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Summary
The overall objective of this CRP was the development of new accelerator targetry technology
including several target systems but focusing on the reliable production of carbon-11 and
fluorine-18 in various chemical forms with a view to increasing production yields, specific
activity, improving the economics of production and the availability of the radiotracers.
Significant advances have been made under this CRP in the development and standardization of
high power gas and liquid targets. This CRP has resulted in the development of methods which
can be used in high power targets to increase Carbon-11, Fluorine-18, Nitrogen-13, Iodine-123
and Krypton-81m, specific activities (a least a two fold increase), chemical purities as well as
ensuring reliability of the production of the radiopharmaceuticals derived from these
radionuclides. More importantly, these advances have minimized the unnecessarily operator
exposure to radiation. In addition, knowledge of recovery and characterization of enriched H218O
was also gained. Through this research the production capabilities with regard to [18F]F-,
[11C]CO2 and [11C]CH4 have increased 3 to 6 fold. A high current niobium target system has been
designed, tested and put in service which could increase production capability of 18FDG by a
factor of 2.5. A survey of target maintenance procedures has been carried out and the results of
this survey are reported in this CRP. It was determined that the tritium introduced by the
inevitable nuclear reactions does not pose any health physics problems either during the tracer
manufacturer or during potential water reclamation. It was further determined that radionuclides
produced in the metal foil during irradiation are found in the target water at very low
concentrations. These impurities can be essentially eliminated by using noble metal plated foils.
The radionuclides can also be reduced by the separation technology typically used for fluorine
extraction from the O-18 water. In no case were the radionuclides produced in the foil found in
the fluorine containing final product. However, in spite of these findings, there is still significant
research required on these target systems and more importantly the knowledge that has been
gained needs to be transferred to the countries and facilities where it will help to optimize the
production of radionuclides used for PET. With regard to the latter, a book will be published
focusing on two of the most widely used target systems and including both fundamental
knowledge and practical advice on the operation of these target systems. In addition to this book,
lectures have been planned to convey both the knowledge gained in this CRP and the problems
identified by this expert panel to the wider radionuclide production community with the idea that
further research on these problems will benefit all the Member States and the community in
general.

Introduction
Radioisotopes produced with a cyclotron and their corresponding radiopharmaceuticals have
already been shown to be extremely valuable in basic medical research, disease diagnosis and
radiotherapy treatment. There are more than 400 cyclotron facilities world-wide and the number
is growing every year. A number of the Member States have acquired cyclotrons for the purpose
of producing radioisotopes for nuclear medicine and a number of others have expressed an
interest in acquiring such facilities. The overall goal of this cooperative research project is to
explore the production parameters for the most important radionuclides. Targets which are
reliable and produce higher specific radioactivity are needed for future clinical applications of the
most effective radiotracers (F-18, C-11,I-123,Rb-81/Kr-81m). Higher yields of radionuclides than
are presently available are required for more extensive distribution. The issue of solid targets for
radioisotope production (I-123,124, Pd-103, Tl-201) has been considered in TRS 432, but there
remain a number of issues and end products to address with solid targets.
5

Until recently, cyclotrons and the related targetry were mainly operated by a rather small group of
specialist scientists and engineers, 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 needs to be appreciated by a much larger group of
scientists. Although 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 non-traditional
positron emitting tracers.
There is a clear need to reach reliable production of high specific radioactivity (SA)
radiopharmaceuticals, as present-day tracers and certainly future tracers include
receptor/transporter-ligands that are potent. As PET can be a true tracer technique receptor,
occupancy with the radiolabelled tracer should be kept below 1% in order to avoid
pharmacological or pharmacodynamic effects. For the most commonly used PETradioparmaceutical [18F]FDG the limit set for the SA is so low that no problems are foreseen.

High SA for the typical 11C and 18F products and labelling intermediates places a challenge for
various radioanalytical techniques. Methods used are typically chromatographic, including GC
and HPLC.
Despite the routine manufacture of large amounts of F-18 fluoride for FDG production and other
positron emitting radiotracers, expert skills in targetry and a good understanding of the interplay
between the cyclotron, the target and subsequent labelling chemistry are not presently widely
available but are essential to continued deployment and development. A similar situation holds
for gas target producing the clinically important SPECT-radioisotopes I-123 and Rb-81/Kr81m
generator.

Current Status
The basic science of nuclear physics that lies behind the use of all of these targets (cross sections,
thick target yields, stopping of charged particles) is well understood and the necessary data is
evaluated, tabulated and made widely available in the scientific literature and on web. The IAEA
has played and continues to play an important role in the dissemination of this 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.
Despite the routine manufacture of large amounts of F-18 fluoride for FDG production and other
positron emitting radiotracers, a good understanding of the interplay between the cyclotron, the
target and subsequent labelling chemistry are not presently widely available but are essential to
continued deployment and development. Although the underlying nuclear phenomena are very
well known, target behaviour in the form of yield, maximum beam current and obtainable specific
activity varies within and across different user groups to such a degree that it has negative impact
on the progress of both the research and the clinical use of the radiotracers. Good Manufacturing
Practice (GMP) does not apply directly to cyclotron targets and precursor production. However,
the radionuclide must be of sufficient quality that it may be incorporated into a
radiopharmaceutical which meets GMP standards.
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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, orientation and energy) and the performance of a given
target. This variation is seen even within the range of commercial target/cyclotron combinations.
To assist existing and new groups overcome these variations and the accompanying problems
with radiochemical yield and purity, the members of the CRP felt that the following research
objectives were critical. It was believed that meeting these objectives would greatly help the
target users resolve these rather complex problems.

Key Issues
The key objectives of this CRP involved the improvement of gas and liquid targets – One focus
area was designing targets which will withstand high beam currents (>100 µA) for the production
of the most important PET isotopes. Another area of intense interest was in the area of high
specific activity for both carbon and fluorine. During the course of the meetings held during this
CRP, several important questions were raised and discussed. These include:
1. Which targets are currently important to the user community? It was decided that the
carbon-11 and fluorine-18 targets are the most important for further development.
2. Which targets will be important in the near future? Those targets which can reliably
produce high levels of radioactivity and high specific radioactivity.
3. Which targets are currently under developed and need further research to achieve their
potential? These same targets need further development.
4. Very few targets can use the full output power of most currently operating cyclotrons.
How can new targets be developed to withstand these powers and therefore utilize the full
capabilities of modern cyclotrons? What research can be done to improve performance in
targets? Improvements in the existing strategies for increasing power dissipation are
areas for potential research. These areas include:
a. Water, liquid (non aqueous) and/or gas cooling
b. Beam size and power distribution
c. Inclined or grazing incidence targets.
d. Robust target materials e.g. gas or refluxing liquid
e. Moving targets e.g. rotation of solid target or re-circulation of liquids or gases.
f. Targets using phase transitions for cooling
g. Material science applied to target bodies and foils
5. Investigation of novel methods of recovering the product “on-line” while the target is
being irradiated. The use of “in-target” chemistry to produce the desired product.
6. How can we refine the recovery/recycle chemistries of enriched target materials? How
can we ensure that recycled materials can meet production standards? New analytical
techniques and processing procedures can be developed which will ensure efficient
recovery and that they will meet these standards.
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7. How can we develop methods for pre-irradiation target quality control? Simple or readily
available analytical/diagnostic methods need to be developed which will allow a
reproducible target material.
8. How can we make use of target diagnostics during irradiation? Means need to be
developed which can monitor such factors as power dissipation, temperature, pressure,
radionuclide production rate, beam position, etc.
9. How can we improve beam entry windows for gas targets? What material properties are
most important? The expected demands of the new high current targets will demand
exploring new materials and techniques.
10. How can we extend current research to make it most useful to the radioisotope production
community? There is a clear need for training at all levels of experience and expertise in
this field.

Overall Objectives:
The overall objective of this CRP was the development of new accelerator targetry technology for
the reliable production of carbon-11 and fluorine-18 in various chemical forms with a view to
increasing production yields, specific activity, improving the economics of production and the
availability of the radiotracers. By optimizing these specific targets, the information gained and
technology developed may be transferred to other radioisotopes.

Specific Research Objectives:
•

•

•

Developing Target Technology for High Specific Radioactivity Radioisotopes: There is a
clear need to reach reliable production of high specific radioactivity
radiopharmaceuticals, as present-day tracers and certainly future tracers include
receptor/transporter-ligands that bind strongly to receptor sites. As PET can be a true
tracer technique, receptor occupancy with the radiolabelled tracer should be kept below
1% in order to accurately model the system. The concentration must also be kept low in
order to avoid pharmacological or pharmacodynamic effects. Although low specific
activity of the most commonly used PET-radiopharmaceutical [18F]FDG is not a problem,
it will likely be a problem for other radiopharmaceuticals containing fluorine-18.
Developing Targets for Higher Beam Currents: Targets which will withstand higher
beam currents and deliver higher quantities of radionuclides of sufficient quality to meet
the requirements of the subsequent radiochemistry are essential to wide distribution of
radiotracers. As the demand for clinical radiopharmaceuticals grows, the production of
these compounds must keep pace. The most efficient method to increase production
capability is to increase the amount of radioactivity which can be reliably produced in a
given amount of time.
Developing Diagnostic Tools for Target Monitoring during Irradiation: 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. Recognizing the multitude of beam types and the
variety in design of exit port configurations, it is recommended that diagnostic tools for
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•

•

•

the above mentioned parameters are made available both in the form of a few prototypes
and by drawings, descriptions and recommendations for the construction and operation of
such devices.
Investigation and Utilization of In-target Chemistry: It is of considerable importance that
we find mechanisms whereby we can improve our understanding of the in-target
chemical and physical phenomena so that we can either circumvent the detrimental
aspects or preferably take advantage of these effects to prepare new radiolabeled species
presently not available. The task of solving some of these questions will require a deep
understanding of the existing literature on in-target phenomena as well as having
sophisticated tools for analyzing the target media, in situ, or under circumstances not
easily duplicated in the lab. Thus the most likely approach will involve multiple centers
collaborating to identify the necessary approaches and tackle the problems from different
angles.
Development of New Methods for Enriched Isotope Recovery and Reuse: There needs to
be efficient methods to recover enriched isotopes for targets, for example O-18 water for
the production of FDG. The question arises that if we use the water over again for
patients, is it safe. In order for repeated use, the water must be purified and of the same
quality that it was when it came from the manufacturer. It is necessary to adequately
characterize the water in terms of the isotopic purity, the chemical purity and the
biological purity in order to satisfy the requirements of GMP. This may require novel
approaches to purification and analysis.
Education and Training of Scientists: Dissemination of existing knowledge and training
of scientists in target design and development is essential to the further development of
this field. The knowledge which exists in the design and use of gas and liquid targets is
not widely known. This knowledge needs to be transferred and recorded for future
research.

Individual Country Progress Reports
Canada
We have focused on determining whether the Cu foil radioisotope ratio technique can be used in
conjunction with an ionization chamber to determine the energy of a cyclotron. A study was
carried out to confirm and the data indicate that it is possible to determine the energy of the
protons to within less than 0.3 MeV. We are continuing our efforts to install the 18O2 gas target
for demonstrating the operation of this target at 20 MeV at 100 A. This system will test a
number of parameters deemed important for high power operation including window
configuration and forced convection cooling. We have initiated discussions with other labs
regarding identifying the sources of carrier carbon that potentially impacts the specific activity of
C-11.
Denmark
Early in the work of the CRP it was generally recognised that the parameters and the quality of
the actual cyclotron beam often have a strong influence on the “outcome” from the target
bombardment, not only in terms of activity yield but also through less obvious mechanisms, on
important aspects such as chemical speciation, specific activity and labelling reactivity. However,
the standard tools of cyclotron operation (target current measurements and collimation current
measurements) are seen as being generally insufficient for optimising the above parameters.
Although this insufficiency is already the case for the simpler solid targets, it becomes even more
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important for liquid and gas targets. Thus a need for better diagnostic tools was identified as a
CRP subject.
During the CRP, the following goals have been achieved by this group:
•
•

•

A simple and precise beam energy method has been developed based only on dose
calibrator measurements of one or two elemental metal foils. The method is now
applicable at least in energy range from 11 to 19 Mev, but will be extended to 30 MeV.
Use of “glowing mesh” in beam profile monitors for generally use under production
intensities has been pursued. Tantalum meshes 40x40 mm with grid size 0.43 mm and
wire diameter 0.075 mm have been tested as beam viewers at 16.5 Mev and currents
between 1 and 10 uA. The calculated geometric transmission is only 62%, but the thin
wires offer only negligible degradation, and the beam con thus be regarded as
“uninterrupted. Although this mesh method can be used for beam positioning, it does not
at present solve quantitative problems of beam profiling.
The neutron output from various target, target body and collimator materials under proton
bombardment has been quantified with measurements outside cyclotron vault using a
BF3 proportional counter. The results with a 16.5 MeV proton beam show clearly that
enriched O-18 water, typical target backing materials as Silver and typical collimator
materials as Tantalum give almost the same neutron yield per uA stopped. A “negative
optimisation” signal can be found from ordinary water filling, which has relatively
smaller neutron output. It is recognised that neutron output can be used for optimisations
of O-18 water interception at lower proton energies.

My former students Helge Thisgaard and Jesper Jørgensen have made important contributions to
the above. Katie Gagnon (a student of Tom Ruth at Triumf) and many good people at Edmonton
PET Center and at BNL have greatly helped proving the simple Energy-by-Dose Calibrator
method.
Finland
Objectives:
•

•
Results:

To develop radionuclide production systems at TPC utilizing liquid and gas targets for a
high current cyclotron. Special attention was paid to high yield and high specific
radioactivity (SA).
To develop methods to efficiently distribute the produced radioactivity at the production
site.

Production systems have been developed for production of [18F]F- using two different systems, a
static water target and a recirculating water target. Systems for production of both [11C]CO2 and
[11C]CH4 have been developed. The development process included extensive diagnostic as well as
automatization development. The radionuclide production systems together with the distribution
system to ten different hot-cells have been evaluated with regard to production capabilities and
product quality.

Germany

For ZAG Zyklotron AG the main objectives are to increase the productivity and reliability of the
O-18 water targets for the large scale production of FDG and the Xenon-124 gas target for the
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large scale production of I-123. The main achievements of ZAG Zyklotron AG during the period
of the Research Program have been:
•

•
•

•

•

Stabilisation and a significant increase (factor 3) in the F-18 production. This was
achieved by putting into operation a new powerful TR19 cyclotron and a newly designed
Niobium target. For this target both the Helium cooling of the entrance foil as well as
target body cooling has been reconstructed. This new water target can now withstand up
to 120µA where as the former version could only hold 40µA This consequently increased
productivity and consistency in FDG production. We are now able to produce FDG
batches of 150 GBq using one single target at 120 µA in 1 hour. In addition the
maintenance efforts could be reduced by a factor of 6.
Suppression of the contamination of the irradiated water was achieved by eliminating the
recoils from the HAVAR foil by 5µm gold plating.
New measurement of the total cross sections of the Xenon-124(p,x)I-123 and the Xenon124(p,x)I-121 reactions. This measurement was performed in cooperation with the
Institute of Nuclear Research Hungarian Institute of Science and the Vrije Universiteit
Brussels.
Improvement of Iodine-123 production via the Xenon gas target for currents above
120µA. The test of diamond windows could not be finished up to now but the nozzle
system for Helium cooling could be significantly improved. In the Helium cooling loop
we implemented temperature and pressure sensors on at the entrance and output of the
safety volume. Proper cooling is continuously controlled. Potential Xenon losses into the
safety volume are detected by analysing the differential pressure.
In connection with the delivered Xenon target to Syria and foreseen installation of a
similar target to Saudi Arabia several engineers of these institutions have been trained in
Karlsruhe.

Hungary
Objectives
Investigation of basic nuclear reaction data for 82Kr(p,2n)81m,Kr, 81Rb and 124Xe(p,x)123Cs,123Xe,
123
I (depending on availability of 124Xe) for more reliable yield estimation. Investigation of
nuclear reaction data for emerging medical radioisotopes produced on gas targets and H218O
yields. Activation cross section data for target construction materials (Fe, Ag, Ni, Al, Au, Pt, W,
Nb, Ta, etc). Investigation if physical processes on the interaction of the beam with the target
material in a closed and open and gas targets to optimize high intensity gas targets. Investigation
of liquid targets at vertical beam lines including molten targets. Energy determination simplified
TOF, Axial distribution with scanner at high intensities. New method for determination of axial
distribution.
Developments on beam diagnostics: Energy determination by foil activation.
Work done
• Investigation and evaluation of proton induced relevant nuclear reactions on Kr and Xe
for the production of medically important radioisotopes (81Kr,81Rb and 131Cs, 123Cs, 123I
respectively)
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•
•
•
•
•

Activation cross section data measurement and compilation for Fe, Ag, Ni, Al, Au, Pt, W,
Nb, Ta, Pb, Cd, Sc, W, etc.
Investigation of target-beam interaction on series of pressurized gas target cells and solid
target capsules.
Development on gas and liquid target modules on horizontal target system
Design and installation a new on-line beam scanner system in order to determine the
beam current distribution.
Simultaneous energy determination during stacked foil cross section measurements by
remeasuring the monitor reaction by in the whole energy range (monitor foil activation)

Korea

The development of the C-11 cylindrical target for 13 MeV beams and 30 MeV beams. We have
developed C-11 target with cooling fin. In this research we have designed and manufactured C11 targets that we have tested 2 pilot cyclotron centers in Korea. The incident beam was
irradiated through thick grid between thin foils. The front grid is cooled with cooling water also
rear foil could be heat transfer. We got the results in the average 92 mCi/uA. Thin foil at rear
side is minimized to be prevented inner pressure increment during irradiation. Inner capacity of
cylinder is 78.5 cc. At pilot A we got the 945 mCi of C-11 but at pilot B we couldn’t. The
problem with the lower production yield of C-11 at pilot B beam direction for irradiation was on
the tilt, beam couldn’t pass through thick grid. For the C-11 target of 30 MeV we have simulated
for the flow field and pressure distribution of cooling water in different flow rate. The second
project is the development of pleated double-foil O-18 water target. Pleated foil has better
structural stiffness than flat foil. And also, with the same face area against the beam direction, the
pleated foil has more effective surface area for cooling. The basic structure of pleated double-foil
target is almost same with ordinary double-foil target but pleated double-foil replaced the normal
flat double-foil. Selectively the cooling fluid (water or helium) between foils should be decided
proportional to the beam energy. This research showed us comparable results with ordinary
double-foil targets. CFD and FEM study were conducted to compare the tendency of pleated foil
and normal foil structure. Generated heat flux corresponds to the absorbed beam energy to each
foil

Saudi Arabia

Cyclotron & Radiopharmaceuticals Department at King Faisal Specialist Hospital and Research
Center in Saudi Arabia was established in the late 1970. Since then, cyclotron produced
radiopharmaceuticals in specific were being increasingly utilized in nuclear medicine for both
research and routine clinical diagnosis and therapy of variety of diseases. The inadequate supply
of F-18 and Kr-81m due to the limited capability of liquid and gas targets of handling high beam
current for the former and old target design for latter in addition to the impurity of N-13 due to intarget chemical reaction becomes a major obstacle in meeting the required quantities and purities
of nuclear medicine demands. This has necessitated development and improvement of target
technology for reliable and higher production yield which include: a- beam degradation,
distribution and diagnostic tool for target monitoring during irradiation; b- targets that are capable
of withstanding high current beam and consequently high specific activity radiopharmaceuticals;
c- more understanding of in-target chemical and physical phenomena for the preparation of new
radiolabeled species; and d- recovery and characterization very expensive enriched material.
The results obtained from this CRP are as follows:
• consistent and dramatic increase of Fluorine-18 and Krypton-81m radionuclides yields
and specific activities (~100%),
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turbidity free ammonia-13 product suitable for patients use,
reliability of the production of [18F]FDG, [13N]ammonia and [81mKr]krypton
radiopharmaceuticals,
• more importantly, minimize the unnecessarily operator's exposure to radiation,
• inexpensive and simple targetry systems were developed, and
• knowledge of enriched H2O recovery and characterization was gained
•
•

Syria

•

•
•
•

•
•

Two niobium targets of 1 ml and 2 ml have been built, tested and put in the production
service of 18F- since October 2008 increasing the production yield by 100% Producing
3400 and 5100 mCi in 2 hours proton irradiation respectively.
Targets tightness has been tested up to 50 bars before putting in production service.
Pressure sensors on the two targets have been calibrated.
A new method of water purification of the recovered enriched water from an FDG
synthesis system has been validated. This method show that:
• At least 95% of water is recovered after the purification.
• radioisotopes, trace metals organic compounds are eliminated efficiently.
• Also conductivity, pH, sterility and LAL testes have been performed to prove
the suitable specification to be reused in FDG production.
• No significant differences in 18FDG production yield between using purified
water by the proposed method and using new enriched water.
The presence of tritium in the irradiated enriched water is detected. Our method of
purification of the enriched recovered water by the sequence mentioned above offer the
necessary precaution to avoid the contamination by Tritium.
Tritium is not present in the produced 18FDG or Na-18F.

Turkey

Production of F-18 from O-18 enriched water targets is the major field of interest in the operation
and utilization of medical cyclotrons. Eczacıbaşı-Monrol Company routinely manufactures large
amounts of F-18 fluoride for FDG production. There are five cyclotrons belonging to this
company with almost all brands.
The need for better yields of production for these radionuclides requires use of better functioning
target systems. Understanding of target chemistry and radiochemical synthesis may lead to better
quality product.
Tasks:
The main goal of our team in this CRP was to collect data from silver, tantalum and niobium
targets and use this data for making comments about the yield, maximum tolerable beam current
and maintenance periods of each specific one.
Another task given to the Turkish team was to comment on the impurities in irradiated O-18
water and make experiments on removal of impurities, at the same time to determine the best
methods of analysis for each type of impurity.
Achievements:
• Data from different targets in terms of “mCi/µA-h” was collected for silver, tantalum and
niobium targets and for three years and presented
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•
•

Literature survey on impurities of O-18 water ,methods of purification and analysis were
given
Experiments on removal of organic impurities using distillation, UV, ozonolysis,
ultrasonication and combination of these methods were carried out

Analysis by GC, GC/MS; AAS and IC were performed

United States – BNL

During the CRP period, the US has undertaken two projects. The first is the calculation of the
heat transfer in water targets. In the research we have shown that the silver target will be the best
in terms of conductive cooling since the thermal conductivity is the highest. The problem with
the silver target is the chemistry which occurs during irradiation. The silver is slowly eroded
from the surface and comes out as a colloid which must be filtered from the solution. In
conjunction with this project, identical water targets were fabricated out of tantalum and niobium
to test the chemical resistance and yields under identical conditions. Heat transfer calculations on
these targets compared to the silver target. The calculations show that the thinner the wall
between the target water and the cooing water, the better the heat transfer will be. It also shows
that the faster and more turbulent the flow of the cooling water, the better the heat transfer will
be. The other important point is that the phase transition from liquid water to water vapor can
remove a lot of heat and this can be used to help cool the target.
The second project involved the production of radionuclides in the front foil of the water target
and the elution of these radionuclides from the QMA resin. It was shown that a titanium foil
produced less than 1/10 the total radioactivity of the Havar foil. It was also shown that the
radionuclides had different elution profiles off the QMA resin and this profile could be used to
minimize the amount of radionuclides in the water used for the synthesis of FDG.
In addition to these projects, we have gathered information on the procedures being used by
cyclotron facilities for maintaining liquid and gas targets. This information can be used to give
recommendations on cleaning and maintenance procedures for new users.
We have compiled a list of material properties for aluminium alloys, niobium and tantalum and a
list of foil materials including Havar, titanium, niobium, tantalum and aluminium.
Specific Accomplishments:
• Heat transfer calculations for water targets have been completed
• Identification of radionuclides produced in water targets using titanium and Havar foils
• Measurement of the effectiveness of QMA separation columns in removal of
radionuclidic impurities
• Estimation of the total amount of radionuclidic impurities transferred into the FDG
synthesis unit
• Literature data has been collected on the radiation dose to operators changing Havar foils
on water targets.

United States – Univ of Wisc.

Production of PET tracers for research and diagnosis has scaled up several-fold at the University
of Wisconsin over the three year period of the CRP. Driving this increase has been a dramatic rise
in demand for
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- [C-11] and [F-18]-labeled neuroligands by basic researchers for primate studies
- doubled clinical application of [F-18]-FLT and Cu-ATSM for image-guided therapy
- and the training of three doctoral candidates with dissertation topics that directly address
practical targetry challenges.
The scale-up has been channelled by the move to a new research facility (Wisconsin Institutes of
Medical Research) with the installation in 2008 of a new GE PETtrace cyclotron to augment a
legacy CTI RDS 112, the first prototype installed 25 years ago. Gas and liquid targets have now
been built in house providing aqueous [F-18]-fluoride, [N-13]-ammonia, [C-11] carbon dioxide
and methane. With the subsequent abundance of [F-18]- and [C-11]- synthons (methyl iodide and
triflate), two dozen neuroreceptor ligands are now available for small animal imaging.
Patient studies are underway in protocols investigating the role of proliferation and hypoxia in
guiding radio- and chemotherapy. With new laboratory facilities, compliance to heightened
regulatory standards are vastly improved.
Finally, the training of Medical Physics doctoral candidates remains the major focus of our
activity. Three PhD students have concentrated on the production of the above- mentioned FLT,
[C-11]-neuroreceptor ligands as well as the orphan isotopes Cu-61, Cu-64, Y-86, Zr-89 and I124. In particular, Dr. Miguel Avila-Rodriguez earned his UW PhD with the streamlining of the
production of these transition metals, and then carried his expertise outward in post-doctoral
appointments at Edmunton, Canada and Turku, Finland. Miguel is now back at the National
University of Mexico, but his “research pilgrimage” embodies the best traditions of the IAEA
mission, to disseminate the peaceful benefits of nuclear science through the education of bright
young people.

Conclusions
The main objectives of this CRP were to develop the tools needed for high current liquid and gas
target technology and to train new cyclotron professionals in these techniques. Although progress
has been made during the CRP period, both through the CRP efforts and by the general
advancement of the cyclotron target technology and practice, most of the fundamental aspects of
the gas and liquid target objectives still need concerted action to establish and disseminate best
practices in the use of these targets. The nitrogen gas target for C-11 production and the O-18
water target for F-18 production are universally used, but debatably not universally understood.
For these reasons these two “generic” target types have been specifically addressed in this CRP.
A number of more specialised gas and liquid targets , using non-elemental gases, saturated salt
solutions or molten salts are either under development or only used for more special applications.
Such targets might have a future use, but at present their development belongs in the realm of the
target community and should not be included in the CRP actions or recommendations, as this can
only confound the more central efforts.
This CRP has resulted in the development of methods which can be used in high power targets to
increase Carbon-11, Fluorine-18, Nitrogen-13, Iodine-123 and Krypton-81m, specific activities (a
least a two fold increase), chemical purities as well as ensuring reliability of the production of the
radiopharmaceuticals derived from these radionuclides. More importantly, these advances have
minimized the unnecessarily operator exposure to radiation. In addition, knowledge of recovery
and characterization of enriched H218O was also gained.
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Specific Radioactivity
The evaluation of the specific activity is in progress. Results so far indicate that very high SA can
be achieved but there is not a clear understanding of the factors influencing SA. At present typical
specific activities for carbon-11 and fluorine-18 are between a hundred and a thousand fold below
theoretical. The results of this CRP indicate that the target body material is not a significant factor
for the specific activity that can be achieved either with carbon-11 or fluorine-18. The higher
specific activities are important for receptor ligands where the higher mass may affect the
receptor system being probed.

Improvement of High Power Targets
Through this research the production capabilities with regard to [18F]F-, [11C]CO2 and [11C]CH4
have increased 3 to 6 fold. However, at the higher beam currents the production of the
radionuclide is not linear with the beam current. This could be a result of the power deposited in
the target. There are also chemical effects coming into play at the higher beam currents that may
affect to some extent the reactivity of the subsequent chemistry.
A high current niobium target system has been designed, tested and put in service, which could
increase production capability of 18FDG by a factor of 2.5. The advantages of this system are:
• Increasing the availability of radiopharmaceuticals for more patients.
• Decreasing the dose delivered to working person during maintenance.
• Decreasing dramatically the necessity to maintain the target.

Diagnostic methods and tools for orientation and intensity distribution
A wire grid for the measurement of beam distribution was tested during this CRP, but was found
to be unsuitable for the accurate determination. A quartz plate was also tested at low beam
currents. This is also inappropriate since the beam distribution can change as the beam current is
increased. Existing wire scanners and zinc sulphide plates have also been used, but these also do
not allow determination of the beam profile at high currents.
A four sector collimator has also been used to determine the distribution of the beam by gradually
steering the beam onto the collimator and measuring the current. This will work for higher
currents, but does not give the distribution on target. More work should be considered in this
area.

Diagnostic methods for measuring beam energy
The specific CRP actions on beam diagnostics have helped to clarify key issues and have brought
a simple energy calibration method, but the work on beam profiling and beam
direction/divergence is still unfinished. Further joint effort seems warranted.

Diagnostic methods for in-beam target performance
Important results have been reached in the terms of the use of neutron detection for in beam
diagnostics of production targets. The mechanisms are well understood, but some development
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work is necessary to fill remaining gaps of knowledge on the total thick target neutron outputs for
a few important constructional materials. Neutron monitoring can be used in specific cases. For
example, when 11 MeV protons are incident on O-18 water there is a higher rate of production of
neutrons and this can be used to determine to optimize the beam hitting the target. Another
example is the fact that there is a decrease in the number of neutrons produced by higher energy
protons when the target is filled with O-16 water. This can be used to ensure that the target is
loaded with water and again to maximize the proton beam current on target.
It is a special wish to find a “neutron silent” high power collimator material. C-13 depleted
graphite is a good candidate, but an industrial supply source is sought.

Target Maintenance Procedures
A survey of target maintenance procedures has been carried out and the results of this survey are
reported in this CRP. The procedures vary considerably between labs and a standardized
recommended procedure for each type of target should be distributed to the laboratories. The
manufacturer’s recommended procedures were not always the best practice procedures for target
maintenance and the manufacturers should be made aware of our recommendations.

Enriched water Recovery
Reuse of recycled target materials, namely O-18 water, needs well established purification and
analytical techniques. Through this CRP several methods for enriched water purification have
been tested and validated to be used in routine 18F containing radiotracer production. Closed
system distillation avoids any contamination of the laboratory space by tritium present in the
irradiated enriched water. However, there remains a problem in the validation to show that the
purified water meets the same quality standards as the unused O-18 water. Cations, anions and
organics are serious concerns in the reuse of O-18 water. Care must be taken to remove or
prevent these contaminants from entering the water.

Contaminant Radionuclides in the O-18 water
Tritium:

The tritium introduced by the inevitable nuclear reactions does not pose any health physics
problems either during the tracer manufacturer or during potential water reclamation. The
amount of tritium produced is on the order of a nanocurie which is one million times less than
maximum permissible concentration.

Foils:

Radionuclides produced in the metal foil during irradiation are found in the target water at very
low concentrations. These impurities can be essentially eliminated by using noble metal plated
foils. The radionuclides can also be reduced by the separation technology typically used for
fluorine extraction from the O-18 water. In no case were radionuclides produced in the foil found
in the fluorine containing final product.

Reactivity of Fluoride:

At higher beam currents oxidative chemical species may be produced in the target which can
have a chemical etching effect on the target surface. This can both bring metal ions into solution
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and reduce the reactivity of the fluoride. The reactivity of the fluoride can also be affected by
cationic or anionic species in the water. This phenomenon needs to be explored more fully.

Training and technology transfer potential
The information and experience gained in this CRP will be transferred to others.

Participant’s Recommendations
Although the basic principles of gas and liquid targets for isotope production at low-to-medium
beam energies are simple and well understood, it should be emphasized that reliable operation of
such targets with optimal yield and the lowest possible dose to the operators to a high degree rests
on non-documented best practices and individual craftsmanship. Target operation is by nature
multidisciplinary, and no individual education or profession guarantees a mastering of the
necessary knowledge and skills. Also, the entire field is evolving, and target practices are
changing in a constant search for yield, reliability and quality.
It has become evident throughout the work of the CRP, that even the participants between
themselves benefit from the exchange of knowledge, and it is recognized there is a big need for
further dissemination of this knowledge to all centres operating these targets.
It is also agreed, that although the manufacturers do give extensive product training, the level of
understanding in these courses is not always sufficient. Finally there is a problem of generation
change and change of scale. The original developers of these targets mostly come from academic
institutions, but many are now retiring without being replaced to equal degree by new experts.
Also the number of new cyclotrons far outgrows the rate of training at the existing institutions.
For all of the above reasons, it is important that the existing target knowledge in the CRP and
elsewhere is disseminated effectively. At the highest level, this has taken place during the CRP
meetings and some of the results are laid down in the interim and final reports. Secondly, it is a
clear objective of the CRP to write up a dedicated IAEA publication on some of the most
important issues of liquid and gas target use. Third, the members of the CRP urge the IAEA to
continue its valuable training efforts through training fellowships at well established centres,
through training expert missions to new or expanding centres and through regional training
courses.
The more sophisticated gas targets for production of I-123 and Rb-81 are in general only used at
specialised and well educated facilities, and the general knowledge base of the individual targets
is large. Further CRP action on these targets is at present not needed.
Gas Targets for production of F-18-F2 are well known, but they are difficult to use, and also here
some more work is needed in anticipation of a more widespread use of electrophilic fluorinations.
Target maintenance procedures will be provided in the IAEA publication generated as a result of
this CRP. These procedures will represent best practices and may not represent the
manufacturer’s recommendation.
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Specific Recommendations to the Agency
We recommend that the IAEA foster cooperation between laboratories to encourage young
professionals to visit laboratories in an effort to enhance information exchange between
laboratories.
We would also encourage the development of regional training courses and regional technical
cooperation (TC) projects on cyclotron produced radionuclides and their application as
radiopharmaceuticals. We would also encourage the use of well equipped existing training
centres to develop the expertise in the Member States.
1. The generally agreed principles and practices on O-18 water targetry and C-11 gas targets
should be described in a short IAEA publication, meant both as a field manual, a reference on
well established methods and as a valuable tool for training. Such a book should be made in the
understanding that the knowledge represented in this CRP and in the target community on
important points can overrule the guidelines given by cyclotron manufacturers for a given target.
2. The diagnostic tools for beam profile and beam direction at full production intensities should
be further developed. It is recommended that the IAEA facilitate this effort by helping to educate
the cyclotron target community with talks at meetings of people involved in radionuclide
production.
3. Several procedures have been evaluated for the recovery of O-18 enriched water. The issue in
the reuse of the water is partially regulatory. It is necessary to ensure that recovered water is safe
to use again. We will generate a proposed validation plan for ensuring the safety of reused
enriched water to be included in the proposed publication.
4. Finally, a mechanism should be found by which the present CRP- mediated exchange of expert
knowledge is supplemented by programs of joint action, preferably involving several laboratories
in the member nations. Ideally this IAEA effort should be coordinated with the International
Target and Target Chemistry Workshop (WTTC).

General Recommendations for further study
Specific Radioactivity
There is a need to further investigate the specific activity of fluorine-18 in particular. There has
been some progress in the improving the specific activity of carbon-11, but the techniques for
fluorine-18 are not well developed. The use of ion chromatography is useful, but in order to
obtain accurate results, the instrument must be used frequently and properly maintained. Other
methods for analyzing fluoride ion in aqueous solutions should be explored.
Improvement of High Power Targets
Due to the increasing growth of the clinical applications of [18F]FDG world-wide, in certain
situations an effective large volume 18F target that can operate under beam intensity higher than
60 µA and capable of producing high F-18 yield (~10 Ci) may be advantageous. It is
recommended that the investigation of such a target be encouraged. Although there are targets
capable of these currents, some aspects of the internal chemistry need elucidation.
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Diagnostic methods for measuring beam energy
The stacked foil technique developed under this CRP is a valuable resource in the quick and easy
determination of cyclotron beam energy from 11 to 19 MeV. This type of technique could be
extended to other energy ranges using different nuclear reactions and foils. This should be
explored in the future.
Diagnostic methods for in-beam target performance
A database should be generated as to which metals and targets are useful for neutron monitoring
of in beam target performance.
Contaminants in the O-18 water
Radionuclide contaminants have been investigated and the problems are well understood. These
pose no potential problem to the purity of the fluorine containing radiotracers. Other
contaminants such as organic compounds, cations or anions can affect the chemistry and these
effects should be investigated more thoroughly.
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DEVELOPMENT OF BEAM DIAGNOSTIC TOOLS FOR MONITORING
CYCLOTRON BEAMS AT PRODUCTION INTENSITIES
Mikael Jensen, Hevesy Laboratory, Risoe-DTU National Laboratory, DK-4000 Roskilde,
Denmark
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 lowto-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
Ta
Re
W

Melting Point
Degrees Celsius
3017
3186
3422

Thermal conductivity
W m-1 K-1
57
48
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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Neutron flux versus beam
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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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C- AND 18F PRODUCTION AT TPC RK2 LABORATORY

O. Solin, S. Johansson, P-O. Eriksson, J. Rajander, E. Kokkomäki, S. Helin, E. Arponen, J.
Aromaa, N. Savisto, J. Bergman, S-J. Heselius, Turku PET Centre, Radiopharmaceutical
Chemistry Laboratory and Accelerator Laboratory, Porthaninkatu 3, 20500 Turku, Finland
Introduction

Four gas targets for production of [11C]CO2 and [11C]CH4 as well as static and one circulating
water target for [18F]fluoride production have been installed on the external beam line of the
CC18/9 cyclotron (Efremov Institute for Electrophysical Apparatuses, St. Petersburg, Russia) at
TPC. The cyclotron is capable of accelerating 18 MeV protons (9 MeV deuterons) at particle
beam intensities in excess of 100 µA. The aim with these radionuclide production systems is high
yield, high specific radioactivity precursor production for PET radiopharmaceuticals.
Materials and methods

The radiopharmaceutical laboratory at the CC18/9-cyclotron site (acronym for laboratory RK2)
holds altogether 10 hot-cells for radiopharmaceutical production and for R&D for radiochemistry
and radiopharmaceutical development (FIG.1).

35 m

FIG. 1. Layout of CC18/9 cyclotron, beam lines and laboratory. The six
hot-cells for GMP radiopharmaceutical production are outlined in red.

All target chambers are equipped with water cooled front grids consisting of 2 mm diameter holes
drilled into an aluminum plate. The beam transparency of these grids is ~ 70 %. See ref. [1] for
beam diagnostic procedures and devices.

11

C-targets

Altogether four Al-target chambers, two for [11C]CO2 production and two for [11C]CH4 are now
installed on the external beam lines on the cyclotron. The conically shaped target chamber
volumes are less than 20 cm3. The chambers can be filled to a pressure up to 60 bars and normal
fill pressures are 35 bar (target body temperature 20 ºC). Chamber coolant temperatures can be
set between 0- 80 °C. After irradiation the target gas containing the produced radioactivity can be
directed to one of the hot cells in the laboratory. Altogether 6 hot-cells are in use for 11Csynthesis.
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18

F-fluoride targets

For circulating water target see ref. [2]. The static 18F-fluoride target bodies are made of niobium,
the front foil is made of SS AISI 321 of a thickness of 25 um. The targets are filled with 2 mL of
18
O-H2O (>95 %) for 18F-fluoride production. Water cooling is used for the target body and front
grid.

Temperatures and radioactivites are monitored at several positions both during irradiation and
also during 18F-recovery from the irradiated water. The recovery of 18F-takes place post
irradiation by directing the irradiated water through a QMA Sep-Pak (Waters) ion exchange
cartridge. Altogether six QMA cartridges are included in the system for repeated
irradiation/recovery cycles. From the QMA cartridge the 18F-radioactivity trapped on the column
can be extracted with a suitable K2CO3/H2O-solution and directed to one of the hot-cells at the
laboratory. Acetonitrile and water can also be added in 1 mL portions to the transport system. The
flow in the transport system is generated by a peristaltic pump, see fig. 2. The transport of the
portion of water containing the K2CO3/[18F]F- -fraction and the subsequent acetonitrile fractions is
then carefully timed to match the timing of the azeotropic drying of the
Kryptofix/carbonate/fluoride complex at the radiosynthesis device situated in the particular hotcell.
Various diagnostics are implemented on all systems, including fast neutron measurement,
multiple gamma (miniature Geiger-Muller) probes, temperature, pressure etc. Information from
the diagnostics is correlated to irradiation parameters and post-irradiation handling procedures.

FIG. 2. Image of user interface for control of a 18O-water target
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Results

Yields from the 18F-targets were as expected from published yield and cross section data. In fig. 3
some parameters describing the behavior of the production and transport system during
production and processing are presented.
Utilizing amounts of 20-60 GBq of fluorine-18 produced from 18O-H2O in Nb-target chambers
specific activities ranging between 25-50 Ci/umol (corrected to EOB) were consistently measured
from labeled radiopharmaceuticals (radioHPLC, LC-MS/MS).
Use of ILC for routine SA measurements in target water is in development.
18
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FIG. 3. Graphs of beam current and target pressure during 18Fproduction with the static system (up left). Graphs of radioactivity
levels during recover and transport of 18F-radioactivity (down right).
Yields from [11C]CO2-targets reached close to theoretical amounts as calculated from irradiation
parameters and published nuclear cross-section and yield data. Yields from [11C]CH4-targets
reached 70-75 % of those of [11C]CO2-targets. For pressure-current behavior of both production
systems, see Fig. 4.
Specific radioactivities of carbon-11 labeled tracers produced from [11C]CH4/ gas phase
[11C]CH3I reach typical specific activities of 30-50 Ci/umol (corrected to EOB). However this
level of SA is not consistently reached.
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FIG. 4. Gas pressure in target during proton irradiation as a function
of beam current for a [11C]CO2-production target. The target was
initially filled to 35 bar pressure at 20 ºC. The temperature of the
target chamber was varied by warming/chilling the coolant medium.
Conclusions
•
•

•

The set objectives were reached with regard to finalization of the construction process of
radionuclide production and distribution systems.

The evaluation of the produced radioactivity with regard to specific activity is in process.
Results so far indicate that very high SA can be reached but all factors influencing SA are
not clear at present.

Through this research the production capabilities with regard to [18F]F-, [11C]CO2 and
[11C]CH4 have increased 3 to 6 fold at TPC.
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ADVANCED HIGH CURRENT TARGET TECHNOLOGY FOR LARGE SCALE 123I
AND 18F PRODUCTION.
F. Oberdorfer, M. Meissner, A. Tiede, H. Schweickert ZAG Zyklotron AG, EggensteinLeopoldshafen, Germany
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 German participation in the above CRP.
The research has focused on several target systems. These include the production of I-123 from xenon with
particular attention to the production of the impurity I-121 and the target design for this system, and the
target design for the production of F-18.

Introduction
Development of cyclotron target systems well adapted for making effective use of modern
cyclotrons high proton beam capacity is an essential technical challenge, especially with respect
to commercial isotope production. Target design and materials have to withstand beam currents
well above 150 µA for maximizing the respective production capacity. Improved target body and
window issues, process control devices and practical considerations related to the beam transport
into and through the target substance itself are exemplified by the large scale production of 123I
and 18F through the already well known reactions of protons with 18O water and 124Xe.

Probably a more widespread distribution of clinically valuable radioisotopes like 123I could be
explored making use of such improvements in face of the recently experienced short falls of
reactor produced 99Mo - the prerequisite of the 99Mo/99mTc generator - as a replacement tool for at
least some 99mTc applications in nuclear medicine.

The demand for 18F-FDG and 18F-fluoride is rising significantly. Large batch sizes of FDG
produced by the irradiation of one single target at high currents are resulting in a number of
advantages for exclusively commercial producers. Cost effectiveness, transport management,
personal organization besides technical improvements of production cycles and operations
become a consequential advisement. In many cases risky dual beam applications will be avoided
by producing large batch sizes from one single target into one single manufacturing process. It
reduces the number of QC-runs, the consumption of consumables, and also shorter irradiation
times allow consecutive productions in shorter periods. But new, hitherto not listed problems
related to dose dependent radiation chemistry reactions evolved especially in the liquid water
target. These are so far not fully elucidated and understood and need sophisticated investigation.
The contribution reports some first observations and experiences with the ZAG high current 18O
water target which is already used in routine 18F productions at beam currents above 60 and up to
120 µA.

I-Report: Our KIPROS 120 (Karlsruhe Isotope Production System) was especially developed
for proton accelerators of 30 MeV or more, to produce 123I as iodide in alkaline aqueous solution.
It is designed to tolerate a proton beam current of at least 120 µA for more than 12h. The
KIPROS 120 recovers the enriched 124Xe for consecutive production runs following wash-out of
the 123I activity. The system is completely computer controlled, it records and archives process
parameters, logs error messages and manual interventions. All process parameters are traceable.
Online operation via internet with service advice and guidance is possible.
123
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The production of 123I is based on the following dominant nuclear reaction (FIG.1):

Xe(p,2n)123Cs ----> 123Xe ----> 123I
Minor reactions involved in the 123I production – in the order of their contribution to the final
product - are:
124

124

Xe(p,pn)123Xe ----> 123I, and 124Xe(p,2p)123I

The used target thickness is from 30 to 18 MeV.
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FIG.1. New cross section measurement (personal communication Alex Hermanne)

The process generates 121Te as the major contaminant of 123I by the decay of 121I, which has a half
life close to that of 123Xe (FIG.2):
124

Xe(p,α)121I, 124Xe(p,2p2n)121I, 124Xe(p,p3n)121Xe ----> 121I
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FIG.2. New cross section measurement (personal communication Alex Hermanne)
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The geometry of the target body is adjusted to a gas inventory of 3 bar. The range of 30 MeV
protons at that pressure meets roughly 500 mm. At this length the inner diameter was set to 20
mm allowing an almost centered high current beam being transported almost parallel through the
target volume. A dedicated diagnostic system and an appropriate beam guiding system are
required to observe and adjust beam orientation and distribution in front of the entrance window.
It is essential to tune the beam as best as possible. The target needs to our experience not to be
cone shaped in order to compensate for angular straggling. A slight focusing directed to the back
plate was found to be advantageous (FIG.3).

FIG.3. 124Xe target body

FIG.4. Helium cooling flange for the xenon target
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A compact foil flange holds the entrance Window and the vacuum sealing window (both 50 µm
Mo). The intermediate volume is cooled by a He-jet (30-40 l/min), and it creates a safety volume
controlling any loss of Xe during irradiation by smooth or sudden foil or O-ring leakage (FIG.4).
In case the foil is leaking - in most cases by loss of the inner O-ring life time - the Xenon-124,
and all up to the leaking time generated volatile radioactive products (123Xe; 122Xe), are trapped in
the safety volume towards the low pressure side of the compressor of the He-cooling loop. The
differential pressure monitor in the He cooling circuit observes losses at 15-30 mbar (0.5 to 1 %
of the Xenon-124 inventory). If that happens the beam is stopped and any further irradiation
interlocked. The Xe then could be safely transferred back from the target loop to the storage
bottle.

All of already formed 123I is fixed to the target wall. The target can be vented and an automatic
foil flange exchange can be carried out. The Target consequently is evacuated and a reload of the
Xe allows to continue the irradiation without loosing the full production. In preventive
maintenance the flange is exchanged every 20000 uAh.
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KIPROS Top View

KIPROS Side View (left)

FIG.5. KIPROS Targets
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In summary 5 individual subsystems are interacting:

1. Diagnostic Box: Proton beam analysis, diagnosis, and safety device (beam stop) in order
to protect the gas-filled target from flaws in the proton beam, or from irradiating when
the entrance foil is leaking.
2. Target: Water-cooled vessel; sealed from the vacuum and the environment by a heliumcooled double-foil flange system with safety volume. The vessel is simply cylindrical. It
is machined from AlMgSi and chemically Ni-plated( 30µm). The Ni-surface is best
suited for an efficient 123I adsorption and washout.
3. Gas Distribution System: This assembly is used for storing, and distributing the 124Xe
gas. It is separated from the wet part of the system used for wash-out of the activity.
4. Concentration System: 123I is washed off from the target walls by 180-190 ml of water
(target volume including transfer lines and cooling finger volume) while heating up to
80°C. This solution is needed be chemically processed and concentrated by ion exchange
before use in labelling procedures or in manufacturing pharmaceutical iodide
formulations. 123I iodide finally is accumulated in 0.5 to 1.5 ml of 0.02M sodium
hydroxide solution. The unit consists of one micro-cation and one micro-anion exchange
column mounted on a standard six way column switching valve each, allowing for
column conditioning, iodide concentration and purification from the raw bulk solution.
Final elution of the 123I-iodide from the anion exchange column occurs in a sharp bolus of
500 to 700 µL. The cation exchange resin deserves to trap traces of unavoidable cationic
impurities, radioactive and non-radioactive, coming out from the target body. The resin is
a macroporous highly cross-linked styrene divinylbenzene with strong alkylsulfonate
functional groups. It removes predominantly Ni, 57Ni, 59Ni and 57Co.
The anion exchange resin consists of mixed quaternary alkyl ammonium functional
groups with a 10% Teflon admixture. It concentrates 123I-iodide under neutral, or slightly
acidic conditions. Oxo-anions like tellurate penetrate the resin much more easy than
iodide and could be rinsed off with water.
5. Computer Control: The KIPROS system is operated by a Siemens S7 PLC.It is almost
fully automated. The screenshot below was taken from a running irradiation showing all
necessary information to the operator (FIG.6).
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FIG. 6. a screenshot of KIPROS computer control system
Data from recent test runs during an acceptance test are shown in the table below.
TABLE 1. TEST RUN RESULTS

Pressures
(bar)

Waiting Time
(h)

Isolated yield
(GBq)

Yield (EOB)
(MBq/µAh)

2
6

Mean
Current
(µA)
40
120

3,3/6,5
3,4/9,4

8
6,25

16
175

320
355

4,75

117

3,2/9,5

5

128

317

Run

Irradiation
Time(h)

1
2
3

4,15

5

12

4

120

116

3,5/9,3

3,0/9,3

5

125

2

278

336

310

Pressure numbers are before/during irradiation respectively. Waiting times for decay of 123Xe to
123
I is varying, but it could be demonstrated that the yield in terms of MBq/µAh is very consistent
over all of the runs. It dropped only slightly at higher beam currents, but this phenomenon is quite
known. A simple relationship between irradiation time and waiting time is given in the graph
below.
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Optimum decay time for max. I-123 activity
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FIG. 7. Optimum decay time for max. 123I activity
The radiochemical purity after concentration is usually better than 95%. Impurities are higher
oxidation states of iodine (+I,+V,+VII), mainly iodate. It originates from traces of water
accidentally present during irradiation. The amount of iodate found in the isolated product
decreases with time (FIG. 8).
I060109A Iodate %
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FIG. 8. Amount of iodate found versus time

That is roughly shown in the rate study above. Points were obtained from TLC measurements
every 15 min. Numbers on the right scale correspond to the percentage iodate. Usually, from a
well prepared and dry target the obtained product is free of iodate.
The radionuclidic purity of 123I after concentration and at 10 to 12h from end of bombardement
was > 99.65 %, which is the maximum achievable radionuclidic purity. At that time short lived
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I (and 122I) have decayed and the 121I/121Te ratio has its minimum. The 121Te increases from then
by the decreasing 123I concentration. This limits the useful lifetime of a calibrated solution to
about 3.5 half life times of 123I. The specific activity has not been determined. The product is
prepared as sodium iodide in 0.02 mol/l NaOH solution with no carrier added. It can be stored in
glass vials under these conditions. From neutral solutions 123I iodide is partially adsorbed by the
glass surface.
120

F Fluoride production. Increase of beam current on a formerly used gold plated silver target
chamber was not successful. Although the 18F output could be increased, the 18F-FDG yield
becomes very unreliable and dropped significantly, below 10% in case. The recovery of fluoride
from QMA cartridges became inefficient with losses up to 40% of the incoming activity. The
cartridges also changed their clear white colour following passage of the irradiated water and
turned greyish or collected a completely black precipitate and became sometimes almost clogged,
as it was well known from pure silver targets. Even from carefully gold plated silver bodies we
found lAg in the irradiated water by X-ray fluorescence measurements, but no Au. Ag was
diffusing through the gold layer.
18

In order to make use of high proton currents we skipped this target design and changed to a Nb
target system. Along with this also the target geometry has been changed to a version with an
improved He-and water cooling system. That finally was withstanding proton currents up to 120
µA at 18 MeV. The 18F yield exceeded 300 GBq/h and the following 18F-FDG-runs were
extremely reliable and delivered quite constant yields of around 145 GBq end of synthesis. Other
up to now not yet respected phenomena were observed. Radiation chemistry effects suspected to
produce considerable amounts of peroxides in the irradiated target water become dominant at
currents of 120 µA, presumably starting already at 60 µA. They contribute almost exclusively to
transport issues through the transfer capillaries (change of viscosity). The trapping efficiency by
QMA may be affected to some extend, and also the FDG synthesis yield may be affected to a
minor extend. The final product purity has not changed observing this. Further investigation is
needed in this subject, especially when higher currents are intended to be used.

FIG. 9. Nb-target for 18F fluoride production

Design of the Nb-target presently used at 60 to 120 µA (Fig. 9). The read bar illustrates the
incident beam. The Nb-target body cuts the beam under 30°. The inner volume is kidney shaped,
expectedly supporting a steam water circulation. Pressure development between 60 µA and 120
µA is between 10 and 25 bar. The 18O water filling volume is 2.5 ml, the total volume is 5.2 ml.
From that target consistant batch sizes of 95 to 145 GBq FDG were obtained.
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IMPROVEMENTS OF HIGH CURRENT/ LOW PRESSURE LIQUID AND GAS TARGETS
FOR CYCLOTRON PRODUCED RADIOISOTOPES
M.G. Hur 1), B.H. Hong2), J.S. Chai3)*

Korea Atomic Energy Research Institute, Jeongup, Korea 1)
Korea Institute of Radiological and Medical Sciences, Seoul, Korea2)
SungKyunKwan University, Seoul, Korea3) *
Abstract

The development of the C-11 cylindrical target with cooling fin for 13 MeV and 30 MeV proton beams and
the development of pleated double-foil O-18 water target were carried out. For the test of new target
system it was done at 2 pilots of cyclotron centres in Korea. The development of pleated double-foil O-18
water target was also executed. The pleated foil has the more advantages than flat foil. With the same
beam bombarding the pleated foil with cooling had more yield of F-18production. CFD and FEM study
were considered to design of the pleated foil and flat foil structure.

INTRODUCTION
There are more than 30 cyclotron facilities at present and the numbers are growing every year in
Korea. During 2008 since the last RCM meeting, the R&D has been undertaken to the
improvement of the high current liquid and gas targets. Radioisotopes produced with a cyclotron
and their corresponding radiopharmaceuticals have already been shown to be extremely valuable
in basic nuclear medical research, disease diagnosis and radiotherapy. A number of the hospitals
have been acquired to use the cyclotrons needed PET CT for the medical radioisotopes
production of the nuclear medicine. While facilities have been interested in acquiring such
services, most centres use the commercial targetry systems. Higher yields of radionuclides than
presently available are often required for wider distribution. The overall goal of this CRP is to
improve the target technology for higher production capability for the most important clinically
useful radionuclides. Targets, which are reliable and capable of producing higher specific
radioactivity of the most effective radiotracers for clinical applications, are needed. Production of
F-18 from O-18 enriched water targets and of C-11 respectively, are major fields of interest in the
operation and utilization of medical cyclotrons. Despite the routine manufacture of large amounts
of F-18 fluoride for FDG production, the single PET tracer and some other positron emitting
radiotracers are not presently noticeable. After development of PET-CT cylotrons have been
diffused rapidly. In Korea for the PET tracer KIRAMS-13 which is 13 MeV cyclotron was
developed in 2002 (FIG. 1). It was fixed energy, single particle and 70 uA at 13 MeV. KIRAMS13 has the 4 ports of target for the production of F-18 and C-11.

FIG. 1. KIRAMS-13 cyclotron and target system
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TABLE 1. GENERAL SPECIFICATION OF KIRAMS-30

Cyclotron

For the more radioisotopes production KIRAMS-30 was developed and installed at KAERI in
2007. At first KIRAMS-30 was installed at temporal building for beam study of cyclotron.
Because of radiation security it could be get 1.5 MeV just for the beam commissioning. It could
have 700 uA with the external ion source. It has 4 direction beam lines for gamma emission
radionuclides and positron emission radionuclides production (FIG. 2).

FIG. 2. KIRAMS-30 cyclotron and beam lines

At present, there are 3 manufacturers for 30 MeV cylotron commercially. The specifications of 30
MeV cyclotrons are similar each other. They have been developed for the mass production of
radioisotopes. IBA cyclone 30 of 3 kinds of manufactured cyclotron is the most installed in the
world. KIRAMS-30 was installed just at Korea Atomic Energy Research Institute.
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TABLE 2. COMPARISON OF SPECIFICATIONS OF COMMERCIAL CYCLOTRONS

The development of pleated double-foil O-18 water target was carried out. The pleated foil has
the better structural stiffness than flat foil. The pleated foil has more effective cooling effect with
the same face area against the beam direction. The basic structure of pleated double-foil target is
almost same with ordinary double-foil target but pleated double-foil replaced the normal flat
double-foil. Selectively the cooling fluid (water or helium) between foils should be decided
proportional to the beam energy. This showed the comparable results with pleated target and
ordinary double-foil target. CFD and FEM study were executed to compare the tendency of
pleated foil and normal foil structure. Generated heat flux corresponds to the absorbed beam
energy to each foil.The development of the gas target cylindrical type for the C-11 production at
13 MeV cyclotron and 30 MeV cyclotron was carried out. Improved C-11 targets was tested at
regional cyclotron center of Chosun universiry hospital in Gwangju, Korea. The incident beam
was get through thick grid between thin foils. The heat of rear foil could be transfered to cooled
front grid by cooling water. Thin foil size at rear side was minimized to be prevented inner
pressure increment during irradiation. Inner capacity of cylinder was 78.5 cc. For the C-11 target
of 30 MeV we have simulated for the flow field and pressure distribution of cooling water in
different flow rate.
LIQUID TARGET SYSTEM
Double grid niobium foil target for 30MeV
The yield of F-18 of the target is dependent on the material of target. The silver and niobium have
good results typical high yield available in general. But 2 metals have disadvantages which are
low melting point in the silver and high cost of manufacturing in the niobium. We have used the
niobium foil only in the base with the titanium (FIGs. 3 and 4).
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FIG. 3. Double grid Nibium foil water target
Double grid niobium foil target for 13MeV
Double grid niobium foil target for KIRAMS-13 cyclotron was designed and manufactured. The
beam current 30 uA at 13 MeV was irradiated for the yield test. We got over the 70 % production
yield of F-18 in theoretically. Figure 5 shows the yield of F-18.

FIG.4. F-18 water target at KIRAMS 13
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FIG. 5. F-18 production yield of water target

Pleated double-foil O-18 water target

Pleated foil has better structural stiffness than flat foil. And also, with the same face area against
the beam direction, the pleated foil has more effective surface area for cooling. The basic
structure of pleated double-foil target is almost same with ordinary double-foil target but pleated
double-foil replaced the normal flat double-foil. Selectively the cooling fluid (water or helium)
between foils should be decided proportional to the beam energy. CFD and FEM study were
conducted to compare the tendency of pleated foil and normal foil structure. Figure 6 shows the
CFD simulation results. Boundary conditions for the simulations are described below. The flow
rate of the cooling water is 0.04 ㎏/s at 288 K. Diameter of the heat source for each foil is 5 ㎜.
The size of heat sources were determined by the 30 MeV, 40 ㎂, proton beam size. Generated
heat flux corresponds to the absorbed beam energy to each foil. The pleated foil shows better
cooling performance than flat foil with the same initial and boundary conditions. The pleated foil
structure has more effective surface area for cooling and also the value of focused beam
energy(㎾㎥
/ ) on the foil is smaller than flat foil structure. The strain against the pressure shows in
figure 7.

51

cooling mechanism

double-foil CFD result

pleated double-foil CFD result

FIG. 6. Heat-transfer simulation(FLUENT) result (temperature [K] contour)

Temperature result of CFD simulation was considered as a boundary condition on the foil surface.
Applied pressure to foils is 1 bar to 150 ㎛ Al foil and 10 bar to 75 ㎛ Ti foil. In case of flat foil
the maximum strain is about ten times higher than the pleated foil.

FIG. 7. Strain simulation(ANSYS) result
Beam Irradiation and Results
The target in figure 8 was designed for a 30 MeV proton beam. Materials of the base structures
are aluminum and the cavity is titanium. Vacuum of the accelerator will maintain with the 150 ㎛
aluminum foil and cavity foil is 75 ㎛titanium foil. The target has three blocks and each block has
teeth. Teeth are holding the shape of the foil and press it with PE seal for holding tight. Inside the
titanium cavity, there is also a teeth structure for enhancing heat-transfer. Detail structure of the
cavity is shown in figure 8. New pleated target was irradiated with the sample beams. Beam
current was increasing up by pressure increment considerable. The pressure in the target was
increased rapidly at 30 uA (Table 3). And then target assembly was breakaway. We could find
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thin foil had no braekage itself. The foil was breakaway from the target by high pressure (FIG.
9).
TABLE 3. BEAM CURRENT AND PRESSURE OF TARGET
Beam Current (μ
μA)

Pressure (bar)

4.5

0.27

5

0.96

4.7
10
15

20
30

0.60
2.4

6.00

10.10

19.00

FIG. 8. Pleated double-foil target for 30 MeV proton beam
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FIG. 9. Comparison target pressure of double grid and pleated double foil target
GAS TARGET SYSTEM
Gas target for C-11 production
Even though the use of [11C]Acetate has more advantages of image for cancer diagnosis than
FDG images C-11 has a couple of problems to produce.
At first we have determined the nuclear reaction and energy. There are 3 kinds of nuclear
reactions as in table IV.
TABLE 4. NUCLEAR REACTION OF C-11 PRODUCTION
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Figure 10 shows the recommended cross sections for
have used 14N(p,a)11C reaction.

N(p,a)11C reaction. From this data we

14

FIG. 10. Recommended cross sections for 14N(p,a)11C reaction

There are some considerations which are the surface effects, specific activities, density reduction,
nuclear reaction and chemistry in the gas target (FIG. 11). The surface effects in the gas target,
specific activity, density reductions should be considered. One of the major problems in the target
is the density reduction. The density reduction is unbalance distribution of the target molecules in
the cavity. It depends on power. It gives an influence to a production yield. In general we can
minimize this effect through increment of cooling efficiency with conduction, convection and
radiation.

FIG. 11. Considerations in the gas target reported by D.J. Schlyer
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Figure 12 shows the drawing of cylindrical gas target for the production of C-11. The incident
beam is irradiated through front grid with water cooling. The front grid is cooled with cooing
water also rear foilcan be cooled by heat transfer. Thin foil at rear side is minimized to be
prevented inner pressure increment during irradiation. Inner capacity of cylinder is 78.5 cc. At
pilot A we got the 945 mCi of C-11 but at pilot B we couldn’t. The problem with the lower
production yield of C-11 at pilot B beam direction for irradiation was on the tilt, beam couldn’t
pass through thick grid. For the C-11 target of 30 MeV we have simulated for the flow field and
pressure distribution of cooling water in different flow rate (FIG. 13).

FIG.12. The drawng of cylindrical gas target for the production of C-11
Vacuum pump is turned on and the gas target is evacuated. Valve V1 is closed, V2 is opened. He
gas is inserted in the target. He gas removes the waters in the target. V4 is opened preset gas is
filled. And then V4 is closed. After V4 closed beam can be irradiated. After beam irradiation,
11
CO2 gas is collected at hotcell. For the measurement of radioactivity, 11CO2 should be going
through siral 1/8” stainlesstube. During going through the tube 11CO2 is trapped by the lower
temperature of melting point.

FIG.13. Gas loading system and gas valve conroller
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FIG.14. 11CO2 Trapping Syetem
Pilot Production of C-11
Experiments were carried out 2 pilot cyclotron centre. We had different experiment condition as
Tables 5 and 6. We had the better results at the pilot A then results at pilot B. Figure 8 shows one
of analysis for different results of 2 pilots. Resutlts of production run shown in Fig. 15.
TABLE 5. PRODUCTION CONDITIONS OF PILOT A AND PILOT B

Pilot A

Gas

Pressure

Pilot B

N2 +O2

N2 + O2

10㎂

10㎂

14 bar

Beam

Irradiation

18 bar

20

Pressure

18 bar( 4)

Yield

450 mCi

20

20 bar( 2)
158 mCi

TABLE 6. C-11 PRODUCTION RESULTS AT PILOT A
C-11 [mCi]

310

Beam
Current
(

A)

10

Irradiation
Time (min)

Yield/uA
[mCi/μ
μA]

Acitvities
[mCi]

20

63

[min]

310

Target
Pressure
[bar]
14.2

Pressure in
irradiation
[bar]
18.0

228

10

20

46

228

14.3

18.0

945

23

38

56

945

14.3

18.0
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FIG. 15. Result of Radioactivities
C-11target with cooling fin
There are 2 types of the gas argets which are cylindrical type and conical type. The cylindrical
type is the most commercial and simlist structure and easy to manufature. It has the clean inner
space but it has damaged with beam spreading. With consideration of beam characteristics the
conical type was developed. We could expect the high production yield considerably but it
couldn’t be helpful density reduction completely.
KAERI has considered use of the target with cooling fin (FIGs. 16, 17, 18). The applications of
cooling fin are at many fields as Radiator (car), Chiller, CPU cooler and etc. It helps to increase
the heat transfer area from metal to fluid.
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FIG. 16. New target design with cooling fin

FIG. 17. Block diagram of Targetry for C-11 production with cooling fin
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FIG. 18. Experimental set for C-11 target with cooling fin
We have got the result as Figs. 19 and 20. Pressure rising of fin target was 2 + 0.2 bar at 10 uA
irradiation (1/2 of straight one) More stable production yields was average 92 mCi/uA .

FIG.19. Experiment results (1)
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FIG. 20. Experiment results (2)
Results Show that:
•
•
•
•
•

Cooling fin give a good convection effect to the target gas
Cooling fin at the cavity is effective for suppressed target pressure rising and density
reduction effect
Fin target was good for high current irradiation
Fin target is good for Radioisotope production
Above all results, cooling fin at the cavity is vary useful design concept
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IMPROVED HIGH CURRENT LIQUID AND GAS TARGETS FOR CYCLOTRON
PRODUCED RADIOISOTOPES
Ibrahim Al Jammaz, S. AlYanbawi, W. Van-Heerden, S. Miliebari, S. Rahma, D. Carrol, King
Faisal Specialist Hospital & Research Centre, Riyadh, Saudi Arabia
Abstract:

The development and improvement of target technology for reliable and higher production yields is
described with respect to fluorine-18 and krypton-81. This report includes specific studies on: 1) beam
degradation, distribution and diagnostic tools for monitoring the beam during irradiation; 2) targets that are
capable of withstanding high current beam and consequently high specific activity radiopharmaceuticals; 3)
greater understanding of in-target chemical and physical phenomena for the preparation of new
radiolabeled species; and 4) recovery and characterization very expensive enriched material.

1. Introduction
Radiopharmaceuticals in general and cyclotron produced radiopharmaceuticals in specific are
being increasingly utilized in nuclear medicine for both research and routine clinical diagnosis
and therapy of an extensive variety of diseases. After the introduction of Positron Emission
Tomography (PET) in clinical practice, numbers of cyclotron facilities world-wide have rapidly
increased and this number is expected to grow more in the near future [1,2]. Iodine-123 (I-123)
and Krypton-81 (Kr-81m) are Single Photon Emission Computerized Tomography (SPECT)
radioisotopes produced by cyclotron using gas target technology and they are extensively used in
a wide range of diagnostic nuclear medicine application [1,2]. In addition, PET radioisotopes
including Fluorine-18 (F-18), Nitrogen-13 (N-13), Carbon-11 (C-11) and Oxygene-15 (O-15) are
enjoying spectacular use as routinely diagnostic radiopharmaceuticals using the most
contemporary imaging modality namely PET [3-8].
In Member States, numbers of PET centers that are housing cyclotron facilities have rapidly
increased and these numbers are expected to grow more in the near future. Most centers utilize
commercial targetry systems for the production of those radioisotopes and modest improvements
were contributed to increase final yields to meet the accelerating nuclear medicine demands. In
addition, target behaviors in terms of yield, maximum beam current tolerable and specific activity
are still vague to several institutes.
Lately, inadequate supply of F-18 and Kr-81m due to the limited capability of liquid and gas
targets of handling high beam current for the former and old target design for latter in addition to
the impurity of N-13 due to in-target chemical reaction becomes a major obstacle in meeting the
required quantities and purities of local nuclear medicine demands. This has necessitated
development and improvement of target technology for reliable and higher production yield
which include: a- beam degradation, distribution and diagnostic tool for target monitoring during
irradiation; b- targets that are capable of withstanding high current beam and consequently high
specific activity radiopharmaceuticals; c- more understanding of in-target chemical and physical
phenomena for the preparation of new radiolabeled species; and d- recovery and characterization
very expensive enriched material. As member of the International Atomic Energy Agency’s coordinated meeting entitled “Improved High Current Liquid and Gas Targets for Cyclotron
Produced Radioisotopes” we report here our contribution in this project.
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2. Materials and Methods
The chemical used in this study were all purchased from Aldrich, ABX, and were used without
further purification unless stated. Enriched O-18 water and Kr-83 gas were purchased from
ISOTECH (USA) and Matheson (USA) respectively. The chemical used in this study were all
purchased from Aldrich, ABX, and were used without further purification unless stated. AG50
Wx8 (100-200 mesh) cation exchange resin was obtained from Bio-Rad. Aluminum, graphite
degraders and different target bodies (Sliver, Niobium, Aluminum and Titanium) were all
fabricated at the precision machine shop attached to our cyclotron. Each newly fabricated item
was inspected and conditioned taking in consideration many critical steps.
2.1 Fluorine-18 Targets
In this study, two different F-18 targets systems were used. The first one is the small volume (0.3
mL) silver target system that has been irradiated using 26.5 MeV CS30 cyclotron with optimize
beam profile and irradiation monitoring. The second is the large volume (2.3 mL) silver, niobium
target systems that have been irradiated using 11 MeV RDS cyclotron.
2.1.1 Small Volume Target
In this target system, the original thickness of the aluminum degrader obtained from the
manufacturer was 0.115 of an inch. This thickness has degraded the beam energy from 26.5 MeV
to around 10.5 MeV (Fig. 1). Therefore, several thickness of aluminum degraders (0.110, 0.105,
0.100, 0.955, and 0.095 In.) were utilized and tested using beam current ranging from 12-16 µA
at beam energy of 26.5 MeV (Fig. 2).

Havaar Aluminum
0.0005
0.001

Water
cooling

Protons

H218O

Aluminum
degrader
0.115 In.

Fig. 1: Diagram of fluorine-18 target.
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Havaar
0.0005

Aluminum
0.001

Water
cooling

Proton
s
H218O

Aluminum
degrader
0.115 In.

Fig. 2: Diagram of fluorine-18 target with different aluminum degraders.

Further more, utilizing proper calculation based on the stopping power of aluminum, two graphite
degraders of a thickness of 0.061 In. each were fabricated and tested using beam current ranging
from 22-38 µA, O-18 water volume of 0.3 mL and for a duration of 1.75 hour. This has degraded
the beam energy from 26.5 to 12.7 MeV (Fig. 3).

Havaar
0.0005

Aluminum
0.001

Water
cooling

H218O

Protons

Graphite degraders
0.061 In. each

Fig. 3: Diagram of fluorine-18 target with graphite degraders.
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2.1.2 Beam Profile and Irradiation Monitoring,

For optimization of beam profile and irradiation monitoring, a system for beam integrator and
beam position monitoring and control were developed. The general set-up of the system is consist
of PC control to Multiplexer (Mux) which switches the voltages one by one through the analog to
digital converter (ADC) (Fig. 4). The 12 data bits supplied by ADC are then read by PC. These
leads to a resolution of 4096 steps over ten volts range (2.5 mV/step).

Fig. 4: Beam integrator and positioning set-up.

For positioning the beam on the centre if the F-18 target, a segmented collimator made of graphite
(Fig. 5) was fabricated and employed. Beam passes through the centre of the collimator and any
stray beam will strike one or more of the four segments which will be displayed as bar graphs on
the PC monitor. The basic circuit diagram used for current to voltage conversion is shown in Fig.
6.

Fig. 5: Segmented graphite Collimator.

Fig. 6: Basic circuit diagram for current/voltage conversion.
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Where U is an operational amplifier with preset gains of 1,10 and 100, depending on the input
signal. R is resistor determined as R = V/I (V = 1 volt to be amplified to 10 volt and I as the
maximum current to be measured for the desired range) and for maximum current of 1µA: R = 1
meg ohm.
2.1.3 Large Volume Target

After optimizing all F-18 irradiation parameters on the small volume (0.3 mL) silver target, we
have utilized larger volume silver target (2.3 mL). This target was irradiated using 11 MeV beam
energy and as high as 60 µA beam current (Fig.7).

Fig. 7: Picture and diagram of large volume fluorine-18 silver target.
Due to the less resistance silver body we have developed and machined several niobium target
designs using advanced CNC machine, and then built them in-house. These targets have different
cavity designs and target volumes 1.0, 1.5 and 2.3 mL (Fig. 8). Targets were irradiated using RDS
cyclotron with 11 MeV beam energy and as high as 55 µA beam current.

66

Fig. 8: Several fluorine-18 niobium target designs.
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2.1.4 Fluorine-18 Irradiation
F-18 was produced by the bombardment of enriched O-18 water with 10.5-12.7 MeV protons
from the CS-30 Cyclotron external beam using the 18O(p,n) 18F nuclear process. The proton beam
current was ranging between 16-27 µA and the irradiation time was between 40-135 minutes.
Similar procedure was followed using the 11 MeV beam energy from RDS cyclotron. However,
beam current was ranging between 40-60 µA.
2.2. Nitrogen-13 Target
The original nitrogen target body that has been supplied by the manufacturer is made of
aluminum and it has similar size and shape to the original fluorine target 2.3 mL (Fig 9). As a
result of impurity (turbidity) arising from the aluminum target, we have machined similar design
using titanium body. In addition a simple design and larger volume (4.5 mL) was developed,
machined and built in-house using aluminum body (Fig. 10). Targets were irradiated using CS30
cyclotron with 12 MeV beam energy and between15-20 µA proton beam current. Moreover, two
machined aluminum body were electroplated by nickel and gold as a collaboration between our
institute and Zyclotron. Irradiation of these targets using the 11 MeV beam energy RDS cyclotron
is still in progress.

H2O
Fig. 9: Diagram of nitrogen-13 aluminum and titanium targets.
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Fig. 10: Diagrams of the new large volume nitrogen-13 aluminum target.
2.2.1 Nitrgen-13 Irradiation

Ammonia-13 was produced by the bombardment of 5.0 mM ethanol in water for injection with 12
MeV protons from the CS-30 Cyclotron external beam using the 16O(p,4n) 13N nuclear process.
The proton beam current was between 15-20 µA and the irradiation time was between 10-15
minutes. After delivery of irradiated material, ammonia-13 was adjusted for osmolality and pH
with sodium chloride (1.0 mL, 14.6%) and sodium bicarbonate (0.2 mL, 8.4%) respectively. Final
solution was filtered through Millipore filter (0.22 µm, 25 mm), activity measured and finally
sample send to quality control for analysis. The same procedure was followed using the 11

MeV beam energy RDS cyclotron.
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2.3 Krypton-81 Target

The original krypton target body that has been used for almost two decades is made of aluminum.
It consists of target window made of aluminum foil with thickness of 0.5 mm and target
cylindrical holder cooled by circulating water. Target volume is 75 cc, the pressure prior and
during irradiation are 75 and 140 psi respectively. In the new design, we have replaced the
aluminum target body by nickel and the aluminum window by Havaar foil of 0.025 mm
thickness. In addition, the Rb-81 washing solution (HCl, 0.01 mol dm-3) was replaced by water
diluted KCl (0.001 mol dm-3). Moreover, target body was connected to nitrogen trap (cold finger)
to recover the natural krypton for re-use (Fig. 11).

Fig. 11: Diagram of Krypton-81m target system.

2.3.1 Krypton-81 Irradiation

Krypton-81 was produced by the bombardment of natural krypton-83 gas with 26.5 MeV protons
from the CS-30 Cyclotron external beam using the natKr(p,3n) 81Rb(E.C.) 81mKr nuclear process.
The proton current was 30 µA and the irradiation time was between 30-45 minutes. The irradiated
target was washed with water diluted HCl (120.0 mL, 0.01 mol dm-3) divided in three portion 50,
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50 and 20 mL respectively, to recover most of the produced Rb-81 radioisotopes. From this stock
solution, 0.2 mL was withdrawn and given to quality control for radionuclidic purity and
identification, specific concentration and pH. Then the required amounts of Rb-81 were pumped
into several generators and air blowing of each generator until no visible liquid seen coming out
followed by connecting the inlet and outlet together with Millex GS filter (0.22 µm, 25 mm
Diameter) to close the system.
3. Results and Discussion
3.1 Fluorine-18 Targets

In the old F-18 target system provided by the manufacturer, the cyclotron energy 26.5 MeV was
degraded to around 10.5 MeV using aluminum degrader of a 0.115 In. thickness. A series of
aluminum degraders with various thicknesses were designed, fabricated and tested for optimized
beam irradiation. As indicated in Table 1, the new thicknesses of aluminum degraders have
produced fluorine-18 target with maximum beam current and energy. Yet, yield obtained (35
mCi/uA/h, 900-1000 mCi) using aluminum degrader of a thickness of 0.0955 In. was found to be
the optimum among other thicknesses. This modification has increased specific activity and final
yield of F-18 by 90%. In addition, consumption of enriched material and radiation exposure were
minimized.
TABLE 1: IRRADIATION PARAMETERS AND RESULTS FOR SMALL VOLUME F-18
SILVER TARGET.
Thickness
Energy
Yield
Current
(Inch)
(MeV)
(mCi/µA/h ±5%)
(µA)
0.115
10.5
18
16-18
0.110

11.5

22

16-18

0.105

12.0

27

16-18

0.100

12.5

31

16-18

0.0955

12.7

16-18

0.0950

13.0

35
(900-1000 mCi)
32

16-18

However, when proton beam current exceeded 20 µA, aluminum degrader tends to blow off more
frequently which necessitates target rebuilt, production delay and consequently unnecessary
radiation exposure.

Taking the above disadvantages in consideration with special attention to the frequent blow off of
aluminum degrader, graphite degrader was suggested due to its resistance to high temperatures
and corrosion and it exhibits working temperatures of -200 to +650°C in air and -200 to +3,000°C
in non-oxidizing media. The fabricated graphite degrader was tested and beam current was
elevated to 38 µA without blowing off the degrader, though, enriched water evaporates when
higher current used for long time.
Although, Table 2 illustrates similar results of F-18 yield to that obtained in Table 1. However,
advantages of using graphite degrader lies under the following: a- beam current increased by
70%, b- short run time for the production of fluorine-18 in relatively large quantities, c- reliability
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of [18]fluorodeoxyglucose ([18F]FDG) production, and more importantly d- no operator radiation
exposure as a result of opening and rebuilding F-18 target.

TABLE 2: IRRADIATION PARAMETERS AND RESULTS FOR SMALL VOLUME F-18
SILVER TARGET WITH GRAPHITE DEGRADER.
Time
(minutes)

Energy
(MeV)

Current
(µA)

Yield
(mCi ± 5%)

40

12.7

27

600

60

12.7

24

700

75

12.7

22

750

90

12.7

21

800

102

12.7

20

850

120

12.7

19

900

135

12.7

18

1000
35 mCi/µA/h

The developed beam integrator and beam position monitoring and control system is an
ideal for constant, non-destructive monitoring of the beam position on the target. Using
signals as feedback to the steering magnet power supplies, the beam can be kept on centre
of the target during the run.
Centring and focusing of the beam will lead to no strike on graphite collimator and
consequently no bars display on the PC monitor (Fig. 12). However, when beam drifted
off the centre, stray beam will strike on graphite collimator and translated to bars display
representing beam position and beam lost on the degrader (Fig. 13).

Fig. 12: Display during the run with centred and focused beam and no beam loss on the
degrader.
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Fig. 13: Display during the run with beam off centre to the top, left and 40% beam lost on the
degrader.
The full scale range of the segments can be chosen from 100 nA to 10 µA. In the 100 nA range,
the segments are so sensitive that the slightest movement in beam direction or focus can be
sensed. Fig. 14, shows a very well focused beam. In the 100 nA scale, only stray beam is detected
in this case.

Fig. 14: Well focused beam.

For a deliberately defocused beam, as shown in Fig. 15, the 1 µA scale will be used as actual
beam is being intercepted by the segments. This focus condition is more desirable than that
portrayed in Fig. 14.

Fig. 15: Defocused beam
The beam current signal is now also available for instant interruption of the beam in case of
sudden increase in intensity. This occurs often and by not interrupting the beam, the target is
exposed to over current leading to burnt targets and in the case of internal targets, the release of
radioactive materials into the cyclotron.
This system has been very helpful and reliable since installation. The proto-type is running at the
moment on Windows 98 and is driven from the PC’s parallel port.
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Proven advantages
•

Better focusing of the beam means better transmission through the beam lines and hence
lower currents through the extraction system. This means longer extraction life.

•

Constant monitoring and plotting of current on target makes it possible to examine plots
at any time when yields are very low or exceptionally good.

•

With this system, quadrupoles and steering magnets can easily be lined up which again
gives more control over beam position and focusing.

•

By positioning the collimator close to the target, defocusing of the beam is simple
without to much beam loss on the segments.

On other hand, the larger volume silver target (2.3 mL) enabled us to irradiate 18O-water as high
as 60 µA beam current for longer time. Although, yield in mCi/µA/h (30-35) was similar to the
small volume silver target (0.3 mL), however, the amounts of F-18 produced were trebled and
found to be ranging between 2000-3000 mCi as observed in Table 3.

TABLE 3: IRRADIATION PARAMETERS AND RESULTS FOR LARGE VOLUME
F-18 SILVER TARGET.
Time
(minute)

Energy
(MeV)

Current
(µA)

75

11

60

60

11

50

100

11

45

135

11

40

mCi/µA/h
35
20
34
20
32
21
30
12

Yield± 5%

mCi
2600
1460
1670
1000
2300
1600
2780
1300

The main problem of the larger volume silver target was the unexpected drop of the F-18 yield to
unacceptable levels. Even though beam current was reduced to 40 µA, more than 15 runs before a
rebuilt were seldom reached. This trend was mainly attributed to the build-up of contamination at
the beam spot on the water side of Havaar foil that might be arising from the less resistant silver
target material as shown in Fig 16. This build-up degraded the energy to such an extent that
production yield was seriously affected (numbers in italic) (Fig. 17), which necessitate target
rebuilt after every ten runs and consequently higher radiation exposure.
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Fig 16. Water side Havaar foil of silver target after 15 irradiations.

Fig. 17: F-18 production yield using larger volume silver target.
Therefore, new niobium target designs were developed and built in-house. These targets that have
different volume and cavity shapes (1.0, 1.5 and 2.3 mL, Fig. 9) were irradiated using RDS
cyclotron with 11 MeV proton beam energy and different beam current (Table 4).
TABLE 4: DATA GENERATED FROM USING THE LARGE VOLUME (2.3 ML) NIOBIUM
TARGET.
Time

Energy

Current

150

11

55

(minute)

(MeV)

(µA)

mCi/µA/h
31

Yield ± 5%

mCi

4200

150

11

50

29

3600

150

11

40

26

2600

75

As indicated in Table 4, the final yield of F-18 was 4200 mCi. This yield was not attainable when
silver target with similar volume was used. Not only that and in contrast with silver target that
needed rebuild after every 10 runs, niobium target still delivered enough activity after as much as
40 runs with 50 µA average beam current (Fig. 18) and without any build-up of contamination on
the Havaar foil (Fig. 19). In addition, the quality of F-18 was enough to perform sensitive
nucleophilic reactions such as radiofluorination of benzene and pyridine precursors.

Fig. 18: Yield data curve of niobium target.

Fig. 19: Havaar foil shown from the water side after 40 irradiations.
In an attempt to reduce F-18 target volume and consequently reduces enriched materials
consumption, two niobium target were developed. First target is 1.0 mL volume with a wider
diameter than the original design and the second target was 1.5 mL volume with much wider
diameter that faces Havar foil for better helium cooling. Tables 5 and 6 illustrate data generated
from both niobium targets.
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TABLE 5: DATA GENERATED FROM USING SMALLER VOLUME (1.0 ML) NIOBIUM
TARGET.
Time
Energy
Current
Yield ± 5%
(minute)
(MeV)
(µA)
mCi/µA/h
mCi
150
11
50
13
1660
150

11

50

12.6

1570

150

11

50

11.9

1493

TABLE 6: DATA GENERATED FROM USING MEDIUM VOLUME (1.5 ML) NIOBIUM
TARGET.

Time
(minute)
120

Energy
(MeV)
11

Current
(µA)
50

150

11

50

24

2970

150

11

50

23

2860

mCi/µA/h
25

Yield ± 5%

mCi
2523

Although 50 µA beam current and 150 minutes bombardment time were used for the small (1.0
mL) niobium target. However, data in Table 5 show very low yield of F-18. This might attributed
to low helium cooling capacity at the front of the target. In contrary, data in Table 6 from larger
niobium target (1.5 mL) indicate a dramatic increase of F-18 final yield which is comparable to
yields obtained using larger niobium targets (Table 4). From these data, we can deduce that the
new design with wider diameter facing havar foil (1.5 mL) has an advantage of more cooling to
irradiate enriched 18O-water.
Since silver posses a better heat transfer in comparison to niobium, the optimized niobium design
(2.3 mL) were used to produce a new silver target with aim of improving F-18 yield. However,
the dramatic decrease of F-18 yield (Table 7) proved that silver target is not a good option for the
production of F-18.
TABLE 7: DATA GENERATED FROM USING OPTIMIZED DESIGN (2.3 ML) SILVER
TARGET.
Time
Energy
Current
Yield ± 5%
(minute)
(MeV)
(µA)
mCi/µA/h
mCi
180
11
60
17
2038
180

11

55

22

2277

180

11

50

20

2022
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3.2 Nitrogen-13 Target
Turbidity is a general problem facing ammonia-13 producers. Therefore, careful handling of N-13
target in terms of washing and cleaning is of necessary. Several ammonia-13 producers
recommended washing the target for two hours with ethanol and water before any production. To
overcome turbidity problem occurring in the current N-13 target illustrated in Fig. 9, we have
decided after careful observation to wash the target every two production runs with ethanol and
water for injection for 15 and 30 minutes respectively. This has eliminated turbidity that’s
contributed to false positive pyrogen test. We believe that the target design may have played a
role in this phenomenon. Therefore, as an attempt to produce a reliable production of N-13 free of
turbidity and to meet nuclear medicine demands we have designed and fabricated N-13 targets
using aluminum and titanium material as target bodies.
The titanium target has similar design as the current target, however, very concentrated turbid as
well as pasty materials were produced when irradiated using similar parameters. This could be
attributed to many factors among them lower thermal conductivity of titanium compared to
aluminum which may lead to polymerization of ethanol by-products and chemical reactions with
target body in the present of ammonia and ethanol.
The second development was a simple and larger (4.5 mL) aluminum target as illustrated in Fig.
10. Using this target with similar irradiation parameters, we were be able to produce ammonia-13
free or turbidity and suitable for patients as quality control measurements demonstrated (Table 8).
In this target, the cavity was changed to a cylindrical shape and cooling efficiency was also
improved. As a result washing of the target is performed only once a month and target cleaning
every six months. Advantages of this compare to company design lie under the following: a)
reliable and consistent N-13 production, b) lower operator exposure to radiation and c) simple and
inexpensive target. For further optimization of this target, the newly designed aluminum target
was electroplated by nickel as well as gold and their irradiation operation is still in progress.
TABLE 8: QUALITY CONTROL OF AMMONIA-13 RADIOPHARMACEUTICALS FOR
INJECTION.
Sterility
Pyrogenicity
pH Radionuclidic Radiochemical Osmolality Turbipurity
purity
dity
Pass
Pass
7.0
Pass
99.30%
307
Pass
3.3 Krypton-81 Target
The inadequate and unreliable supply of Kr-81m generators resulted from old target design has
necessitated development and improvement of Kr-81m target technology for reliable and higher
production yield. In the old design, aluminum target body, low thermal conductivity aluminum
window foil and water diluted HCl were used for the production of Rb-81/Kr-81m generator. In
This design, frequent leaks through drain valve were experienced due to some dirt that sets
between the solenoid valve and the plunger. This phenomenon more likely attributed to the less
resistance aluminum toward acidic solution (HCl, 0.01 mol dm-3) used for the recovery of Rb-81.
More challenging, the aluminum target gave good yield; however, the yield starts declining after
several runs which necessitate frequent cleaning of the target to remove the formed oxide layers.
Another factor contributing to the lower Rb-81 yield was originated from the aluminum window
foil that has degraded the 26.5 MeV incident beam energy to around 22 MeV, resulting in losing
an important 4.5 MeV.
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In the newly designed target, we substituted the less resistant aluminum target body by the more
resistant nickel metal with similar target volume. It was found that nickel target gave not only
higher yield but more importantly consistent yield. Also, the thick aluminum window foil (0.5
mm) that decreased incident beam energy was exchanged by the thin Havar window foil (0.025
mm). This has increased incident beam energy to 24.5 MeV and consequently the final yield as
indicated in Table 9. In addition, the Rb-81 washing solution was replaced by water diluted KCl
(0.001 mol dm-3) to assure lower metal chemical reaction and maintaining Rb-81 recovery
efficiency. Moreover, target body was connected to nitrogen trap (cold finger) for natural krypton
recovery to be used in next production run. Finally, advantages of the new over the old system lie
under the following: a) higher yield, b) reliable and consistent Kr-81m production, c) lower
operator exposure to radiation, d) reduced consumption of spare parts, e) recovery of natural
Krypton gas and f) inexpensive system. Yet, quality control tests regarding radionuclidic purity,
identity and pH were found to be the same (Table 10).
TABLE 9: DATA GENERATED FROM USING THE OLD AND NEW KR-81M TARGET.
Old
New
Window
Current
Yield
Window foil
Current
Yield
foil
mCi/ µA/h
mCi/ µA/h
Aluminum
Havar
0.5 mm
30 µA
2.0
0.025 mm
30 µA
4.4
-2.5
-4.5
-2.1
-4.5
-3.1
-4.3
-2.6
-4.4
-1.3
4.9
Mean
2.35 ± 0.6
Mean
4.5 ± 0.2
TABLE 10: QUALITY CONTROL OF 81RUBIDIUM/81MKRYPTON GENERATOR.
Radionuclide (%)
KFSHRC
Result
Krypton-81m
≥99.0
99.89
Krypton-79m
≤0.5
0.09
Krypton-79
≤0.5
0.02
pH
≥3.0
4.9
KFSHRC, King Faisal Specialist Hospital and Research Centre.
4. Looking ahead
Due to the high demand and increasing growth on the clinical study for [18F]FDG in Saudi Arabia
to the extent that we have to supply PET centres that are 400 km away. Needs for an effective 18F
target that can fulfil the high demanding production yields of this radioisotope is of importance.
Since the price of the 18O-enrich water dropped dramatically, new 18F target systems tend to use
larger volume for producing higher fluorine-18 yield. Such systems will become increasingly
common in the future. These systems are being used to operate under beam intensity higher than
60 µA.
However, the optimization between target reliability and high yield production is relatively
undeveloped in comparison to the other standardised systems available. Our plan is primarily to
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develop a new large volume niobium target (~6 mL) capable of producing ~8 curies of 18F using
our new 30 MeV cyclotron. In addition, this target system will be remotely controlled using
Programmable Logic Controller (PLC) for controlling loading, delivery and cooling system,
Analogue Module for converting the analogue input data into digital data and Control PC for
visualization the process of different controls.

Fig. 20: Simplified diagram of the new 18F target system.
5. Conclusion
The results obtained from this Coordinated Research Project have been reflected in the consistent
and dramatic increase of Fluorine-18, Nitrogen-13 and Krypton-81m radionuclides yields,
specific activities, chemical purities as well as ensuring reliability of the production of [18F]FDG,
[13N]ammonia and [81mKr]krypton radiopharmaceuticals. On other hand and more importantly,
these results have minimized the unnecessarily operator's exposure to radiation.
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ENRICHED WATER-H218O PURIFICATION TO BE USED IN ROUTINE
PRODUCTION

FDG

18

A. H. Al Rayyes, Atomic Energy Commission of Syria, Chemistry Department, Cyclotron
Division, Damascus, Syria
Abstract

Oxygen-18 enriched water has been recovered from IBA (Ion Beam Applications) recovery system
followed by purification and then used in the production of 18F-. The purification process has been carried
out by irradiation with UV followed by a distillation under vacuum. After purification, 95% of water is
recovered and organic compounds, radioisotopes, trace metals and gases are eliminated efficiently. Results
show that there are no significant differences in (2-deoxy-2-[18F]fluoro-D-glucose ([18F]FDG) production
yield using purified water by the proposed method and new enriched water. Tritium was detected in the
irradiated enriched water. Contamination precautions during purification should be considered. Tritium was
not present in 18FDG or Na-18F final products.

1.

INTRODUCTION

[18F]fluoride has become one of the most important isotopes and large quantities are being
produced for the sake of diagnostics in nuclear medicine especially for 18FDG
radiopharmaceutical production. Due to the high consumption of water-H218O in PET centers, the
necessity to purify the enriched water from impurities in order to be used again in 18FDG
production became a high priority. GMP guidelines require the use of well established and
validated methods to purify and recycle the enriched water.
The organic impurities in irradiated enriched water make it impossible to irradiate the water twice
by proton beam since if it is irradiated twice, high pressures are often encountered in the target.
The presence of these impurities results in a very low 18FDG synthesis yield. Also this water will
be contaminated by ions sputtered from the Havar target foil and target body [1-4]. Tritium is
another radioactive by-product produced by the nuclear reaction 18O(p,t)16O [5].
Different methods have been used for the purification of recovered enriched water from FDG
synthesis units. Ozonolysis has been used to remove organic contaminants from used enriched
water [6]. UV, Ozone and solid-phase extraction methods were used also used as purification
methods [7].
This work was undertaken for the evaluation of a combined UV and distillation under vacuum
method for the purification of used water-H218O in 18F- production in order to be reused in 18FDG
production.
2.

EXPERIMENTAL

The production of 18F- was performed through 18O(p,n)18F reaction using 17.5 MeV proton beam
energy and 97% enriched water H218O from ISOFLEX. The titanium target body has the volume
of 2 ml and uses a 25 µm Havar window (from Goodfellow). The target is water cooled and the
window is helium cooled there is no filter mounted between the target and the water recovery
system. The bombardment beam current is fixed at 30 micro-amperes giving target pressure of 34
bars. The bombardment time is 90 minutes. The average activity of 18F- under these conditions is
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2565 ± 140 mCi at the End of Bombardment. Activities are measured using a calibrated Capintec
CRC 15 dose calibrator.
F with enriched water H218O is transferred to a separated recovery module. 18F- is trapped in the
QMA cartridge (Waters) the enriched water is recovered to a separate vial and 18F- is eluted by
100 µl K2CO3 (Merck) then by 300 µl water to the first reactor of the 18FDG synthesizer. Figure 1
shows a schematic of the recovery process. 18FDG (2-deoxy-2-[18F] fluoro-D-glucose) is
prepared based on nucleophilic substitution reaction, described in Ref. [8] using the automated
module from IBA which is also shown in Figure 1.
18 -

FIG. 1. Schematic representation of the experimental process used for 18FDG synthesis.
The purification of 18O-water recovered from IBA-18FDG synthesis system is performed in three
steps:
1) Irradiation with UV.
2) Centrifuging if necessary.
3) Distillation in pre-evacuated atmosphere.
UV irradiation of recovered enriched water was performed by 705 UV digester system from
Metrohm. This system is comprised of a wet part and a control unit. The wet part contains the UV
high pressure mercury lamp, the cooling system and the sample holder for 12 quartz glass tubes
each can contains 12ml. The PTFE stoppers act as cooling fingers and prevent atmospheric
contamination. After UV treatment the enriched water was distilled in a pre-vacuum and closed
system equipped with membrane vacuum pump.
Several types of analysis were performed in order to qualify the purified enriched water. The byproduct radioisotopes were analyzed by gamma spectrometry using HPGe detector with 100 cm3
and 25% efficiency where the amplifier output of the detector was processed 4096 channels MCA
system. The detection of organic materials in the purified water was carried out using gas
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chromatography from Shimatzu equipped with FID detector and capillary column, CBP20-M25025 (25mx0.22mm), filled with polyethylene glycol. A programmed temperature from 50°C to
165°C and nitrogen gas carrier was used.
A developed Anodic Stripping voltammetry system from Metrohm (VA processor 693 with VA
stand 694) is used for trace metals analysis. The determination of Tritium was performed using
Liquid Scintillation Counter (LSC – Wallac Gardian, from Perkin Elmer). Samples of 500 micro
liters of enriched water were mixed with 10 ml of Scintillation cocktail (Hi Safe 3) and beta ray
measured and compared with standard water.
3.

RESULTS AND DISCUSSION

Twenty six irradiations of the new enriched O-18 enriched water were performed.
Concentration of radioisotopes in the enriched water after irradiation:
Due to proton irradiation of the target body and target window, radioisotopes are formed. Ten
radioisotopes have been detected in the recovered enriched water from the 18FDG synthesis
system. The activities of these radioisotopes are shown in the Table 1. Table 1 also shows the
activities of different radioisotopes measured in the QMA cartridge. From this table we can
conclude that QMA retained from 25 to 90% of metallic radioisotopes depending on
radioisotopes identity.
TABLE 1. ACTIVITIES OF THE RADIONUCLIDES DETECTED BEFORE AND AFTER
PURIFICATION.

Isotope

T(1/2) hr

E(KeV)

Gamma(%)

Co
Cr
95
Tc
96
Tc
58
Co
54
Mn
56
Co
55
Co
48
V
52
Mn

6522.48
664.87
20
104.4
1698.72
7488
1850.88
17.54
383.4
136.8

122.06
320.08
765.64
778.1
810.67
835
846.7
931.2
983.4
1433.9

85.6
9.8
94.3
100
99.4
99.9
99.92
75
100
100

57

51

Activity in the 2
ml enriched water
before
purification (Bq)
± Uncertainty
52.0 ± 2
2.5 ± 1.5
53.2 ± 3.6
0.4 ± 0.8
14.0 ± 2
11.5 ± 2.7
0.4 ± 0.8
46.7 ± 2.4

Activity
measured in
QMA (Bq)
± Uncertainty

665.6 ± 7.9
1925 ± 111. 7
39.7 ± 13.9
18.8 ± 6.2
2773.6 ± 22.2
20.2 ± 4.8
661.9 ± 11.9
8914.4 ± 115.9
16.3 ± 5.7
1018.3 ± 31.5

Activity in the 2
ml enriched
water after
purification (Bq)
± Uncertainty
0.2
0.1
0.3
0.12
0.16
-

The gamma ray spectrum of this water is shown in the Fig. 2.
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FIG. 2. γ-spectrum of recovered water from the recovery system, picks of 95Tc and 96Tc are shown in the
separate spectrum.

The gamma ray spectrum of the QMA cartridge is shown in the Fig. 3.

FIG. 3. γ-spectrum of the QMA cartridge.
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Organic impurities in the enriched water before its purification:
Due to the fact that there is no contact between the organic solvent used in the FDG production
module and the separate recovery system we do not detect any trace of MeOH, EtOH, Acetone
and CH3CN in the enriched water obtained from the recovery system as analyzed by gas
chromatography. After every FDG production run the recovery module is washed with sterilized
water and dried by pure Argon gas.
The only organic substances can be present in the used enriched water are from QMA cartridge.
Radioisotopes concentration in the enriched water after its purification:
Eight hours of UV irradiation have been found to be the optimum time to eliminate all organic
compounds coming from QMA cartridge and wash-out process of the enriched water recovery
module. An aliquot of 2 ml of the purified water has been counted by gamma spectrometry. The
results from this analysis are contained in Table 1 reflecting the activities of different
radioisotopes present in this water.
It can be concluded from these results that a very low traces of different radioisotopes are present
in the purified enriched water giving the indication of an efficient method of purification.
In addition, produced 18FDG samples are analyzed by gamma spectrometry and found that no
radionuclides coming from target body or target window were detected.
Trace metals can be present in the enriched water.
Analysis of stable trace metals, coming from the target and target window, in the recovered and
purified enriched water had been carried out by Anodic Stripping Voltammetry using Metrohm
746 VA trace analyzer. The concentration of Ti in the enriched water was 2.7 mg/l ± 0.04 mg/l in
the recovered water, whereas Co, and Cr concentration were below of detection limit. The
concentrations of all these trace elements were below the detection limits in the purified enriched
water. The detection limits of Ti, Cr and Co were 4, 0.3 and 0.4 µg/l respectively.
The presence of tritium in irradiated enriched water, with protons, has been detected. The
different samples have been extracted from the process of 18FDG and 18FNa production. Table 2
shows results the Tritium activities of in different extracted samples.
TABLE 2. TRITIUM ACTIVITIES IN DIFFERENT SAMPLES
Sample
Activity of Tritium
purified irradiated enriched water
113 ± 2 (KBq/ml)
enriched water after irradiation and passing 115 ± 2 (KBq/ml)
QMA
prepared FDG 5 days old
0.02 ± 0.01 (Bq/ml)
Prepared NaF 5 days old
0.04 ± 0.01 (Bq/ml)
Standard water
0.10 ± 0.03 (Bq/ml)
Due to the fact that radioactive properties of Tritium (beta emitter, T1/2= 12.3 years) our method
of distillation in a closed atmosphere offer the necessary precaution for the possible
contamination during the open distillation used in many centers.
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FDG production yield using purified and fresh enriched water:

Eleven successive 18FDG production runs have been carried out using the recycled purified water
and compared with 26 18FDG production runs using the new enriched water. The mean
radiochemical yield of 18FDG using purified enriched water was 59.72±4.17 while this yield was
58.84±8.38 using fresh new enriched water. This means that no significant differences in 18FDG
production yield between using purified enriched water by the proposed method and using new
enriched water. Figures 3 and 4 show the 18FDG production yields using purified enriched water
and fresh enriched water.

FIG. 4.

18

FDG production yield using fresh new enriched water.
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FIG. 5.

4.

18

FDG production yield using purified enriched water.

CONCLUSION

The proposed method of purification of the recovered enriched water from an FDG synthesis
system show that at least 95% of water is recovered after the purification, organic compounds,
radioisotopes, trace metals are eliminated efficiently. The results show that no significant
differences in 18FDG production yield between using purified water by the proposed method and
using new enriched water. The presence of tritium in the irradiated enriched water is detected.
Our method of purification of the enriched recovered water by the sequence mentioned above
offer the necessary precaution to avoid the contamination by Tritium. Tritium is not present in the
produced 18FDG or Na-18F.
Acknowledgements
This work is partially funded by IAEA Research Contract No. 13484. Thanks to prof. I. Othman
(GD of AECS) for the encouragement and support. Thanks to Ailouti Y. Abdelziz A. and Zakkar
N. for their help.

88

REFERENCES
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]

Gillies, J.M., Najim,N., Zweit, J., 2006. Analysis of metal radioisotope impurities generated
in [18O]H2O during the cyclotron production of fluorine-18. Appl. Radiat. Isot. 64, 431-434.
Shigeki Ito, Hitoshi Sakane, Shizuhiko Deji, Takuya Saze, Kunihide Nishizawa, 2006.
Radioactive byproducts in [18O ]H2O used to produce 18F for [18F ]FDG synthesis. Appl.
Radiat. Isot. 64, 298-305.
Marengo, M., Lodi, F., Magi, S., Cicoria, G., Pancaldi, D., Boschi, S.; 2007. Assessment of
radionuclidic imurities in 2-[18F]fluoro-2-deoxy-D-glucise([18F]FDG) routine production.
Appl. Radiat. Isot., 66, 295-302.
Wilson, J.S., Avila-Rodriguez, M.A., Johnson, R.R., Zyuzin, A., McQuarrie, S.A., Niobium
sputtered Havar foils for the high-power production of reactive [18F] fluoride by proton
irradiation of [18O]H2O targets. Appl. Radiat. Isot., 66, 565-570.
Shigeki Ito , Takuya Saze , Hitoshi Sakane , Satoshi Ito , Shinichi Ito, Kunihide Nishizawa ,
2004. Tritium in [18O] water containing [18F] fluoride for [18F]FDG synthesis. Appl. Radiat.
Isot. 61, 1179-1183.
Asti, M., Grassi, E., Sghedoni, R., De Pietri, G., Fioroni, F., Versari, A., Borasi,G., Salvo,
D., 2007. Purification by ozonolysis of 18O enriched water after cyclotron and the
utilization of the purified water for the production of [ 18F ]-FDG ( 2- deoxy -2 – [18F ]fluoro – D – glucose ). Appl. Radiat. Isot. 65, 831-835.
Woo Yeon Moon, Seung Jun Oh, Jun Hong Cheon, Won Seok Chae, Sung Jae Lim, Si Man
Cho, dae Hyuk Moon, 2007. Simple purification of recovered [18O]H2O by UV, ozone,
and solid-phase extraction methods. Appl. Radiat. Isot. 65, 635-640.
Hamacher, K., Coenen, H.H., Stöcklin, G., 1986. Efficient stereospecific synthesis of nocarrier-added 2-[18F]-fluoro-2-deoxy-D-glucose using aminopolyether supported
nucleophilic substitution. J. Nucl. Med. 27, 235-238.

89

IMPROVED HIGH CURRENT LIQUID AND GAS TARGETS FOR CYCLOTRON
PRODUCED RADIOISOTOPES
Deniz Kivrakdal, Özgur Ustaoğlu, Ayfer Soylu
Eczacibasi Nuclear Products Inc., Turkey
Abstract

As positron emitting radiopharmaceuticals gain interest in nuclear medicine, more and more baby
cyclotrons are installed. The number of cyclotrons in Turkey went up to nine whereas the number of PET
or PET/CT cameras increased more than 50% within a year. At the moment there are 65 positron imaging
cameras serving a population of around 70 million. Eczacıbaşı - Monrol Nuclear Products Industry and
Trade Inc. has five cyclotrons three of them being of different brands. In this report production data
collected with these cyclotrons using high current liquid targets of silver, tantalum and niobium will be
presented. The data presented here covers the whole duration of the project.
Another topic which will be discussed here is the work carried out about purification and analysis of used
O-18 water for re-use purposes.

TARGET STUDIES
There are two IBA Cyclone 18/9 cyclotrons in our Gebze production plant using niobium targets.
In the two RDS - Eclipse (Siemens) cyclotrons located in the Izmir and Ankara Plants silver
targets were used at the beginning and due to the troubles which will be mentioned in the
following sections they were changed with tantalum targets The GE-PET Trace cyclotron located
in Adana plant is equipped with silver targets and is working without any problems. Only F-18
FDG is commercially produced in all these centers at the moment. Research work and studies
related to marketing authorization for other F-18 radiopharmaceuticals like NaF, FLT and FMISO
are carried out.
A. SILVER TARGETS
RDS-ECLIPSE

The routine production of FDG usually involved 3 hour proton bombardment with 50 µA current.
In addition to the regular maintenance the target cleaning periods were determined according to
the F-18 yield of the target.(When the yield went down to 85% it was cleaned) The silver target
cleaning periods changed with time and usage from 1400 µA-hrs to1000 µA-hrs within 18
months.
While cleaning the silver target, we observed high amount of soft metallic species, placing a filter
on the F-18 transfer line helped.

It was decided to rinse the silver targets with O-16 after the bombardmentwhich increased the
target life.
GE-PET TRACE

In our ADANA plant, silver targets are used in GE-PET Trace Cyclotron. According to the
producer’s recommendation, irradiation of O-16 water for 10-15 minutes was performed before
each production run to have cleaner products. These targets worked well for months without any
decrease in the F-18 yields therefore target cleaning was not performed as frequent as the
Siemens silver targets.
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B. TANTALUM TARGETS
Due to the problems we went through with silver targets (low yields, line plugging, silver colored
QMA columns etc.), they were given up and tantalum targets were used for Siemens cyclotrons.
Both commercial and home-made targets were acquired.
C. NIOBIUM TARGETS
The two Ion Beam Applications (IBA) cyclotrons in the Gebze Plant were both equipped with
niobium targets. These targets were comparable to tantalum targets in terms of cleaning periods.
O-18 WATER STUDIES
In the FDG production plants of Eczacıbaşı-Monrol F-18 always fresh O-18 water obtained from
different producers was bombarded. No recycling of irradiated water was tried. As a result of this,
kilograms of used O-18 Water are collected in our cyclotron facilities. Under this coordination
project studies on purification of used O-18 water for further use, were carried out. This work was
conducted in cooperation with Ankara University Faculty of Engineering, Dept of Chemical
Engineering.
When unpurified water is used impurities in it may cause: pressure build up in the target, lower F18 activities and lower FDG yields. Therefore used O-18 water needs to be purified before being
bombarded for the second time.
The impurities in irradiated O-18 water may come from the target (Chamber or window), transfer
lines or from the synthesis module (solvents, columns, valves, lines etc.). The main impurities
expected are:
Organic Impurities

Solvents (acetonitrile, ethanol, acetone)
Microorganisms

Inorganic Impurities

Anions (Br-,Cl-,F-,NO3-,SO4-2,PO4-3)

Cations (K+,Na+,Fe+2,Cu+2,Zn+2,Mg+2,Ca+2,NH4+)
The pathway of the study involved:
- Analysis of fresh O-18 H2O

- Analysis of irradiated O-18 H2O

- Purification of irradiated O-18 H2O
- Analysis of purified O-18 H2O

- Production of F-18 FDG using purified O-18 H2O

Analysis of the fresh O-18 water was first performed to see if the producer’s specifications were
met. This was thought to also confirm that the suitability and sensitivity of the analysis methods
to be used in the rest of the study were appropriate. For the quantification of organic solvents gas
chromatography was used. For the ionic impurities the methods used by the producers were
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preferred. The tests which can’t be run in Eczacıbaşı-Monrol laboratories were performed in
Ankara University or other local laboratories.
ION

METHOD

SPECIFICATION

Ca2+

ICP – AES

≤ 0.1 mg/L

Na+

AA

≤ 0.1 mg/L

Spectroph.

≤ 1 mg/L

Mg2+

AA

≤ 0.5 mg/L

K+

ICP – AES

NH4+

ICP – AES

≤ 0.1 mg/L

Cu2+

IC

≤ 0.1 mg/L

Cl-

IC

≤ 0.5 mg/L

Fe2+

Zn2+
F-

ICP – AES

IC

≤ 0.1 mg/L

≤ 0.1 mg/L

≤ 0.5 mg/L

Br-

IC

≤ 0.5 mg/L

PO43-

IC

≤ 1 mg/L

NO3-

SO42-

IC

IC

≤ 0.5 mg/L
≤ 0.5 mg/L

For the removal of inorganic impurities Solid Phase Extraction (SPE) was tried. Ameripure SAX
SPE cartridges were used for the anions and SCX SPE cartridges for the cations. The results
turned out that these cartridges introduced Cl- and Na+ to the water. Since the amount of
inorganic ions were within specifications for almost all of them further removal of inorganic
impurities were not continued.
For an efficient removal of the organic impurities the combinations of following methods were
tried.
- Distillation
- UV

- Ozonolysis

-Ultrasonication

-Combined processes (ozone+distillation, ozone+sonication)

All of these methods were performed on irradiated samples from different synthesis modules.
They were performed first on reference solutions carrying organic impurities with similar
concentrations to that of irradiated water.
92

By distillation, organic impurities were removed completely. But material loss occured therefore
serial distillations were carried out to have minimum material loss.

Ozonation was found to be effective for removing organic compounds.Applying ozonation for
four hours removed 30% of ethanol, 90% of acetonitrile and 100% of acetonitrile.
However a drawback of this method was formation of O-16 water during ozonolysis thereby
reducing the percentage of O-18 in water. Therefore for the determination of optimum ozon
application period samples were taken from the product, GC analyses of organic solvents were
done and O-18 percentage was measured by the gravimetric method.

Ten minutes ozonation was found to be good in terms of O-18 percentage but combination
methods were to be tried for better organics removal.

Ultrasonication method by itself was able to remove % 60 of acetone, % 10 of ethanol and % 40
of acetonitrile within one hour. Since formation of O-16 was reported to be a problem for this
method too, gravimetric analysis was performed at different times. It was decided that one hour
sonication was acceptable in terms of both O-18 percentage and organics removal.
By applying ozone+ultrasonication for one hour, 30 % of ethanol, 100% acetone and 100%
acetonitrile could be removed. Gravimetric analysis showed that only 2-3 % decrease in the O-18
enrichment was observed
As the last step of the study FDG production was carried out using purified irradiated water. The
production yield was within the fluctuation limits of that specific synthesis module. Quality
control results came out to be within specifications.
DISCUSSION

Our experience with GE and Siemens silver targets show that they certainly have different
periods of use before they need any cleaning. Since both of them are said to be made of pure
silver metal and not alloys of it, there must be other explanations for their different behavior.
Target shape, beam angle and current may be factors to be considered.
Rinsingafter the last production of the day is a procedure being performed in all three brands of
cyclotron for higher yield and better quality of F-18. But due to the structural differences in the
injection part of the three cyclotrons, different ways are followed:

According to the producer’s instructions, the target of the GE cyclotron is filled with O-16 water
and bombarded for five minutes. After transfer, the target and lines were completely dried by an
inert gas. There are separate vials and lines for O-16 water and O-18 water transfer to the target

The Siemens cyclotron doesn’t have a design which allows such an O-16 transfer to the target.
Therefore the target is filled with 2.5 ml O-18 water, bombarded for a few minutes and
transferred which is by followed a thorough drying with inert gas.
The lines of the IBA cyclotron is always full which O-18 water. 500µL more of it was withdrawn
and irradiated. Then it is transferred and dried.
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Cleaning of the silver cyclotron targets used to be done by toxic chemicals like chloroform
according to the producer’s instructions. The same method was being followed for niobium and
tantalum targets,too. After a literature survey and consulting the material specialists, both
niobium targets were started to be cleaned with dry swabs and/or ethanol. This avoided carrying
the target from the cyclotron room to another laboratory equipped with a fume hood or
installation of a new fume hood near the cyclotron room.
One interesting finding to be pointed out was related to the pyrogenicity: FDG was found to be
apyrogenic although the pyrogen test was positive on purified O-18 water used for the
bombardment.
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SEPARATING LONG-LIVED METAL IONS FROM 18F DURING H218O RECOVERY

Michael John Schueller, David L. Alexoff, David James Schlyer
Medical Department, Brookhaven National Laboratory, 57 Cornell Street, Upton NY 11973, USA
Abstract

Cyclotron targets for the production of [18F]fluoride usually use a thin metal window to contain the 18Oenriched water during irradiation. This window is activated by the proton beam, and undesired
radioisotopes can enter the target water. A pre-packaged strong anion exchange resin is commonly used for
[18O]-water recovery. A two-column method has been developed which delivers >95% of the
[18F]fluoride for radiosynthesis while rejecting >99.9% of the contaminants.

INTRODUCTION
[18F]-fluoride is usually produced through the proton bombardment of isotopically enriched (>
95%) [18O]-enriched water. This water is contained in a metal target, which has a thin front
window to admit the beam. The metal of choice for these windows is often Havar or titanium
because of the high tensile strength and the chemical compatibility with the water and [18F]fluoride. Activation of the foil by the proton beam is unavoidable. Unwanted radioactive metal
ions can leach into the target water, and can conceivably enter the final radiotracer product. The
[18O]-enriched water is often recovered using a quaternary ammonium ion exchange resin column
to separate the [18F]-fluoride from the [18O]-water [1]. This allows the target water to be
redistilled and reused, and also can reduce the volume of water to be removed in subsequent
drying steps. For nucleophillic substitutions, [18F]-fluoride is known to be less reactive in the
presence of water [2]. The [18F]-fluoride can be rinsed off the resin column using a weak base
such as 0.02 M potassium carbonate. In our experience, metal ions are observed coming off the
resin column. We have therefore done a very careful examination of the distribution of the
radioactive species when using this resin recovery system.
Our [18O]-enriched water recovery system has been described [3]. After extraction the recovered
[18F]-fluoride activity is transported through ~ 60 meters of 0.020” i.d. PEEK tubing to the
radiotracer production lab. This system traps the fluoride on a commercially available Accell
Plus QMA Sep-pak Light, in the cyclotron vault, and elutes the fluoride with an aqueous K2CO3
solution. This is then diluted with acetonitrile (CH3CN) to reduce the surface tension of the
liquid, which leads to more rapid and reliable transport from the vault to the chemistry lab. A
second bolus of pure acetonitrile is used to rinse the transfer line of any residual activity.
Our original FDG synthesis unit (Alexoff ref) was designed to receive the fluoride after [18O]
water recovery. We recently purchased a BioScan FDG Plus synthesis unit (BioScan,
Washington, D.C.). The BioScan unit was designed to receive the target water directly, and
incorporates its own QMA Sep-pak, intended for [18O] water recovery. For clarity, these seppaks will be denoted as QMA(1), located in the cyclotron vault and used to recover the target
water, and QMA(2) which is part of the BioScan FDG synthesis unit.
A simplified flow schematic is shown in Figure 1, tracing the transport of [18F]fluoride from the
target to the reaction vessel. Because the liquid delivered from the vault to the lab already
contained enough carbonate to elute the [18F] fluoride from QMA(1), we assumed that the
fluoride would not be trapped by QMA(2). Therefore the entire volume was delivered along path
4a in Figure 1, into the reaction vessel.
Initially, the fluoride was eluted from QMA(1) with 0.6cc of 10 mg/ml K2CO3, and delivered to
the lab with a total of 1.4cc CH3CN, by the pathway 4a in Figure 1. Unexpectedly, between 2595

40% of the delivered fluoride was trapped on QMA(2), which prompted the research presented in
this paper.

FIG. 1. Recovery of [18O] water and delivery of [18F] fluoride to the reaction vessel. Delivery
to hot lab is shown with, and without, dilution and retrapping of [18F] activity on Sep Pak
QMA(2).
EXPERIMENTAL METHOD
All irradiations were performed on an Advanced Cyclotron TR-19/9 cyclotron. The target was a
commercial target with a niobium body. A helium-cooled front foil was composed of either 0.05
mm thick titanium, or 0.05 mm thick Havar. All bombardments were performed at 17.5 MeV
incident on the front foil, at currents of 18-25 microamps and for up to 30 minutes. No isotopes
produced by the target body were detected in the [18O]-water. The titanium foil released 48V and
46
Sc into the target water, and the 46Sc did not elute in detectable quantities. The Havar foil
released a variety of isotopes, including cobalt, nickel, manganese and technetium isotopes.
All Sep-paks were QMA Sep-pak Lights (Waters, Milford MA, part # WAT023525). These sep
paks have an intrinsic dead volume of 0.3 ml. The Sep-paks were prepared by washing with 5 ml
of 0.2M K2CO3, followed by 20 ml of water, followed by air to remove excess water. 140±12
microliters of water were retained on the Sep-pak following drying, as measured with an
electronic pan balance (ER-182A, A&D Company, Broomfield CO.)

96

Benchtop experiments – simulated [18F] fluoride retrapping
Subsequent to [18F]-fluoride production and delivery, the target was rinsed with [18O]-water. This
was unloaded from the target without the use of a Sep-pak, giving aqueous [18F]-fluoride for
experimentation. Trace amounts of this were mixed with K2CO3, water, and CH3CN in various
quantities, and the ability of a QMA Sep-pak to trap the [18F]-fluoride was measured. All
measurements were performed on a Capintec NaI(Tl) well counter (Capintec, Ramsey NJ). Total
amounts of carbonate and water were 1 mg of K2CO3 in 1 ml of water, which is sufficient to elute
>99.5% of the [18F] fluoride from a QMA sep pak.
A syringe pump was used to push the [18F] fluoride-bearing solution through a QMA sep pak at a
known flow rate.
Benchtop experiments – long-lived isotope rejection
Subsequent to [18F]-fluoride production and delivery, the target was rinsed with [18O]-water. This
was unloaded through a QMA Sep-pak, which was eluted with aqueous carbonate with a variety
of carbonate strengths. 18F activity was measured, and several days later the samples were remeasured to determine long-lived isotope concentrations. For a titanium window, a well counter
was used to count the samples. Because a Havar foil released multiple, long-lived isotopes,
HP(Ge) spectroscopy was used to analyze the eluted activity.
RESULTS AND DISCUSSION
[18F]-fluoride trapping in the presence of carbonate
The ability of a QMA Sep-pak to trap [18F]-fluoride, when in a solution of K2CO3, CH3CN and
H2O was strongly dependant on the CH3CN: H2O ratio. Flow rate was also a significant factor.
Figure 2 shows the trapping efficiency for a given flow rate, and for a given acetonitrile:water
ratio. All samples contained 1 cc of water, and 1 mg K2CO3. Thus, the samples that were 90%
acetonitrile had a total volume of 10 cc. Trapping efficiency rose as water concentration dropped,
and also with reduced flow rates.
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Trapping efficiency versus acetonitrile concentration
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FIG. 2. QMA trapping efficiency for F-18 in acetonitrile/water/carbonate solutions.
Long-lived isotope rejection
The behavior of long-lived metal ions in a QMA Sep-pak system is described in detail [in Ref. 4].
A representative data set is shown in Figure 3, showing elution of 18F and 48V from a QMA Seppak Light for aqueous K2CO3 solutions of 0.5 and 3 mg/ml.
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F-18 and V-48 elution for two carbonate concentrations
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F-18 0.5 mg/ml K2CO3
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FIG. 3. F-18 and V-48 elution profiles for two concentrations of aqueous carbonate. Reducing
carbonate concentration can greatly reduce V-48 elution from Sep-pak QMA(1).
Vanadium release varied strongly with carbonate concentration. Lower carbonate concentrations
lead to greater vanadium sequestration on the first QMA Sep-pak, for a given level of 18F
recovery.
The Havar foil produced a wide assortment of isotopes, with varied behavior. 55Co, 56Co, 57Co,
Co, 95mTc, and 96Tc were released into the [18O]-water in amounts comparable to the 48V, and 1
cc of 1 mg/ml carbonate eluted 16% of the trapped cobalt, and 18% of the trapped technetium. In
comparison, the same treatment only released 0.43% of the trapped 48V from the titanium foil.
Due to the numerous isotopes produced, and their relatively poor behavior with the QMA Seppak, we returned to using a titanium foil on the target.
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Modifications to [18F]FDG synthesis procedures
Experimentation showed that the BioScan FDG synthesis module would pull an acetonitrile:water
solution through the Sep-pak at a rate of 7 ml/min. As Figure 2 indicates, for > 98% retrapping
the water concentration should be below 5%.
The FDG synthesis procedure was modified as follows:
The 18F activity was eluted from QMA(1) in 0.8 cc of 1 mg/ml K2CO3. It was diluted with 0.8 cc
CH3CN, and delivered to the hot lab. The lines were then rinsed with 1.5 cc CH3CN.
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The 18F activity (in 0.8 cc water, 2.3 cc CH3CN) was delivered into a vessel containing 18 cc of
CH3CN. The helium gas used to drive the transfer provided mixing through bubbling. The
resulting solution was less than 4% water in acetonitrile. This volume is pulled by vacuum
through the sep-pak QMA(2) in 150-180 seconds, with 98.7 1% retrapping efficiency, and the
standard BioScan elution procedure elutes 98% of the trapped activity.
Results of modifications to [18F]FDG synthesis procedures
Higher FDG yield – better drying, more consistent drying.
The BioScan FDG Plus system is designed to receive the [18O]-water directly from the cyclotron
target. It traps the fluoride on a QMA Sep-pak, and elutes it with 0.04 ml H2O in 1.96 ml of
CH3CN, with (ADD BS BOX CARBONATE AND K222 SPECS). The system is highly
effective at drying this volume.
Our initial procedure, adding the eluate from QMA(1) to the reaction vessel (Figure 1 step 4a),
did not perform well. By adding an additional 0.6 ml of water in 1.4 ml CH3CN, drying became
much more difficult. Total volume was doubled from the manufacturer specifications, and water
volume was increased by a factor of sixteen. Despite adding 8 minutes to the drying time, small
amounts of water appear to have remained in the supposedly dry reaction vessel. The results
were poor FDG yield, with large amounts of [18F] fluoride trapped on the final Alumina-N
purification Sep-pak.
By diluting the fluoride in acetonitrile, and retrapping the activity on QMA(2) (Figure 1 step 4b),
we were able to return to the manufacturer-specified parameters for the initial drying step. Yields
improved, and measured activity on the final Alumina-N Sep-pak dropped, indicating improved
drying in the first steps of the synthesis. For fresh [18O] water, the yield increased from 48 ± 4%
to 55 ± 6%. This is the BioScan box yield, measuring activity delivered from the transfer line to
the BioScan box. This increase does not include the 36% increase in delivered [18F] fluoride for a
given target bombardment, which comes from the greater transfer volume used.
3.4.2 Behavior of long-lived contaminants.
With a titanium foil, the long-lived contaminants released from the target consisted of 2440 Bq of
48
V, and 0.6 Bq of 46Sc. The 48V was trapped on QMA(1) with more than 99% efficiency. The
46Sc was trapped with 28% efficiency. The scandium activity was not detected in the eluate of
QMA(1). Vanadium activity eluted as shown in Figure 3. 0.8 cc of 1 mg/ml K2CO3 eluted 15
Bq of 48V from QMA(1). This was trapped with high efficiency (> 98%) by QMA(2). Longlived contaminants were undetectable in any components other than the two QMA Sep-paks.
Thus, for a titanium window on the target, long-lived contamination was effectively eliminated by
the dual sep-pak method.
The Havar foil released over 6000 Bq of activity, consisting of eleven detected isotopes (51Cr,
Mn, 54Mn, 55Co, 56Co, 57Co, 58Co, 57Ni, 93Mo, 95mTc, 96Tc). 3000 Bq were trapped on QMA(1),
of which approximately 500 Bq eluted with the carbonate. This was primarily manganese, cobalt
and technecium.
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Long-lived eluates released from QMA(2) with a Havar foil were not measured directly.
However, it has been shown that QMA(1) released over 30 times as much long-lived radioactivity
with a Havar foil than with a titanium foil (Schueller 2006 in submission). At a minimum, more
long-lived radioactivity is released from QMA(1) with a Havar foil than with a titanium foil,
given low carbonate concentrations.
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CONCLUSIONS
Decoupling of steps
The greatest improvement in FDG yield was simply from the decoupling of the various steps in
isotope delivery. When all the eluate from QMA(1) was delivered to the reaction vessel for
drying, water volume was at a premium. Even with greatly increased carbonate concentrations,
water volume could not be significantly reduced, but attempts to do so paid a significant penalty
in long-lived activity release from QMA(1).
Decoupling these steps allowed us to do three things:
1) Elution of fluoride from Sep-Pak QMA(1) was optimized for maximum rejection of long-lived
contaminants.
2) We were able to increase the volume of liquid transferred, minimizing the activity left on the
walls of the transfer line. When this transfer volume was held to 2cc total volume, 26% of the
fluoride was left in the 60 meter transfer line. By increasing the volume transferred to 3cc, the
transfer efficiency increased to 99%. By increasing the ratio of acetonitrile to water in the first
bolus, transfer time decreased by two minutes.
3) The volume of water delivered to the reaction vessel was minimized, reducing drying times
and improving yields. FDG yields rose, and also became more consistent.
Practical applications
This dual Sep-pak system is most useful for facilities where the cyclotron and the radiochemistry
lab are distant from each other. However, even when the cyclotron and radiochemistry are
adjacent to each other, this system could easily be implemented to remove long-lived
contaminants from the [18F] fluoride. The system allows for removing 99.8% of the 48V from the
18
F with Sep-pak QMA(1), and further removal of 48V with QMA(2). The process requires 3
minutes, and after radioactive decay, 95% of the initial fluoride eluted from QMA(1) is eluted
from QMA(2), with no detectable long-lived contamination.
Long-lived wastes are sequestered in the Sep-pak matrix, simplifying storage and disposal.
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ISOTOPE PRODUCTION FOR PET’S CHANGING CLIENTELE: SURVIVING THE
CENTRIFUGAL FORCES.
TE Barnhart, JW Engle, RJ Nickles, Department of Medical Physics, University of Wisconsin,
Madison, WI, 53706, USA
Abstract

After thirty years of slow growth, the production of PET tracers at the University of Wisconsin has ignited,
entering an exponential phase. The capacity has undergone a major boost with new facilities, but
difficulties arise in trying to maintain a balance that has traditionally existed between the expectations of
basic scientists using novel tracers, clinicians needing reliable supply of routine agents, and our academic
mission for the training of graduate students toward their doctoral degrees. This IAEA CRP has provided a
template that has assisted us in our pursuit of sustainable operation, critical for the transfer of technology to
Member States with widely differing needs and resources.

I. INTRODUCTION.
In four decades of development, PET and the tracer production infrastructure that supports it, has
evolved from an esoteric research discipline into a mainstream diagnostic modality. Casualties
seem to be camaraderie and some scientific rigor, but the gains include a broader appreciation of
imaging biochemistry at the tracer level. After years with glucose metabolism making FDG the
only arrow in the quiver, today cellular proliferation (FLT), hypoxia (F-MISO, Cu-ATSM) and
amyloid plaque (PIB) are undergoing widespread clinical trials. In this intermediate period before
being swept aside by regulatory approval and subsequent commercialization, today’s clinicians
depend on allied research groups with cyclotron and radiochemistry expertise to provide these
“research tracers” for Phase II and III trials. Streamlining a published synthesis of a novel tracer
into a routine, automated process appeals to a different type of radiochemist, and this is made
even harder by the knowledge that the private sector will ultimately overwhelm the supply chain
by economy of scale. Tethered by regulatory demands for cGMP and a reluctant acceptance by
clinicians, the bridging of novel PET tracers into transitional medicine stresses the collegial fibres
that had bonded the field in earlier times.
II. SCALE-UP OF PRODUCTION CAPACITY AT THE UNIVERSITY OF WISCONSIN.
During the period of the CRP, the production capacity of cyclotron-produced at Wisconsin
underwent nearly a ten-fold scale-up. This was the result of consolidation of far-flung
laboratories, as well as the acquisition of a GE PETtrace to augment the legacy CTI RDS 112, the
first prototype installed in 1985. Both are shown in Fig 1. The new PETtrace, bunkered in the
newly-constructed laboratory, irradiates targets of local design and fabrication, delivering the
feedstock to nearby hot cells for automated synthesis of several dozen tracers needed by our PET
researchers.
A. PETtrace.
At serial number 137, the PETtrace is a mature design with 100 microamps of 16 MeV protons
and 80 microamps of 8 MeV deuterons, each shared between a pair of six target ports. Work is
underway to increase this to ten (6-1+5) ports by fitting port #2 to a beamline serving a 5-port
vertical switching magnet to provide a tightly-focused (4 mm FWHM) beam to target positions at
0, +/- 15 and +/- 30 degrees. The downward-directed beam has proved essential for
accommodating molten target materials [1]. In particular, the low melting point, poor thermal
conductivity and high vapour pressure of Group VI chalcogen target substrates (S, Se and Te)
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needed for reaching the heavy halogens (Cl-34m, Br-76 and I-124) call for gravity-assisted
containment at proton beam currents above 10 microamps. For this reason, the 90 degree vertical
switching magnet on the RDS is to be repeated on the new PETtrace.
B. Targets.
Five gas and liquid targets for the new PETtrace have been built and tested, all with a single,
gridded entrance foil.
1. [F-18]-fluoride.
A small volume (1.5 ml) niobium target body was constructed by colleague Todd Barnhart
following his design from Manchester UK, with the single 25 micron Havar foil, supported by a
hexagonal array of hexagonal holes electro-discharge machined (EDM) into a grid of 86%
transparency. This single foil reduces the energy loss by less than an MeV, and obviates the need
for helium cooling, while permitting operating overpressures to be increased to near-100 bar
levels to raise the boiling point of the [0-18]-enriched water charge. The fill-irradiate-unload
sequence is controlled by a 10-port switching valve under computer control from the PETtrace
operating system, with the multi-Curie activity directed to a Scansys automated synthesis module
located in a hot-cell in the adjoining laboratory.
2. [N-13]-ammonia.
A pumped loop passes 5 mM ethanol in sterile water through a 5 ml stainless steel target body,
gridded as above, with the outlet sent to a strong cation exchange (SCX Maxiclean, Alltech)
cartridge mounted across the sampling ports of a 6-port sampling valve. After accumulation of
sufficient activity of [N-13] ammonia in the SPE cartridge, shown by a nearby scintillator
detector operated in the current mode, the valve is switched and 5 ml of 0.155 M NaOH passes
through the cartridge, releasing the hundreds of mCi of ammonia. This is rapidly titrated to
neutrality with citrate-buffered HCl, resulting in several hundred mCi of [N-13]-ammonia ready
for Millipore filtration and QC prior to injection. Due to the 10-minute half life, LAL pyrogen
testing is performed on a test batch in the morning, prior to production of any patient dose, to
assure apyrogenicity of the subsequent batches. With rest/stress cardiac studies occurring over
several hours during the day, the intent is to have the ammonia production operating in the
background with dual beams, to permit concomitant production of other [F-18] or [C-11] tracers.
3. Gas targets.
Three gas targets, electro-polished stainless steel and gridded as above and mounted on ports 3,4
and 5, serve to produce [C-11] carbon dioxide and methane in target, by the proton irradiation of
high purity (99.999%) gas mixtures of nitrogen and 1% oxygen, or nitrogen and 10% hydrogen,
respectively. Extreme care in the cleaning of the target interior surfaces has been necessary in
order to achieve the 5 Ci/micromole specific activities needed in the final products, generally
neuro-receptor ligands such as raclopride, Sch 100635, DSB, MHED, [C-11]-fallypride, etc. The
methane issuing from the target is routed to a Scansys methylator system that can produce near-Ci
levels of “dry” methyl iodide or methyl triflate as synthons for dozens of agents.
4. Solid Targets
The final port #6 houses any of a number of solid target bodies, all built on KF-40 flanges with
water cooled target substrates to receive the direct irradiation without need for any entrance foil.
Two examples warrant mention:
- a natural nickel foil receives a deuteron beam to make Cu-61 without the complexity of enriched
isotopes. Electro-dissolution into HCl and column separation on AG1 X8 of the Cu-61 from
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nickel is followed by compounding of Cu-61 into Cu-ATSM for imaging of tumour hypoxia in
animal models and patients undergoing image-guided therapy. Several years of previous
experience with Ni-61 based preparation of Cu-61 hinged on scrupulous care in the recovery of
enriched target stock, made more critical by a recent three-fold price (to $45/mg) increase from
the suppliers.
- a natural molybdenum foil receives the proton beam to make Tc-95m (half-life = 65 days)
requested by a researcher in the UK for basic research in Tc-chemistry. In this case, the long-half
life permits the irradiation at odd intervals, acting as “proton beam sponge”, albeit needing
several months of decay to get the Tc-96/Tc-95m ratio down to 10(-3) levels needed for
international shipping as White I Haz-Mat.
The advent of the PETtrace in the new lab site has somewhat relieved the load on the legacy RDS
across campus, which now concentrates on the production of Cu-64 for national distribution each
Monday, as well as the synthesis of [F-18]-tracers (F-DOPA and FMT) needing electrophilic [F18]- fluorine gas made by the “two-shoot” method [2]. Even these tasks will be ultimately shifted
over to the PETtrace with the arrival of another Scansys system which converts [F-18] fluoride to
electrophonic fluorine gas using the high voltage discharge technique [3] developed by Solin at
Turku. When these last production responsibilities are relieved, the RDS will be free to act as an
unfettered training site, capable of hosting visiting foreign scholars desiring an intimate hands-on
experience with a basic cyclotron now interfaced by a modern LabView control system that is
utterly transparent and impervious to obsolescence [4].
The uncoupling of the two cyclotrons should go a long way to tease apart the conflicting,
centrifugal demands between tracer development for basic research, routine synthesis of clinical
agents, and student training. With the ascendance of the PETtrace and the associated automated
chemistry systems at the new lab site, it is hoped that the stess fractures between the basic
scientist’s intent on novel agents and the clinicians needing hundreds of reliable doses of nearroutine agents such as FLT and Cu-ATSM will be alleviated. The operating model will follow the
30-year template of running the cyclotrons within the UW Medical Physics Department as a
revenue-neutral, university-wide resource answerable to an advisory committee that represents
both the operators, and the user community consisting of both the basic scientists and the clinical
colleagues.
III. CONCLUSIONS
The scaled-up duty cycle of both cyclotrons is detailed on the running schedule
http://www.medphysics.wisc.edu) as a web-based calendar. The most recent 2009 period shows
that roughly 90% of our time is spent on tracer production for others, both basic scientists and
clinical. Figure 2 breaks this down into a frequency histogram of the two dozen tracers commonly
requested, with Cu-64 and FLT dominating the schedule..
The PETtrace has shown that its increased beam current and energy, as well as the dual beam
capability split among soon-to-be ten target positions, will handle the increased clinical load
while still providing a perfect research platform for target development. At the same time, the
legacy RDS on the central campus would lend itself to becoming a pure training site. At the risk
of over-stretching a metaphor, medieval pilgrims would journey for months along a chain of
monasteries, where they would rest, work, learn and share their experiences on their way to their
ultimate destination, San Juan de Campostelo. Our most recent doctoral candidate from the
cyclotron group, Miguel Avila-Rodriguez, is a poster child in his post-doctoral travels to
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Edmonton, then to Turku, where he learned new skills, and taught his own expertise of transition
metal radiochemistry, before returning to his home institute of UNAM, Mexico. The importance
of this training component is impossible to overstate, given the commitment of the IAEA to
disseminate the peaceful use of nuclear technology among the Member States.
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FIG. 1. UW Medical Physics Cyclotrons
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FIG. 2. Frequency histogramme of 2009 production
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GAS, LIQUID AND MOLTEN TARGETS AT CYCLOTRON BEAMS:
TARGET SYSTEMS AND RELATED NUCLEAR DATABASE
F. Ditrói, F. Tárkányi, S. Takács,
Institute of Nuclear Research of the Hungarian Academy of Sciences (ATOMKI), Debrecen,
Hungary
Abstract

In a systematic study our group worked on measurement of activation data of charged particle induced
nuclear reaction possible involved in the production of radioisotopes for medical use. We have investigated
the cross section and yield data of proton, deuteron helium-3 and alpha particle induced reactions on target
materials for isotope productions relevant for medical applications as well as nuclear reactions on different
structural material applied in construction of different target units. The acquired information are used or in
the future can be used to determine the type of the construction materials optimal for building a certain
target unit to be able to produce high specific activity and high quality radioactive isotope. In this work we
have investigated different materials in activation point of view.
Also several materials and reactions were studied for monitoring purposes. Use of thin metallic foils is a
simple method to determine the parameters of the charged particle beams applied for isotope production.
Using this method one can determine the energy and intensity of the bombarding beam and in certain cases
the distribution or the profile of the bombarding beam.

I. INTRODUCTION
The MGC-20E variable-energy isochronous cyclotron has been in operation in Debrecen since
1985. It was designed and manufactured by the D. V. Efremov Institute in Leningrad. The
cyclotron can accelerate beams of protons with 3 – 18 MeV, deuterons with 3 – 10 MeV, Helium3 ions with 7 – 27 MeV and Helium-4 ions with 4 – 20 MeV (external beam energies).
Radioisotopes for medical use have been produced since the start. Two horizontal and one
vertical beam lines equipped with remote controlled target changers are available for isotope
production.
Recently 11C, 15O, 18F and 123,124I are produced in regular base using homemade targets. Since
2005 the produced PET radioisotopes are transferred to the new PET Centre at the Medical and
Health Science Centre of University of Debrecen. The new PET Centre has a hospital based
modern dedicated PET Trace cyclotron and commercial target and chemical processing systems.
During the last twenty years, mainly due to the shortage of financial background, significant
effort was made at ATOMKI in the field of the development of solid, liquid and gas targets. Part
of the development work was done by our colleagues in foreign laboratories. We have received
significant know-how help in targetry and cyclotron modernization both from the Cyclotron
Laboratory of Åbo Akademi (Turku, Finland), from the Institute of Nuklearchemie of
Forschungszentrum Jülich (FZ Jülich, Jülich, Germany) and from the German Cancer Research
Center (DKFZ, Heidelberg, Germany).
II.

TARGET DEVELOPMENT

Radioisotopes make important contributions in medicine, food processing, industry, agriculture,
structural safety and research. They are generally produced in research reactors and/or cyclotrons.
Radioisotopes in different forms are in use for various applications. Production of radioisotopes
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can be carried out using different target forms solid, liquid or gas targets. In general radioisotopes
can be produced in different production routes applying different target materials, target
constructions, bombarding particles and nuclear reactions. The possible production routes provide
different specific activity and different quality of the produced radioisotopes. According to the
required application the production circumstances can be optimized by choosing different target
materials and bombarding particles and the built irradiation setup. The irradiation set up is made
of different construction materials that generally are activated during the production process. To
minimize the radiation dose during maintenance the type of construction materials should be
chosen carefully taking into account the requirements of the physical and chemical properties of
the target and product materials.
Gas und Liquid Targets
Main applications of the radioisotopes produced using gas and liquid targets are:
• medical radioisotope production,
• biological and ecologicalstudies [1,2,3]
• calibration sources,
• neutron production,
• dosimetry,
• methodology of nuclear data measurements.
During our development activity we have recognized the importance of the precise knowledge of
the basic nuclear reaction data for materials used as target and construction elements. It leads to
our intensive program that aims measuring microscopic cross section data and compilation of
recommended databases.
Tables 1, 2 and 3 summarize the results achieved and referenced in the field of gas and liquid
targets.
A significant part of the work as listed below was done in collaboration with the above mentioned
foreign institutes.
•
•
•
•
•
•
•
•
•

Investigations of the spatial distribution of the beam in gas targets at vertical beam line,
in collaboration with Abo Academy [4].
Dynamic study of gas targets, in collaboration with Abo Academy [5].
Investigation of the removal of the reaction products from the wall of the target chamber
in collaboration, in collaboration with FZ Jülich.
Investigation of molten targets at vertical beam line, in collaboration with Heidelberg.
Investigation of ice target at vertical beam line.
Investigation of mercury target (liquid metal, gas phase).
Investigations of liquid targets at vertical beam line with optical methods.
Investigations of aggressive gas targets (Cl, etc).
Investigation of ice targets [6]
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Product
C
15
O
123
I

TABLE 1. GAS TARGETS FOR ROUTINE USE

11

82,83,84
43

K

Reaction

Target

N(p,α)
N(d,n)
nat
Xe(p,x)
nat
Kr(p,xn)(
nat
Ar(α,x)

N2
N2
nat
Xe

14
14

Rb

Ein
(MeV)
14.5
14.5
18
18
20

neutron

2

H(d,3He)n

D2-gas

10

neutron

2

H(d,x)n

D2 O

10

Rb

82

82m
82

Sr(82Rb)

Kr(p,n)

82

Kr(3He,xn)

nat

nat

Kr

14.5

Kr

36

Chamber
Material
alumina
alumina
alumina
alumina
Ni plated
brass
Ni plated
brass
stainless
steel
stainless
steel
stainless
steel

Pressure
(bar)
13
13

Type

Remarks

Ref

1.2

flow

7

13

flow,
static

modified
8
version of the
GSF design

static

flow
2.8

static

3

static

made at
Jülich

FZ 9, 10
11

TABLE 2. LIQUID TARGETS FOR ROUTINE USE
Prod
F
N
18
F
13
N
18
F
13
N
7
Be
11
C
18
13

Reaction

Target

O(p,n)
O(p,α)
18
O(p,n)
16
O(p,α)
18
O(p,n)
16
O(p,α)
7
Li(p,n)
11
B(p,n)11C
18
16

Pressure
(bar)
open

Type

Remarks

Ref

H 2O

E
in Chamber
(MeV
Material
14.5
Ag(Cu)

static

horizontal

12

H 2O

14.5

stainless steel

open

circulated

H 2O

14.5

stainless steel

closed

circulated

horizontal
vertical
vertical

15

Cu
Ti

molten
molten

Li
B 2O 3

He-flush

vertical
Made
at 13
DKfZ
Heidelberg
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TABLE 3. CROSS SECTION MEASUREMENTS USING GAS AND LIQUID TARGETS FOR
PRODUCTION OF MEDICAL RADIONUCLIDES
Product
14

O

Reaction
14

N(p,n)

N(p,t)
N(p,α)
14
N(d,n)
14
N(d,t)
14
N(d,αn)
18
O(p,n)18F
22
Ne(p,n)
20
Ne(d, )
nat
Ne(3He,x)
nat
Ne(α,x)
35
Cl(α,n)
38
Ar(p,n)40
Ar(α,p)
78
Kr(p,α)
78
Kr(p,x)
78
Kr(d,x)
80
Kr(d,n)
82
Kr(p,2n)
83
Kr(p,3n)81Rb
nat
Kr(p,xn)
82
Kr(p,n)
83
Kr(p,2n)82mRb
82
Kr(3He,p2n)
83
Kr(3He,p3n)82mRb
nat
Kr(p,xn)
82
Kr(3He,3n)

Target

Energy range

Application

Ref

nat

6.4-19.2

PET byproduct

N
N
nat
N
nat
N
nat
N
18
O
nat
Ne
nat
Ne
nat
Ne
nat
Ne
nat
Cl
38
Ar
nat
Ar
78
Kr
78
Kr
78
Kr
nat
Kr
82
Kr
83
Kr
nat
Kr
82
Kr
83
Kr
82
Kr
83
Kr
nat
Kr
82
Kr

11.4-19.2
6.4-19.2
3.78-6.86
5.77-12.31
8.03-12.31
2.43-30.02
5.5-17.3
2.8-8.5
1.5-33.3
2.6-22.5
8.6-16.4
7.20-17.91
8.9-21.4
10.82-19.62
14.95-19.62
4.78-13.2
4.1-13.1
15-29.5
24.0-29.5
14.51-29.48
6-29.5
13.0-29.50
20.0-33.0
25.0-33.0
5.0-29.48
18.0-33.0

PET byproduct
PET byproduct
PET
PET byproduct
PET byproduct
PET
biology, PET
PET
biology
biology
PET
PET
biology
PET
PET,therapy
PET, therapy
SPECT
SPECT
SPECT
SPECT
PET
PET
PET
PET
PET
PET

14, 15,
16

Kr
Kr
nat
Kr
124
Xe

10.9-91.93
27.0-33.0
17.2-116.75
31.1-44.0
28.8-44.0
16.4-44
16.4-44
17.23-42.89
22.38-52.72
21-36
22-45
5-38

PET
PET
PET
PET

N

13

N
C
15
O
13
N
11
C
18
F
22
Na
18
F
22,24
Na
22,24
Na
38
K
38
K
43
K
75
Br
77
Br
76
Br
81
Rb(81mKr)
81
Rb(81mK)r
81
Rb(81mKr
81
Rb(81mKr)
82m
Rb
82m
Rb
82m
Rb
82m
Rb
82m
Rb
82
Sr(82Rb)

14

nat

11

14

nat

82

Sr(82Rb)
Sr(82Rb)
82
Sr(82Rb)
122m
Cs,122Xe122
I
123
Cs,123Xe,12
3
I
123
I
123
I
124
I
124
I
128
Ba(128Cs)

nat

nat

82

83

83

Kr(3He,xn)
Kr(3He,4n)
nat
Kr(α,xn)
124
Xe(p,3n)
124
Xe(p,p2n)
124
Xe(p,2n)
124
Xe(p.pn)
nat
Xe(p,x)
nat
Xe(d,x)
nat
Xe(p,x)
nat
Xe(d,x)
nat
Xe(α,xn)

124

Xe

Xe
Xe
nat
Xe
nat
Xe
nat
Xe
nat
nat

17
18,19
20
21
22
23
24, 25
26,
27
28,
29
30, 31
32,

33 34,
35,36
37, 38
39

SPECT

40

SPECT
SPECT
PET, therapy
PET, therapy
PET

41
42
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III. EVALUATED NUCLEAR REACTION DATABASES FOR PRODUCTION OF
MEDICAL RADIOISOTOPES.
•
•
•

Recommended cross section data of charged particle reactions used for production of
PET radioisotopes [43, 44]
Recommended cross-section data of charged particle reactions: Gamma emitter
radioisotopes [45].
Recommended cross section data used for production of therapeutic radioisotopes

IV. ACTIVATION CROSS SECTION DATA FOR TARGETS AND CONSTRUCTION
MATERIAL
Target construction materials are generally metals with requirements of special chemical and
physical properties, such as good chemical resistance, good heat conductivity, strength, good
machining properties etc. We have investigated the reactions induced by energetic light charged
particles (proton, deuteron, helium-3 and alpha) on several metallic targets (Tables 4). The
studied materials are collected in Table 5 together with the list of the produced radionuclides and
the possible application areas. The investigated metals are used in accelerator technique as pure
metals and/or as component of alloys. Metals and their alloys can be used as body of irradiation
chambers, collimators, closing windows, elements of beam transport and diagnostic system. All
these parts can be activated by the bombarding beam producing unwanted radioisotopes that may
represent radiation hazard during maintenance or cause purity problem regarding the
radionuclides produced. Investigating the nuclear reactions on these materials one can determine
the possible hazardous reaction products. Knowing the production rate of the involved
radionuclides (cross sections of the reaction) and the decay characteristics of the produced
isotopes it is relatively simple to determine by calculation the level of the expected activation of
every parts of the irradiation setup. Good knowledge of cross sections also needed for optimizing
the production process avoiding unwanted radionuclide impurities.
The experimental data were published in different international journals and also were compiled e
in EXFOR format and available in the data base at the Nuclear Data Section of the International
Atomic Energy Agency (http://www-nds.iaea.org/exfor/exfor00.htm). A partial list of the
references published by our coauthors is collected below grouping by target elements.
The radioisotopes can be grouped according to their half life. Generally shorter half life
represents higher activity while longer half life results in lower activity depending on the
corresponding decay properties like decay mode, the energy and intensity of the emitted particles
and/or gamma lines. Taking into account all these requirements the type of the material of the
irradiation chamber and other parts of the set up can be optimized by knowing the cross sections
of the foreseen nuclear reactions.
As example in figures 1 – 8 we collected the cross sections data and calculated thick target yields
of the most probable nuclear reactions occurred on natural Ti which is one of the most frequently
used materials in accelerator technique.
Titanium has a broad range of applications as a construction material in different branches of
industry and research. The physical and chemical properties and wide availability of titanium
make it ideal for target construction material and also for monitoring the beam performance. We
have investigated the excitation functions of p-, d-, 3He- and alpha-particle induced reactions on
natural titanium. The cross sections of the investigated reactions were reported in successive
articles.
Titanium has five stable isotopes therefore when bombarding natural Ti target even with low
energy light charged particle beams (p, d, 3He and alpha) a series of isotopes of scandium,
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titanium, vanadium and/or chromium are produced, which isotopes are collected in Table 6.
Among them the most significant are the 48V and 51Cr.
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TABLE 4. ACTIVATION CROSS SECTION MEASUREMENTS ON METALS
Target
27

Al

Ti

nat

V

nat

Fe

nat
59

Co
Ni

nat

Cu

nat

nat,
89

Zn

Y

Zr

nat
93

Nb

Mo

nat,

103

Rh

Pd

nat

Particle

p, d, α

p, d, 3He, α

d

Sn

nat

Sb

nat

141

Pr

Er

nat

169

Tm

Yb

nat

W

nat

48,51

p, d, 3He, α

p, d, 3He, α
p, d

p, d
d

p, d, α
p, d

p, d

p, d, α

d

Ni, 55,56,57,58,61Co, 52Fe, 52,54,56Mn, 48,51Cr, 48V, 47Sc

62,63,65
66,67

Cr, 48V, 43,44m,44g,47,48Sc

Cr, 48V

60,61,62

He, α

p, d, 3He

In

48,49,51

3

Cd

nat

Na

56,57

p, d, α

nat,

22,24

p, d, 3He, α

Ag

nat

Investigated reaction products

Cu, 56,57,58,60Co, 54Mn

Zn, 60,61,64,67Cu, 56,57Ni, 55,56,57,58,60,61Co, 52,54,56Mn, 48V

Ga, 62,63,65Zn, 64Cu, 65Ni, 56,58,60Co, 59Fe

66,67,68
86,88,89

Ga, 62,65,69mZn, 61,64,67Cu, 57Ni, 55,56,57,58,60Co, 52,54Mn
Zr, 86,87m,87mg,88,90mY, 82,83,85Sr, 83,84Rb

90,91m,92m,95,96

Nb, 88,89,95,97Zr, 86,87,88Y

94g,95m,95g,96mg
94,95,95m,96,99
101,103

Tc, 90,93mMo, 89,90,91m,92m,95mgNb, 86,87,88,89Zr, 86,87m,87,88Y

Tc, 93m,99Mo, 90,92m,95,96Nb, 86,88,89Zr, 86,87,88Y

Pd, 101m,101g,102m,102gRh

104,105,111m

Cd, 103,104mg,105,106m,110m,111,112Ag, 100,101,109,111Pd, 99m,100mg,102Rh, 97Ru

108g,108m,109mg,110g,110m,111mg,112m

In, 107,109Cd, 105,106m,110mAg, 100,101,103Pd,

Rh, Ru
Sn, 107g,108m,108g,109g,110m,110g,111mg,112m,113m,114m,115m,116m1In,
107,109,111m,115m,115g,117m,117g
Cd, 104g,105g,106m,110m,111g,113gAg
99,100,101m,102,105

97

110,111,113m,113
111,113

Sn, 111mg,112m,113m,114m,115m,116m1In

Te, 115,116m,117,118m,120m,122,124,125,126,127Sb,
In

p, d, 3He, α

116,117,119m,119g,121m,121g,123m,127m,127g

3

121,123,124,126

He, α

d

p, d, α
p, d

d, α
p, d

113,117m,125

139,140,141
166,167,169
169

Sn,
I

109mg,110m,111mg,114m

Nd, 142Pr

Yb, 163,165,166,167,168,170Tm, 161,169,171Er, 166,167Ho

Yb, 167,168,170Tm

170,171,172,173,175,177m,178m,179m,180m
181,182m,182g,183,184m,184g,186

Hf, 177Lu, 177Yb

Re, 187W, 177,183Ta

Ir

p, d

188,189,191,193m

Pt

p, d, α

191,192,193,194,195,196mg,196m2,198m,198g,199,200m,200g

Au

p, d

nat
nat

197

Pb

nat

209

Bi

Pt, 185,186g,187,188,189,190g,192g,194g,194m2Ir, 185Os

191m,191g,192,193m,193g,195m,195g,197m,197g,199m
188,189,190,192,194m
195m,195g,197m

Au, 188,189,191,195m,197m,197gPt,

Hg, 195,196,198m,198gAu

d

203,204,205,206,207

3

208,209,210,211

He, α

Ir

Hg,

Bi, 203Pb, 202Tl

At, 210Po

113

TABLE 5. SUMMARY OF STUDIED LIGHT CHARGED PARTICLE INDUCED NUCLEAR REACTIONS ON METAL TARGETS
Target

Particle

Investigated reaction products

9

3

7

p, d, α

22,24

Be

He

Al

27

nat
nat
nat

Ti

p, d, 3He, α

V

d

Fe

Co
Ni

nat

Cu

nat,66,67,68

Zn

Y

nat

Zr

Nb

p, d, α
Mo

nat,100

Rh

103

p, d
d

93

Cr, 48V

60,61,62

p, d

89

Cr, 48V, 43,44m,44g,46,47,48Sc

3

p, d, 3He, α

Na

22

Ni,

V

66,67

Zn,

Co, Fe,
52

Co, Mn

56,57,58,60

Cu,

60,61,64,67

Mn,

52,54,56

Cr, V, Sc

48,51

48

47

54

Ni,

56,57

Co,

55,56,57,58,60,61

Mn,

52,54,56

Ga, 62,63,65Zn, 64Cu, 65Ni, 56,58,60Co, 59Fe

Ga, 62,65,69mZn, 61,64,67Cu, 57Ni, 55,56,57,58,60Co,
Mn

86,88,89

Zr, 86,87m,87mg,88,90mY, 82,83,85Sr, 83,84Rb
Nb, 88,89,95,97Zr, 86,87,88Y

90,91m,92m,95,96

Tc, 90,93mMo, 89,90,91m,92m,95mgNb,
Zr,
Y

94g,95m,95g,96mg
86,87,88,89

86,87m,87,88

Ga
Ga, 61,64,67Cu

88,89

Zr, 87,88Y

65

Zn, 56,57,58,60Co

95m,96mg

104,110,111

94,99m

110,111

Tc
Tc

102g

Ag

Ag

56,58

Nb, 95Zr

Tc, 99Mo, 88Y

103

Zn,
Co

62,63,65

Zr, 87,88Y

95m,96mg

Cd, 103,104mg,105,106m,110m,111,112Ag,
Pd, 99m,100mg,102Rh, 97Ru
108g,108m,109mg,110g,110m,111mg,112m
In, 107,109Cd,
105,106m,110m
100,101,103
99,100,101m,102,105
Ag,
Pd,
Rh, 97Ru

Zn, 56,57Co,

65

Tc, 88,89Zr, 87,88Y
Pd

Co

91m,92m,95mg

94g

100,101,109,111

p, d, α

Cu

61

88,89

Zr, 87,88Y

104,105,111m

Ag

Co

65

66,67,68
88,89

56,57

Zn, 58,60Co,

66,67

103

nat

Tc, 93m,99Mo, 90,92m,95,96Nb, 86,88,89Zr, 86,87,88Y

Cu, 52,54Mn

101,103

p, d, α

V, 51Cr

56,57,58,60

60,61,64,67

p, d

Pd

56,57

Cu

94,95,95m,96,99

Pd, 101m,101g,102m,102gRh

Co

51

p, d

nat

48

Cr

Mn, Cr

52,54

60,61,62

66,67,68
52,54

48

51

Na

51

55,56,57,58,61

Cu,

62,63,65

22,24

V, 51Cr

Cr

48,49,51

48

Monitor

Be

Na

p, d, He, α
p, d, 3He, α

nat,64

TLA
7

56,57

He, α

59

Be

48,51
3

Medical

(103Pd),

In, 110Ag, 103Pd

96mg

Tc

Rh
Ag

105mg,110,111

Cd, 110mAg

109

114

TABLE 5 (cont.)
nat,111,112,114
nat
nat
nat
nat

p, d α

115,116m,117,118m,120m,122,124,125,126,127

Sb

3

121,123,124,126

p, d

121,123,124,126,128,130g

Te
Er

Yb
Ta
W

Os

192
nat
nat

d

p, d, α

p, d

d, α

α

p, d
d

Sn, 111mg,112m,113m,114m,115m,116m1In

Te,
Sb, 113,117m,125Sn,

109mg,110m,111mg,114m

I

Nd,

Pr

139,140,141

In

I,

Te

121g

142

Yb, 163,165,166,167,168,170Tm, 161,169,171Er, 166,167Ho

166,167,169

Yb, 167,168,170Tm

169

114m

Sn, 114mIn

Sn, 110m,111mg,114mIn

117m

I

Hf, 177Lu, 177Yb

170,171,172,173,175,177m,178m,179m,180m

I

139

Pr

Tm, 165,169Er, 166Ho

Re

Sb,

120,124

117m

126

Yb, 170Tm

177

Te,
Sn

121

126

Nd,

167,170

In

113mg

169

I
I

Yb, 167,168Tm

169

Yb

169

Lu

181,182m,183,184m,184g

181,182m,182g,183,184m,184g,186
192

Ir

Re, 187W, 177,183Ta

Re

Pt, 185,186g,187,188,189,190g,192g,194g,194m2Ir, 185Os

191,192,193,194,195,196mg,196m2,198m,198g,199,200m,200g

Au

p, d

Hg,

191m,191g,192,193m,193g,195m,195g,197m,197g,199m

Hg,

195m,195g,197m

Pt,

d

203,204,205,206,207

3

208,209,210,211

Au

195,196,198m,198g

Bi, 203Pb, 202Tl

At, 210Po

Ir

188,189,190,192,194m

Re

186
192

188,189,191,195m,197m,197g

Re

183,184m,184g

p, d, α

He, α

In

In

140

Pt

Bi

114m

123,124

188,189,191,193m

209

110,111,114m

123,124

p, d

Pb

Ag

116,117,119m,119g,121m,121g,123m,127m,127g

Ir

197
nat

He, α

In,

104g,105g,106m,110m,111g,113g

Sn

Tm

nat

Cd,

107,109,111m,115m,115g,117m,117g
111,113

169

nat

Sn,

107g,108m,108g,109g,110m,110g,111mg,112m,113m,114m,115m,116m1

d

Pr

nat

p, d, He

110,111,113m,113

In

141
nat

Cd

3

Au,

183,184m,184g

Ir

Pt, 192g,194Ir

Pt, 189,190,192Ir

191,193m

Au,

198g,199
192

Ir

Au

198g

Bi

206

At

188,191

Pt,

191,195m

Pt, 192Ir

188,191

Au

195,196

Bi

205,206

211

115

TABLE 6. MOST PROBABLE RADIOISOTOPES PRODUCED ON TI BOMBARDMENT BY P-,
D-, 3HE- AND ALPHA-PARTICLES UP TO MEDIUM BOMBARDING ENERGY. THE
NUMBERS PRESENTED IN THE TABLE ARE THE MASS NUMBER OF THE PRODUCED
ISOTOPE OF SC, TI, V AND CR.
3
He
alpha
proton
deuteron
Sc
43,44,46,47,48,49
43,44,46,47,48,49,50
43,44,46,47,48
43,44,46,47,48
Ti
44,45
44,45,51
44,45,51
44,45,51
V
44,45,46,47,48,49
44,45,46,47,48,49
46,47,48,49,52
46,47,48,49,52
Cr
48,49,51
48,49,51
Concerning the half lives of the isotopes in table 5, they represent quite a wide range from about 100 ms
(44V) to 47 years (44Ti). This fact and the other nuclear properties of radionuclides produced on natural Ti
should be taken into account in the design of any set up using Ti as building material (Table 7).
TABLE 7. HALF LIVES AND DECAY MODE OF THE STUDIED LONGER LIVED
RADIOISOTOPES PRODUCED ON NATURAL TI BY P, D 3HE AND ALPHA BOMBARDMENTS
Half life
Decay mode
43
Sc
3.89 h
β+
44m
Sc
2.44 d
ε
44g
Sc
3.92 h
β+
46
Sc
83.82 d
β‾
47
Sc
3.35 d
β‾
48
Sc
43.67 h
β‾
44
Ti
47.3 y
ε
48
V
15.97 d
ε, β+
48
Cr
21.6 h
ε
49
Cr
42 min
β+
51
Cr
27.7 d
ε
Titanium can be used as target window for gas and liquid targets, as body of production target chamber in
pure metallic form or in alloy form. Generally it is very difficult to avoid that the beam hits the irradiation
setup.
When Ti is used as window material it is obvious that the beam activates the foils and creates unwanted
activity in it.
In case of a gas target body it is difficult to design such a target chamber having optimal shape which has
zero activation during irradiation.
Radionuclides with short as well as long half life are produced in different processes having different
cross sections, therefore with different yields.
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In radioisotope production practice the reaction yield is defined on a special way which definition also
includes the half life therefore not always the highest cross section reaction gives the highest yield.

Y (E1 ) = N I (1 − e

−λt

dE 
)∫ σ (E ) dX
 dE


E2
−1

E1

N is the number of target atoms per unit volume,
I is the beam intensity,
λ is the radioactive constant of the produced isotope (λ = ln(2)/T1/2),
t is the duration of the irradiation,
E1 is the beam energy,
E2 is the reaction threshold energy or leaving energy,
σ(E) is the excitation function
dE/dx(E) is the stopping power of the target material.

Table 8 contains examples of produced activity on natural Ti by bombarding with p, d, 3He and alpha
particle beams of 1µA and for 1 h. Activity data are given at EOB (End of Bombardment) as well as 1
hour and 1 day after the end of irradiation.
TABLE 8. THICK TARGET ACTIVITY OF NATTI AFTER 1 HOUR 1 µA IRRADIATION BY 50 MEV
PROTON, 21 MEV DEUTERON, 100 MEV 3HE AND 100 MEV ALPHA PARTICLES
CALCULATED AT EOB, 1 HOUR AFTER EOB AND 1 DAY AFTER EOB IN MBQ UNIT.
3
proton
deuteron
He
alpha
43

Sc

44m
44
46
47
48
44

Sc

EOB

1h

1d

EOB

1h

1d

EOB

1h

1d

EOB

1h

29.1

28.8

21.9

0.80

0.79

0.61

22.5

22.2

16.9

16.9

16.7

0.9

0.9

202

169

2.8

8.77

7.34

0.12

Sc

887

743

12.8

25.4

21.3

0.37

Sc

32.9

32.6

26.8

1.19

1.18

0.97

Sc
Sc
Ti

48
48
49
51

V

Cr
Cr
Cr

1.85

1.85

1.84

0.35

0.35

0.35

3.81

3.75

2.60

1.27

1.25

0.87

31.0

30.9

29.7

12.46

12.44

11.93

2.36

7.56

2.23

11.4

1.97

7.49

2.20

11.4

0.03

6.14

1.52

10.9

40.5

116.1

1.7

0.89

9 10-5

9 10-5

9 10-5

2.2

1.0

1.65

31

2.25

0.104

0.104

0.101

1.68

Cross sections of proton, deuteron, 3He and alpha particle induced reactions on
yields deduced from the measured cross sections are collected in Figures 1-8.

97.3

12.7

5.5

1.44
0

0.6

6.8

3.02
57

33.9

6.8

3.12
152

1d

1.6

30.9

1.67

1.1

29.7

1.63

Ti and corresponding

nat
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FIG 1. Cross section of proton induced reactions on natural Ti
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FIG. 2. Thick target yield of proton induced reactions on natural Ti

50

118

1.E+04
48

V

46

Sc

Cross section (mb)

1.E+02

1.E+00

48

Sc
44g

1.E-02

Sc

43
47

Sc

44m

Sc

Sc

1.E-04
0

5

10

Deuteron energy (MeV)

15

20

FIG 3. Cross section of deuteron induced reactions on natural Ti.
1.E+02
48

1.E+01

44

V

Sc

Thick target yield (MBq/µAh)

1.E+00
1.E-01
46

1.E-02
47

1.E-03

Sc

48

Sc

44m

Sc

1.E-04

Sc

43

Sc

1.E-05
0

5

10

15

20

Deuteron energy (MeV)

FIG 4. Thick target yield of deuteron induced reactions on natural Ti.

119

1000

48

46

V

49

Cr

Sc

44m

Sc

Cross section (mb)

100

10

47

Sc

1

43

Sc

0

48

Cr

48

Sc

51

Cr

0
0

10

20

30

3

40

50

60

70

80

90

100

He energy (MeV)

FIG. 5. Cross section of 3He induced reactions on natural Ti
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FIG. 7 . Cross section of alpha particle induced reactions on natural Ti
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V. INVESTIGATION OF BASIC NUCLEAR REACTION DATA FOR 82Kr(r,2n)81Rb
The 82Kr(p,2n)81Rb reaction was investigated on enriched 82Kr target. In the bombardment both the 81mRb
and 81gRb are produced. The 81Rb radionuclides produced in meta state decay to the ground state by
internal conversion (IT 97.6 %, T1/2= 30.3 min). Due to the fact that the 81mRb has only very weak gamma
lines the determination of the cross section for this reaction product requires special measuring technique.
On the other hand in practical application point of view only the cumulative 81m+gRb cross section is
important, therefore only that was determined by us. The experimental data available in literature were
collected and using cubic Spline fit method a recommended curve was calculated over the datasets.
From the fitted cross section practical yield was calculated for 100% enriched 82Kr gas assuming 1 hour
irradiation time and 1µ A bombarding beam intensity. Saturation yield was also calculated for 1 µA beam
current.
800

82

Acerbi (81)
Kovács (91)a
Kovács (91)a
Steyn (91)
Spline fit

81

Kr(p,2n) Rb

700

Cross section (mb)

600
500
400
300
200
100
0

10

15

20

25

30

Particle energy (MeV)

FIG 9. Cross section of Kr(p,2n) cumulative reaction producing 81Rb.
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FIG 10. Cumulative activity of 81Rb after 1 hour long irradiation and saturation activity of the 82Kr(p,2n)
reaction using 1 µA bombarding beam intensity
VI. INVESTIGATION OF BASIC NUCLEAR REACTION DATA FOR 124Xe(p,x)123Cs,123Xe,123I

The reaction 124Xe(p,x)123Cs,123Xe,123I is used to produce high quality high specific activity 123I. The cross
sections concerning this production route was measured, but the available data are very discrepant 100%
differences can be observed between the two available data sets. Therefore new experiment is required to
clear this situation.
A new experiment under preparation, the necessary data were collected, the irradiation set up was made
and first of all the enriched 124Xe target material. A follow-up experiment is planned to measure the cross
section of the main nuclear reactions as well as to determine the cross sections or at least the practical
threshold energies of the reactions resulting in contaminating radionuclides of 121I and 121Te.

VII. A COST-EFFECTIVE AND MOBILE BEAM ENERGY MEASUREMENT SYSTEM
One of the important elements of the production optimizing process is the knowledge of the beam energy.
To know the beam energy is essential to be able to build a production set up with optimal parameters.
Since the beam energy generally cannot be deduced from the parameter of the cyclotron settings we
propose a mobile system to measure the beam energy.
The proposed beam energy measurement apparatus is a Time-Of-Flight system with two capacitive pickups. The relatively modest accuracy requirement for the absolute beam energy (dE/E~1%) makes it
possible to use a short flight base in the system. The planned distance between the probes is around 1
meter, which makes the system easily transportable and mountable at the end of any beam line. A
modular construction is used, so in case of higher accuracy requirement and available space at the beam
line, the applied base can be extended.
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The system takes advantage of the rapid progress of fast digitizer cards and applies digital signal
processing for a completely on-line and automated measurement. The probe signals are digitized by a
CompuScope 85G oscilloscope card (5 GS/s, 500 MHz) and the time difference is determined by
evaluating the digitized waveforms. It is a simple and cost-effective solution – at high beam intensities (>
~50 µA) the pick-ups can be directly connected to the oscilloscope inputs, so the system can be built with
minimum hardware. In case of lower intensity beams additional RF-amplifiers should be included in the
signal paths.
In the design and implementation of this system we can build on experiences collected in the development
of other beam diagnostics systems. Capacitive probe design and a modified time-of-flight method was
applied in a system for the Jülich CV-28 cyclotron [46], digital signal processing of capacitive pick-up
signals was used for non-destructive beam intensity measurement at the iThemba LABS cyclotrons [47].
VIII. SOFTWARE FOR CALCULATION AND MEASUREMENT OF CHARGED PARTICLE
BEAM PENETRATION IN GASES
•
•
•

SRIM2008 code package with element and compound libraries [48]. Advantage: continuously
developed theoretical background. Disadvantage: cannot be modified according to particular
needs.
Home-made software based on parameter tables calculated from evaluation on measurement (e.g.
Ziegler [49]). Advantage: Easy to modify to fit local needs. Disadvantage: outdated tables
Other software
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