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Abstract   
This final report for the IAEA-CRP on “Improved High Current Liquid and Gas Targets for Cyclotron 
Produced Radioisotopes” reports the progress made as part of the Danish participation in the above CRP.  
Some of the work is the result of international, multi-institutional collaboration and/or research student 
education,  and credit is hereby given to my former students Helge Thisgaard and Jesper Jørgensen, Katie 
Gagnon, student of Tom Ruth at Triumf, Canada, and, last but not least, to Tom himself. The people at the 
Edmonton PET centre, for beam time.  David Schlyer and Rick Carson of BNL for access to the Tandem 
accelerator calibration shots. 
 
Introduction 
 
As the imaging modalities PET and PET/CT continues to grow with important clinical routine use 
in diagnosing life-threatening diseases, stable, safe and efficient supply of the fundamental 
radiopharmaceuticals becomes ever more important. At the same time, a number of new and 
seemingly efficient PET-compounds are being clinically tested in the hope that these new 
compounds will get a large and well defined clinical role soon, next to the ever-important 
standard compound FDG. 
 
Examples of such new compounds are F-18 FLT, F-18 FCH as cell proliferation markers. Also 
the possibility of getting early diagnosis on Alzheimers Disease is attracting attention, and PET 
could become the preferred modality for this. 
These “2nd generation compounds” have shown to be more difficult to synthesise, purify and 
formulate than the standard FDG. Most important, variations in radiochemical yield and thus 
overall production is seen although cyclotron- and chemistry parameters and starting materials are 
held constant. It is proposed that these variations could be caused by variations in target 
conditions that can affect both the Specific Activity (SA) and the general chemical form of the 
crude target product after end of bombardment (EOB). 
The routinely used, commercial cyclotrons have little or no diagnostic tools to offer in terms of 
monitoring target performance during cyclotron runs. Typically only a target current and the 
target pressure are read out. Even the total activity at EOB is most often missed, as the activity at 
this stage is too large to handle safely in normal dose calibrator operations. The target activity is 
normally loaded directly into the synthesis modules under remote control, and thus an important 
parameter is missed. The EOB out-of-target activity could serve to discriminate between 
important shortcoming either on the cyclotron/target side or in the synthesis itself. 
With this knowledge, it is highly appropriate to search for diagnostic measures that could better 
characterise the target performance under full beam irradiation. 
Until recently, cyclotrons and the related targetry were mainly operated by a rather narrow group 
of specialist crews, situated either within academic physics research institutions, large university 
hospitals or with the few industrial scale radioisotope manufacturers. However, because of the 
rapidly spreading use of PET and PET/CT, the number of cyclotron installations is rapidly 
growing and target technology has to be mastered by a much larger group of experts. Although 
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many of the new cyclotron installations are primarily erected for the production of a single 
isotope (F-18) in the form of a single, well defined radiopharmaceutical (FDG) a sizeable fraction 
of all these new groups have declared and started active research programs in C-11 compounds in 
other F-18 compounds and in the use of the heavier element positron emitting tracers: various Cu 
isotopes, Zn-62, Tc-95m, Br-77, I-124 etc). 
 
Both the routine manufacture of large amounts of F-18 fluoride for FDG labelling and the 
production and the closely entangled radiochemical processing of the other positron emitting 
isotopes will require expert skills in targetry and a good understanding of the interplay between 
the cyclotron and the target. 
 
The basic science of nuclear physics behind the use of all of these targets (cross sections, thick 
target yields, stopping of charged particles) is very well understood and the necessary data is 
evaluated, tabulated and made widely available in the scientific literature and on web. IAEA has 
plays an important role in the dissemination of this important part of nuclear data.  It is 
recognised that a few processes still needs further study to establish precise cross section data on 
a few of the less common positron emitters and to augment the arsenal of monitor reactions, but 
these tasks can easily be handled by the existing expert groups at research institutions with 
variable energy machines.   
 
1. BEAM PROFILE MEASUREMENTS. 
It is well known, that cyclotrons do have variable beam profiles depending on a number of 
parameters, such as the condition of the ion source, the beam intensity, the main magnetic field 
and the thickness and condition of the stripper foil. At minimum, the beam profile should match 
the aperture of the target, but preferentially the beam profile should fulfill additional 
requirements. Hot spots will be detrimental to the window foils, and can add to the “channeling” 
of high intensity beam through gas or liquid targets. It is also proposed that the beam profile in 
the gas, and perhaps also in the liquid targets can influence the internal circulation patterns and 
the chemical fate of the formed radioactive species. 
It is recognised by this expert group that much of this variation can be attributed to less than 
optimal matching of the targets and their operating conditions to the actual cyclotrons used. There 
is a close interplay between beam parameters (size, intensity, emittance, direction, modulation 
and energy) and the performance of a given target. Even within the standard range of “product” 
target/cyclotrons from the big manufacturers this variation is seen.  
 
To help existing and new groups advance overcome these variations and the accompanying 
problems with radiochemical yield and purity, it is recommended that an arsenal of simple 
diagnostic methods are developed, calibrated and disseminated, because this well greatly help the 
target users sort out the rather complex problems and make clear the identification and 
remidification of the problems to both operators, service personnel and cyclone manufacturers. 
 
Today most targets are often characterized by the beam current entering the target through the 
defining collimator. There is a need to detail this information in relation to the beam distribution 
within the beam strike area, the exact alignment of the predominant beam direction to the target 
axis and for the gas targets a quantification of the beam distribution pattern during the stopping 
process. Recognising the multitude of beam types, the variety design of exit port configurations 
and the difficulties of transporting irradiated material between institutions, it is recommended that 
diagnostic tools for the above mentioned parameters are made available both in the form of a few 
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prototypes and by drawings, descriptions and recommendations for the construction and operation 
of such devices.  
 
As the detailed design of the beam exit port on a given make of cyclotron is often protected 
intellectual property, a method should be found to allow (and encourage) the cyclotron 
manufacturers to develop mating flanges between the standard cyclotron types and the proposed 
general diagnostic tools. 
 
For more sophisticated use easily deployable and reliable full beam intensity beam profile 
measurement devices have to be developed. Conventional beam scanners are often either not 
sufficiently quantitative or do not stand the full intensity of realistic production beams. 
 
Many groups at the larger cyclotron centers have implemented various beam viewers and beam 
scanners.  These devices are however very often current limited and /or are interceptive, blocking 
the beam while measuring. 
If however the beam profile (the relative beam distribution over the admittance area of the target) 
for a given cyclotron was known to be constant independent of intensity, existing diagnostic tools 
(beam viewers and scanners) could be inserted before and at intervals during production at low-
to-medium intensities (1-5 microAmps) to establish the position and profile, then withdrawn from 
the beam and only intensity increased (by increasing ion source output).  
For routine use at the smaller production cyclotrons with no or limited beamline possibility, a 
simple beam profiling tool in the form of a glowing wire mesh has been experimentally 
investigated. This system is a passive, static device consisting of an open mesh of a refractory 
metal placed permanently in the beam under thermally isolated conditions. The parts of the mesh 
struck by the beam will heat up. If the mesh wires are sufficiently thin the heat will only be 
dissipated by radiation, meaning that the wires will glow proportional to local power density of 
the part of the beam intercepted. To some approximation, the heat given away will follow the 
Stefan-Boltzmann’s law that the radiated power is proportional to the fourth power of the 
temperature. This requires that transversal heat conduction along the mesh wires is much smaller 
than the heat irradiated away.  
To the extent that the mesh grid size is smaller than any local spatial variation in the beam, the 
radiated light deconvoluted by this T4 function, will give the local power density in the beam.    
Meshes of Tantalum, Rhenium and Wolfram have been tested. All materials give about equal 
light output and all have tolerated beam up to 10 uA. Beams of over 20 uA have been tolerated 
for several minutes, however, the light output in these conditions overexposed the ccd camera 
used. 
The most extensively tested mesh is made of Tantalum. Pieces of the size mesh size 40x40 mm 
were bought from Goodfellow Metals (“grid size 0.43 mm, wire diameter 0.075 mm”). 
The mesh was placed at 45 degrees angle to the external proton beam of the PET Trace cyclotron 
at Heresy lab. The test bombardments were done with 16.5 MeV protons. The housing was a 
normal KF50 beam pipe X section. One of the side arms was equipped with a clear glass window, 
through which a simple CCD-based WEB camera was directed and focused on the mesh. The 
opposing blind flange carried the foil supported (electrically grounded) by thin stainless steels 
screws. 
 A conventional water cooled 4-sector collimator 20 cm in front of the mesh device limited the 
beam to 20 mm diameter. The beam intercepted by this collimator was recorded. A water-cooled 
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dummy target immediately downstream from the mesh collected the entire beam transmitted 
through the mesh. The mesh and dummy target were not mutually isolated in the test setup, and 
the beam intensities reported are thus the total intensity (intercepted and transmitted).  
From the geometry of the mesh, the transmission factor can be calculated, ignoring any beam 
penetration of the edges of the wires. 
For a finger-grid with wire thickness d, mesh size D and at angle v with the beam, the blocked 
fraction (BF1, 0<BF1<1) can be approximated by: 
 
BF1 = d / (D sin(v)). 
 
For v=45 degrees, d = 0.075 mm and D =  0.43 mm : 
 
BF1 = 0.2467 
 
The transmission (T %) is the given by: 
 
T= 100 ( 1-BF1 )  = 75% 
 
The wires in the mesh perpendicular to this will also contribute to the Blocking Factor. For these 
wires the following BF2 can found: 
 
BF2 = d/D  = 0.1744 
 
The combined Blocking factor BF will be 
 
BF = BF1 + BF2 – BF1 * BF2 = 0.3781 
 
The transmission (T %) is the given by: 
 
T= 100 ( 1-BF )  = 62% 
 
With thinner wires on the same mesh size, higher transmission and less light output could 
probably be found. Also, thinner wires will have lower thermal conductance, favouring heat 
transfer by radiation (The thermal conductance scales with the square of wire diameter, while 
heat emission by radiation scale with surface of the wire, proportional to the first power of wire 
diameter.). At the same time however, the power deposited in the wire decreases more or less 
linearly with wire diameter, as long as the wire are much thinner than the stopping range of the 
beam in  the mesh material. 
 
As an example, the range of 16 MeV protons in tantalum is about 740 mg/cm2 corresponding to 
0.46 mm, meeting the requirement of a “thin” wire in the stopping power sense. 
Under these conditions, the wire diameter looses the importance for wire temperature, and wire 
thickness can be minimised to optimise transmission. However, the mesh should still be self 
supporting. 
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2. CHOICE OF MESH MATERIAL 
The table below compares melting point and thermal conductivity of the 3 preferred materials: 
Element Melting Point  

 Degrees  Celsius 
Thermal conductivity 
W m-1 K-1 

Ta 3017 57 
Re 3186 48 
W 3422 170 
 
From these data, Re should be preferred as having the highest melting point and the lowest 
thermal conductivity. However, the difference between Tantalum and Re is not of great 
importance.  
3. FURTHER EVALUATION OF MESH METHOD 
If this method shall be used, a number of items have to be further addressed: 

1. Thinner wire meshes shall be found and tested.  
2. The survival of the glowing metal inside the “not ultimate” beam  line vacuum shall be 

investigated. 
3. Optical systems and or cameras shall be found that are much less sensitive to radiation 

damage, especially resistance to neutron damage is important. 
4. The light versus temperature curve shall be investigated for the given camera system 
5. Methods for mathematical deconvolution of the beam power distribution from the 

temperature data shall be investigated, taking wire thermal conductance into 
consideration. 

4.  BEAM PORT SCANNER 
The problem of finding suitable and simple “production beam” scanners has been presented to the 
participants in the 11th International Workshop on Targetry and Target chemistry.  During the 
meeting, several possible designs came up. The device shown below (FIG.1) is one of these ideas, 
not yet built or tested, but definitely simple and workable. 
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FIG.1. Proposed beam scanner 

 
5. SIMPLE TWO-FOIL METHOD FOR MEASURING BEAM ENERGY. 
 
Precise and well established foil-activation beam energy methods are extensively available, for 
example on the IAEA “Medical Radioisotope Production” database. 
 
Although beam monitor reactions have been published and used for many years, the reliable use 
of these methods for determination of energy to the necessary precision of a few tenths of an 
MeV, at present requires access to and knowledge of well calibrated HpGe gamma spectroscopy.  
For most applications the simple method of beam range determination will not be accurate 
enough due to straggling, but combination methods should be developed, presumably relying on 
simple activity ratio measurements on suitable foil stacks, perhaps combined with half life 
analysis. It is the goal that these methods can be implemented solely using dose calibrator types 
of measurements. 
 
To use these methods, however, it is necessary not only to have reasonably high resolution 
gamma spectroscopy, but also to have a precise efficiency versus energy calibration curves. 
Establishing and maintaining these curve is not trivial, and a more simple method for field us is 
proposed. 
This new method comprises two thin copper foils of equal thickness (for example 10 micrometer) 
on either side of a known “thick” aluminum block. 
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For a given sandwich of this kind, it is proposed that the beam energy can be found by taking the 
ratio between the 2 dose calibrator measured activities of the two copper foils a given time after 
EOB. 
The method relies on the fact that the natCu(p,x)Cu63 reaction peaks rather sharply around 13 
MeV. By having the two Cu foils on either side of this peak, the ratio is very sensitive to energy 
variations (FIG.2). 

 
FIG.2.  Recommended cross section data from the Medical Isotope Database of IAEA-NDS. 

The method can be adopted to energies other than the 11-19 MeV range by choosing other metals 
(Ti, Fe) and by changing the thickness of the Aluminum absorber. 
The basic approach is to select a suitable sandwich ( i.e. 6 um Cu, 100 um Al, 6 um Cu for 11-19 
MeV protons). For this sandwich the activation of first and last foil is found as function of 
incident energy using SRIM calculations. The activity ratio between the two foils is then 
approximated by a simple polynomial than can be used for energy look-up once the activity ratio 
has been found. 
The method has been further explored by Katie Gagnon of Triumf. The method has been tested 
on the variable energy beam of the Edmonton TR-19 and on the Tandem at BNL  
The energy versus activity ration expression has been established by Katie Gagnon by fitting the 
above recommended data to polynomial expression and proper weighing with SRIM stopping 
power data.  
The findings of the measurements confirm that we have a method.  
The agreement between nominal and measured values is shown below (FIG.3) (Thanks to Katie 
Gagnon). The method has a precision of +/- 0.1 MeV in the region 11- 17.5 MeV. Additional 
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corrections for the onset of (p,2n) reaction are possible by simple time analysis of the dose 
calibrator measurements, and by this the energy range of the metod can be increased. 
The method and the above findings are intended for publication in Journ. Appl.Rad.Iso. 

 
FIG.3. Nominal (x) versus measured proton energy (y) (MeV) 

 
6. NEUTRON BASED IN-BEAM DIAGNOSIS 
 
The use of neutron detectors to measure production rate in water targets has been tested at 16.5 
MeV incident proton energy.  A 500 cm3   B10F3  Proportional counter operated at 1500 V coupled 
to an amplifier, single channel and ratemeter was placed outside the cyclotron bunker at a 
distance of 12 meters from the target. A typical count rate was about 190 CPS at 60 uA on O-18 
water. 
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FIG.4.  Neutron flux versus beam on target for O-16, O-18 and empty target 

 
It is clear that the similarity between the O-18 water and the “empty”silver target make the use of 
this signal for optimizing filling factors or beam current impossible. But the loss of neutrons 
when hitting ordinary water is diagnostic for the filling factor. 
These findings are specific for 16.5 MeV protons. At 11 MeV, the O-18 water is still a good 
source of neutrons, while metals such as Tantalum or Silver are “neutron-silent”. 
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