titanet. Detta gjordes genom 
en metod som kallas vätskeseparation. Metoden bygger på ett ämnes löslighet i olika 
vätskefaser. Ofta används en organisk fas och en annan vätskefas. 
 
Folierna som tillverkades blev tillräckligt bra men tillverkningen som skedde för hand tog 
lång tid. Strålmålshållaren fungerade väl och vattenkylningen av den kunde hålla 
temperaturen på en acceptabel nivå. Utbytet av bestrålningen (radioaktiviteten hos 45Ti) var 
blev låg jämfört med teoretiska beräkningar. Utbytet var ca 35 – 45 % av de teoretiska 
värdena och det beror starkt på energin för de infallande protonerna. Vätskeseparationen kan 
göras med ett utbyte upp till 70 %. Vid en typisk separation fås fingerdoser på 3 mSv. 
 
Studien visar att 45Ti kan produceras på detta sätt i tillräckliga mängder för att vara 
användbart för framtida kliniska tester. Renheten hos titanet måste dock undersökas och dess 
kemi studeras för att kunna koppla det till substanser lämpliga för kliniskt bruk. 
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Introduction 

Production of radionuclides 

There are two major methods for producing radionuclides. A target can be irradiated with 
either neutrons or charged particles. The neutrons are created in a nuclear reactor or a neutron 
generator and charged particles are created in a cyclotron or another ion accelerator. These 
two methods create radionuclides with different properties but the purpose is the same, to get 
as high specific activity as possible. The amount of activity that can be produced depends on: 
particle fluence, energy, number of target nuclei, cross section for the nuclear reaction in 
question, the half-life of the produced radionuclide and the irradiation time. 
 

Radionuclides produced in a nuclear reactor 

In the nuclear reactor 235U undergoes fission and 2-3 neutrons are created in the process. 
These fission neutrons give rise to several nuclear reactions that can be used for radionuclide 
production. The most common one is the neutron capture reaction (n,γ). In this process a 
neutron is captured by the target nucleus and the product radionuclide, an isotope of the target 
element, emits a γ- photon. The reaction results in a low specific activity since it is often not 
possible to separate the radionuclide from the target element. Radionuclides produced by 
neutron capture are neutron-rich and decay by β-- decay often followed by emission of a γ- 
photon. Molybdenum-99 produced by the (n,γ)-reaction is used in the well-known 
99Mo/99Tcm-generator. 
 
Another useful process is the fission process (n,f). The produced radionuclides have chemical 
properties totally different from the target element and can be separated from the target 
element. The process creates radionuclides with a high specific activity. Fission products are 
neutron-rich and decay by β-- decay. Examples of clinically used fission produced 
radionuclides are 131I and 123I, 133Xe and 99Mo. 
 

Radionuclides produced by charged particle reactions 

The radionuclides produced with charged particles are neutron-deficient and decay by β+- 
decay, electron capture or both. The produced radionuclide has an atomic number different 
from the target element and has a high specific activity. Examples of radionuclides commonly 
produced at a cyclotron facility are 11C, 14N, 15O and 18O. The latter is routinely produced at 
the Pelletron accelerator in Lund utilizing the nuclear reaction 18O(p,n)18F. 
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Titanium-45 

Titanium-45 decays by β+-decay (85 %) and E.C. (15 %) to 45Sc with a half-life of 3,08 h 
(Shu et al.). In β+-decay a proton in the nucleus is transformed into a neutron with emission of 
a β+-particle and a neutrino. The range of the positron in tissue is a few millimetres before it 
encounters its antiparticle, the electron. When that happens the electron-positron pair is 
annihilated and transformed into two oppositely directed 511 keV-photons. These photons 
can be detected by coincidence technique used in positron emission tomography (PET). A 
high β+-yield, a short half-life and a stable daughter make 45Ti a candidate for PET. To be 
useful for diagnostic purposes the radionuclide must be coupled to a proper substance that is 
involved in the biological process to be studied. Often the radionuclide cannot be directly 
attached to the biologically active substance and requires a chelating agent, such as DOTA, 
that acts as a link between the radionuclide and the biologically active substance. 
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The Pelletron accelerator 

The Pelletron accelerator (Hellborg et al.) is an electrostatic accelerator with three major 
components: the ion source, the acceleration tube inside a high-pressure tank and the target. 
There is also a beam transport system consisting of a tubing system with vacuum equipment 
and equipment to shape and monitor the beam. 
 

 
Figure 1: The Pelletron accelerator 

 
In the ion source plasma is created when a gas of low pressure is exposed to an electron arc. 
The plasma consists of positive and negative ions, neutral atoms and molecules and electrons. 
A beam of negative ions and electrons is extracted from the plasma using a positive potential. 
By changing the potential to negative and making other changes to the ion source a positive 
beam can also be obtained. After extraction the beam is shaped by lenses and passed through 
a pre-acceleration tube where the particles get their first energy boost of about 50 keV before 
they reach the inflection magnet. When the beam reaches the magnet it consists of a mix of 
negative particles. By adjusting the magnetic field, the particles of the mass of interest can be 
selected. The part between the ion source and the pressure tank is called the low-energy side. 
 
A pressure tank that contains a high voltage terminal isolated from earth surrounds the 
accelerator tube. The tank contains sulfurhexafluoric gas of a high pressure in order to isolate 
the high voltage terminal from the ground. Two chains run from earth potential to the 
terminal and charge the high voltage terminal. These chains are positively charged by means 
of induction at the earth side and carry the charge to the terminal where it is dumped. The 
chains consist of a number of small cylinders (31 mm in diameter as well as in length) put 
together with nylon joints. The Pelletron accelerator is named after these cylinders called 
pellets. 
 
The positively charged terminal attracts the negative ions, which are accelerated from ground 
potential towards the terminal. At the terminal the gain in energy is the product of the charge 
number, 1, and the potential of the terminal, T MV: 
 

(1)MeVTT1 =⋅  
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When the ions pass the terminal they go through a thin stripper foil that strips them of their 
electrons and the ions become positive. The terminal now repels the positive ions towards the 
other side of the tank where they have gained another, q⋅T MeV, in energy. The total gain in 
energy is: 
 

(2)MeVTq)(1 ⋅+  
 
For the nuclear reaction of interest 45Sc(p,n)45Ti, T is 3 MV and the negative particles that are 
accelerated towards the high voltage terminal are negative hydrogen ions, H-. According to 
equation(1) their energy at the terminal is 3 MeV. The stripper foil turns the hydrogen ions 
into protons that are accelerated away from the terminal. The protons leave the pressure tank 
with an energy of 6 MeV according to equation(2). 
 
After passing through the accelerator tube the high energetic beam is transported towards the 
analysis magnet. On its way it passes focusing and steering devices and equipment for 
determining its shape. The vertical magnetic field in the analysis magnet makes the ions to 
describe a circular path and the ions with the mass of interest can be selected by adjusting the 
magnetic field and transported further on to the target. 
 
There are three main problems to deal with when producing a radionuclide using a particle 
accelerator; to find a suitable nuclear reaction giving the maximum isotope yield, to find a 
proper target assembly and to obtain a beam of different particles of the required energy and 
intensity. 
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Choice of nuclear reaction 

The probability for a certain nuclear reaction can be expressed by the cross-section, σ. The 
cross section is the area of a target nucleus that is seen by an incoming particle. It is not 
equivalent to the physical cross section of the target nucleus but of the same order of 
magnitude. Its unit is barn and 1 barn = 10-24 cm2. The cross-section varies with the kinetic 
energy of the impinging particles and is described by a function called excitation function, 
denoted σ(E). Figure 2 shows the excitation function for the nuclear reaction 45Sc(p,n)45Ti. 
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Figure 2: Excitation function for 45Sc(p,n)45Ti (Dell et al.). 
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A nuclear reaction between two particles is characterized by its Q-value that is derived from 
the principle of conservation of energy. If a target nucleus of rest mass m2 (at rest) is 
bombarded with a particle of rest mass m1, the energy of the system before the nuclear 
reaction can be expressed as: 
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The energy of the system after the nuclear reaction is: 
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The Q-value is defined as the difference in kinetic energy before and after the nuclear 
reaction: 
 

(5)(MeV))]cmm()mm[(E-EEQ 2
4321143 +−+=+=  

 
A positive Q-value means that a part of the initial rest masses has been transformed into 
kinetic energy of the resulting particles. If the Q-value is negative, part of the projectile’s 
kinetic energy has been used to increase the rest masses of the products compared to the 
target nucleus and the projectile. In the latter case the nuclear reaction has a threshold energy, 
Ethr,  which is given by (Helus): 
 

)6(
A
A

1QE
2

1
thr ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+⋅−=  

 
 A1 is the mass number of the impinging particle 
 A2 is the mass number of the target nucleus 
 
The impinging particle has to have a kinetic energy of at least Ethr to make the nuclear 
reaction energetically possible. 
 
A positively charged particle approaching another positively charged particle must have 
enough kinetic energy to overcome the repulsive Coulomb barrier, EC. The repulsive 
Coulomb potential of two particles carrying positive charges of z1·e and z2·e, is given by: 
 

 
charge elementarye

(7)
r

ezzE
min

2
21
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=

=
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rmin= R1+R2, is the sum of the particle radii and the distance where the attractive nuclear 
forces begin to become effective. 
 
In the case of a positive charge approaching a nucleus, this expression can be simplified to 
read (Helus): 

  (8)(MeV)zz0.95E 2/3
21C ⋅=

 
There is a certain probability increasing with energy that the incoming particle will penetrate 
this Coulomb barrier even if E1<EC, an effect called tunnelling. In practice, only a part of EC 

is necessary to penetrate the barrier and this fraction, has to be determined by experiment. 
A nuclear reaction where Q<0 can only start when the impinging particle has a kinetic energy 
of at least E

eff
CE

thr or . eff
CE

 
The Q- value for the nuclear reaction 45Sc(p,n)45Ti is -2.8 MeV (Landolt) and EC = 7.2 MeV 
from equation(8) but the threshold value is only 2.9 MeV (Landolt). The choice of nuclear 
reaction was simple in this case. There was already knowledge of using a (p,n)-reaction since 
this reaction is used for producing 18F. Scandium is a metal which is easy to handle, as 
compared to a liquid or a gas. The construction of  the target holder could also be kept simple. 
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Target 

There are many different types of targets in radionuclide production and they can be divided 
into two major groups; reactor targets and cyclotron targets. Generally, the reactor targets are 
often more simple than cyclotron targets. Cyclotron targets can be divided into three groups; 
gaseous targets, liquid targets and dissolved target material in a liquid medium and solid and 
metal foil targets.  
 
The gaseous targets are especially used for production of short-lived positron emitting 
radionuclides such as 11C, 13N and 15O. The target can be gas or a solid giving a gaseous 
product. The produced radionuclide is removed from the target by a sweeping gas, often 
nitrogen. 
 
Liquid targets have the advantage that the product of the irradiation is also a liquid and there 
is no need to dissolve the target for further chemical processing. Immediately after 
bombardment the product can be pumped out of the target chamber into a hot cell for further 
processing thus minimizing radiation hazard for personnel. An example of a liquid target used 
at the Pelletron accelerator is . It is separated from the vacuum system by foils and is 
called an external target. The most popular foil for external targets is the Havar foil that is a 
Cobalt-based alloy made of seven metals. This type of foil is also used at the Pelletron 
accelerator in production of 

OH18
2

18F. 
 
Most facilities for radionuclide production use external targets. A target can also be inside the 
vacuum system and is then called an internal target. Targets that are temperature, vacuum and 
radiation resistant are suitable as this type of target. In this case there is no need for any foils 
separating the target from the vacuum system. 
 
Most targets used for radionuclide production are solid, either as metal foil or as a salt. The 
target for the nuclear reaction 45Sc(p,n)45Ti was a scandium foil mounted as an internal target. 
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Yield 

The number of nuclear reactions per second and per unit volume, N, that take place in a thin 
layer, ∆x (cm), of the target material can be expressed as: 
 

)(cmsection  cross  theisσ
)(cm eunit volumper  nuclei target ofnumber N

)s chargesy (elementarcurrent  particleI
Z
1I

(9)∆xσNIN

2

3-
1

1-
p

1p

=

=⋅⎟
⎠
⎞

⎜
⎝
⎛=

⋅⋅⋅=

 

 
It is assumed that ∆x is thin enough not to appreciably affect the beam energy or the current. 
It is further assumed that the target material is so thin that the cross sections of the target 
nuclei do not overlap. 
 
To calculate the number of target nuclei per gram the following equation is used: 
 

 
nuclei target  theofnumber  mass  theis M

mole106.023 number  sAvogadro' is N

)10(N
M
ρN

1-23
A

A1

⋅=

⋅=

 

 
If we express ∆x in grams per cm2 to get rid of ρ, equation (10) will read: 
 

 (11)∆xσ
M
NIN A

p ⋅⋅⋅=  

 
From radioactive decay we know that: 
 

(12)dt
T
ln2dt λdn

1/2

⋅=⋅=−  

 
Hence, the build-up of nuclei for an irradiation period of t1 is described by: 
 

( )
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N
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The activity build-up during a bombardment is given by: 
 

(14))e(1xσ
M
NIA(t) tA

p
λ−−⋅∆⋅⋅⋅=  
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The formula is valid under the assumption that ∆x is small enough not to appreciably affect 
the particle energy (E) or the electric current. When the target is thicker, σ has to be replaced 
by σ(E) and integrated over the energy interval, ES ≤ E ≤ E0: 
 

(15))e(1dE
dxdE/ρ
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M
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p
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0
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When E≤ES, σ(E) = 0 and ES can be substituted by zero. When t → ∞ we get: 
 

(16)dE
dxdE/ρ

σ(E)
M
NIA

0E

0

A
pS ∫⋅⋅=  

 
AS is called saturation activity and is the maximum activity that can be produced for a particle 
current of Ip of energy E in a thick target. A thick target is a target thick enough to degrade 
the energy to at least ES. 
 
The thick target yield is defined as: 
 

(17))µA Bq(
I

A
  Y 1S −=  

 
With IP = 1 elementary charge s-1 = 1.602·10-13 µA and 1 mb = 10-27 cm2, equation(17) can be 
expressed as: 
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The yield is given as a constant denoted B in the unit MBq/µAh in the work by Dimitriev and 
the activity build-up is described as: 
 

)21(Tfor t
λ
IBA

)20(Tfor ttIBA

)19(Tfor t
λ
e1IBA

1/2

1/2

1/2
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If we use the expression for AS from equation(14) in equation(13) we get: 
 

(22))e(1AA(t) λt
S

−−⋅=  
 
Comparing this to equation(19) we see that B is another way of expression the saturation 
activity: 

(23))hµA MBq(
I
λAB 1-1-

S ⋅=  
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Solvent extraction 

After irradiation the radionuclide has to be recovered from the target. This is done by a 
method called solvent extraction (Christian et al.). The method is a relatively simple and 
rapid technique and the radionuclide can be almost completely separated from the target 
material. The method is based on the distribution of a solute between two immiscible solvent 
phases. The distribution of a solute is described by the distribution ratio or distribution 
coefficient, DA: 
 

phase aqueous in theA  solute  theofion concentrat analytical  totalc
phase organic in the form) chemicaler (in whatev
A solute  theofion concentrat analytical  totalc

where

  (24)
c

c
D

o

o
A

=

=

=

 

 
To ensure a good separation between two species the distribution coefficient for the species to 
be extracted must be high and the distribution coefficient for the other must be low, that is the 
ratio of the coefficients must be high. Sevastianov has measured the distribution coefficients 
in extraction of scandium and titanium with oxygen-containing solvents from hydrochloric 
acid solutions. The best separation was obtained with octyl alcohol (1-octanol) and a method 
for separation of titanium from scandium was implemented. The method used in this work is 
based on the method by Sevastianov. 
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Materials and methods 

The following equipment was used in the study: 
 Scandium pieces, about 0.2 grams each (Figure 3). 
 A metal piece about 60×200 mm. 
 Rolling mill for transforming the scandium pieces into foils. 
 A micrometer screw. 
 The Pelletron electrostatic accelerator at the Physics Department, Lund University. 

Maximum energy 6 MeV. 
 Ion chamber, Capintec. 
 NaI(Tl)- scintillation detector 

 

Construction of target station 

Target 

The optimum thickness should be just enough to slow the protons down to the threshold 
energy, 2.9 MeV, of the nuclear reaction 45Sc(p,n)45Ti. Below the threshold energy the 
nuclear reaction is not energetically possible. Since the range for protons in scandium could 
not be found, the data was taken from titanium (PSTAR) and calculated by scaling. 
 
Calculation of the thickness of a titanium target using “remaining range” (Knoll): 
 

cmin  foil target  titaniuma of  thickness theisR
m)in titaniu protons MeV 6for  (range cm g 0.08224R

m)in titaniu protons MeV 2.9for  (range cm g 0.02489 R

(25)Rρ-RR

Ti

2
 6 Ti, p,

2-
2.9 Ti, p,

TiTi6 Ti,p,2.9 Ti,p,

=

=

=

⋅=

−

 

 
Calculation of the thickness of the scandium target using scaling (Knoll): 
The relationship between the ranges for the same charged particle in two different mediums (a 
and b) can be expressed as: 
 

 (26)
ρ
ρ

A
A

R
R

a

b

b

a

b

a ⋅=  

 
The thickness of a scandium target foil was calculated with equation(26) using RTi from 
equation(25) and the data from Table 1. 
 
Table 1: Physical data for scandium and titanium (Periodic table of the elements) 

 Atomic number 
Z 

Atomic weight 
A 

Density, ρ 
(g cm-3) 

Scandium 21 45.0 3.0 
Titanium 22 47.9 4.5 
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Figure 3: Pieces of scandium and foils. (5 mm squares) 

 
The foils were fabricated from pieces of scandium. The scandium pieces in the figure weigh 
about 0.2 g each and have been cut from a larger piece using a hammer and a chisel. The 
weight of a scandium piece was calculated to know how much to cut from the larger piece. To 
do this, the foil thickness from equation(26) was multiplied with the density and the estimated 
area of the beam, 4 cm2. After the pieces had been cut out to their proper weights they were 
placed between two metal pieces and with a large hammer and an anvil they were flattened 
enough to fit between the rolls of the rolling mill seen in the picture below. 
 

 

 
Figure 4: Foil manufacturing. 

 
The scandium piece was turned into a foil by rolling the foil back and forth, slowly increasing 
the pressure with the screw on top of the rolling mill. A micrometer screw was used to check 
the thickness of the foil. The best shape of the foil would be a circle, but the structure in the 
metal resulted in foils that look like the ones in Figure 3. The most important thing was to 
make sure that there were no holes in the foil. Protons passing through the holes would not 
lead to the desired nuclear reaction, which would result in a lower yield. The foil was 
inspected visually and rotated at regular intervals to get an even thickness and to avoid holes. 
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Target holder 

The target holder should provide a good support for the foil and it should be easy to remove 
the hot target from the holder after bombardment. The target should be mounted on the holder 
in good thermal contact with the holder in order to transfer the dissipated heat from the target 
to the holder that should be cooled in a proper way. The simplest way is to use water-cooling. 
 
The image to the right in Figure 5 shows the target holder seen in the beam direction. The 
holder was made of aluminium and has a cylindrical shape, 4 cm long and 6 cm in diameter. 
There is a drilled hole through it for water-cooling and the fittings for the water tubes are seen 
in the image as well as the wire for measuring current on the target. Two copper clips fasten 
the foil and allow the foil to be removed easily after irradiation. 
 

 

45°- magnet

Incoming beam →    ⎯⎯ To 18F-target → 

To pre-vacuum pump →

↑ 
Wire for current 

measurement 

← Cooling 
water tubes 

↓

To 45Sc-target  

Valve 1 →

Valve 2 → 

High vacuum 
valve 

↓ 

 
Figure 5: Target setup. In production of 18F the 45°-degree magnet is not used and the beam travels straight 

 on to the 18F-target. In production of 45Ti the beam is directed to the target with the 45°-magnet. 
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Target setup 

The target is mounted as an internal target, i.e. inside the vacuum system. During irradiation 
the target holder is held in place by air pressure. To show that the air pressure is sufficient to 
hold the target holder securely in place the following equations have been used: 
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The target holder is connected to a custom made part that is fitted on a high vacuum valve. 
The custom made part is also connected to valve 2 (Figure 6) which is connected to valve 1 
(Figure 6). Prior to irradiation the target chamber is evacuated with a pre-vacuum pump 
before the high vacuum valve is opened. After bombardment, the high vacuum valve is closed 
and air is allowed to flow into the target chamber through valve 2. The target holder loosens 
from the high vacuum valve allowing the target to be removed. 
 

 High-vacuum valve with 
manouvering handle 

Valve 2 

Valve 1 

↑ 
O-ring 

Target holder 

To pre-vacuum pump 

 
 

Figure 6: Draft of the target setup. 
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Beam diagnostics 

The Pelletron accelerator is used weekly for production of 18F via the reaction 18O(p,n)18F. 
The 45°- magnet seen in Figure 5 is not used in this case had not been in use for years when 
this project started. It was uncertain if it would work at all and this was one of the first things 
to test. The tests were performed using a beam viewer with a PMMA-window. A ceramics 
plate was mounted on the turnable beam stop in the viewer. During bombardment a bright 
glowing spot appeared on the ceramics plate. 
 
 

 
Figure 7: Setup for beam diagnostics. 

 
The beam was monitored on a TV-monitor in the control room by placing a TV-camera in the 
"target room" and zooming in on the beam viewer. (The monitor seen in the figure was only 
used while setting up and adjusting the TV- camera.) In this way, the beam could be 
monitored as the settings of the 45°-magnet and other steering devices were adjusted. 
 

 22



Cooling 

A first-order estimation of the cooling capacity needed was done in a very forward manor. It 
was assumed that all energy deposited in the target was transferred into heat and transported 
through the target holder to the cooling water. All losses of energy resulting from nonuniform 
and incomplete heat transfer were neglected. The increase in the temperature of the cooling 
water was calculated to get an opinion about the effectiveness of water as a coolant. 
 
The power transferred to the target can be calculated by: 
 

(µA)current   beam  theis I
(MV)  on voltageaccelerati  theis U

(29)(W)  IUP ⋅=
 

 
The amount of energy that is transported away by the cooling water is determined by: 
 

)s C( water    theof rise re temperatu theis T
)C kg (J  for water capacity heat  specific  theis c
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Combining equation (27) and (28) can be written as: T∆
 

(31)  
cm

IUT
w ⋅
⋅

=∆  

 
With U = 6 MV, c= 4,18 kJ kg-1 ºC-1, assuming a large current of 20 µA and an estimated 
normal water flow of 0.05 l s-1 T was calculated. ∆
 
 

Measurement of current 

Based on the experience from producing 18F the current measured on the target is only 25-30 
% of the current measured on beam stop number three. (Beam stop number three is positioned 
after the analysis magnet and before the 45°-magnet). The current measured on the target 
during production of 45Ti was also low. This made us investigate if the cooling water was 
responsible for carrying away part of the current by measuring the current with and without 
cooling water. The measurement was also done varying the cooling water flow to see if it 
affected the measured current (Table 1). 
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Yield – Bombardment 

The yield was calculated according to equation(19) whenever an irradiation was performed 
and the calculated activity was compared to the activity measured with a well ionisation 
chamber. 
 
A comparison was made between the constant B in equation(19) and the thick target yield 
calculated according to equation(18). The integral in the latter equation was calculated by 
dividing the energy interval 3-6 MeV into 0.1 MeV steps. For each energy interval the cross 
section was linearly interpolated from data in Figure 2. Stopping power for titanium was 
calculated with linear interpolation in data from and scaled to obtain stopping power for 
scandium. 
 
A measurement was performed in order to examine the dependence on energy. Keeping track 
of the beam current and the time of bombardment, the target was irradiated for a known time. 
A NaI(Tl)- scintillation detector was positioned at a proper distance from the target holder 
and the number of counts in the 511 keV peak was recorded. A series of measurements was 
performed for energies ranging from 5.0 – 6.0 MeV. The detector was placed at a fix position 
during the measurements and was removed from the target room during irradiation. The 
activity was measured in the well ionisation chamber after the last irradiation in the series. 
This value was decay corrected and a calibration constant in counts/MBq was calculated. 
 
For each energy, the number of counts acquired for the previous measurement was corrected 
for decay and subtracted from the number of counts acquired for the energy of interest. The 
activity produced at each energy was then calculated using the calibration constant. The 
relative yield as a function of energy is seen in Figure 8. 
 

Separation of 45Ti from 45Sc 

The solvent extraction technique is mostly based on the distribution of the radionuclide 
between an aqueous phase and an organic phase and this is also the case in separation of 45Ti 
from 45Sc. The aqueous phase is 12 M hydrochloric acid (HCl) and the organic phase is a mix 
of 1-octanol and benzene. 
 
The first step in the separation is to dissolve the foil in HCl, an intense reaction with 
development of heat. The organic phase is added and the solution is mixed. After mixing, the 
two phases slowly separates creating a distinct border between them. The titanium is 
extracted from the organic phase while the scandium stays behind in the hydrochloric acid. 
The organic phase, containing the titanium, is removed to another test tube. The procedure of 
adding organic phase, mixing and extracting, is done a couple of times to increase the percent 
extracted (Christian et al.). 
 
HCl is then added to the organic phase and after mixing the HCl is removed. This is also done 
a couple of times to wash out any remaining scandium from the organic phase. 
 
The final step is to do a so-called back-extraction with water. The water is added to the 
organic phase and after more mixing the aqueous phase, now containing the titanium, is 
removed.  
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Radiation dosimetry 

The removal of the foil from the target holder after bombardment may involve a risk of 
exposure to radiation. The following separation involves extensive work with the 
radioactivity by hand and the risk of radiation exposure is high. The separation was performed 
in a fume hood behind a wall of lead tiles and a thick lead glass. To avoid unnecessary 
radiation exposure a pair of tweezers was used when handling the foil. The test tubes were 
handled with a 0.5 m long tube holder whenever possible. The steps of the separation that 
required direct contact with the tubes were done as fast as possible.  
 
To investigate what absorbed doses the fingers received from handling the foil after an 
irradiation and the following separation, pairs of TL-dosimeters were worn on the thumb, 
index and middle finger on each hand. One pair was placed on the chest and another one on 
the forehead. The dosimeters were put on before removing the foil from the target holder and 
were removed when the separation was finished. 
The result can be seen in Table 4. 
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Results and Discussion 

Calculation of the thickness of the target foil 

According to the calculations the scandium target foil should be 0.019 cm thick. The 
thickness is equal to the range for 2.9 MeV protons in scandium. If the foil were any thicker, 
it would only result in unnecessary heat dissipation in the target. A thicker foil would also be 
a waste of target material. A thinner foil would mean that part of the protons energy would be 
wasted as heat instead of inducing nuclear reactions. 
 

Calculation of “air pressure” holding the target holder in place during irradiation 

The result from equation (28) is 28 kg. This simple calculation shows that the target holder is 
securely held in place by air pressure. There is no need for any extra fastening of the target 
holder to the vacuum system. This fact contributed to the simple construction of the target 
holder. 
 

Beam diagnostics 

The tests showed that the 45°-magnet (Figure 5) did work and that the beam could be directed 
to the target. The settings that made the beam have an area about 1 cm2 were recorded and 
used as a starting point for the following bombardments. 
 
The beam should be controlled in such a way as to get the maximum yield of the product. It 
should also be spread out across the target area to not cause any burns. This is also depends 
on the condition of the target itself before irradiation. 
  

Cooling 

The calculated increase in temperature is 0.6 C s-1. This is a very approximate value but 
shows that water is a very effective coolant even with a low water flow. Equation(31) gives a 
crude estimation of the cooling efficiency and is probably an over estimation since a very 
high current was used in the calculation. 
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Measurement of current 

The purpose of the cooling water is to transfer the heat away from the target. However, the 
cooling water also carries away a great part of the charge from the target, which affects the 
measured current. 
 
Table 2: Measurement of current. 
All values except the first one were measured on the target (or actually target holder). 

Measuring condition/place Current (µA)
Beam stop 3 2.0 
Cooling water tubes disconnected 1.1 
Cooling water off, but cooling water tubes connected 0.4 
Low cooling water flow 0.35 – 0.4 
Medium cooling water flow 0.35 – 0.4 
High cooling water flow 0.35 – 0.4 
 
With the cooling water tubes disconnected the current is 1.1 µA compared to 0.4 µA with the 
tubes in place (Table 2). Changing the water flow did not affect the measured current. Even 
with the cooling water tubes disconnected the current measured on the target, 1.1 µA, is much 
lower than the current measured on beam stop three, 2.0 µA. This is probably due to that there 
is something wrong with the current measurement. The beam was monitored with a beam 
scanner at a position after beam stop three and just before the 45°- magnet (Figure 6). The 
appearance of the horizontal and vertical beam profiles were normal and it did not look as if 
the beam was “cut” in any way. Therefore it is believed that the beam does reach the target 
without losses. The low value is probably due to improper isolation of the target from ground 
potential. The normal target/beam- ratio for 45Ti- production is approximately 0.2, which is 
the mean value from the bombardments. This corresponds to the values obtained during 
production of 18F. 
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Yield – Bombardment (6 MeV) 
Table 3: Yield – Bombardment. 
The calculated activity was calculated with equation(19) corrected for decay and compared to the measured 
activity. 

Irradiation 
time 
(min) 

Current 
(µA) 

Calculated activity 
(MBq) 

Measured activity1

(MBq) Ratio 

8 10.0 256 150 0.59 
10 10.0 319 144 0.45 
10 10.0 319 115 0.36 
10 9.0 287 119 0.41 
15 5.0 237 110 0.46 
15 10.0 474 169 0.36 
20 5.5 344 152 0.44 
30 10.0 922 416 0.45 
60 15.5 2707 1158 0.43 
150 17.0 6338 2815 0.44 
185 18.0 7804 2396 0.31 

1) corrected for decay 
 
 
From Table 3 it can be seen that the ratio produced activity/calculated activity is 
approximately 0.35 - 0.45. Most of the bombardments were performed with times ranging 
from 10 minutes up to 30 minutes. In these cases the goal was to produce an activity to test 
the separation procedure. There are two bombardments with an irradiation time of 10 minutes 
and a current of 10 µA. Despite this the difference in measured activity of the two is 25 %, 
which tells us something about the uncertainties of the production method. The shape and 
homogeneity of the foil is probably a large source of error. At one occasion the target was 
irradiated for a period of time equivalent to the half-life of 45Ti, about 3 hours, to see how 
much activity could be produced. The yield of this bombardment was one of the lowest that 
was achieved. However, this was due to problems with the accelerator. 
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The table shows how the integral in equation(7) was calculated by dividing the energy range 
into 0.1 MeV intervals. The calculated thick target yield using this equation is 408 MBq/µA. 
If the measured activities in Table 3 are transformed into thick target yields using 
equation(22) and equation(17) the average value is 371 MBq/µA which is in good agreement 
with 408 MBq/µA. According to Dimitriev the value is 866 MBq/µA. The target foil itself has 
certainly a great effect on the yield. The shape of the foil could only slightly be controlled 
during the rolling-procedure by rotating the foil at regular intervals. It was often very hard to 
get a foil without holes in it. 
 
Table 4: Calculation of thick target yield for 45Sc(p,n)45Ti (6 MeV). 
The cross sections are calculated by linear interpolation with data from Figure 2. Stopping power for scandium 
(column 4) was obtained by linear interpolation and scaling of titanium stopping power.  
Energy interval Mid energy σ dE/dx [σ/(dE/dx)]*dE 

(MeV) (MeV) mb (10-24 cm2) (MeV cm2 g-1) (mb g cm-2) 
3.2 - 3.3 3.25 10 68.3 0.015 
3.3 - 3.4 3.35 14 66.8 0.022 
3.4 - 3.5 3.45 19 65.4 0.029 
3.5 - 3.6 3.55 26 64.1 0.041 
3.6 - 3.7 3.65 36 62.9 0.058 
3.7 - 3.8 3.75 47 61.8 0.076 
3.8 - 3.9 3.85 51 60.6 0.084 
3.9 - 4.0 3.95 55 59.4 0.093 
4.0 - 4.1 4.05 60 58.4 0.103 
4.1 - 4.2 4.15 66 57.5 0.115 
4.2 - 4.3 4.25 72 56.5 0.127 
4.3 - 4.4 4.35 81 55.6 0.146 
4.4 - 4.5 4.45 90 54.6 0.165 
4.5 - 4.6 4.55 97 53.8 0.180 
4.6 - 4.7 4.65 101 53.1 0.190 
4.7 - 4.8 4.75 105 52.4 0.200 
4.8 - 4.9 4.85 109 51.8 0.210 
4.9 - 5.0 4.95 112 51.1 0.220 
5.0 - 5.1 5.05 116 49.9 0.232 
5.1 - 5.2 5.15 119 49.2 0.243 
5.2 - 5.3 5.25 123 48.6 0.253 
5.3 - 5.4 5.35 126 47.9 0.263 
5.4 - 5.5 5.45 129 47.2 0.272 
5.5 - 5.6 5.55 132 46.6 0.284 
5.6 - 5.7 5.65 137 46.0 0.298 
5.7 - 5.8 5.75 142 45.5 0.312 
5.8 - 5.9 5.85 147 44.9 0.327 
5.9 - 6.0 5.95 148 44.3 0.326 

   Sum: 4.88 
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Relative yield
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Figure 8: Relative yield as a function of the accelerator potential. 
 
Figure 8 shows how the yield of the nuclear reaction depends on the energy of the protons. 
The yield for 5 MV is only 40 % of the yield for 6 MV so there is clearly a strong dependence 
of energy. A low potential of the accelerator will result in lower values of the cross section for 
the reaction and of course a lower yield. This test was done to see how much activity could be 
produced if for some reason the accelerator could not reach 6 MV. 
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Yield – Separation 
Table 5: Yield – separation 
The activities in the table are measured activities. 
Activity of target foil

(MBq) 
Activity of product at EOS 

(MBq) Yield1 Yield2

93 60 0.92 0.64 
317 206 0.96 0.65 
317 176 0.84 0.55 
1209 645 0.80 0.53 
1349 912 0.80 0.68 

1) corrected for decay 
2) not corrected for decay 
 
 
This is an important step of the production of 45Ti. The total yield is very much dependant on 
how well the separation is performed. The separation involves separation of a liquid from 
another using a pipette and it is up to the person doing it how much of the wanted substance 
can be extracted in each turn. However, the more extractions that are performed the more 
efficient the separation is. It is an effective method, the yield is about 80 – 90 %. It takes 
about one hour and a half to perform a separation, and a great deal of the activity is lost due to 
decay. One could expect to end up with about 50 – 60 % of the activity at EOB. 
 

Radiation dosimetry 
Table 6: TLD measurements. 

TLD placement Average dose 
(mSv) 

Forehead 0.35 
Chest 0.31 
Right thumb 1.72 
Right index finger 3.82 
Right middle finger 3.26 
Left thumb 2.85 
Left index finger (lost TLDs) 
Left middle finger 3.36 
 
 
As expected, the doses to the fingers were the highest since those are kept closest to the 
activity. The dose limit for the fingers as well as the skin is 500 mSv/year (Statens 
Stålskyddsinstitut) and compared to this the received dose is acceptable, indicating that the 
separation can be carried out a great number of times before this limit is reached. 
The dose received by the TLD placed in the forehead can give an estimation of the dose to the 
lenses of the eyes, the organs at risk. The dose limit for the lens is 150 mSv/year 
(Statens Stålskyddsinstitut) and there is no risk of reaching this limit either. 
 
A thing that might seem strange with these measurements is the difference in dose between 
the thumbs. This can be explained by the way that the tube holder was held during mixing, 
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which is a time consuming moment of the separation. The right hand was on top above the 
lead wall and the left hand was usually held just below the wall. 
 

 32



Final comments and conclusions 

The way of producing 45Ti in this way is an extensive and demanding process, especially the 
manufacturing of the scandium foils. It was no easy task to cut a large scandium piece into 
smaller ones, since scandium is rather a hard metal. The metal has a structure resembling 
wood fibres and the easiest way was to cut along these “fibres”. The way of manually 
fabricating target foils reduces the possibility to get foils that are uniform in thickness and 
shape and this affects the produced activity. 
 
The calculated thick target yield based on measured activity shows a good agreement with 
one of the references (Dell et al.) but is about half the value given by Dimitriev. It is hard to 
tell which one is the most accurate since no other data could be found for comparison. This 
study showed that the activity produced is enough for future diagnostic imaging.  
 
The total yield is much dependent on the chemistry involved. In this work the separation has 
been considered from a "black box" perspective and no deeper investigations of this part of 
the work was done. This is an important step of the production and there is much to be won 
by good practical skills. If you consider using the product for radio labelling further 
knowledge of titanium chemistry is needed. It is important to know what initial material one 
have to work with before doing such experiments. For that reason the purity of the product of 
the separation has to be studied. 
 
It takes a long time to learn how to operate an accelerator and its many components that must 
all work together. There is much finger tip feeling involved that can mean the difference 
between a normal result and total failure. This fingertip feeling involves knowing what to do 
when the beam current drops, what steering devices to adjust to get the beam back to full 
strength and so on. The adjustments must be done carefully though, too much adjustment and 
one may lose the beam. In some cases this would mean that the accelerator has to be started 
all over again. 
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