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1. INTRODUCTION
Due to the widespread availability of 99mTechnetium (99mTc) generators supplied from fission
production of 99Molybdenum (99Mo), alternative sources of supply such as the production of
technetium radioisotopes directly from conventional medical cyclotrons has long been neglected.
Given the shortage of 99Mo caused by the unexpected prolonged shutdown of the Chalk River and
Petten reactors, the need to explore alternative methods of producing technetium radioisotopes, which
would allow continued use of all existing radiopharmaceuticals designed for 99mTc in nuclear
medicine in case of another shortage, has gained significant interest. By taking advantage of this
alterative, we do not need to reinvent 50 years of radiopharmaceutical development.
There are several potential methods for the production of 99mTc from accelerators. These have been
explored in a recent publication The Supply of Medical Radioisotopes: Review of Potential
Molybdenum-99/Technetim-99m Production Technologies produced by the Nuclear Energy Agency in
2010. In that publication, it was noted that the direct cyclotron production of 99mTc is a recommended
short term solution. It was noted by the expert panel assembled to assess this CRP that the direct
production may also be a longer term solution and is quite sufficient to manufacture 99mTc on-site for
supplying regional radiopharmacies and may supplement or in some instances even replace 99Mo
generators.
In this CRP, the focus will be on the direct production of 99mTc from proton bombardment of enriched
molybdenum although other accelerator based technologies are feasible. Usable quantities of 99mTc
can be produced by the 100Mo(p,2n)99mTc reaction which has a peak in the cross-section at 15-16
MeV, well within the reach of many commercial medical cyclotrons. With 150 µA on target using
19 MeV protons for 6 hours, up to 9 Ci (333 GBq) of 99mTc can be produced 2 to 3 times per day,
which is enough to supply a large metropolitan area. Higher yields can be reached with higher energy
cyclotrons and/or with a more intense beam current. Current cyclotron technology can increase beam
current to 1.2 mA and a single 24 MeV cyclotron could in theory produce as much as 360 Ci of 99mTc
daily. Mo-100 is sold by a commercial isotope supplier in greater than 99.5% purity and is a naturally
occurring isotope of molybdenum.
However, there are several considerations which may play into the practicality of this production
method. The six hour half-life of the 99mTc is a factor which constrains the time (and therefore the
distance) from production to use. The distribution model and the ability to make use of existing
distribution networks will influence the practicality. A local distribution model would include a small
accelerator and lower power target and producing only enough for the local vicinity, whereas a
regional or national distribution model would include a larger accelerator and higher power targets
distributing the 99mTc more widely. There are other implications to these models such as delivery
schedules and what the influence of irradiation parameters on isotopically enriched molybdenum
supply and recovery. Another aspect to the practicality is the cost per millicurie of the 99mTc produced
by accelerator when compared to the current price the generator produced material. Although an
exact estimate is probably not possible at this time, rough estimates put the price per millicurie at
about the same level as the generator produced material although this will depend again on the
distribution model chosen and whether existing cyclotron facilities can use the time when the
cyclotron is not occupied with other radionuclide production for the production of 99mTc. The cost
estimate could change slightly if the price of the isotopically enriched molybdenum were to rise by a
factor of 10 as happened with 18O enriched water in 18F production a few years ago.
Outstanding Issues:
There is an impact on the purity of the final 99mTc product both from the isotopic ratio of the
molybdenum starting material and the proton energy and the ∆E for the particular target.
In addition, the isotopic composition for an enriched target will affect the radionuclidic composition
of the target matrix.
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There are several approaches to isolating and purifying the 99mTc extracted from the target material. A
more complete understanding regarding reproducibility, purity and efficiency for these approaches is
needed using prescribed metrics for direct comparisons.
The impact of specific activity (99mTc/all Tc isotopes including 99gTc) has to be determined in order to
define the shelf-life of the accelerator produced 99mTc in comparison to generator produced 99mTc in
the formulation of radiopharmaceutical kits.
The stability of the isolated 99mTc pertechnetate solution as a function of time and the stability of the
prepared radiopharmaceutical will affect the shelf life of the product.
The path to recovery of the enriched 100Mo target material involves tracking the isotopic composition
and chemical/radionuclidic impurities.
Potential areas of further investigations in this CRP:
• The impact of 99gTc and other Tc-isotopes on radiopharmaceutical labelling efficiency and
consequence on image quality and how much 99gTc and other Tc-isotopes will be produced, and
how can these impurities be minimized if necessary.
The 99mTc direct production using small-size proton accelerators (cyclotrons having beam currents
ranging from some tens up to some hundreds µA) on 100Mo-enriched (usually 97-99% level) samples
is of interest. In order to minimize the impurities from additional open reaction channels, production
should be limited to incident energies below 25 MeV.
Although still to be completely confirmed by experimental measurements, preliminary calculations
suggest that an energy window, ranging from 25 MeV down to about 18-19 MeV, would minimize
the N99gTc/N99mTc ratio for accelerator driven 99mTc production. Some very recent experimental
campaigns have confirmed the 99gTc theoretical excitation function in the energy range 8-18 MeV.
Experimental data in the remaining range 18-25 MeV are however still lacking and are needed to
confirm predictions so that the optimal energy range can be verified.
The effect of 99mTc specific activity on biodistribution and stability of Tc-radiopharmaceutical
requires investigation using the accelerator derived 99mTc. The results should be directly compared to
images from the same radiopharmaceutical derived from the generator produced material.
• Measurement of still missing data which need to be determined for the large-scale
accelerator-based production of 99mTc.
The use of fully enriched 100Mo targets will never be available leading to radionuclidic by-products,
which will always be present and their production rates need careful assessment. In the energy range
of 10-25 MeV, several reaction channels still need to be experimentally investigated and compared to
theoretical cross section predictions.
The following reaction channels may have an impact on the isotopic composition of recovered
enriched molybdenum and require further assessment:
-

100

Mo(p,p2n) 98Mo
100
Mo(p,p3n) 97Mo
100
Mo(p,αn)96Nb β– (23.35 h)
100
Mo(p,α)97Nb
β– (72 min)

96

Mo
Mo

97

Also important for further understanding of potential impurities in the final product (including
which may or may not have dosimetric implications) are:
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97m

Tc

-

100

Mo(p,n) 100Tc β– (15.5s)
Mo(p,2n) 97mTc
100
Mo(p,3n) 98Tc
100
Mo(p,4n) 97mTc

100

Ru

98

Moreover, depending on irradiation time and incident beam energy, as well as the energy range (input
and output energy), the open reaction channels which will give contribution to the other Tc isotopes
production will have a direct impact on the 99mTc specific activity.
• Procedures for preparation of an isotopically enriched molybdenum accelerator target.
Solid enriched molybdenum accelerator targets must be sufficiently thick, durable and heat
conductive for irradiation at the required current and energy. Furthermore, targets must also be
sufficiently durable to allow for transport post-irradiation. Design of a target should be performed
with a particular beam-power in mind. In other words, although the design of a target capable of
operating a 10 kW may be possible, such a design may perhaps be more sophisticated (or perhaps
larger) than necessary if the maximum beam power at a facility is limited to 1 kW. For this reason,
construction and testing of both high (e.g. ~10 kW) and low (e.g. < 1 kW) power targets should be
performed.
Possible parameters of consideration with regards to target design include the molybdenum deposition
technique, the selection of target support plate material (e.g. with regards to thermal properties,
machinability, mechanical strength, chemical inertness, cost, activation products, etc.), the beam
power density, and the target cooling system.
While several strategies for metallic molybdenum deposition have been tested, further development
into these and/or other methods is warranted. Examples of molybdenum deposition strategies which
have been tested for this application include both sintering and electroplating. Sintering has been used
to prepare dense 100-300 µm metallic molybdenum targets which were then subsequently bonded
onto aluminum plates. The conditions for sintering, the lower-limit of thickness that can be achieved,
and the development of a simple technique for bonding of the enriched molybdenum pellet to a
suitable backing plate require further evaluation. Electroplating molybdenum directly from a
molybdate solution onto a suitable target plate can be achieved to make thin (<5 um) metallic
coatings, however accelerator targets need to be substantially thicker. Research into the plating
conditions and electrolyte composition can be carried out to develop a technique that promotes thick,
adherent, metallic molybdenum deposits for irradiation.
• Methods to recover pertechnetate from molybdenum accelerator targets post-irradiation.
Accelerator-produced pertechnetate will require its isolation from the bulk molybdenum target
material, while minimizing radiation exposure to the operator. Solid phase extraction (SPE) is highly
amenable to remote operation and both Dowex™ 1x8 and Aqueous Biphasic Extraction
Chromatography (ABEC)™ resins have been shown to be very specific for concentrating
pertechnetate from bulk molybdate solutions. The development of novel resins and/or conditions
using existing SPE resins would be highly beneficial in the recovery of pertechnetate from dissolved
molybdenum target solutions.
Additionally, separation of pertechnetate directly from molybdenum accelerator targets has been
demonstrated on small-scale using thermochromatographic techniques. Improvements in experimental
setup and conditions could facilitate the automated, large-scale use of this separation strategy.
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• Quality Control (QC) parameters required for evaluation of radiopharmaceuticals prepared
with cyclotron-produced pertechnetate.
The contaminant profile of cyclotron-produced pertechnetate will be different from generatorproduced due to the chemical isolation methods, which may have a direct impact on the labeling
efficiency of 99mTc-radiopharmaceuticals. The identity of any contaminants and their effect, if any, on
labeling efficiency will need to be characterized, but will depend on the isolation technique used.
Once determined the implementation of new QC protocols will be required to control for such
contaminants. These contaminants may include the presence of other metals and any oxidative
(including H2O2) species. Efficient and safe incorporation of cyclotron-produced pertechnetate into all
Tc-radiopharmaceutical kits will need to be demonstrated.
Similarly, the Tc-radiopharmaceuticals prepared in this manner may have different chemical and
radiochemical contaminants requiring additional QC protocols to those currently used in
radiopharmacies to ensure that it is safe for human use. The additional protocols may include
determination of levels of non-radioactive molybdate (from the bulk target material), total organic
content (TOC, from any organic solvents used or from radiolysis of any organic SPE resins) and any
physiologically relevant metals. The radionuclidic purity will also need to be characterized, but will
be determined by both the enrichment profile of the 100Mo target and the irradiation conditions used.
The acceptable limits of non-99mTc radionuclides will be determined by dosimetry studies.
• Recycling methods to recover enriched Mo from irradiated targets, as well as the impact of
recycling enriched Mo on the quality of 99mTc.
Due to the current cost and availability of enriched molybdenum, accelerator production of 99mTc
requires recycling of the enriched molybdenum target material. Following extraction of 99mTc from
the bulk target material, if the chemical form of the molybdenum is altered from that which is used for
target formation (e.g. oxide vs. metal), conversion to the desired chemical molybdenum species will
also be required as part of the recycling strategy. Although preliminary hydrogen-reduction based
experiments have been performed for recycling of metallic enriched molybdenum targets, further
optimization/investigation into enriched molybdenum recycling strategies are essential.
In addition to the process of recycling the molybdenum, the impact of using recycled enriched
molybdenum on the quality of the extracted 99mTc must also be characterized. Such an analysis will
require evaluation of the recycled molybdenum (e.g. chemical, radionuclidic, and molybdenum
isotopic impurities) as well as evaluation of the 99mTc quality (e.g. chemical and radionuclidic
impurities). Additional molybdenum purification strategies should be identified/developed for any
chemical impurities that are found to affect the quality of 99mTc.
Expected Outcomes:
It is anticipated that at the completion of this CRP there will be sufficient information acquired in
order to know if this is a viable approach in terms of image quality and dosimetry, what the optimal
energy region to use for each accelerator approach, how to prepare robust targets efficiently, to
process these targets and to recover the enriched target material. All of the metrics required to monitor
the purity of the materials will be identified.
These results will enable a more careful economic analysis to be performed in order to understand
where in the supply chain for medical isotopes the accelerator approaches best fits.
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2. Status on Specific Research Objective
Current Status:
2.1 Radionuclide production profiles at various beam energies and intervals
The 99mTc direct production using small-size proton accelerators (cyclotrons having beam currents
ranging from some tens up to some hundreds µA) on 100Mo-enriched samples has been recognized as
a viable, alternative, way to the current HEU-based Mo/Tc generators. Such a production is
interesting for energies below 25 MeV, so as to minimize the impurities from additional and useless
open reaction channels. As known proton beams from 25 MeV down to 10 MeV basically induce
three main reactions:
100Mo(p,pn)99Mo
100Mo(p,2n)99mTc
100Mo(p,2n)99gTc
The excitations functions of first two reaction channels enlisted have repeatedly been measured
different times in the last 35 years by different groups. The third one, still not completely known, is
the ground state, pure β-emitter, 99gTc, being also produced by the same (p,2n) reaction. The
production rate in the 25-10 MeV range for such a long-lived isomer (T1/2=2.1·105 y), which is
useless for diagnostic procedure, is expected to be in excess of a factor 4 than 99mTc according to the
unique experimental measurement set so far available, but limited to 18 MeV, as well to theoretical
excitation function.
However results reported in literature for first two reactions show an unusual spread of data. An
uncertainty band of about 100 mb may in fact be observed for energies larger than 20 MeV,
concerning the 100Mo(p,pn)99Mo reaction. A similar situation may be registered for the other
competing main reaction, where an even wider uncertainty region (approaching 250 mb) may be
observed in the most interesting 10-20 MeV energy range, where the maximum of 99mTc producing
reactions occur.
A critical review of published data (not all the information is reported in detailed form in literature) let
us argue that such unusual differences may arise from some ad-hoc experimental procedures
followed, as well as different set ups used in the detection techniques (i.e. basically gamma
spectroscopy). In order to overcome such problems an additional experimental investigation, under
optimized and well controlled experimental conditions should therefore be recommended in the
energy range 25-8 MeV.
Moreover the use of fully enriched 100Mo targets will never be available in practice; the impurities
and the radionuclides by them produced will always be present inside the samples which need to be
carefully assessed. Additional excitation functions measurements in the energy range 25MeVthreshold, for reaction channels of interest inducing other Tc isotopes production have to be
experimentally investigated (which have an impact on the isotopic composition of recovered, still
irradiated, 100Mo material (therefore an impact about the possible reuse of high cost Mo-enriched
material) are the following:
-

100Mo(p,3n) 98Tc
98Mo(p,n) 98Tc
98Mo(p,2n) 97mTc
98Mo(p,2n) 97gTc
97Mo(p,n) 97mTc

97Mo(p,n) 97gTc
97Mo(p,2n) 96mTc
97Mo(p,2n) 96gTc
96Mo(p,n) 96mTc
96Mo(p,n) 96gTc
96Mo(p,2n) 95mTc
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96Mo(p,2n) 95gTc
95Mo(p,n) 95mTc
95Mo(p,n) 95gTc
94Mo(p,n) 94mTc
94Mo(p,n) 94gTc
94Mo(p,n) 93gTc

Other Tc radionuclide being present as isotopic impurities in the final 99mTc product may, actually,
have potential impact on the specific activity and dosimetric implications as well. On the basis of the
whole experimental information that will be collected about the additional Tc radioisotopes produced
by the 100Mo(p,xn) reaction channels, the 99mTc specific activity (99mTc /all Tc isotopes including
99g
Tc) will be experimentally determined. The optimal combination of both proton energy range and
target irradiation time may at last be achieved, in order to get a 99mTc production quality. Such
information is fundamental to finally define the shelf-life of the accelerator-produced 99mTc vs. the
generator-produced 99mTc in the formulation of radiopharmaceutical kits.
The selected (p,2n) nuclear reaction cannot give a very high radionuclidic purity even for the
theoretical 100% enriched 100Mo target due to the always coproduced 99gTc. It is obvious that the
specific activity is highly influenced by the irradiation parameters and target composition. As first
approximation the amount of coproduced different technetium radionuclide is steadily increasing by
increasing irradiation and cooling times and by increasing bombarding energy. The corresponding
mathematical functions describing the complete production process have no local minima which
would define any optimal irradiation conditions. Therefore the optimal irradiation parameters are
determined by the amount of daily need of 99mTc. From the requested amount of 99mTc and the time
necessary for the post irradiation processing the necessary irradiation time and bombarding energy
combination can be determined.
2.2 Manufacturing of robust 100Mo accelerator target
There are several challenges related to the cyclotron production of 99mTc. While cyclotron production
of other technetium radioisotopes (e.g. the positron-emitting 94mTc) has been reported in the literature,
previous technologies for enriched molybdenum target design have used oxide-based targets. Due to
their poor thermal characteristics, oxide targets severely limit the beam current which can be used,
and for this reason, 94mTc is typically produced using beam currents on the order of 5 µA.
To produce 99mTc a sintered metallic target design has been developed and tested to 100 µA. This
strategy relies on pressing the 100Mo powder into a Ta support plate, and heating of the plate to 1600
˚C under hydrogen atmosphere to produce a solid Mo pellet. The pellet can in turn be bonded to a
material (eg. Cu, Al, etc.) that is well-suited for irradiation. Additional strategies for molybdenum
target preparation which have been investigated include:
•
•
•
•
•
•

electroplating [Morley et al Electrochemistry communications, 2012, In press]
foils [Lipski, et al., NIM A, 334 (1993) 126-127; Kheswa et al., NIM A, 613 (2010) 389-391]
pressed metal powder targets [Gagnon et al., Label. Compd. Radiopharm., 54 (2011) S54]
e-beam melting
thermal-spray [Targholizadeh, et al., Nukleonika, 55 (2010) 113-118)]
sedimentation [Sadeghi et al., Nucl Sci Tech, 20 (2009) 22-26])

2.3 Automated Mo/Tc separation system and chemical impurity profile
There are several approaches to isolating and purifying the 99mTc extracted from the target material.
The implementation of an automatic process has the advantage in the reliability, radioprotection issue
and achieves a better control of these processes. The implementation of a standard method allowed
the determination of the impurity profile and is an advantage in order to compare different target
quality as methods its self. This is necessary to get approval from regulation agency verifying if
separation satisfied or not the Radiopharmaceutical standards as required by country authority. Should
be consider also that Target physical and chemical behavior will change the dissolution approach; the
first step of the automated separation system.
Targets can be made of Mo oxide or metallic in different purity grade. Evaluation shows effects on
the process due to different impurities composition and changing the 100Mo recovery as the final
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product quality. Usually Mo oxide is easily recovered after separation by evaporation where Mo
metallic needs a reduction process.
Presented methods adopted several approach like sublimation, acid or basic wet reactor vessel.
Starting from dissolution it‘s possible divided technique in two main types:
Dry separation
• sublimation
Wet separation
• The columns used in the processed presented in this CRP are Dowex, ABEC and TEVA
• Organic phase extraction as Methyl-Ethyl Ketone (MEK)
2.4 Labelling efficiency and image quality of Tc-radiopharmaceuticals using cyclotronproduced 99mTc
One aim of this CRP is the confirmation of the pharmaceutical quality of obtained pertechnetate 99mTc
and its suitability for preparation of radiopharmaceuticals. Because of the different means of chemical
separation employed by various groups, the impurity profile of sodium pertechnetate (99mTc) obtained
with “accelerator” method will likely be different from that observed for pertechnetate obtained with
generator method (99Mo/99mTc). It will be necessary to perform a series of analytical tests in order to
confirm pharmaceutical quality and suitability of the “accelerator” pertechnetate (99mTc) for
preparation of radiopharmaceutical products.
Studies to date have shown that the amount of radionuclidic impurities depends on 100Mo enrichment
and identity of other Mo isotopes (particularly 98Mo), cyclotron beam energy and irradiation time.
Several groups have conducted efficient radiolabeling of radiopharmaceutical preparations for
confirmation of the pertechnetate (99mTc) quality. The kits suitable for this purpose are: kit for
preparation of 99mTc -exametazime (e.g. Ceretec), kit for preparation of 99mTc sestamibi and kits for
preparation 99mTc MDP and 99mTc -DMSA. To assess clinical suitability the stability of obtained
radiopharmaceutical preparations have been compared with preparations obtained with the use of
commercial eluate from 99Mo/99mTc generators. For several radiopharmaceutical preparations,
additionally organ biodistribution tests have been performed in experimental animals. The aim of
these and further pre-clinical tests in animals will be assessment of influence of specific activity of the
99m
Tc, obtained via accelerator production, on the stability of radiopharmaceutical preparations in vivo
and their expected diagnostic efficiency.
2.5 Dosimetry and its impact on shelf life
A summary of the dosimetry calculations has been performed for three technetium agents most
commonly used in nuclear medicine diagnostic studies, namely sestamibi, phosphonates, and
pertechnetate, labeled with cyclotron produced technetium. Calculated patient doses were compared
to those that would be delivered by the same radiotracers labeled with technetium obtained from a
generator produced in a reactor. The main difference is that technetium from a generator is pure, i.e.
contains only 99mTc and its decay product 99gTc, while in a cyclotron a large number of other stable
and radioactive isotopes are created. In our calculations only technetium radioisotopes (ground and
isomeric states) were considered as they will be included in the radiotracer labeling process and will
contribute to patient dose. Other elements are assumed to be removed by chemical purification. These
dose estimates are based on our theoretical calculations of the proton induced reaction cross sections
and radioisotope production yields. Thick targets of enriched (three different compositions) and
natural molybdenum, and three initial beam energies (16MeV, 19MeV and 24MeV) were considered
for irradiation times of 3h, 6h and 12h with a beam current of 200µA. The doses were calculated for
injection times corresponding to 0h, 2h, 8h, 12h and 24h after the end of beam (EOB).
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2.6 Recycling of 100Mo and assessment of the effects of isotopic composition
Due to the current cost and availability of enriched molybdenum-100, accelerator production of 99mTc
requires efficient recycling of the enriched molybdenum target material. The cost of 100Mo isotope at
99% enrichment varies depending on the production sources (2-4 US$/mg). Therefore, efficient
recovery of this isotope is of importance. Following extraction of 99mTc from the bulk target material,
if the chemical form of the molybdenum is altered from that which is used for target formation (e.g.
oxide vs. metal), conversion to the desired chemical molybdenum species (typically reduction to the
metallic form) will also be required as part of the recycling strategy. Although preliminary hydrogenreduction based experiments have been performed for recycling of metallic enriched molybdenum
targets, further optimization/investigation into enriched molybdenum recycling strategies are
essential.
References
The supply of medical radioisotopes: Review of potential molybdenum-99/technetium-99m
production Technologies. Nuclear Energy Agency, OECD 2010.
Ullmann (5th edition) Molybdenum and Molybdenum Compounds A16 (1990) 655-698
C.L. Rollinson. The chemistry of Chromium, Molybdenum and Tungsten. Pergamon Press 1973
A.G. Sykes et al., Molybdenum. Comprehensive Coord.Chem, 3 (1987) 1229-1444
2.8. Challenges, Constrains and Common Problems
A. Radionuclide production profiles at various beam energies and intervals
In order to have the “cleanest” and at the same time the highest specific activity 99mTc product the
beam current should be maximized and the irradiation time and cooling time (the length of post
irradiation processes, such as target handling, chemistry and separation of Tc radionuclide) should be
minimized in order to provide the best quality 99mTc for a certain target composition. From the
requested amount of 99mTc and the time necessary for the post irradiation processing (including the
efficiency of the applied chemical separation method) the optimal irradiation time and bombarding
energy can be determined.
To be able to make the necessary calculations the following steps are proposed.
- Collection and selection of the experimental cross section data for the reactions involved in the
production process (depending on the bombarding energy the number of important reactions can
be around 50);
- Selection of the possible best cross section results predicted by different theoretical models for
those reactions for which no experimental data are available;
- To build up a dedicated database containing cross section data (from threshold up to 30 MeV) for
the reactions can be important regarding the 99mTc production;
- Determine the amount of different radionuclide produced during irradiation as function of
bombarding energy, irradiation time and cooling time for the different available target
enrichments;
- Analysis of the calculated radionuclide profiles in order to determine optimal production
parameters;
- Determination of the maximal (theoretical) specific activity for various irradiation parameters and
target compositions;
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- Determine the time dependence of the specific activity of the 99mTc product
B. Manufacturing of robust 100Mo accelerator target
In discussing target preparation strategies, various parameters should be considered. Related to
100Mo deposition, it is important to consider the target robustness, cooling strategies, adherence to
backing material, thermal performance of the target at desired current, potential for scale-up, ability to
achieve desired thickness, high efficiency for deposition, etc. Target design strategies which have
been identified for further investigation include, evaporation, e-beam melting, thermal-spray, rolling
of thick/self-supported targets, sedimentation, sintering, and electrodeposition.
In addition to the deposition of the Mo, further target design considerations are required both with
regards to the target support plate, and the entire target assembly. The following considerations have
been identified:
• Mo quantity: How much Mo to use? Optimal thickness (depends on beam size, ∆E)
• Target backing plate material: Cu/Al/C/other/possibility of plating such as Au on Cu, compatibility
with dissolution chemicals (e.g. peroxide/acid/base), heat characteristics, cost, machinability, etc.
• Target backing design: e.g. fins, angle, thickness
• Ability to scale-up target design
• Remote transport of target to hot cell (e.g. pneumatic, pulley/mechanical transfer, conveyor belt,
combination of above)
C. Automated Mo/Tc separation system and chemical impurity profile
A combination of more than one technique may be necessary to achieve the quality. Configuration of
final apparatus should be consider the compactness, product and target recover yields, reliability and
should be of easy maintenance. Materials used in the apparatus should be considered the radiation
stability and leaching. Supply should be easy to have in a standard hot cell. Due to different impurity
different technique should be used starting from gamma spectroscopy, beta measurements, HPLC
with mass detector and ICPS; also paper chromatography can be used as describe in activation 99mTc
production monographs. It is expected to determinate isotopes derived by proton and neutron reaction
on impurity target, windows and support (other Mo isotopes, Nb and traces of Zr). The impurity of
recycled targets has to be characterized and the limits to chemicals recycle should be discovered and
indicated. Separation is usually combined with Alumina cartridge in order to remove impurity.
D. Labelling efficiency and image quality of Tc-radiopharmaceuticals using cyclotron-produced
99m
Tc
One of the outcomes of the CRP should be a list of specifications for the accelerator produced 99mTc.
The quality control tests of the accelerator produced 99mTc should be performed as required by
national authorities and could either follow USP monograph for “Sodium pertechnetate 99mTc” or
“Sodium pertechnetate (99mTc) non-fission” (Ph. Eur. monograph 0283); above all: radionuclide purity
with gamma spectrometry and radiochemical purity with paper chromatography. The amount of
radionuclidic impurities will depend on 100Mo enrichment and identity of other Mo isotopes,
cyclotron beam energy and irradiation time. Additionally, chemical impurities will be investigated,
including the determination of metallic ions impurities by ICP-OES method or equivalent and organic
impurities with TOC (total organic carbon) method.
We expect that this planned set of control tests assures obtaining comprehensive information
concerning quality and purity of “accelerator” pertechnetate (99mTc). Of particular importance, an
expiry time (~12 hours) should be determined for the produced 99mTc and preceding quality control
and radiolabeling tests should be carried out at this time to confirm quality of the produced
radiopharmaceuticals up to expiry.
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E. Dosimetry and its impact on shelf life
The radiation dosimetry estimates published thus far for cyclotron produced 99mTc are based on
theoretical calculations of radionuclides produced from for the various (p,xn) reactions for the
isotopes of Mo. The actual production yields for contaminating radioisotopes of Tc must be measured
under actual production conditions for the various possible energy windows: (16-10 MeV, 18-10
MeV, 22-10 MeV), for irradiation lengths of 3, 6, 8 hours and for different, readily available 100Mo
enrichments with accompanying Mo-isotope mix. Gamma-ray spectroscopy for identifying
radionuclides should be performed starting at EOB and followed through for 12 hours (or expiry
date). The results of this study should be compared with the theoretical estimates to validate/update
these estimates.
F. Recycling of 100Mo and assessment of the effects of isotopic composition
In addition to the process of recycling the molybdenum, the impact of using recycled enriched
molybdenum on the quality of the extracted 99mTc must also be characterized. There is a potential for
the build-up of other molybdenum isotopes and additional metal contaminants which may impact the
purity upon subsequent irradiations. Additional molybdenum purification strategies should be
identified/developed for any chemical impurities that are found to affect the quality of 99mTc. It would
be ideal to develop a Certificate of Analysis (CoA) through this CRP for recycled target material to
ensure adequate purity. Quality control for the target material may involve ICP-MS and additional
analytical techniques. A cool-down period of time for residual radioactivity in the target material to
decay should be defined. This may be dependent on the amount of target material to be recycled and
facilities available to handle long lived radioactive material. Dose rates during this process should be
considered.
The possibility of conversion of molybdate ions into molybdenum oxide MoO3 and further reduction
of molybdenum oxide into metallic molybdenum using gaseous hydrogen will be investigated. An
optimal standard operating procedure should be developed. The process of obtaining metallic
molybdenum will be optimized in order to maximize the process efficiency and chemical purity of the
product. In addition, a new electrodeposition technique using Pt-gauze as a cathode electrode at
optimized current and time will be used to recover enriched 100Mo from irradiated target solution.
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3. Summary of country presentations
Brazil:
IPEN-CNEN/SP has a cyclotron facility located in São Paulo, BRAZIL. The two cyclotrons available
are used by the Radiopharmacy Center together with associated facilities for the production and
handling of positron-emitting radioisotopes. The cyclotrons housed in this facility include the
Cyclone 30 (30 MeV) and the 18C (18 MeV) both from IBA. The cyclotron Department also contains
facilities for the maintenance, repair of the cyclotrons and target and target holder preparation. The
Radiopharmacy Centre has 20 shielded hot cells for dose delivery of the radiopharmaceuticals. A
quality control (QC) laboratory is located adjacent to the Radiopharmacy Centre. This cyclotron
facility contains hot cells, a chemistry compounding hot cell, a laminar flow dispensing hot cell, and a
full QC lab. IPEN produces weekly 360 99Mo/99mTc Generators with activities varying between 250
mCi and 2 Ci. For this reason, the number of brazilian services using 99mTc continue to rise and the
need for reliable supply of 99Mo has become increasingly important, so alternative methods to
produce 99Mo or even directly 99mTc had to be considered to avoid a supply shortage in the coming
years. A new project is under consideration at IPEN-CNEN/SP concerning the production of 99Mo
and 99mTc in Cyclotron using Mo targets. This new CRP will have a direct and very productive impact
in the development of this project, so the Institute is willing to join this new CRP. Recent supply
shortage of 99Mo has seeded efforts to establish alternative methods for producing 99Mo and/or 99mTc.
World is exploring the feasibility of direct production of 99mTc from enriched 100Mo using cyclotron
technology. Future supply disruptions, sufficient quantities of 99mTc can be produced for
radiopharmacies without the need for 99Mo from the fission of 235U.
Canada (TRIUMF):
The entire cycle of target production, irradiation, chemical separation, recovery of target material and
preparation of targets using the recycled 100Mo have been performed. In addition theoretical
calculations for the excitation functions for (p,n), (p,2n) and (p,3n) reactions were performed covering
the energy range from 6 MeV up to 24 MeV. Based on these results the production of the various Tcisotopes was performed using standard commercially available 100Mo enrichments including the
distributions of accompanying Mo-isotopes. These results were used to estimate the radiation
dosimetry for several radiopharmaceuticals kits in comparison to generator produced 99mTc.
During the development program a number of items were developed including a process for
manufacturing a Mo-metal target, a transfer system to sending the target to the cyclotron and
retrieving it. A target dissolution and an automated chemical separation system was constructed.
This process approach was established for two types of cyclotrons, the 16.5 MeV PETTrace from GE
Healthcare and an ACSI TR19 cyclotron.
Canada (University of Alberta):
Progress: Researchers at the University of Alberta, have explored the 100Mo(p,2n)99mTc nuclear
transition as a potential route for the production of 99mTc. In order to achieve the necessary quantities
of 99mTc for clinical applications a significant scale up of existing production protocols was required.
One of the main design considerations involved selection of an appropriate form of the 100Mo target
that could withstand high heat loads while maintaining a robust mechanical strength to permit remote
post-irradiation handling of the target. Of the many methods tested, sintering appeared very promising
and has been successfully irradiated to >1.4 kW. We have also tested several 99mTc extraction
procedures and report on the successful adaptation of an automated system to extract Curie quantities
of 99mTc with the concomitant recovery of 100Mo. Experimental results for the recycling of irradiated
targets is also reported. As a final proof-of-concept we have prepared several 99mTcradiopharmaceuticals and tested their equivalency in both animal models and in a clinical trial.
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Hungary:
As part of our systematic investigation of charged particle induced nuclear reaction we have studied
the proton induced reactions on natural and enriched 100Mo molybdenum targets.
Cross section data were determined experimentally using activation technique and stacked target
methods. Experimental data measured and published earlier by other authors were collected and
critically evaluated in order to get a selected database of most reliable data. In some cases data were
corrected by upgrading decay data and data of the monitor reactions used in cross section calculation.
The quality of the data is not 100% satisfactory. There are still discrepancies among the selected
experimental data sets, first of all regarding the maximum amplitude of the excitation function.
Preparing an evaluated curve over the experimental data sets by statistical fit a kind of recommended
data is given for the investigated reactions that can be used in the calculations to estimate the
produced activity in different irradiation scenarios.
Preliminary calculation was done regarding the cyclotron production of 99mTc and 99Mo radionuclides
using the evaluated experimental cross section data and data from TENDL2011 library for those
reactions for which no experimental data were available. As the result of the preliminary calculations
we can state that production of additional Tc radionuclides, other than 99mTc, is unavoidable. The
amount of coproduced contaminating Tc radionuclides first of all depends on the bombarding energy
and target composition as well as the irradiation and post irradiation processing time.
In order to have the highest specific activity of 99mTc produced in the 100Mo(p,2n) reaction at a certain
irradiation facility the beam current should be maximized and the irradiation time and cooling time
should be minimized in order to provide the best quality 99mTc for a given target composition. The
optimal irradiation time and bombarding energy can be determined from the amount of requested
99m
Tc and the time necessary for the post irradiation processing.
India:
An automated closed cyclic system is discovered for automatic separation and recovery of various
isotopes, radioactive or non-radioactive, by solvent extraction and column chromatography
techniques. The technique has been applied for separation and recovery of 99mTc from low-medium
specific activity 99Mo in a radiologically and chemically safe and reliable manner avoiding human
interference and hazard posed by handling of radioactive chemicals. The entire system of automation
includes a user-friendly PC based graphical user interface (GUI) that actually supervises the process
via an embedded system based electronic controller. The process ensures no or minimum risk from
chemical, pharmaceutical and radiological safety angles and is thus suitable for application in nuclear
medicine centres, radiopharmacies in hospitals in a simple, safe and reliable manner.
Preliminary experiments on production of
have been carried out.

99m

Tc using natural Mo target and 18MeV proton beam

Italy (INFN – Legnaro National Laboratory):
The facilities available and the outcomes expected as member of such a CRP on the alternative
Mo/99mTc productions are hereinafter enlisted:

99

- The Scanditronix MC40 cyclotron at the EU-JRC lab in Ispra (Italy), able to provide proton beams
up to 40 MeV energy and beam currents limited to 60 µA.
It has a dedicated and well controlled beam line set up for excitation function measurements.it will
be used for experimental 100Mo-enriched stacked foils irradiations;
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- LASA laboratory in Milan University and INFN Milan Sections.
All the radioactive samples irradiated will be performed in such a lab by using (when possible) a
mix of different detection techniques (gamma and beta spectroscopy and ICP-MS) for excitation
functions determinations.
- The IBA Cyclone 18/9 cyclotron at the LENA laboratory of Pavia University may provide proton
beam up to 18 MeV and currents up to 80 µA;
Target prototype thermo-mechanical and reliability tests at proton beam intermediate power levels,
in order to assess the effectiveness of the technological solutions adopted. Preliminary 99mTc
production tests following radiochemical separation and purification procedures.
- Radiochemistry/radiopharmacy section of Ferrara University in collaborations with the LENA
group at in Pavia.
Radiochemical separation purification QC procedures to assess the production quality of 99mTc, as
well as optimization studies on separation/ purification processes aimed at 99mTc production.
- Nuclear medicine and physics departments from Ferrara and Padua University, as well as the
Istituto Oncologico Veneto (IOV)
99g

Tc impact on labeling efficiency test with a set of widely used pharmaceutical kits using generatorbased Tc. Determine the allowed limits for 99gTc similar to what will be expected by acceleratorproduced Tc. Imaging tests in proper phantoms and impact on images quality vs. the N99gTc/N99mTc
isomeric ratio using the generator-produced Tc and the YAP-(S)PET-CT imaging system for small
animals.
Activity scheduled in 2012
- INFN Legnaro national lab (LNL).
Design and construction of high power target prototype, R&D on the different molybdenum
deposition technique on backing material. LNL will be the supervisor of all the scheduled
activities as well.
Italy (University of Pavia):
Description of the facilities available:
The Laboratory of Nuclear Energy Applied has the following facilities:
- 250 kW TRIGA research reactor.
The reactor will provide one medium activity laboratory where will be performed preliminary test
on the 99mTc separation, the recycle of enriched 100Mo and the impurity analysis.
- Cyclotron IBA 18/9 MeV with 80µA proton current on dual beams.
After the authorization extension the irradiation tests foreseen will be initiated:
• Preliminary Mo oxide targets irradiated at low current for the measures performed at the TRIGA
Laboratory and extrapolated at maximum current.
• Thermo mechanical test performed on Legnaro INFN Laboratory developed target.
- One Laboratory with hot cell dedicated to the Cyclotron
In
this
facility the hot
manipulation
of
will be organized.
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The Radiochemistry area of Chemistry Department:
- Low and medium activity Laboratories.
The Laboratories will analysis the samples impurities; will develop separation on low activity
samples testing also the recycle methods and its automatization.
The outcomes are the feasibility study of the 99mTc production with a typical 18MeV Cyclotron with
its economical consideration and evaluation of the product quality.
The laboratory has already considered the 98Mo(n,γ)99Mo production with its measured yield and
purity measure using the TRIGA MKII research reactor. Result was also obtained on the production
cost evaluation. Studies on 99Mo production via the 100Mo (n,2n) 99Mo reaction through fast neutrons
facility (14.2 MeV D-T) has been done using MCNP 4B. The planed work on 100Mo(p,2n)99mTc
started with the MCNPX Cyclotron and target simulations needed in the authorization extension.
Japan:
We have demonstrated the feasibility of the remote and automated production of 99mTc by using
100
MoO3 oxide target. The production was performed by a vertical irradiation system; we obtained
100 mCi of 99mTc-pertechnetate as the final product by 18 MeV protons at 10 µA, 3 hours of
irradiation. The product after the purification, 99mTc-pertechnetate was found to be >99% of
radiochemical purity (by Radio-TLC) and >99% of radionuclidic purity (by HPGe) obtained by using
of >99.6 atomic% enriched 100Mo.
For a preliminary evaluation of the labelling efficiency,
successfully prepared using a conventional kit method.

99m

Tc-HMDP (a bone scan agent) was

Kingdom of Saudi Arabia:
As member of the International Atomic Energy Agency’s co-ordinated meeting entitled “Acceleratorbased Alternatives to Non-HEU production of 99Mo/99mTc” we report here our plan for this project.
Work in this project will be executed in three consecutive years. Hence, in the first year of this project
we will focus on the development of thick 100Mo electroplated solid target using aluminum plate and
advanced electroplating methods, capable of withstanding high cyclotron beam current (>100 µA). In
the second year, several standardized 100Mo targets will be irradiated using variable energy cyclotron
beam (18-30 MeV) and different high beam current >100 µA. In addition, efficient separation of
99m
Tc and recovery of 100Mo will be also developed. Finally, labeling efficiency of the cyclotronproduced 99mTc pertechnetate will be investigated using most of the commercial 99mTcradiopharmaceuticals kits. To ensure safe 99mTc-radiopharmaceuticals for human use prepared using
this method, rigorous quality control protocols for the final products will be developed.
We have designed and constructed a target for the production of 99mTc via 100Mo nuclear reaction
capable of withstanding high cyclotron beam current. This target is to be cooled by both water and
helium channels and remotely controlled. Also, this target is capable of housing enriched 100Mo as
electrodeposited or pressed in a plate cavity. In addition, few grams of enriched 100Mo were ordered
and electroplating experiment for natural Mo is currently in progress.
Malaysia:
Development of 100Mo accelerator targets for production of 99mTc.
Unable to start off currently as members of our group has no previous experience in designing and
handling targets other than the commercially prepared targets for the 18F production. Will require
assistance in this part, such as attachment to facilities or linkages to established manufacturers or
suppliers.
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Technical document on Tc production profiles at various beam energies and intervals.
This is closely related to the first objectives, hence the answer is similar.
Improved Mo/Tc separation system and chemical impurity profile.
We would be able proceed in this portion relatively earlier utilising our past experience of separating
Tc from (n,γ)Mo and we could also spike impurities projected from activation of impurities of targets
and base plates to mimic the targets. However, we will need to revisit this again in relation to current
established technology.
Reports on image quality of Tc-radiopharmaceuticals using cyclotron-produced 99mTc.
We would be able to proceed in this portion in animal models (rats/mice) only based on the spiked
impurities we simulated and also varying the Tc content by allowing it to decay at varying times.
Methodologies for recycling of 100Mo and assessment of the effects of isotopic composition.
We will discuss this with our university partners on how we may participate on this.
Poland:
The goal of the project is the development of 99mTc production method using the reaction of protons
with 100Mo in a medical cyclotron. Experimental program proposed to be carried out in Poland will
cover: determination of parameters for reaction 100M(p,xn)99mTc in relation to beam energy and time
of bombardment, using the country cyclotrons, including the PETtrace installed at HIL UW, and also
in collaboration with partners of the CRP; construction of robust 100Mo target allowing high yield of
99m
Tc, including self-supporting metallic Mo targets as well as targets obtained by other methods such
as electroplating of the molybdenum from aqueous and organic solutions, from halide and halideoxide molten salts, by pressing and sintering the powdered molybdenum or combination thereof.
Rapid, simple and efficient methods for target dissolution and isolation of 99mTc from Mo targets will
be investigated. The quality of obtained 99mTc in the chemical form of pertechnetate for its further use
in radiopharmaceuticals for diagnostic application will be assessed, including determination of
labelling efficiency and image quality of 99mTc-radiopharmaceuticals prepared using cyclotronproduced 99mTc. Methods of the 100Mo recovery from solution after extraction of 99mTc from the bulk
target material and transformation of the molybdenum into metallic form and assessment of the
effects of isotopic composition of recovered 100Mo on the quality of 99mTc obtained by its irradiation
will be developed.
The project will be carried out in collaboration of the Heavy Ion Laboratory at the University of
Warsaw, Institute of Nuclear Chemistry and Technology in Warsaw and the National Centre for
Nuclear Research Radioisotope Centre POLATOM in Otwock. The applying laboratories have
sufficient experience and collaboration network to carry out research within the CRP. The facilities of
these laboratories will be available for the project. The planned outcome of the project is the
development of a method for 99mTc production in Polish present and possibly future cyclotrons which
could overcome the shortages of 99Mo.
Republic of Korea:
In 2011, the Korean government decided to build new reactor for isotope production and NTD to
manage the 99mTc shortage. The project already has been started and will be finished in 2016. This
project includes reactor, a fission Moly processing facility, a LEU target fabrication and waste
treatment facility. Therefore, accelerator produced 99mTc has low priority in Korea.
RFT-30 cyclotron in ARTI (Advanced Radiation Technology Institute) is not in normal operation
now. We will cooperate with KIRAMS (Korea Institute of Radiological and Medical Sciences) group
to test and irradiate the Mo target, which has Cyclone-30 in normal operation and produce
commercial isotopes such as 201Tl, 123I, and 18F-18.
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This year, we are going to prepare a Mo targetry, which can stand high beam current irradiation. We
already tried to prepare Mo target by electroplating but the result was poor, which results in thin and
soft foil. Therefore, we are thinking of pressing or sintering of Mo metallic powder to fabricate Mo
target.
Chemical separation of 99mTc and recycling of 100Mo will be done by ARTI or KIRAMS. Labeling
and animal imaging to test the quality of accelerator produced 99mTc will be done by KIRAMS group.
Syria
The Atomic Energy Commission of Syria has a cyclotron facility. This facility houses an IBA
Cyclone-30 cyclotron and related beam lines dedicated for PET and SPECT radiopharmaceutical
production.
During the first 18 months we will focus our research on:
•
•
•
•

Optimizing process for isotopically enriched molybdenum electroplating.
Quality control of electroplated targets.
Automated system building for the separation of enriched Mo from produced 99mTc.
The direct production of 99mTc by proton bombardment of enriched molybdenum. High activity of
99m
Tc will be produced based on 100Mo(p,2n)99mTc reaction. To make this production route feasible
using 30MeV cyclotron, proton energy will be adjusted on different energies between 18 and 24
MeV. Targets irradiated on different energies, at the same irradiation time, (18, 20, 22, 24 MeV)
will be treated in order to determine the impurities and results will be compared with theoretical
calculations. Method for separation and purification will be investigated. The ion exchange
chromatography technique will be applied for 99mTc separation to meet the requirement of high
specific activity and purity.

Turkey:
Current infrastructure and capabilities for the CRP associated with companies Eczacibasi Monrol in
Turkey include the following. With respect to accelerators there are 8 cyclotrons in 7 facilities within
Turkey (2 Siemens RDS 11 Eclipse, 11 MeV with liquid targets for 18F production, 1 GE PETTrace,
16.5 MeV with liquid targets for 18F production; 5 IBA Cyclone 18/9 with liquid targets for 18F
production and 1 external beam line with solid target (IBA).
In addition, our main plant has the infrastructure for
production utilities for cold kits for use with 99mTc.

99m

Tc generator production, as well as aseptic

It is possible to make use of plenty of idle cyclotron time, as well as benefit from our production and
QC laboratories throughout this CRP. We also have our engineering team, from which we can get
support in the design, manufacturing, and analysis of the mechanical equipment, like target body, or
similar. We have some experience in target design, and manufacturing of liquid targets.
USA (Washington University):
Our group will irradiate Mo-oxide targets on our CS 15 cyclotron and use a dry distillation technique
for the separation of 99mTc from the 100Mo target material which will be recycled. Yields will be
measured and the final product will be analyzed for radionuclidic and radiochemical purity. We have
the capability to start this project immediately. The results from this technique will be compared to
the more conventional ion exchange method. An automated system will be developed in later years
for the more robust and efficient separation technique. Quality control procedures will be developed
and comparisons will be made between generator produced 99mTc and the product produced on our
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cyclotron. The overarching goal of this project is for Washington University to develop the in house
capability to routinely produce 99mTc for nuclear medicine patient procedures and to translate this
capability to other nuclear medicine departments.
4. Work plan for the First phase of the CRP
The participants agreed to the following work plan concerning 99mTc for the first half of this CRP is
divided in three subjects A, B, C, as described below. The overlapping and participation between the
individual countries is described in the table below:
Participant

Production Target

Chemistry

Labelling

Dosimetry

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Brazil
Canada
TRIUMF
TRIUM
Canada U. of
Alberta
Hungary

X

X

Recycling

X

India

X

X

X

Japan

X

X

X

Kingdom of
Saudi Arabia

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Syria

X

X

X

X

Turkey

X

X

X

Republic
Korea
Italy INFN

of

Italy
U. of Pavia
Malaysia
Poland

USA, WU

X

X

X

X
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X

X

X
X

X

X
X

X
X

X

X

X

Details of work plan:
Production
CANADA (TRIUMF)
Yield measurements at 22, 18 and 16 MeV and comparison with literature data (measured and
theoretical).
CANADA (University of Alberta)
- determine cross section data for proton energy ranges 10-22 MeV for xxMo (if enriched foils are
available)
- determine appropriate yield data for proton energy ranges 10-18 MeV and 10-24 MeV as a
function of beam current and irradiation time
HUNGARY (ATOMKI)
Providing cross section data:
- evaluating measured experimental cross sections data,
- measuring new data on enriched target material
- validating theoretical data
- providing calculation tool
INDIA
- Thick target yield of 99mTc from 100Mo (p,2n) reaction as a function of energy will be studied
using stacked foil technique. Both natural and enriched target material (if it is available) will be
used.
- Targets will be irradiated at 18MeV for 1h, 3h and 6h.
- Production rate of co-produced impurities will be studied.
- Impurity level in the purified product as a function of time will be studied.
KOREA (KAERI)
Collect the reported cross-section data. Analyze and evaluate the data.
ITALY (INFN)
- Critical review of experimental data already available for a set of Mo isotopes of interest for
proton-induced accelerator production of Tc
- Providing new cross sections data for proton energy range from 10 MeV up to 25 MeV at least
- Comparison with theoretical data
- Yield measurement of 99mTc as well as for other radionuclides
- Calculation tool for having estimations of Tc radioisotopes production vs. energy range irradiation
time and beam currents based on experimental data first.
POLAND (POLATOM, University of Warsaw and Institute of Nuclear Chemistry and Technology)
- Determination of the most effective irradiation parameters for 100M(p,xn) 99mTc reaction, the
beam energy and time of irradiation.
- Irradiations of the enriched, self-supporting 100Mo targets with protons of the energy ranging
from 10 up to 25 MeV in collaboration with CRP partners.
- Measurements of the 99mTc yield by gamma spectrometry to result in determination of the
excitation function of the 100Mo(p,2n) 99mTc,
UNITED STATES (Washington University)
- Our group will irradiate Mo-oxide and metallic targets on our CS 15 (15 MeV) cyclotron
- Yields of 99mTc and other Tc isotopes will be measured at this energy profile
- The final product will be analyzed for -radionuclidic and radiochemical purity
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Target Development
Brazil
We will work on different preparations of an isotopically enriched Molybdenum accelerator target.
We will also design, develop and test a target holder system for the production of 99mTc via 100Mo
(p,2n) 99mTc using a particle accelerator (cyclotron).
Canada – TRIUMF
We will refine our target making approach to investigate different thicknesses of
different configurations (rectangle, square, oval, circular).

100

Mo as well as

Canada (University of Alberta)
Development of a reliable and robust 100Mo target system capable of operating at 24 MeV and 250 µA
(potentially 500 µA). We will also investigate remotely activated target transport systems.
India
Our contribution in this particular area is uncertain.
Italy (INFN)
We will design and construct a high power target prototype, perform R&D on the different
molybdenum deposition techniques and evaluate different backing.
Japan
We will develop a target vessel adaptable for small-scale production and conventional horizontal
beam (up to several hundred mCi), including automated preparation process by using evaporating
method. As well as in the remote recovery step, a method of the target dissolving in the target vessel
will be applied.
Kingdom of Saudi Arabia
We will develop thick 100Mo pressed and probably an electroplated solid target using aluminum or
copper plates to be capable of withstanding high cyclotron beam current (>100 µA). Several
standardized 100Mo targets will be irradiated using variable proton energy (18-25 MeV) and high
beam currents.
Republic of Korea
Prepare the target by pressing/e-Beam melting/sintering of the Mo metal powder. Test each sample
for physical strength, smoothness of surface, cross-section, etc. Design and prepare the target body
considering cooling efficiency. Assemble each target into the target body and compare the results.
Target will be irradiated at ARTI or KIRAMS.
Malaysia
We would like to contribute to this work-task however our group has no previous experience in
designing and handling targets other than the commercially prepared targets for 18F production. We
will require assistance, from established centres in this group, manufacturers or suppliers.
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Poland
We will work on the construction of the robust 100Mo accelerator target involving Mo metal or Mo
powder using various techniques such as rolling or pressing and sintering, which would allow us to
achieve a high yield of 99mTc production in the accelerator.
Turkey
Our work will be based on a 18 MeV proton beam. The target manufacturing methods, like sintering,
pressing, electroplating etc. will be investigated, and with this information, a model for the target
body will be studied. Depending on the outputs, we shall possibly invest in manufacturing a target.
USA (Washington University)
Chemical Isolation
Brazil
Chemical processing methods to purify 99mTc from irradiated accelerator target
Chemical process automation
Canada – TRIUMF
We will explore alternative column materials for isolating Tc from a Mo matrix. For each column
material we will assess the quality of isolated Tc in terms of Mo, Nb break through as well as other
elements/ions.
Hungary
Investigation of possible dry separation.
India
(a) A suitable separation technique for Mo/Tc separation will be standardized
(b) Quality control studies of the purified product (determination of chemical and radiochemical
impurities) to be obtained from two methods of chemical processing like solvent extraction and
Dowex-1 column separations.
(c) Study the level of Nb or Zr radionuclide impurity (these might be produces in variable amount
depending on target composition and irradiation energy) in the final product.
(d) Selection of best method of separation which is suitable for production of 99mTc from 100Mo(p,2n)
using cyclotron.
(e) The separation technique standardized will be translated into a user-friendly automated computer
controlled system for separation of Mo/Tc where operation does not require expert operator,
direct chemical and radioactivity handling.
Italy, INFN - LNL (Legnaro National Laboratories)
We will have the Radiochemical separation purification QC procedures to assess the production
quality of 99mTc, as well as optimization studies on separation/ purification processes aimed at 99mTc
production.
Poland
1. Determination of the most effective irradiation parameters for 100M(p,xn) 99mTc reaction, the beam
energy and time of irradiation. Completion of this point requires the irradiations of the enriched, selfsupporting 100Mo targets with protons of the energy ranging from 10 up to 25 MeV, which will be
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carried out in collaboration with CRP partners. The irradiation will be followed by the measurements
of the 99mTc yield by gamma spectrometry to result in determination of the excitation function of the
100
Mo(p,2n) 99mTc,
2. Construction of the robust 100Mo accelerator target involving Mo metal or Mo powder using various
techniques such as rolling or pressing and sintering, which would allow to achieve a high yield of
99m
Tc production in the accelerator,
3. Target dissolution in alkaline conditions with oxidizers and isolation of trace amounts of 99mTc
from Mo targets with two parallel methods proposed: TiO2 based nano-materials and ion exchange or
solid phase extraction, tests will be carried out on material irradiated in nuclear reactor or cyclotron.
4. Assessment of quality of obtained 99mTc in the chemical form of pertechnetate for its further use in
radiopharmaceuticals for diagnostic application, including determination of labelling efficiency and
biodistribution of 99mTc -radiopharmaceuticals prepared using cyclotron-produced 99mTc,
5. Assessment of dosimetry of accelerator produced 99mTc in collaboration with CRP partners.
6. Methods of the 100Mo recovery from solution after extraction of 99mTc from the bulk target material
and transformation of molybdenum to metallic form followed by assessment of the effects of isotopic
composition of recovered 100Mo on the quality of 99mTc obtained by its irradiation.
Italy (University of Pavia)
Developed of a separation method using low activity samples and studying its automatizations.
NIRS, Japan
We will confirm the quality of 99mTc-pertechnatate by using the ion exchange method
(TEVA+Dowex, see our report) we developed, especially its radionuclidic/radiochemical purities.
Kingdom of Saudi Arabia
Irradiated targets will be treated and optimized protocols to be amenable to remote operation for
efficient recovery of 99mTc will be developed using solid, liquid phase extraction or sublimation
techniques.
Republic of Korea
Chemistry and Recycling
Technetium and Molybdenum will be separated by solvent extraction, ion exchange chromatography,
or combination of both. We will discuss with the experienced staff in HANARO isotope group.
Chemistry and recycling is closely related to each other. It is necessary to discuss and investigate with
people in HANARO and KIRAMS.
Malaysia
Improved Mo/Tc separation system and chemical impurity profile.
We would be able proceed in this portion relatively earlier utilising our past experience of separating
Tc from (n,γ)Mo and we could also spike impurities projected from activation of impurities of targets
and base plates to mimic the targets. However, will need to revisit this again in relation to current
established technology. Possibly focus on the liquid extraction with additional purification through
one or more column.
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USA (Washington University)
- We will investigate the use of a dry distillation technique for the separation of 99mTc from the
100
Mo target material
- Comparisons will be made to the conventional ion exchange method
- An automated purification system will be developed for the more robust and efficient separation
technique
Kit labelling
Brazil
We will work on the quality control of 99mTc pertechnetate produced in cyclotron in comparison to
generator-produced 99mTc pertechnetate from 99Mo (fission) and on labeling cold kits evaluating their
imaging quality.
Canada – TRIUMF
We will characterize cyclotron pertechnetate to generate metrics for creating a submission for Health
Canada and by inference other Member State's regulatory authorities. We will perform labeling of
various kits that represent acid, basic and neutral labeling conditions and determine the QC for the
labeled radiopharmaceutical.
India
-

Determination of any contaminants and their effects, if any, on labeling efficiency will be studied.
Development of new quality control protocols to control the level of such contaminants (the
presence of other metals and any oxidant (including H2O2) species etc.).
Labelling efficiency of various Tc-radiopharmaceutical kits with cyclotron-produced
pertechnetate will be studied.
Image quality with cyclotron produced 99mTc-radiopharmaceutical will be compared with the
generator produced 99mTc-radiopharmaceutical. (This study will be done if enriched 100Mo is
available for irradiation).

Italy (INFN)
We will investigate 99gTc impact on labeling efficiency test with a set of widely used pharmaceutical
kits using generator-based Tc. We will determine the allowed limits for 99gTc similar to what will be
expected by accelerator-produced 99mTc. We will perform imaging tests in proper phantoms and
impact on images quality vs. the N99gTc/N99mTc isomeric ratio using the generator-produced Tc and
the YAP-(S)PET-CT imaging system for small animals. At a later stage labeling procedure with
accelerator 99mTc will be performed.
Italy (University of Pavia)
Our laboratory, in collaboration with the Nuclear Medicine of Hospital San Matteo di Pavia, will
verify if the final product matches the authority requests.
Japan
We will evaluate labelling efficiency for several compounds with using commercially available kit.

27

Kingdom of Saudi Arabia
We will characterize contaminants and their effect, if any, on radiolabeling efficiency using various
commercial 99mTc -radiopharmaceutical kits, especially HMPAO kit.
Republic of Korea
We will cooperate with KIRAMS group, which is experienced in labeling of
imaging.

99m

Tc and animal

Malaysia
We will report on image quality of Tc-radiopharmaceuticals using cyclotron-produced 99mTc. We
would be able to proceed in this part in animal models (rats/mice) only based on the spiked impurities
we simulated and also varying the Tc content by allowing it to decay at varying times.
Poland
We will work on the assessment of quality of obtained 99mTc in the chemical form of pertechnetate for
its further use in radiopharmaceuticals for diagnostic application, including determination of labelling
efficiency and biodistribution of 99mTc -radiopharmaceuticals prepared using cyclotron-produced
99m
Tc.
Turkey
The data from our ongoing generator based 99mTc productions will be analyzed. The effects of the
expected impurities from cyclotron produced 99mTc on different kits will be studied.
USA (Washington University)
Quality control procedures will be developed and comparisons will be made between generator
produced 99mTc and the one produced on our cyclotron. Radiolabeling of various common Tc
radiopharmaceuticals will be investigated and compared to generator produced 99mTc.
Dosimetry
Brazil
Biological evaluation
hemocompatibility, etc.

of

99m

Tc

produced

by

accelerators:

cytotoxicity,

genetoxicity,

- Influence of the radionuclic impurities for the total doses in diferent organs.
Canada TRIUMF
We will measure the γ-spectroscopy composition for isolate Tc isotopes for thick targets at 16, 18, 22
MeV at EOB, 2 h, 4h, 8h, 12h, 24h, 48h, 72h, 96h, 120h, 144h, 168h. These results will be used to
renormalize the theoretical calculations for radiation exposure to the patient.
Canada (University of Alberta)
• determine radionuclidic purity of 99mTc produced with up to 24 MeV protons based on the isotopic
composition
• measure the radiation dosimetry of existing radiopharmaceutical using cyclotron produced 99mTc
impact on shelf life
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Hungary
Performing dosimetry measurements at 17 MeV proton energy
India
We are not going to contribute in this area.
Italy INFN
We will have
* an independent evaluation of theoretical radionuclide production by >99% enriched molybdenum
samples by means of nuclear model codes
* comparison between theoretical and experimental data (when available)
* Dosimetric calculation considering different energy windows, irradiation times, and beam
currents
Italy (University of Pavia)
The product Isotopes impurity will be measured and evaluated making a comparison with the results
obtained by the different separation methods and irradiation parameters tested.
Kingdom of Saudi Arabia
The isotopic composition of the recovered
intervals for 24 hours.

99m

Tc will be measured using MCA at different time

Poland
Assessment of dosimetry of accelerator produced 99mTc in collaboration with CRP partners
USA (Washington University)
We will examine the product of radionuclide impurities by gamma spectroscopy as various beam
energies. Additionally we will investigate the impact of isotopic composition and purity of the 100Mo
target material on production of other Tc isotopes which may impact dosimetry.
Target recovery
Brazil
Our group will investigate recovery of 100Mo from chemical processing and analysis of radionuclidic
impurities in the final 99mTc after chemical purification.
Canada - TRIUMF
We will refine our ability to recover and isolate molybdate from the waste solution and convert to Mo
metal.
As part of this exercise we will assay for radionuclidic impurities and their impact on the timing of
recovery.
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Canada (University of Alberta)
We will design and test a system for recycling of
multiple irradiations.

100

Mo and evaluate the quality of

100

Mo after

India
Our contribution in this particular area is uncertain.
Japan
We will attempt to develop a 100Mo recycling method or other alternatives applicable for repeated
irradiation to reduce running cost, as well as evaluating its effect on the 99mTc quality, particularly in
the repeated use.
Kingdom of Saudi Arabia
The process of recovering metallic 100Mo will be optimized using gaseous hydrogen reduction and
new electrodeposition technique using Pt-gauze will be used.
Republic of Korea
Technetium and Molybdenum will be separated by solvent extraction, ion exchange chromatography,
or combination of both. We will discuss with the experienced staff in HANARO isotope group.
Chemistry and recycling is closely related to each other. It is necessary to discuss and investigate with
people in HANARO and KIRAMS.
Italy INFN
After our first irradiation tests on 100Mo-enriched samples at low power, to get small quantity of 99mTc
production using the standard Chattopadhyay method, we will have our first attempt for recovery of
enriched 100Mo.
Italy (University of Pavia)
We will determine the recovery yield and will measure impurities using different techniques present
at the laboratory.
Malaysia
Methodologies for recycling of
investigated.

100

Mo and assessment of the effects of isotopic composition will be

Poland
We will develop methods of the 100Mo recovery from solution after extraction of 99mTc from the bulk
target material and transformation of molybdenum to metallic form followed by assessment of the
effects of isotopic composition of recovered 100Mo on the quality of 99mTc obtained by its irradiation.
Turkey
Our contribution to this topic will mainly be studying the alternative methods of removing impurities
from the irradiated Molybdenum.
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USA
Our group will investigate the recycling of the enriched 100Mo target material and determine the effect
of recycling on the build-up of other contaminants which may affect the purity of the produced 99mTc.
Experiments will also be carried out pertaining to the routine conversion of Mo-oxides to metallic Mo
Hungary
The selected (p,2n) nuclear reaction cannot give a very high radionuclidic purity even for the
theoretical 100% enriched 100Mo target due to the always coproduced 99gTc.
It is obvious that the specific activity is highly influenced by the irradiation parameters and target
composition. As first approximation the amount of coproduced different technetium radionuclide is
steadily increasing by increasing irradiation and cooling times and by increasing bombarding energy.
The corresponding mathematical functions describing the complete production process have no local
minima which would define any optimal irradiation conditions. Therefore the optimal irradiation
parameters are determined by the amount of daily need of 99mTc. In order to have the “cleanest” and at
the same time the highest specific activity 99mTc product the beam current should be maximized and
the irradiation time and cooling time (the length of post irradiation processes, such as target handling,
chemistry and separation of Tc radionuclide) should be minimized in order to provide the best quality
99m
Tc for a certain target composition. From the requested amount of 99mTc and the time necessary for
the post irradiation processing (including the efficiency of the applied chemical separation method)
the optimal irradiation time and bombarding energy can be determined.
To be able to make the necessary calculations the following steps are proposed.
- Collection and selection of the experimental cross section data for the reactions involved in the
production process (depending on the bombarding energy the number of important reactions can
be around 50)
- Selection of the possible best cross section results predicted by different theoretical models for
those reactions for which no experimental data are available.
- To build up a dedicated database containing cross section data (from threshold up to 30 MeV) for
the reactions can be important regarding the 99mTc production
- Determine the amount of different radionuclide produced during irradiation as function of
bombarding energy, irradiation time and cooling time for the different available target
enrichments.
- Analysis of the calculated radionuclide profiles in order to determine optimal production
parameters.
- Determination of the maximal (theoretical) specific activity for various irradiation parameters and
target compositions.
- Determine the time dependence of the specific activity of the 99mTc product
Japan
Future plan:
1. Developing the target vessel adaptable for conventional horizontal beam, including automated
process as same manner of the vertical irradiation method with 100Mo oxide target.
2. By using the products obtained by the above method, we will confirm the quality of the 99mTc,
especially its radionuclidic/radiochemical purities, as well as the labelling efficiencies for various
compounds.
3. Also we will attempt to develop a 100Mo recycling method to reduce running cost, and evaluate its
effect on the 99mTc quality, particularly in the repeated use.
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5. Conclusions
Theoretical calculations have been performed by two sites covering the range of energies from
threshold to 35 MeV for the (p,xn) reactions. In additional experimental cross section values have
been determined for the energy range of 8-40 MeV (Takacs, Celler, Gagnon).
Target preparation using pressed power plus sintering and electrodeposition plus sintering have been
performed. Electroplating was attempted and successful; however deposition was not thick enough
for practical targets (Morley, 2012).
Chemical isolation using ABEC and Dowex columns and liquid-liquid extraction have been
demonstrated (Morley, 2011).
Kit labeling for a subset of radiopharmaceuticals has been carried out with all labeled compounds
passing quality control.
Dosimetry calculations have been performed based on theoretical calculations for the production of
technetium isotopes from all possible molybdenum isotopes from three standard 100Mo enrichments as
supplied from manufacturers (Celler, 2012).
Recovery of Mo target material has been demonstrated using ABEC column to isolate molybdate
from Tc ions followed by reduction to Mo metal using hydrogen. (Gagnon et al., Cyclotron
production of 99mTc: Recycling of enriched 100Mo targets, Accepted to Applied Radiation and
Isotopes, April 2012, DOI: 10.1016/j. apradiso.2012.04.016 )
A prospective, case-controlled Phase I clinical trial has been completed to assess the safety of
cyclotron-produced 99mTc pertechnetate and as a secondary outcome, to compare the general
biodistribution pattern of cyclotron-produced 99mTc pertechnetate with generator-produced 99mTc
pertechnetate, in patients with well-differentiated carcinoma of the thyroid gland post-surgery, prior to
planned 131I iodide treatment. The results will be presented at the Society of Nuclear Medicine
meeting in Miami, June 2012.
Although progress has been made in many areas, work is still required to optimize several of these
techniques in order for use in routine production of 99mTc.
Recommendations:
• Interim Reports from the participants should be provided by the end of 2012 calendar year.
• Progress Reports should be provided in time for the second RCM (Fall 2013).
• The participating Member States of this CRP recommend accepting additional Member States with
an interest in the production of 99mTc by cyclotron irradiation of 100Mo.
• Identify possible location of the 2nd RCM: e.g. Italy, Vienna.
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RADIOPHARMACEUTICAL PRODUCTION FACILITY AT IPEN-CNEN/SP, BRAZIL –
J. Mengatti and C.L. Zapparoli, Brazil
Abstract. IPEN-CNEN/SP has a cyclotron facility located in São Paulo, BRAZIL. The two cyclotrons
available are used by the Diretoria de Radiofaramcia together with associated facilities for the production and
handling of positron-emitting radioisotopes. The cyclotrons housed in this facility include the Cyclone 30
(30 MeV) and the C-18 (18 MeV) both from IBA. The cyclotron facility also contains facilities for the
maintenance, repair of the cyclotrons and target and target holder preparation. Diretoria de Radiofarmacia has
20 shielded hot cells for dose delivery of the radiopharmaceuticals. A quality control (QC) laboratory is located
adjacent to the Radiopharmacy Centre. This cyclotron facility contains hot cells, a chemistry compounding hot
cell, a laminar flow dispensing hot cell, and a full QC lab. IPEN produces weekly 360 99Mo/99mTc Generators
with activities varying between 250 mCi and 2 Ci. For this reason, the number of brazilian services using 99mTc
continue to rise and the need for reliable supply of 99Mo has become increasingly important, so alternative
methods to produce 99Mo or even directly 99mTc had to be considered to avoid a supply shortage in the coming
years. A new project is under consideration at IPEN-CNEN/SP concerning the production of 99Mo and 99mTc in
Cyclotron using Mo targets. This new CRP will have a direct and very productive impact in the development of
this project, so the Institute is willing to join this new CRP. Recent supply shortage of 99Mo have seeded efforts
to establish alternative methods for producing 99Mo and/or 99mTc. World is exploring the feasibility of direct
production of 99mTc from enriched 100Mo using cyclotron technology. Future supply disruptions, sufficient
quantities of 99mTc can be produced for radiopharmacies without the need for 99Mo from the fission of 235U.
1. INTRODUCTION
IPEN (Instituto de Pesquisas Energéticas e Nucleares) is the biggest nuclear research institute of the
Brazilian Nuclear Commission CNEN (Comissão Nacional de Energia Nuclear). IPEN, located in the
city of Sao Paulo, produces almost all radiopharmaceuticals used in Brazil. IPEN has a research pool
type reactor of 5 MW (IEA-R1) and two cyclotrons (!8 MeV and 30 MeV both from IBA) for
producing radioisotopes for nuclear medicine use.
Diretoria de Radiofarmacia of IPEN-CNEN/SP-Brazil has an established radioisotope production
program to supply radiopharmaceuticals to the Nuclear Medicine community in Brazil. IPEN provides
radiopharmaceuticals for more than 350 users (hospitals, clinics, etc.) in the country. These
radiopharmaceuticals are prepared with radioisotopes produced in both a Nuclear Reactor and
Cyclotron accelerators. IPEN has a Research Reactor, so called IEA-R1m that nowadays operates at
4.5MW for 60 hours continuously.
Diretoria de Radiofaramcia at IPEN has an experience of nearly 40 years on the production of
radiopharmaceuticals for use in Nuclear Medicine. Since 1981 it produces and distributes 99mTc
generators with imported fission-produced 99Mo and in-house developed technology of
chromatographic alumina based generators. Since 1996 this Centre is involved with a project aiming
the nationalization of the production of 99Mo Due to the increasing needs of the nuclear medicine in
Brazil and the world shortage of 99Mo observed since 2008, IPEN-CNEN/SP-Brazil decided to
develop its skills for producing 99Mo through the route of 235U fission. This decision was based on: (i)
the well-established laboratory for producing 99mTc generators already in operation in IPEN and
responsible for the Brazilian market supply.
Among the radioisotopes used for medical application, 99mTc is the most used, responsible for more
than eighty percent of the total applications and is delivered in the form of homemade 99Mo/99mTc
generators. IPEN imports all the 99Mo used in Brazil and up to now suppliers are Nordion from
Canada, NTP from South Africa and DIOXITEK from Argentine. IPEN imported 400 Ci (6-days
calibration) per week of 99Mo.
In the past, IPEN developed the route for producing 99Mo by neutron activation of 98Mo targets in the
IEA-R1 Research Reactor. IPEN has a processing cell for this 99Mo producing route, using the gel
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generator technique but it was demonstrated to be not feasible to the size of medicine application
needs existing in Brazil.
Due to the increasing needs of the nuclear medicine in Brazil and the world shortage of 99Mo
observed since 2008, IPEN decided to develop its skills for producing 99Mo through the route of U235 fission. This decision was based on: (i) the well-established laboratory for producing 99mTc
generators already in operation in IPEN and responsible for the Brazilian market supply; (ii) the
availability of LEU (20 wt%) by the Brazilian Enrichment Laboratory; (iii) the established capacity to
prepare targets of U-Al alloys; (iv) the availability of human resources in uranium chemistry; (v) the
possibility of operating the IEA-R1 for at least ten years more; and (vi) the intention of the CNEN to
construct a new research reactor
2.

99

Mo PROJECTS AT IPEN

The Reactor produced radioisotope program started at IPEN in 1959 with the production of 131I and
since then all the efforts were made towards the development of methods for the production of the
desirable radioisotopes. Since 1981 IPEN produces and distributes 99mTc generators with imported
fission-produced 99Mo and in-house developed technology of chromatographic alumina based
generators. In 1996 IPEN started a project aiming the nationalization of the production of 99Mo
through the 98Mo(n,γ)99Mo reaction and developing the MoZr gel generator technology. Two different
targets were tested: metallic Mo and MoO3 in the form of powder or molten.. A successful technology
was developed for the preparation of the gel and a hot processing cell was assembled for the routine
preparation of MoZr gel and gel generators.. Nowadays, even if the Reactor operates at this power,
the Nuclear Medicine market requires generators of higher activities. Studies are under way aiming
the concentration of the 99mTc activity eluted from the gel generator. However, this project made it
possible to upgrade the Reactor power to 4.5 MW and nowadays it is possible to produce at least 50%
of the Brazilian demand of 131I.
Figure 1 shows the distribution of 99Mo/99mTc generators by IPEN in the last decade. The growing
demand was interrupted in 2009 due to the crisis in 99Mo supply.

Fig.1. Distribution of 99Mo/99mTc generators by IPEN
Before the 99Mo supply crisis that started in 2008, IPEN’s main 99Mo supplier was Nordion, Canada,
reaching nearly 450 Ci every week. To overcome this supply crisis IPEN chose 3 approaches: short,
medium and long term solutions.
The short term solution was to diversify the suppliers of 99Mo. Nowadays IPEN has contract with four
suppliers: Argentine, South Africa, Nordion and recently IRE (Belgium), providing a total of 400 Ci
of 99Mo every week. In the past the production of 99Mo/99mTc generators was done once a week,
nowadays there are three productions every week, with a total of 360 generators. This modification
and the better use of 99mTc by the physicians led to a reduction on the demand of 99Mo in Brazil.
The medium term solution was the production of 99Mo through the 98Mo(n,γ)99Mo reaction, the
separation of 99mTc and delivery of 99mTc solutions to the physicians in the form of 99mTcO4- or labeled
kits with 99mTc. The IEA-R1m Reactor at IPEN was recently upgraded to 4.5 MW and it is expected
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to operate at 5 MW in 2012. In this situation, nearly 50 Ci of 99mTc could be produced every week and
delivered to clinics and hospitals in the region of São Paulo. The target is MoO3 and 99mTc is separated
by solvent extraction with a separation yield of 80%. A hot cell is being assembled and production is
expected to start before August 2012.
The long term solution is the production of 99Mo through the fission of Low Enriched Uranium-235
(LEU) targets. This solution is only possible due to the decision of the Brazilian government of
constructing a new Nuclear Reactor, the so called BMR (Multipurpose Brazilian Reactor). The
Reactor will have a power of 30 MW and will be constructed at Iperó, a city 100 km from São Paulo.
The BMR has a defined site and a conception project to all the buildings, including the Radioisotope
production facility. Other radioisotopes will be produced, such as 131I, 153Sm, 177Lu, 166Ho, 32P, 188W
and 90Y. The goal of this project is to produce 1000 Ci of 99Mo with a pre calibration of 6 days.
3. RELATED WORK TO THE NEW CRP BEING CURRENTLY DEVELOPED AT IPEN
IPEN produces weekly 360 99Mo/99mTc Generators with activities varying between 250 mCi and 2 Ci.
For this reason, the number of brazilian services using 99mTc continue to rise and the need for reliable
supply of 99Mo has become increasingly important, so alternative methods to produce 99Moor even
directly 99mTc had to be considered to avoid a supply shortage in the coming years. A new project is
under consideration at IPEN-CNEN/SP concerning the production of 99Mo and 99mTc in Cyclotron
using Mo targets. This new CRP will have a direct and very productive impact in the development of
this project, so the Institute is willing to join this new CRP.
4. PROPOSED WORK PLAN FOR YEAR 1
I-

II-

IIIIVVVI-

Obtain technical information about the production of 99Mo/99mTc using accelerators by irradiating
non-HEU targets These information will help in the decision on the production route that will be
adopted by Brazil;
Get the support from IAEA and the developers of technology in order to get access to the
technical information involved in the production of 99mTc, such as: irradiation cyclotron
parameters, target preparation, the chemical process of the irradiated target, purification of
99m
Tc, target recovery and quality control of the final product;
Assemble a laboratory for the cold experiments concerning the separation of 99Mo from nonirradiated Mo samples and added impurities;
Assemble a laboratory for the quality control of 99mTc;
Assemble a small laboratory for performing the experiments with irradiated non-HEU targets
Preparation of non-HEU targets samples

4.1 PROPOSED WORK PLAN FOR YEAR 2
I- Perform experiments with irradiated non-HEU targets (100Mo) samples
II- Definition of the chemical processing route for 99mTc production
III- Definition of the non-HEU target (100Mo) preparation process
5. CONCLUSIONS
The participation in the meetings is very important, from the learning point of view, and also opening
doors for future cooperation. Brazil is planning to continue the project assembling a cold pilot plant
that will be upgraded for use of tracers of the most important nuclides. There are still some areas
where the assistance of IAEA is necessary:
Obtain technical information about the production of 99mTc using accelerators by irradiating enriched
Mo targets. This information will help in the decision on the production route that will be adopted
by IPEN in Brazil
100
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Get the support from IAEA and the developers of technology in order to get access to the technical
information involved in the production of 99mTc using accelerators, such as, irradiation parameters,
target preparation, chemical process of the irradiated target, purification of 99mTc and quality control
of the final product.
Scientific collaboration with other countries facing the same challenge.
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ACCELERATOR-BASED ALTERNATIVES TO NON-HEU PRODUCTION OF 99Mo/ 99mTc
T. Ruth, Canada
Abstract. The entire cycle of target production, irradiation, chemical separation, recovery of target material

and preparation of targets using the recycled 100Mo have been performed. In addition theoretical calculations for
the excitation functions for (p,n), (p,2n) and (p,3n) reactions were performed covering the energy range from 6
MeV up to 24 MeV. Based on these results the production of the various Tc-isotopes was performed using
standard commercially available 100Mo enrichments including the distributions of accompanying Mo-isotopes.
These results were used to estimate the radiation dosimetry for several radiopharmaceuticals kits in comparison
to generator produced 99mTc.

During the development program a number of systems were established including a process for manufacturing a
Mo-metal target, a transfer system for sending the target to the cyclotron and retrieving it. A target dissolution
and an automated chemical separation system was constructed. A recovery protocol was initiated whereby
100
Mo from previously irradiated targets could be recovered at greater than 85%.
This process approach was established for two types of cyclotrons, the 16.5 MeV PETTrace from GE
Healthcare and an ACSI 19 MeV TR19 cyclotron.

Introduction
Feasibility of cyclotron production of 99mTc via the 100Mo(p,2n)99mTc reaction was demonstrated in the
early seventies (Beaver and Hupf 1971). Subsequently, a number of theoretical and experimental
studies investigated cross sections, yields, as well as other aspects of accelerator-based isotope
production (see for example: Sholten et al. 1999, Takacs et al. 2003, Gagnon et al 2011).
The Government of Canada funded four projects based on accelerators to investigate the commercial
production of 99Mo and/or 99mTc. Two were based on the photo transmutation of 100Mo into 99Mo
(100Mo(µ,n)99Mo) and two based on proton irradiation of 100Mo to produce 99mTc directly
(100Mo(p,2n)99mTc). One of the cyclotron teams involved collaborations between the University of
Alberta, the University of Sherbrooke and ACSI. The other team is a collaboration amongst TRIUMF,
BC Cancer Agency, the Lawson Health Research Institute in London, Ontario and the Centre for
Probe Development and Commercialization (CPDC) in Hamilton, Ontario. The TRIUMF consortium
aimed to investigate the use of existing PET cyclotrons as the platform.
Overall Technical Goals for Cyclotron-based Production included:
• Establish optimal irradiation conditions to maximize yield and purity which involves defining the
beam energy range (effecting yield and purity), current (which effects yield)
• Target characteristics (the enrichment of 100Mo, the isotopic composition of other Mo isotopes
which will impact purity, establish the target plate capable of being irradiated at high beam current,
the encapsulation of the target to enable target transfer, and establish the ability to recycle the
enriched 100Mo)
• The optimal time of irradiation will impact the production , cooling
Specific Goals
In addition to performing theoretical calculations and determine excitation functions for the possible
radionuclides from the irradiation of Mo isotopes the actual production quantities of 99mTc needed to
be established under production conditions. In addition to the production rates for 99mTc, the mix of
impurities that are produced need to be identified and quantified. These results will impact the shelflife and ultimately radiation dosimetry associated with this approach.
The ability to label certain radiopharmaceutical kits is highly dependent upon the specific activity of
the 99mTc (the ratio of 99mTc to all Tc –isotopes including 99gTc).
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The radionuclide mix in the production of 99mTc has implications in production and disposal of waste,
in recycling of the enriched 100Mo target material and patient radiation dose that could be associated
with any radionuclidic impurities in the final radiopharmaceutical.
The US Pharmacopeia defines 99mTc as being derived from fission produced 99Mo while the European
Pharmacopeia includes the production of 99Mo by other routes. Thus to allow acceptance of the
cyclotron produced 99mTc, the regulatory authorities have to understand the implications of the quality
of cyclotron produced material on the safety and efficacy for the patient.
With all of these parameters in mind the production specifications need to be established which define
the energy window(s), length of irradiation, establishing transport criteria, the shelf-life, and the
protocol for recycling of target materials.
Ultimately whether this approach will be adopted into widespread use will depend upon the economic
factors associated with providing healthcare.
For these studies the aim was to demonstrate that existing medical cyclotrons could be used to
produce sufficient quantities of 99mTc to be commercially viable. We chose two platforms, the 16.5
MeV for the GE PET Trace and 18 MeV for the ACSI TR-19 cyclotrons, both of which are widely
available throughout the world.
Progress as of April 2012
The production possibilities for the 100Mo(p,2n)99mTc and the accompanying side reactions was
approached from a theoretical and experimental program. The theoretical approach made use of the
Empire program. We wanted to explore the production from 6 MeV to 24 MeV for all isotopes of Mo.
The experimental study was aimed at determining the ratio of 99mTc/99gTc over the range of 8 MeV to
18 MeV, the energy range readily available on the TR19 cyclotron at the University of Alberta. Both
natural Mo foil targets were used as well as enriched 100Mo (97.42%) foils. Standard g-ray
spectroscopy was used to identify and track the decay of the various isotopes. The quantity of 99gTc
was determined after the decay of the other isotopes using ICP-MS.
The results of these studies are depicted in the figure below:

FIG.1. illustrates the yields the production 99m,99g,98Tc and 99Mo from the irradiation of 100Mo. In the
figure the isotopes marked by an asterisk are long lived isotope that can be considered stable.
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FIG.2. illustrates the experimentally determined cross sections for the production of 99m,99gTc. The
short irradiations were for 10 minutes on natural 100Mo and the long irradiations were for 10 hours
using 97.4% 100Mo.
For production protocols the enriched 100Mo was deposited on a tantalum backing and sintered to
forma hard, robust coating of the thickness to drop the proton beam from machine energy (16.5 MeV
for the GE PETTrace and 18 MeV for the ACSI TR-19 cyclotrons, respectively, to 10 MeV where the
useful cross section drops to very low values.
The separation chemistry was straight forward, replying heavily from the literature. The essential
steps included dissolving the Mo plate from the Ta backing, basifying the solution and passing over
an ion extraction column that trapped the Tc-isotopes while allowing all other species to pass through
to waste. The Tc-isotopes would then be removed with saline solution where it is passed over another
column to remove any ions other than Tc. Very high purity was achieved with no evidence of any
other radionuclides present in the final Tc isotope solution.

FIG.3. Automated chemistry system based on two column approach whereby the Tc isotopes are
initially trapped on the first column while the Molybdate ions are washed through to a collection
vessel. The Tc –isotopes are then released and cleaned up on a second column. (Morley, et al.)
The 99mTc was used to label several radiopharmaceutical kits which all passed standard quality control
tests.
As part of the collaboration several pieces of equipment were designed and built to supply our
member sites. These included automated chemistry rigs for the purification of the Tc. A target transfer
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system to load the target onto the cyclotron, retrieve the target and place it in a dissolution system for
removal of the irradiated Mo target material containing the nucleogenic material.
Upgrades to the existing cyclotron infrastructure was also achieved with increasing the beam current
on the PETTrace cyclotrons from 80 µA to 130 µA down a single beam line and going from 150 µA
to 300 µA on the TR-9. Regulatory approval for these upgrades was received from the Canadian
Nuclear Regulatory Commission as well as providing a license to operate.
One of the most important findings of the theoretical studies was the radiation dosimetry
consideration associated with the side production of Tc-isotopes other than 99mTc. It is important to
only use enriched 100Mo that has Mo-isotopes (94, 95, 96, and 97) below 0.01% abundance. At higher
percentages the quantity of Tc isotopes produced as side reactions causes an increase in dose by
greater than 5% in comparison to generator 99mTc. This number increases with time after chemical
isolation due to the longer lived isotopes.
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CYCLOTRON PRODUCTION OF 99mTc
S. McQuarrie, Canada
Abstract. There are several challenges related to the cyclotron production of

99m

Tc. Researchers at the
University of Alberta, have explored the Mo(p,2n) Tc nuclear transition as a potential route. In order to
achieve the necessary quantities of 99mTc for clinical applications a significant scale up of existing production
protocols was required. One of the main design considerations involved selection of an appropriate form of the
100
Mo target that could withstand high heat loads while maintaining a robust mechanical strength to permit
remote post-irradiation handling of the target. Of the many methods tested, sintering appeared very promising
and has been successfully irradiated 100Mo to >1.4 kW. We have also tested several 99mTc extraction procedures
and report on the successful adaptation of an automated system to extract Curie quantities of 99mTc with the
concomitant recovery of 100Mo. Experimental results for the recycling of irradiated targets is also reported. As a
final proof-of-concept we have prepared several 99mTc-radiopharmaceuticals and tested their equivalency in both
animal models and in a clinical trial.
While testing at higher power levels cannot be performed until the new TR24 cyclotron becomes operational, it
was nevertheless possible to establish a strong platform for 99mTc production (up to 100 µA) using the existing
TR19/9 cyclotron infrastructure at the Edmonton PET Centre (Cross Cancer Institute, Edmonton, Alberta). The
following overview is a summary of our progress.
100

1

99m

Background

The University of Alberta (UA) has been involved in the training of radiopharmaceutical scientists for
over 50 years and has developed an extensive research program using both single photon and positron
emitting radionuclides. The Edmonton PET Centre (EPC) has been in operation for over 10 years and
has enhanced our basic science and clinical research programs to help understand and illuminate
disease processes at the molecular level.
Concomitant with this progress in teaching and research has been the establishment of the Edmonton
Radiopharmaceutical Centre (ERC) which has been in operation for over 30 years. Their primary
mandate is the manufacture and supply of radiopharmaceuticals to regional hospitals. ERC is also our
primary resource for translational research.
2

Current infrastructure

The infrastructure available at the EPC for this project consists of a TR19/9 cyclotron, multiple hotcells (Comecer MIP-type and BBS2s), analytical instrumentation (such as HPLC, radioTLC, digital
autoradiography, high resolution gamma spectrometer) and radiochemistry laboratories and their
resources (such as automated synthesis units, microfluidics and shielded chemical fume hoods). An
adjacent in vitro lab and in vivo modeling centre (MicroPET R4, and PET/CT Inveon) with metabolic
profiling capability is also available.
Strong collaborations have developed with 1) the Department of Chemistry which is fully equipped
with MS, IR, NMR, crystallography and related chemical analysis facilities, 2) the Radiogenic Isotope
Facility (Department of Earth and Atmospheric Sciences) and their quadrapole ICPMS and 3) the
Department of Chemical and Materials Engineering (CME) and their specialized furnaces for target
sintering and x-ray diffraction for chemical characterization of the molybdenum. Located within the
Department of CME is also a micro and nano fabrication user facility (NanoFab). Among its
expansive equipment list, with relevance to targetry applications, this clean-room facility has three
sputtering systems, a SUSS manual wafer bonding system, an electroplating station, and a scanning
electron microscope for material characterization.
3

New infrastructure

The UA and Alberta Health Services (AHS) are building a new facility to help address the current
problems in the supply of 99Mo/99mTc generators from of aging nuclear reactors. We have developed a
unique approach to demonstrate that cyclotron produced 99mTc is feasible. Studies are ongoing to
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demonstrate that it can be brought into use at full commercial scale (with our partners Advanced
Cyclotron Systems Inc. (ACSI) and the Centre Hospitalier Universitaire de Sherbrooke).
The new facility will house state-of-art GMP radiopharmacy manufacturing rooms,
radiopharmaceutical chemistry research labs, cyclotron targetry and engineering labs and a 500µA 24
MeV cyclotron (TR24 from ACSI) with 4 external beam lines and 2 automated solid target loading
stations. It is expected that the TR24 facility will be operational at the end of 2012.
4

Status of 99mTc Research at the University of Alberta (as of April, 2012)

There are several challenges related to the cyclotron production of 99mTc. While testing of very high
current targets (i.e. >200 µA) cannot be performed until the new TR24 cyclotron is in place, it was
possible to establish a strong platform for 99mTc production (up to 100 µA) using the existing TR19/9
cyclotron infrastructure at the Cross Cancer Institute. The following is a summary of our progress:
4.1

Metallic molybdenum target design

While cyclotron production of other technetium radioisotopes (e.g. the positron-emitting 94mTc) has
been reported in the literature, previous technologies for enriched molybdenum target design have
used oxide-based targets. Due to their poor thermal characteristics, oxide targets severely limit the
beam current which can be used, and for this reason, 94mTc is typically produced using beam currents
on the order of 5 µA. To improve the thermal performance of the target during irradiation, our
research has focused on metallic molybdenum.An interim target was developed and tested to obtain
the necessary data for a target designed for the large scale production of 99mTc. The final design will
need to withstand beam currents on the order of 500 µA (> 10 kW).
The use of metallic molybdenum poses new challenges. The metal is purchased (or recycled) as a
powder, and thus further processing is needed to: 1) achieve a high density and acceptable stability of
the powder grains, and 2) bond the molybdenum to a secondary target plate for irradiation.
Working in collaboration with the University of Alberta’s Department of Chemical and Materials
Engineering, we have successfully prepared sintered molybdenum pellets from molybdenum powder;
these pellets show excellent structural stability, strength, and thermal contact. A strategy for bonding
of the targets onto an aluminum target plate has been developed using a wafer bonding system at the
University of Alberta’s micro and nanofabrication facility (NanoFab).
Sintering of structurally stable molybdenum metal pellets was achieved by first pressing molybdenum
metal powder into a tantalum support plate. The pressed Mo/Ta plate assembly was placed into a tube
furnace and heated under hydrogen atmosphere to 1600 ºC. Since initial studies resulted in the
formation of bowed pellets of molybdenum, a tantalum “cap” was placed atop the molybdenum
during the sintering process [Figure 1]. This additional mass resulted in flat molybdenum pellets. The
Mo mass loss during sintering was typically < 2%.

a)
b)
c)
Fig.1. Schematic denoting (a) the assembly of the tantalum plate, molybdenum powder, and tantalum
“cap”, (b) the complete plate system as inserted into the sintering oven, and (c) a cross-sectional
view of the plate system. Green = tantalum, blue = molybdenum.
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Figure 2 compares scanning electron micrographs of pressed molybdenum metal pre/post sintering.
Improved contact between the powder grains is clearly noted following sintering.

FIG.2. SEM image of pressed natMo (left) versus pressed and sintered natMo (right)
During sintering, it was found that the produced molybdenum pellets did not adhere to the tantalum
plate under these conditions. This results in the molybdenum pellets that can be easily handled with
forceps. This non-adherence of the molybdenum is beneficial since the molybdenum pellet can in turn
be bonded to a material (eg. Cu, Al, etc.) that is well-suited for irradiation, but would not have
tolerated the high temperatures needed for sintering. Bonding to aluminum was achieved by applying
both heat and a compressive force under a vacuum. This was achieved using a manual wafer bonding
system. In this work, the chamber was evacuated to 5 x 10-4 Torr, and a force of 1500 N was applied
while heating both the top and bottom elements to 400 ºC for one hour. Further experiments are
required to optimize temperatures, pressures, and atmospheres. The overall scheme for target
preparation is given in Figure 3.

FIG.3. From left to right, overall target preparation scheme of (1) 100Mo powder (new or recycled),
(2) pressing the Mo powder into a target plate, (3) sintering the molybdenum at elevated temperatures
under hydrogen atmosphere to form a molybdenum pellet, (4) removing the molybdenum pellet from
the tantalum plate, and (5) compressive bonding of the molybdenum onto a preferred substrate for
irradiation such as aluminium
Targets of natMo were prepared using the above strategy and irradiated on the TR-19/9 cyclotron at
UA. After leaving a natMo target to decay, a photo of the target comparing pre and post irradiation is
shown in Figure 4. Negligible mass loss pre/post irradiation was observed.

FIG. 4. A natMo target pre (left)- and post (right)- irradiation at 17.5 MeV, 80 µA (total integrated
current of 1500 µA min)
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The proposed strategy was further used to prepare three targets of enriched 100Mo. These targets have
been successfully irradiated up to 80µA on the TR19/9 leading to Curie quantity production of 99mTc.
It is expected that the technology developed in this work will provide a platform for development of
the 500 µA TR24 targets.
4.2.

Enriched 100Mo Recycling

The high costs associated with the isotopic separation of 100Mo from natural molybdenum makes
target recycling very attractive. While recycling of enriched molybdenum has been reported for oxidebased targets (e.g. in the context of 94Mo), the main challenge in recycling metallic targets arises from
the conversion of the metallic molybdenum to molybdate that is required for 99mTc extraction.
Metallic recycling strategies therefore require isolation and purification of the molybdate, followed by
subsequent conversion back to molybdenum metal.
In developing a process for recycling enriched metallic 100Mo, all chemicals which are used in either
of the dissolution and 99mTc extraction processes must be carefully considered as their efficient
removal is critical. After several iterations using natural molybdenum, we have successfully
optimized a 99mTc extraction strategy that is compatible with the proposed target recycling
methodology. To allow for evaporative isolation and purification of the molybdate, this study used
hydrogen peroxide to dissolve the target, and ammonium carbonate to basify the dissolved target
solution prior to extraction of pertechnetate. To test our proposed method, four “new” enriched
pressed 100Mo targets were irradiated, and the 99mTc was extracted. Following isolation, purification,
and hydrogen reduction to convert the molybdate to the metal (Figure 5), an overall enriched 100Mo
metal to metal recovery of 87% was obtained (additional optimization is expected to further improve
recovery).
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FIG.5. The temperature profile measured during the reduction of [100Mo]ammonium molybdate to
metal. Reduction temperatures and hydrogen concentration were carefully controlled during
reduction to avoid the MoO3 MoO2 step from proceeding too quickly. As this step is exothermic,
excessive heat can result in volatilization of MoO3.
This “recycled” 100Mo was used to produce three more targets. These targets were once again
irradiated and the recovered quality of the 99mTc from the “new” and “recycled” targets was
compared. No differences in the 94gTc, 95gTc, or 96gTc radionuclidic impurities were noted between
these two sets, and all batches of [99mTc]TcO4- had a pH, radiochemical purity, and Al3+ concentration
that were within USP limits. As a further test, [99mTc]-MDP was prepared following irradiation of
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“recycled” 100Mo, and its biodistribution was evaluated by imaging the uptake in a rabbit (Fig, 6). The
results were compared with biodistribution of generator-based [99mTc]-MDP, and qualitatively, no
significant differences were noted. These recycling studies were recently accepted (April 2012) for
publication in Applied Radiation and Isotopes. A schematic of the overall separation scheme is given
in Figure 7.

FIG.6. 40 MBq [99mTc]MDP uptake 2 hr post-injection for: (a) 99mTc from a generator, and (b) 99mTc
obtained from cyclotron irradiation of recycled 100Mo. The same rabbit was used for both images and
imaged 6 days apart.

FIG.7. Overall process implemented for production of 99mTc and recycling of the enriched 100Mo
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4.3.

99m

Tc extraction and purity

Initial 99mTc separation studies (optimized for compatibility with the recycling scheme) were
performed on a custom manual separation system. For these irradiations, pH, radiochemical purity of
the pertechnetate, and the Al3+ ion concentration and radionuclidic purity were evaluated. We have
since adapted a commercially available synthesis unit (Bioscan Reform Plus) to perform the 99mTc
extraction using our optimized scheme. The adapted system has been used for successful extraction of
Curie quantities of 99mTc following irradiation of the enriched 100Mo sintered targets. Additional QC
tests were performed with this system to evaluate the chemical molybdenum content, hydrogen
peroxide content, endotoxin concentration, osmolality, sterility, and half-life. Since many of the
irradiations were performed for purpose of optimization studies, not every purity test listed above was
performed for every single irradiation. The above noted tests were, however, performed for all clinical
batches, and where feasible, tests were performed prospectively (i.e. radiochemical identity,
radiochemical purity, pH, as well as visual appearance and terminal filter integrity test). Where
relevant, all tests were within limits outlined by the USP.
In addition to the above mentioned purity tests (Section 4.2), the specific activity of the 99mTc was
assessed indirectly. Since it is not straightforward to perform this analysis on each batch of 99mTc, we
have instead taken the approach of characterizing the cross sections (i.e. reaction probability as a
function of energy) for production of 99mTc and 99gTc. Results suggest that similar ratios of 99mTc to
99g
Tc can be expected when comparing typical cyclotron irradiation parameters (e.g. 3-6 hours) with a
generator eluted at a 24 hour frequency. The first experimentally evaluated 99gTc cross sections and
the results of these studies have been published in Nuclear Medicine and Biology, 2011, 38: 907-916.
Despite the extensive studies on the TR19/9, re-evaluation of the 99mTc purity will be required upon
migration to the TR24.
Labelling studies with both MDP and disofenin were performed using clinical kits supplied by ERC.
The radiochemical purity of these two radiopharmaceuticals (typically >95%), as well as that of the
unlabelled pertechnetate (typically >99%) were determined via radio-TLC. The solid/mobile phases
used for these studies were consistent with standard quality control procedures outlined by ERC.
Namely: pertechnetate (ITLC-SG/n-butanol), MDP (ITLC-SG/0.9% NaCl and Whatman 31
ET/Acetone), and disofenin (ITLC-SG/50% MeOH and ITLC-SA/30% NaCl).
Biodistribution studies were performed by imaging of rabbits (MDP, disofenin, and pertechnetate),
and dissection studies of mice (disofenin [1hr p.i.] and pertechnetate [15 min, 45 min, and 4 hr p.i.]).
For all animal studies, standard quality control procedures outlined by ERC were followed and
comparisons were made to the respective 99mTc generator-based radiopharmaceutical. Overall, similar
qualitative uptake was noted when comparing the two sources of 99mTc. All animal experiments were
carried out in accordance with guidelines of the Canadian Council on Animal Care and were approved
by the local animal care committee of the Cross Cancer Institute.
4.4 Clinical trials
The study objectives were 1) to demonstrate the safety of cyclotron-produced 99mTc pertechnetate
(CPERT) manufactured at the Edmonton PET Centre and the Edmonton Radiopharmaceutical Centre
(ERC) and 2) to compare the general biodistribution pattern of CPERT with generator-produced 99mTc
Pertechnetate (GPERT), in patients with well-differentiated carcinoma of the thyroid gland postsurgery, prior to planned 131I iodide treatment.
The enrollment-completed clinical trial was a prospective, case-controlled Phase I, open label, single
site study. The first 10 consecutively enrolled patients received CPERT whole-body scans, and 20
subsequent case-matched controls (2 for each CPERT subject), will receive GPERT whole-body
scans. Figure 8 shows the first 2 clinical images using CPERT. This study is in the analysis/reporting
phase; the results will be presented at the Society of Nuclear Medicine meeting in Miami, June 2012.
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FIG.8. First clinical CPERT images (Obtained October 12, 2011)
5. Our proposal for this CRP:
We plan to complete our main objective: to develop the technological, regulatory and commercial
bases for new cyclotron based 99mTc production technology that will become an alternative source of
99m
Tc as well as provide a wide variety of medical radioisotopes over the next 30 years.
Researchers at the University of Alberta will demonstrate that significant quantities of 99mTc can be
produced on a daily basis from the TR24 cyclotron. Our main milestones to be achieved to meet this
objective are:
• development of a reliable

100

Mo target system capable of operating at 24 MeV and 250 µA

(potentially 500 µA)
• determine radionuclidic purity of

99m

Tc produced with up to 24 MeV protons

• design and build an automated Mo/Tc separation system while maintaining an acceptable chemical

impurity profile
• design and automate a system for the recycling of
• determine the cost-effectiveness of the

100

100

Mo

Mo recycling

• assess the effects of isotopic composition on radionuclidic impurities
• determine labeling efficiency and image quality for the most frequently used

99m

Tc

radiopharmaceuticals
• measure the radiation dosimetry of cyclotron produced

99m

Tc and its impact on shelf life

• develop an economic model that describes the commercial viability of the supply chain, from raw

materials to the supply of cyclotron produced 99mTc-pertechnetate to a radiopharmacy
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NUCLEAR DATA FOR ACCELERATOR PRODUCTION OF 99Mo/99MTc
S. Takacs, F. Tarkanyi, F. Ditroi, Hungary
Abstract. As an alternative to reactor produced 99Mo/99mTc generator technology, the direct production of
99m

Tc on cyclotrons is considered. Based on experimental and theoretical cross section data physical thick target
yields for production of 99mTc and 99Mo is calculated. Considering actual irradiation circumstances proton
energy, beam intensity, irradiation time, target composition, irradiation geometry activity of the main
radionuclides 99mTc and 99Mo calculated, using a newly developed calculation tool, at EOB together with the
activity of the possible co-produced other technetium radioisotopes.

1. Introduction
As an alternative to reactor produced 99Mo/99mTc generator technology, the direct production of 99mTc
on cyclotrons is considered. Discussions of the possible reactions and their cross sections, the
achievable production yields, specific activity and purity problems are presented. Some consideration
to possible targetry solution of cyclotron produced 99Mo and 99mTc also given. Cross sections of
charged particle and photon induced nuclear reactions on natural and enriched molybdenum have
been studied extensively. Several experimental data sets and evaluation are published for the
activation cross sections of different reactions regarding the production of 99mTc and 99Mo
radionuclide. Possible accelerator based reactions on molybdenum target to produce 99mTc or 99Mo are
listed below:
100

100

100

Mo(p,2n)99mTc
Mo(d,3n)99mTc
98
Mo(d,n)99mTc
98
Mo(p,γ)99mTc
97
Mo(d,γ)99mTc
96
Mo(α,p)99mTc

100

Mo(p,x)99Mo
Mo(d,x)99Mo
98
Mo(d,p)99Mo
100
Mo(p,2p)99Nb → 99Mo
100
Mo(γ,n)99Mo
97
Mo(α,2p)99Mo

These reactions have different importance regarding the required technical and technological
developments of large scale production of 99mTc. Other target materials such as ruthenium, rhodium or
zirconium have lover importance therefore not considered.
2.1. Selection of type of bombarding beam
Figure 1 and 2 shows the excitation function for proton, deuteron and alpha particle induced reactions
on natural molybdenum for producing 99mTc and 99Mo respectively. It can be seen that the proton
induced reaction has the highest cross section in both cases, for production of 99mTc and 99Mo.
Consequently the highest yield can be reached by proton bombardment. In figure 3 and 4 the
production yields of 99mTc and 99Mo are compared on natural molybdenum for the three bombarding
particles.
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FIG.1. Cross section of proton, deuteron and alpha particle
reactions to produce 99mTc on natural molybdenum. Data were
taken from (1),(l), and (l) for proton, deuteron and alpha beams,
respectively
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FIG.2. Cross section of proton, deuteron and alpha particle
reactions to produce 99Mo on natural molybdenum. Data are
reproduced from 1 and 3 for proton, deuteron and alpha beam,
respectively
For both radionuclides the proton bombardment gives the highest yield. Using highly enriched 100Mo
target the amount of activity is higher by about a factor of ten. The most promising reactions are the
100
Mo(p,2n)99mTc and the100Mo(p,x)99Mo ones. Although the 100Mo(p,2n)99mTc and 100Mo(p,x)99Mo
reactions have obvious importance in accelerator produced 99mTc and the cross sections and yields of
these reactions were studied extensively by several groups, no full agreement can be found among the
published data.
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FIG.3. Thick target yields calculated for production of 99mTc on
natural molybdenum from the cross sections presented in 1,2, and 3 for
proton, deuteron and alpha bombardment
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FIG.4. Thick target yield calculated for production of 99Mo on natural
molybdenum from the cross sections presented in (1), (4) and (3) for
proton, deuteron and alpha bombardment
2.2. Cross section of the 100Mo(p,2n)99mTc reaction
99m

Tc can be produced directly in the 100Mo(p,2n) reaction. Analyzing the published experimental data
of the natMo(p,x)99mTc and 100Mo(p,2n)99mTc reactions one can found large differences in the shape
and in the amplitudes among the available data sets. In figure 5 experimental cross section data for the
100
Mo(p,2n)99mTc reaction are collected including the latest results published by Tarkanyi et al.
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FIG.5. Cross section data published for the 100Mo(p,2n)99mTc
reaction. Figure is taken from publication (1)
Based on different considerations data sets were selected and an evaluated recommended curve was
calculated. The applied corrections to the published data sets include corrections due to the latest
results of the used monitor reactions and corrections due to the new decay data of the assessed
radionuclide. Figure 6 shows the group of selected experimental data and evaluated curves published
earlier in and the new evaluation from publication (1) as well as result of theoretical calculation using
the TALYS code. The latest measurements predict somewhat higher maximal cross section for this
reaction than the earlier ones. This new evaluated cross section curve for the 100Mo(p,2n)99mTc
reaction (Tarkanyi 2012 fit) is used in yield calculation and for discussions in the following sections
of this report. For 99gTc and other Tc reaction product cross sections of theoretical calculation based
on the TALYS code are used. We chose the TALYS calculation because for (p,xn) reactions it gives
generally acceptable agreement with the experimental data.
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FIG.6. Selected and normalized experimental data and an earlier
(5) and upgraded (1) evaluation curves as well as result of TALYS
code (6) calculation.
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2.3. Cross section of the 100Mo(p,x)99Mo reaction
In figure 7 selected experimental cross sections of the 100Mo(p,x)99Mo reaction are collected together
with the earlier and new evaluated curves as well as the predicted curve calculated by the TALYS
code. The new evaluation is somewhat lower than the earlier one for this reaction above 20 MeV
consequently the calculated yield is also lower at higher energies.

FIG.7. Selected experimental cross section data sets of the
Mo(p,x)99Mo reaction and two evaluations (5) and (1) together
with result of theoretical calculation. The cross section for the
100
Mo(d,x)99Nb reaction is also reproduced from the TENDL
database (6)

100

3. Estimated production yields
In this section the absolute and relative amounts of activity of 99mTc and 99Mo is calculated using the
evaluated curves and theoretical excitation functions. To perform the calculations a standalone
calculation tool was developed in MS Excel format. Figure 8 summarizes the possible direct and
indirect reactions involved in proton bombardment of 100Mo target for production of 99mTc and 99Mo
radionuclides.
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FIG.8. Possible direct and indirect reactions involved in proton
bombardment of 100Mo target for production of 99mTc and 99Mo
radionuclides
3.1. Production yield of 99mTc
Bombarding enriched 100Mo target with proton beam 99mTc can be produced directly in the (p,2n)
reaction and also in the decay of the parallel co-produced 99Mo. Thick target direct production yield of
99m
Tc calculated for the (p,2n) nuclear on 100% enriched 100Mo target and parallel decay production
by decay of 99Mo is summarized in table 1 for a 6 hour irradiation with 100µA beam current at 17, 24
and 26 MeV bombarding energy. Production can be made by low energy, high intensity commercial
cyclotrons on an appropriate design of enriched 100Mo target. Depending on the bombarding energy,
the target thickness and the applied irradiation parameters beam current, irradiation time and cooling
time different amount of 99mTc would be available in the target for post irradiation processing. Figure
9 shows the production yield of 99mTc in the function of bombarding energy for fixed 6 hour
irradiation time and 100 µA bombarding proton beams for direct and decay production at end of
bombardment (EOB). During a relatively short irradiation no considerable contribution can arise from
decay of 99Mo. Since the half-life of 99mTc (T1/2 = 6.01 h) is much shorter than the half-life of its
mother 99Mo (T1/2 = 65.95 h) the post irradiation processes should be started as soon as possible in
order not to lose activity of 99mTc since the decay of 99Mo can compensate only fraction of the activity
loss of 99mTc by applying longer cooling time.
TABLE 1. Thick target direct production yield of 99mTc calculated for (p,2n) nuclear reaction and
parallel decay production by decay of 99Mo on enriched 100Mo for a 6 hour irradiation with 100µA
proton beam.
Activity of 99mTc at EOB (6 h irrad, 100µA)
Beam
2002 evaluation
2012 evaluation
energy
direct
direct
prod.
decay prod.
total
prod.
decay prod.
total
MeV
GBq
GBq
GBq
GBq
GBq
GBq
17
24
26

136
266
279

0.4
4.0
5.6

136.4
269.6
284.7

56

176
329
346

0.6
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FIG.9. Thick target direct production yield of 99mTc
calculated for (p,2n) nuclear reaction and
production by decay of 99Mo at EOB after 6 hour
irradiation with 100µA proton beam of 100Mo target.
3.2. Production yield of 99Mo
99

Mo is mainly produced in the (p,pn) nuclear reaction on 100Mo target and with lower contribution
via the (p,d) reaction. The cross section of the (p,pn) reaction is smaller than the (p,2n) reaction
therefore the amount of produced 99Mo is less than the amount of 99mTc during a same 6 h irradiation
period. Although 99Mo also produced by decay of short lived 99mNb and 99gNb that decay fraction can
amount less than 1% of the total amount of 99Mo produced. The production data of 99Mo for 6 and 72
hour, 100 µA irradiation are summarized in Table 2 using evaluated cross section curves made in
2002 and 2012. In this case the evaluated cross section published in 2002 is somewhat higher than the
newly obtained one; therefore the deduced production yields are also higher. Contribution from decay
of 99Nb was estimated by using the predicted excitation function of the TENDL 2011 database in the
lack of experimental cross section data for that reaction. Due to the half-life of 99Mo longer
irradiations are preferred.
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TABLE 2. Thick target direct production yield of 99Mo calculated for (p,pn) nuclear reaction and
parallel decay production by decay of 99Nb on enriched 100Mo for 12 and 72 hour irradiation with
100µA proton beam.
Beam
Activity of 99Mo at EOB (100µA)
energy
2002 evaluation
2012 evaluation
direct prod. decay prod.
total
direct prod. decay prod.
total
MeV
GBq
GBq
GBq
GBq
GBq
GBq
12 h irradiation
17
3.8
0.01
3.8
4.6
0.01
4.7
24
33.7
0.05
33.7
30.5
0.05
30.6
26
46.9
0.06
46.9
41.7
0.06
41.7
72 h irradiation
16.9
17
150.1
24
26
209.1

0.06
0.20
0.25

17.0
150.3
209.3

20.8
136.1
185.9

0.06
0.20
0.25

20.9
136.3
186.1
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FIG.10. Thick target direct + decay production
yield of 99Mo calculated for (p,x) reaction on 100Mo
and decay of 99Nb at EOB after 12 hour irradiation
with 100µA proton beam of 100Mo target.
4. Specific activity and radio contaminants
Although for higher bombarding proton energy the production yield is also larger the energy of the
beam should be limited since at higher energies Tc radioisotopes with lower mass number are coproduced. One should also consider that the enrichment of 100Mo target never can be 100% that also
result in production of Tc radioisotopes other than 99mTc. The lower the enrichment rate of the target
material the higher of the ratio of the contaminating radioisotopes produced during irradiation. To
avoid unwanted radio-contaminants the enrichment of the 100Mo target material should be as high as
possible and the bombarding proton energy should be kept below the threshold of the reactions in
which the unwanted radioisotopes are produced. In table 3 nuclear data are collected for the main
reactions 100Mo(p,2n)99mTc and 100Mo(p,pn)99Mo and also for the possible side reactions.
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TABLE 3. Nuclear data of the reactions can be involved in production of 99mTc and
highly enriched 100Mo target. Decay data were taken from NuDat2.6 database.
Decay mode
Contributing
Eγ
Iγ
Nuclide
Half-life
(%)
reactions
(keV)
(%)
101

Tc

14.2 min

β‾(100)

306.83

89

100

100

Tc

15.46 s

β‾(99.9982)
EC(0.0018)
β‾(100)

539.52

6.60

100

89.5

6.5 10-4

IT(99.9963)
β‾(0.0037)

140.51

99g

Tc

99m

Tc

98

Tc

97g

Tc

2.11 105 y

6.0067 h
6

89

Tc

β‾(100)

652.4

4.21 106 y

EC(100)

No gamma

100

Mo(p,n)

-0.95

Mo(p,2n)
Mo decay

-7.71

100

Mo(p,2n)
Mo decay
98
Mo(p,γ)
100
Mo(p,3n)
98
Mo(p,n)
97
Mo(p,γ)
100

IT(96.06)
EC(3.94)

96.5

4.28 d

EC(100)

778.2
812.5
849.9
1126.85

99.76
82
98
15.2

96m

Tc

51.5 min

IT(98.0)
EC(2.0)

778.2
1200.15

1.9
1.1

95g

Tc

20 h

EC(100)

765.79

93.8

96g

Tc

Tc

61 d

EC(96.12)

-7.86

0.32

-23.96
-9.74
-1.1
+5.7

100

Mo(p,4n)
Mo(p,2n)
97
Mo(p,n)
96
Mo(p,γ)
100
Mo(p,5n)
98
Mo(p,3n)
97
Mo(p,2n)
96
Mo(p,n)
95
Mo(p,γ)
96m
Tc decay
100
Mo(p,5n)
98
Mo(p,3n)
97
Mo(p,2n)
96
Mo(p,n)
95
Mo(p,γ)

-24.06
-9.84
-1.2
+5.6
-33.43
-19.22
-10.58
-3.75
+5.39

100

-41.3
-27.09
-18.45
-11.63
-2.47
+4.89
-41.34
-27.13
-18.49
-11.67
-2.51
+4.85

98

582.1
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30.0

+6.36
-16.68
-2.47
+6.17

Mo(p,4n)
Mo(p,2n)
97
Mo(p,n)
96
Mo(p,γ)
97m
Tc decay

Mo(p,6n)
Mo(p,4n)
97
Mo(p,3n)
96
Mo(p,2n)
95
Mo(p,n)
94
Mo(p,γ)
100
Mo(p,6n)
98
Mo(p,4n)
97
Mo(p,3n)
96
Mo(p,2n)
95
Mo(p,n)
94
Mo(p,γ)
98

95m

(MeV)

99

4.2 10 y

91. d

Q-value

+7.44

98

97m

Mo using

Mo(p,γ)

100
99

99

-33.47
-19.25
-10.61
-3.79
+5.36

TABLE 3. Continued
94g

Tc

293 min

EC(100)

702.67
849.74
871.05

99.6
95.7
99.9

94m

Tc

52 min

EC(100)

871.05

94.2

93g

Tc

2.75 h

EC(100)

1362.94
1520.28

66.2
24.4

93m

Tc

43.5 min

IT(77.4)
EC(22.6)

943.7
391.83

2.92
58.3

99

Mo

65.976 h

β-(100)

181.1
739.5

6.14
12.26

98

Mo(p,5n)
Mo(p,4n)
96
Mo(p,3n)
95
Mo(p,2n)
94
Mo(p,n)
98
Mo(p,5n)
97
Mo(p,4n)
96
Mo(p,3n)
95
Mo(p,2n)
94
Mo(p,n)
98
Mo(p,6n)
97
Mo(p,5n)
96
Mo(p,4n)
95
Mo(p,3n)
94
Mo(p,2n)
92
Mo(p,γ)
98
Mo(p,6n)
97
Mo(p,5n)
96
Mo(p,4n)
95
Mo(p,3n)
94
Mo(p,2n)
92
Mo(p,γ)

-37.02
-28.38
-21.56
-12.41
-5.04
-37.1
-28.46
-21.64
-12.48
-5.11
-45.65
-37.00
-30.18
-21.03
-13.66
+4.08
-46.04
-37.4
-30.58
-21.42
-14.05
+3.69

100

-6.06
-11.14

97

Mo(p,pn)
Nb decay

99

Using highly enriched 100Mo target beside 100Mo minor amount of other stable molybdenum isotopes
are present. Regarding the quality of the enriched target material and the acceptable level of different
unwanted radionuclides the initial bombarding energy should be limited at different values.
Depending on the bombarding proton energy not only the 99mTc radionuclide is produced but a series
of other Tc isotopes too. Beside 99mTc (T1/2 = 6.01 h) the long lived 99gTc (T1/2 = 2.1 105 year)
radioisotope is always co-produced. Due to the very long half-life its activity is very low but
considering that the cross section for producing 99gTc is much higher than the cross section to produce
99m
Tc considerable amount of 99gTc is produced during irradiation (see Fig 11). Above 17 MeV
bombarding proton energy the amount of the long lived 98Tc (T1/2 = 4.2 106 year) radioisotope can
also increase considerable even on 100% 100Mo target material. Above 24 MeV proton energy another
long lived Tc radioisotope is produced, 97gTc (T1/2 = 4.0 106 year). Depending on the enrichment rate
of the target material other reactions also can take place producing unwanted radio contaminants.
Presence of the long lived technetium radionuclides may not influence critically the quality of the
SPECT images but can lower considerably the specific activity of the produced 99mTc.
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FIG.11. Experimental (8) and theoretical cross section of
100
Mo(p,x)99m,gTc reactions. Result of TENDL database (6) was
used in the calculation to estimate the amount of produced
99g
Tc
As it can be seen in Table 4 about 5 times more 99gTc than 99mTc is present in the target at EOB, which
ratio is almost independent of the bombarding energy. This ratio is close to the one that exists for the
standard 99Mo/99mTc generator eluted every 24-h. Also can be seen that with increasing bombarding
energy the amount of other Tc radionuclide produced parallel in the target is increasing. In a more
realistic target composition (100Mo < 100%) the amount of unwanted and disturbing isotopes of
technetium is even higher. It implies that highly enriched target material is essential for producing
“clean” 99mTc. Considering that the 99mTc has one of the shortest half-lives among the produced Tc
radionuclides the fraction of 99mTc in the target is decreasing rapidly after EOB therefore relatively
quick post irradiation processing and logistic is required.
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TABLE 4. Relative amount of Tc radionuclides in the target at EOB after 6 h irradiation for different
enrichment levels of the target
Energ 99mT 99gT 98T 97mT 97gT 96mT 96gT 95mT 95gT 94mT 94gT 93mT 93gT tota
y
c
c
c
c
c
c
c
c
c
c
c
c
c
l
MeV enriched 1
5.1 0.0 2E- 8E- 4E- 5E- 7E- 2E- 2E- 2E- 1E- 3E17
1
4
6
02
02
05
04
05
04
05
04
06
05 5.3
4.9 1.9 2E- 1E- 1E- 2E- 9E- 3E- 1E- 2E- 4E- 8E24
1
2
0
02
01
03
02
05
04
05
04
06
05 7.0
4.9 2.8 2E- 1E- 2E- 4E- 1E- 4E- 1E- 2E- 4E- 1E26
1
1
2
02
01
03
02
04
04
05
04
06
04 7.9
4.9 4.7 1E- 9E- 6E- 1E- 6E- 4E- 2E- 3E- 6E- 1E- 10.
32
1
6
3
01
01
03
01
04
03
05
04
06
04
9
enriched 2
5.1 0.0 4E- 1E- 7E- 9E- 6E- 2E- 2E- 2E- 1E- 3E17
1
4
1
03
02
06
05
05
04
05
04
06
05 5.2
4.9 1.8 4E- 2E- 2E- 3E- 4E- 2E- 2E- 3E- 4E- 8E24
1
2
7
03
02
04
03
05
04
05
04
06
05 6.8
4.9 2.7 4E- 2E- 4E- 6E- 5E- 2E- 2E- 3E- 4E- 1E26
1
1
9
03
02
04
03
05
04
05
04
06
04 7.7
4.9 4.7 1E- 8E- 1E- 1E- 1E- 7E- 2E- 3E- 6E- 2E- 10.
32
1
6
0
01
01
03
02
04
04
05
04
06
04
6
Enriched 1: 100Mo 97.39%, 98Mo 2.58%, 97Mo 0.01%, 96Mo 0.005%, 95Mo 0.005%, 94Mo 0.005%,
92
Mo 0.005%
Enriched 2: 100Mo 99.54%, 98Mo 0.41%, 97Mo 0.0016%, 96Mo 0.0012%, 95Mo 0.0076%, 94Mo
0.0051%, 92Mo 0.006%
When 99Mo is considered as primary activation product a longer irradiation is required and the
bombarding energy can be higher. In a week long irradiation of highly enriched 100Mo target with a
proton beam of 30 MeV and 100 µA about 466 GBq activity of 99Mo can be achieved at EOB.
After processing the irradiated target and removing its primarily produced Tc content of the remaining
target material can be treated as for the conventional 99Mo/99mTc generator.
5. Target considerations
It is a technical and technological challenge to design and build a target that can withstand and
dissipate the huge power transferred by the high intensity (several mA) proton beam. In principal the
solution is a large surface, well cooled and with an optimized thickness of the 100Mo metal layer an
appropriate backing which is irradiated in glancing angle geometry. Well controlled electroplating
should be used in target preparation to minimize the amount of enriched 100Mo material in a target
unit.
TABLE 5. Estimated metallic 100Mo target thickness at
different bombarding proton energies optimized for 99mTc
production.
Beam
Range of
Projected
Target
energy
particles
range
thickness
at 10 degree
at 10 degree
MeV
microns
microns
microns
17
24
26

594
1069
1226

103
186
213

62

74
157
184

In Fig. 12 the activity distribution of the produced 99mTc and 99Mo radionuclide can be seen calculated
for a 24 MeV proton irradiation on a metallic 100Mo target in glancing angle, 10 degree irradiation
geometry. Due to the very long half-life of 98Tc and 99gTc their low activity is not plotted in the figure
12. In contrast Figure 13 shows the number of the produced radionuclides distributed in depth of the
100
Mo target irradiated with 24 MeV proton beam at 10 degree geometry. It can be seen clearly that
the number of 98Tc and 99gTc co-produced during irradiation is considerably higher than the number of
99m
Tc and 99Mo that may influence the use of 99mTc.
6. Calculation tool
To perform the calculations in this study a standalone calculation tool was developed in MS Excel
format. The yields, activities and ratios, etc. are recalculated by changing the input parameters such
as: bombarding energy, beam intensity, irradiation time, irradiation angle, cooling time and target
composition. The results are presented in the corresponding tables and figures. The cross section data
used in the calculations are included in the excel file in an easy to update form together with the
stopping parameters of the bombarding proton beams. For the main reactions 100Mo(p,2n)99mTc and
100
Mo(p,pn)99Mo experimental cross section data were used taken from publication (1), for other
reactions theoretical excitation function were used taken from TENDL 2011 database (6). To change
or upgrade any cross section data involved in the calculation is a simple few steps process. Numerical
integration for determining the yields is carried out in 100 keV energy steps. The energy window for
calculating thick target yield is taken from the actual bombarding energy down to the threshold of the
reaction.
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FIG.12. Activity distribution of 99mTc and 99Mo
radioisotopes in the 100Mo target irradiated with 24 MeV
proton beam at glancing angle (10 degree) geometry. The
effective target thickness is 157 microns.
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FIG.13. Distribution of 99gTc, 99mTc, 98Tc, and 99Mo
radioisotopes in depth of the 100Mo target irradiated
with 24 MeV proton beam at glancing angle (10
degree) geometry.
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ALTERNATIVES TO NON-HEU PRODUCTION OF
OUR WORK AND PROPOSAL FOR THE NEW CRP

99

MO/99mTC: CURRENT STATUS OF

Sankha Chattopadhyay, Luna Barua, Sujata Saha Das, Anirban De, Malay Kanti Das, India
Abstract. An automated closed cyclic system is discovered for automatic separation and recovery of various
isotopes, radioactive or non-radioactive, by solvent extraction and column chromatography techniques. The
technique has been applied for separation and recovery of 99mTc from low-medium specific activity 99Mo in a
radiologically and chemically safe and reliable manner avoiding human interference and hazard posed by
handling of radioactive chemicals. The entire system of automation includes a user-friendly PC based graphical
user interface (GUI) that actually supervises the process via an embedded system based electronic controller.
The process ensures no or minimum risk from chemical, pharmaceutical and radiological safety angles and is
thus suitable for application in nuclear medicine centers, radiopharmacies in hospitals in a simple, safe and
reliable manner.
Preliminary experiments on production of 99mTc using natural Mo target and 18MeV proton beam have been
carried out.

Introduction
Technetium-99m (t1/2= 6h; 140 keV) is known to be the most useful radioisotope in diagnostic
radiopharmaceuticals. More than 80% of all diagnostic procedures done worldwide in nuclear
medicine centre are with 99mTc. High specific activity 99Mo (10kCi/g) is obtained by thermal neutron
fission of 235U [1,2,3]. 99mTc used for the purpose may also be produced via 98Mo (n, γ) in a natural
MoO3 target or through 100Mo(n, 2n)99Mo or 100Mo(p, 2n)99mTc reaction.
Following reasons accounts for the distinct long-term advantages in the routine production of 99Mo
via alternative routes. Production of high specific activity 99Mo (fission molybdenum) is solely
dependent on the five very old (40-50 years) research reactors worldwide which requires unscheduled
shut down for maintenance. In the fission produced 99Mo, the target material is highly enriched
uranium (HEU) 235U which is a weapons grade substance requiring extensive safeguards. As a part of
the international nuclear non-proliferation movement led by the United States, there is concern about
availability of highly enriched 235U in the near future.
In order to minimize the HEU accessibility, the RERTR program was initiated in 1978, aiming at
converting all reactors to LEU.
Alternatively, 99Mo is produced in commercial quantities in medium and low specific activity by
neutron irradiation of 98Mo in a nuclear reactor. The production rate in a typical high neutron flux
reactor yields desired product in the range of 1 Ci/g to 10 Ci/g specific activity using natural
molybdenum metal [5]. Approximately 251 research reactors currently operate worldwide [6]; of
these, approximately 134 have sufficient thermal neutron flux, target volume, and operational
capabilities for routine production of low specific activity (LSA) 99Mo. Seventy-eight of these reactors
are already involved in radioisotope production, and these reactors have a good geographic
distribution. Many of these reactors could be used for production of LSA 99Mo.
Currently, there are also proposals for production of 99Mo through 100Mo(n, 2n)99Mo or 99mTc
directly through 100Mo(p, 2n)99mTc , in a cyclotron to meet the worldwide shortage of 99mTc. Here
also 99mTc produced is associated with inactive molybdenum [7].
There are several techniques for the separation of 99mTc from molybdenum. Adsorption column
chromatography, sublimation and liquid-liquid extraction have been the most frequently used
separation methods [8-12].
Technetium-99m is obtained in many hospital radiopharmacies in India using the BARC/BRIT MEK
solvent extraction system. The method had the merits of early adaptability in India, compatibility with
the low specific activity of 99Mo produced via the (n,γ) process in our research reactors and relatively
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low cost. The inherent drawbacks of this system include daily handling of radiologically hazardous
99
Mo solution, manual separation of organic and aqueous layers, evaporation of the inflammable
solvent MEK by heating (chances of contamination with aldol impurities due to overheating),
necessity for terminal sterilization. So, there is a need for strict adherence to the operational protocol
and good laboratory practices from the chemical, pharmaceutical and radiological safety angles.
Therefore a versatile purification module based on solvent extraction technique capable of isolating
pertechnetate will be developed. The salient features targeted in our work are ease and simplicity of
operation and safety-cum-reliability from both radiological and pharmaceutical points of view.
This automated system with minor modification, if necessary, will be used to isolate and evaluate
cyclotron-produced 99mTc.
Present status of work
a) Automation for separation of 99mTc from low specific activity Mo
Materials and Methods
Molybdenum-99 produced by the 98Mo(n, γ)99Mo reaction has been obtained as [99Mo]Na2MoO4 in
5N NaOH (150mg Mo/ml: 1.11–2.22 GBq/ml) from BARC/BRIT, Mumbai, India. Direct acting 2way solenoid valve, TYPE-I (SV1, SV2, SV3, SV5, SV6, SV7), body material SS 304, size 1/8’’ BSP
(F), 230V AC coil, source: Flocon Product Pvt. Limited, India and direct acting 2-way solenoid
valve , TYPE-II (SV4), body material : aluminium, size : ½” BSP (F) , source: Rotex Pvt. Limited,
India are used for the process.
The system comprises of (i) a chemical processing unit and (ii) a control unit. The functioning of the
two units is as follows:
i) Chemical Processing Unit:
The chemical processing unit consists of an extraction vessel which is in a confinement of a lead
shield connected with a conductivity cell and is used to extract daughter radionuclide (99mTc in
organic solvent) from parent radionuclide (99Mo in aqueous solution), one glass bottle for reagent
supply (MEK), a basic alumina column for removal of impurities including 99Mo (column housed in
lead shielded holder) and a membrane filter for final purification. The direct acting ON-OFF type
solenoid valves are used to control the transfer of solution, air etc. Transfer of solution may be
effected through reduced pressure using a vacuum pump. A 0.22µm membrane filter may be used in
the product collection vial to remove impurities from the 99mTc-pertechnetate solution (product).
Liquid waste is collected in glass bottles.
Basic alumina purifies 99mTc in MEK by holding traces of 99Mo MEK solution containing extracted
99m
Tc. 99mTc in MEK is collected in a pear shaped flask. MEK is removed under reduced pressure
from the flask preheated at 70-80oC and stored in a MEK trap. The residue containing 99mTc is
reconstituted with normal saline, purified through an on-line 0.22µm membrane filter to obtain
pharmaceutically grade 99mTc and collected in a sterile vacuum vial (Fig 1).
ii) Control Unit
The control unit consists of an embedded system based hardware interface, a control-software and a
PC based system. The architecture followed has been a modified and customized version as
mentioned in literature [13], and constitutes an embedded controller operated by a Visual Basic based
Graphical User Interface (GUI), developed in-house for the automatic operation of the chemical
processing unit. The unit basically employs a 8-bit microcontroller with associated digital circuitry
and appropriate driver interfaces to operate the relays that in turn actuates the solenoid valves
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responsible for the process. The GUI is, in essence, supervisory software to set the timing sequences
and monitor the states of the valves, pump and heater during the chemical processing operation.
Preparation:
Before starting the separation/extraction and purification operation, the following preparations are to
be completed:
1. Preparation of basic alumina column (~5gms):
5g of the dried basic alumina is to be loaded to a glass column with a G-2 sintered disc at the
bottom; a G-2 sintered disc is placed on the top. The column ends were sealed with siliconized
butyl rubber stopper and aluminium cap. The column is to be placed inside the lead shield jacket
with proper lead lid. The needles are to be properly inserted into the upper and bottom parts of the
column.
2. 30 ml. MEK FEED is to be kept in a vial near solvent extractor.
3. Loading [99Mo]Na2MoO4 solution in 5N NaOH solution (total aqueous volume 30 ml) is to be
kept in a container inside the lead pot near the solvent extractor.
Actual Operation:
Following the preparation, the computer and the controller unit are powered on and formal procedures
are followed to initiate the automatic process including transfer of 99Mo activity, extraction of 99mTc
and purification and collection of 99mTc.
As soon as the start command is given the operation gets started in sequential manner (Fig 2). At the
beginning of the operation, i.e., in Step 1, all the valves remain closed and the pump and heater are
switched on. In Step 2 , valve SV3 remains open to create vacuum for suction of the liquid to the
extractor. In this step, 99Mo activity is transferred to the extractor automatically. MEK may then be
transferred to the extractor through the same line (tubing). Vigorous mixing of the organic and
aqueous solution will extract 99mTc in MEK from aqueous molybdate solution in this step. In Step 3,
the valve SV3 remains close and valve SV4 remains open to make the extractor system at atmospheric
pressure for settling of the organic and aqueous layer. In Step 4, SV1 and SV6 opens and the aqueous
layer containing 99Mo is transferred to the 99Mo collection vial through valve SV1 monitored by
conductivity transducer cell. In Step 5, SV1 and SV6 gets closed by receiving the signal of the
conductivity detector and alerts for opening manual valve (MV) displayed on computer screen and
valves SV2 and SV5 are opened simultaneously to transfer MEK (containing 99mTc) from the
extractor through basic alumina column into the pear shaped flask for evaporation of MEK. In Step 6,
the valves SV2 and SV5 are closed and valves SV7 is opened for few minutes to remove residual
MEK from MEK transfer line into the flask. In Step 7 the solenoid valves get closed and vacuum
pump and heater remains on to evaporate MEK from the flask. After 15min when all MEK is
evaporated, residual 99mTc reconstituted with desired volume of saline, collected in a vacuum vial
through 0.22µm membrane filter. In Step 10, the heater and vacuum pump are switched off.
Radionuclide analyses
Radionuclide activities have been determined by using a calibrated HPGe. The levels of 99Mo and
Tc have been determined by quantification of the different γ-lines of the respective radioisotopes at
739.6 keV (12.1%) and 140.5 keV (89%). The recovery of the separated 99mTc has been determined
by using a calibrated dose calibrator (ISOMED 50, Hans Walischmiller GmbH, Dresden, Germany).
99m

Quality control tests of [99mTc]NaTcO4
The Al3+ content in the final [99mTc]NaTcO4 solution is determined by a spot test, based on the
reaction of Al3+ ions with alizarin S (sodium salt of the 1,2-dioxy-anthaquinone sulphonic acid). The
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typical level of organic solvent, MEK in the [99mTc] NaTcO4 solution is estimated by the iodoform test
(Product Brochure, BARC/BRIT, Mumbai, India).
The pertechnetate obtained as above is checked for clarity, pH, radiochemical purity (RCP) and 99Mo
breakthrough. The efficacy of labeling specific compounds is assessed using locally-produced
standard radiopharmaceutical kits, such as 99mTc-methylene diphosphonate (99mTc-MDP), 99mTcdiethylene triamine penta acetic acid (99mTc-DTPA), 99mTc-L,L-ethylene cysteinate dimer (99mTcECD), 99mTc-MIBI, 99mTc-Phytate.
Results and discussion:
The present work is directed to an automated computer controlled generator system based on solvent
extraction which provide serial online extraction of 99mTc in methyl ethyl ketone (MEK) from aqueous
alkaline (n,γ) [99Mo] Na2MoO4 solution and subsequent purification through two successive basic and
acidic alumina columns and final recovery of 99mTc in normal saline.
In the present method, 7.1GBq of low specific 99Mo activity in 30ml 5N NaOH was extracted twice
with 30ml MEK. The recovery yield of 99mTc is found to be 78-90% (n=10) (Table 1). All the 99mTc
eluates obtained are clear solutions with a pH 6-7 and an RCP of [99mTc] NaTcO4 is over 99%. The
RCP of the different labeled compounds prepared from in-house kits using the pertechnetate found to
be over 95%. The 99Mo content in the 99mTc is less than 10-4%. The residual content of MEK in the
final [99mTc]NaTcO4 solution is less than 0.1% (v/v). The colorimetric spot tests (limit tests) for Al
and Mo showed <10 ppm of these chemical impurities in the final Na[99mTc]TcO4 solution (Table 2
and Table 3).
The merits of the newly developed technique over the existing solvent extraction technique thus
specifically include:
(i) The used organic solvent (MEK) after extraction could be collected in separate containers. The
organic solvent may be reused for next extraction of 99mTc from 99Mo which automatically excludes
the disposal problem.
(ii) As the separation of the organic containing 99mTc and aqueous layer containing 99Mo is controlled
by a conductivity transducer cell which in turn actuates the two – way solenoid valve, there is no or
very less chance of MEK remaining in the aqueous layer. Hence no activity loss was found.
(iii) As the aqueous layer containing 99Mo after 99mTc extraction is unloaded from the solvent
extractor a fresh loading of 99Mo/99mTc could be done for another extraction and purification of 99mTc
on the same day.
The separation process is remotely controlled by the computer system through proper interface. The
control of the separation process by the computer simplifies operation and enforces strict adherence to
the approved protocols for radionuclide purification. The separation system, when combined with
shielding and, remote operation, minimizes radiation exposure to the clinical staff/operator. The
separations chemistry, hardware and software can be readily adapted to meet a wide range of needs of
the nuclear medical practitioner. For example, the system is particularly well suited for use as a
radionuclide generator and can perform easily to yield an ultrahigh purity product. The developed
methodology and the computerized automated process is applicable for separation of a wide range of
isotopes (radioactive or non-radioactive), depending upon various objectives by choosing various
organic solvents and suitable columns for purification.
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FIG. 1. Chemical Processing unit for separation of 99mTc from molybdenum using solvent
extraction methodology.

FIG. 2. Schematic Flow Diagram for Separation of 99mTc from molybdenum
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Table 1 : Typical data for the recovery of Na99mTcO4 from 99Mo using 7.1 GBq activities
______________________________________________________________________________
99
99m
99m
99m
99m
Mo activity
Tc growth
Tc expected
Tc obtained
Tc yield
(GBq)
time (h)
(GBq)
( GBq)
(%)
______________________________________________________________________________
7.1
96
6.84
5.20
76
5.77
24
5.10
3.55
75
4.44
24
3.92
3.14
80
2.73
24
2.42
1.96
81
0.96
48
0.92
0.90
98

Table 2 : Quality control test results of 99mTc-compound obtained in the present study
99m
99m
Tc compound
Tc in 2ml saline(GBq)
R. C. Purity (%)
Tc-MDP
0.68
99
Tc-DTPA
1.86
96
Tc-ECD
1.21
95
Tc-MIBI
0.68
99
99m
TcO499
Table 3: Typical data for the quality control tests of Na99mTcO4 solution
_________________________________________________________
Clarity
:
Clear
PH
:
6-7
99
Mo breakthrough (%)
:
<10-4
RC Purity
:
>99%
Chemical Purity
Al and Mo
:
< 10 ppm
MEK
:
< 0.1% (v/v)
______________________________________________________________

b) Preliminary work on the current CRP
In the absence of enriched 100Mo, all initial experiments were carried out with natural Mo foils.
Irradiations: All irradiations were carried out in the Variable Eenergy Cyclotron at Kolkata. Short
irradiations were carried out with 18 MeV, about 50-100 nA proton beam for 5 min. Stacks containing
4-7 Mo foils (25.4 micron thick) were used for the irradiation. Immediately after irradiation the foils
were directly counted for 300-500 second in a precalibrated HPGe detector coupled to a PC based
MCA. One long irradiation was carried out with a stack of four 100 micron thick Mo foil. This stack
was irradiated with 1µA, 15 MeV proton beam for about 14 hour. In all irradiations Cu monitor foils
were used for beam current monitoring.
Chemical separation: Irradiated foils from long irradiations were dissolved in minimum volume
aqua regia. The resulting solution was evaporated to dryness and finally reconstituted in 5 ml NaOH.
Radiotechnetium was extracted in methyl ethyl ketone (MEK). MEK fraction was evaporated to
dryness and reconstituted in saline. Aliquots of the radioactive solution before & after extraction and
saline soln. containing radiotechnetium were counted in the HPGe detector to find the extraction
efficiency.
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Results & Discussion:

Activity(µ
µ Ci)

(a) Short time Irradiation: Counting data of all foils were processed and yields at EOB of the 99mTc,
96
Tc, 95gTc, 94gTc, 94m Tc, 93Tc for 5 min irradiation at 100nA were estimated. Fig.3 gives the thin
target yield of 99mTc, 96Tc, 95gTc, 94gTc, 93Tc in each foil while and Fig.4 shows the thick target
yields of the above radioisotope as a function of incident proton energy.
(b) Long irradiation foil: Counting data of the aliquot of sample collected during separation shows that
the extraction efficiency was more than 95%.
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FIG. 3. Thin target yield (activity produced in 25.4 micron natural Mo foil in 5min
irradiation with 100nA proton beam.
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FIG. 4. Thick target yield obtained from natural Mo as a function of proton energy.
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Proposal under the present CRP
1.

Radionuclide production profiles at various beam energies and intervals.

(a) Thick target yield of 99mTc from 100Mo( p,2n) reaction as a function of energy will be studied using
stacked foil technique. Both natural and enriched target material (if it is available) will be used.
Targets will be irradiated at 18MeV for 1h, 3h and 6
(b) Production rate of co-produced impurities will be studied
(c) Impurity level in the purified product as a function of time will be studied
2. Automated Mo/Tc separation system and chemical impurity profile.
(f) A suitable separation technique for Mo/Tc separation will be standardized
(g) Quality control studies of the purified product (determination of chemical and radiochemical
impurities) to be obtained from two methods of chemical processing like solvent extraction and
Dowex-1 column separations.
(h) Selection of best method of separation which is suitable for production of 99mTc from 100Mo(p,2n)
using cyclotron.
(i) The separation technique standardized will be translated into a user-friendly automated computer
controlled system for separation of Mo/Tc where operation does not require expert operator, direct
chemical and radioactivity handling.
3. Labelling efficiency and image quality of Tc-radiopharmaceuticals using cyclotron-produced
99m
Tc.
(a) Determination of any contaminants and their effects, if any, on labeling efficiency will be studied.
(b) Development of new quality control protocols to control the level of such contaminants (the
presence of other metals and any oxidant (including H2O2) species etc.).
(c) Labelling efficiency of various Tc-radiopharmaceutical kits with cyclotron-produced pertechnetate
will be studied.
(d) Image quality with cyclotron produced 99mTc-radiopharmaceutical will be compared with the
generator produced 99mTc-radiopharmaceutical. (This study will be done if enriched 100Mo is
available for irradiation).
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ACCELERATOR-BASED ALTERNATIVES TO NON-HEU PRODUCTION OF 99Mo/99mTc
A. Salvini, Italy
Abstract. The object of this research project, developed at the University of Pavia, is to investigate efficient

methods for separating 99m Tc from the 100Mo target and for recycling the residual high-cost 100Mo. The
production obtained with irradiation in our Cyclotron, considering the main reaction 100Mo (p,2n)99mTc, will be
characterized. The laboratory will develop the radiochemistry preparation of the final product ready to be
delivered and used in a radio- pharmacy and the yields obtained by experimental data acquisitions will be used
in order to choose the best configuration. The final outcomes will be the evaluation of the production cost for
patients using a chosen developed method with full characterization of the radioisotope.

Introduction
The research project is carried out by the Laboratory of Applied Nuclear Energy (LENA) and the
Radiochemistry Area of the University of Pavia.
The LENA is an Interdepartmental Research Centre of the University of Pavia which operates a
250 kW TRIGA Mark II Research Nuclear Reactor, an IBA cyclotron 18/9 and other irradiation
facilities. All these facilities are at the disposal of researchers from Pavia University and of other
users, both public and private, for research activities, training education and other services.
The Centre itself carries out research and training activities and provides services for private
enterprises, encouraging the transfer of the results of nuclear technology research to the production
system, including the education and training of specialists in nuclear technology. Furthermore, the
LENA laboratory carries out research activities, providing a medium-activity radiochemical
laboratory equipped with fume hoods. The radiochemistry Unit provide University course and have
large experience in the separation and purification of reactor isotopes produced by nuclear research
reactor.
The LENA and Radiochemistry Area rich scientific production in the first 40 years of activity
is documented by an official report published in 2005 where a list of 608 publications describes the
research activitiy of the Centre in various sectors: nuclear chemistry and radiochemistry, activation
analysis, basic chemistry, nuclear physics, reactor physics and dosimetry.
The IBA 18/9 MeV cyclotron, authorized to operate in 2007, is used for the production of
radioisotopes for medical purpose in order to complete the offer of radionuclides produced by
the laboratory. The laboratory also includes the instrumentations for the gamma, alpha and beta
analysis of irradiated samples: HPGe detectors, liquid scintillation detectors and alpha chambers.
In 2010, a collaboration with the INFN (National Institute of Nuclear Physics) and SO.G.I.N (Società
Gestione Impianti Nucleari) has started proposing the study of alternative methods for 99Mo/99mTc
production. The activity of LENA was focused on the 99m Tc production from (n,γ) on 98Mo using the
separation method used in the past at the J. Stefan Institute in Slovenia on a similar TRIGA type
reactor and on the study of the possible of 99Mo production by the 100Mo (n,2n)99Mo reaction through
fast neutrons facility (14.2 MeV D-T).
After this collaboration, the LENA Laboratory tested the production by radiative capture method of
Mo enriched target determining the production yields and the evaluation of the cost of 99mTc
assuming a daily deliver and the partial recovery of the 99Mo.
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Starting from these experiences and the available facilities, the laboratory is developing acceleratorbased alternatives for the 99mTc production.
Facilities description
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TRIGA Research Reactor
The reactor has a nominal power of 250 kW and offers several different in-core and out-core
irradiation facilities. The facilities used for isotope production are the vertical irradiation channels, in
specific the central thimble and the rotary specimen rack. The central thimble can be filled with two
irradiation containers (14 cm length, diameter 2,5 cm, volume available about 33 cm3). The rotary
rack has a total of 80 irradiation positions on two layers. The energy group neutron fluxes measured
in the two irradiation facilities are shown in Tables I and II (values have ±10% of uncertainty).
TABLE I Energy group neutron flux in reactor central thimble (uncertainty 10%)
Neutrons Energy

Energy Range MeV

Thermal
Epithermal
Fast
Total

< 0,55 10-6
0,55 10-6 – 0,1
> 0,1

Neutrons Flux
n/cm2s
7,26 1012
7,52 1012
6,78 1012
2,16 1013

Westcott Flux
n/cm2s

5,4 1012

TABLE II Energy group neutron flux in reactor rotary specimen rack (uncertainty 10%)
Neutrons Energy

Energy Range MeV

Neutrons Flux n/cm2s

Thermal
Epithermal
Fast
Total

< 0,55 10-6
0,55 10-6 – 0,1
> 0,1

1,28 1012
1,04 1012
7,13 1011
3,04 1012

Westcott Flux
n/cm2s

9,2 1011

Cyclotron IBA 18/9
The Cyclotron accelerates protons at energy 18MeV with 40µA maximum current intensity on single
target or 80µA on dual beam mode. The cyclotron is equipped with eight irradiation positions. Today
there are three liquid targets installed, one for 13N and two dedicated at 18F production and one beam
dump. It is foreseen the installation of a solid target. The isotope production is delivered in one hot
cell authorized for the manipulation of activity up to 5 Ci.
The accelerator is arranged also for irradiation with deuterons at 9 MeV. The targets are cooled by He
flux in the widow holder set at 1 bar and water pipes on target body.
Hot laboratory
The LENA and Radiochemistry Area have several hot laboratories authorized that will be used for
this research.
Description of research objectives and anticipated outcomes
The main objective of this research project is to investigate efficient methods for separating 99m Tc
from the 100Mo target and for recycling the residual high-cost 100Mo. These methods should be fast
enough to avoid excessive decay of the short-lived radionuclide 99mTc and potentially applicable using
a remotely controlled automated system. Different tests will be performed with ReO4- , instead TcO4- ,
using stable isotope as preparatory step to the finals hot measures. The laboratory will work
considering the use of enriched targets due to the previous experiences in production tests performed
at the University of Pavia with the TRIGA research reactor where 98Mo-enriched molybdenum oxide
target has shown a practical advantage on the Mo-natural oxide in terms of cost and specific activity
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for the activation production with neutrons flux. The production obtained with irradiation in our
Cyclotron, considering the main reaction 100Mo (p,2n)99mTc, will be characterized and the method
developed will be the ones with best characteristics (lower radioisotope contaminations, higher
specific activity, easy chemical form and larger production with minimum cost). The laboratory will
develop the radiochemistry preparation of the final product ready to be delivered and used in a radiopharmacy and the yields obtained by experimental data acquisitions will be used in order to choose
the best configuration. The final outcomes will be the evaluation of the production cost for patients
using a chosen developed method with full characterization of the radioisotope.
Current project status
The tests are carried out in our laboratory for the separation of 99mTc based on solvent extraction
technique due to its economical convenience. Samples are dissolved in 50 ml of 6M NaOH. One ml of
3% peroxide is added to oxidize all Mo present. Then using 100 ml of Methyl-ethyl ketone (MEK) in
three times the 99mTc is separated using a separation funnel.
After this separation the 99mTc present in organic fraction could be evaporated and recovered with
sterile isotonic solution at the desired specific activity.
MCNP simulations of the cyclotron in its configuration for 18F productions have been performed and
these simulations will be adapted and upgraded for the present research activities (e.g. the new target
configuration).
Proposed Workplan:
The proposed work plan
Year 1:
Investigation of various separation approaches based on ion exchange chromatography, diffusion
methods and electrochemical methods. Investigation of recycling approaches to achieve purity of
recovered 100Mo with yields high enough to reach the economical convenience on the natural ones;
considering the cost of enriched Mo should be possible to renew only a few part of original targets per
year and no more than 10%.
The target will be also analyzed with MCNPX Monte Carlo code in order to test the material
configuration (e.g. energy deposition) under proton bombardment at the requested beam current and
the new facility authorization will be obtained including the isotopes used in this research.
Preliminary experiments will be carried out using the tetraoxo anion perrhenateas rhenium analog of
99m
Tc-pertechnetate.
Year 2:
Will be performed experimental testing of different separation approaches and the evaluation of their
cost-effectiveness. The analysis of the different irradiations will give the opportunity of verify the
radiochemical purity and yields evaluation.
Year 3:
Development of a remotely controlled automated system for the extraction methods suitable for the
preparation of the bench ready to be delivery to the radio-pharmacy and the recovery of enriched Mo
considering the high dose rate present in production.
Target holder prototype thermo-mechanical and reliability tests at maximum power levels, organized
by INFN Legnaro (Padova, ITALY), will be allowed at the cyclotron facilities in LENA (Pavia,
ITALY).
Year 4:
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First irradiation tests on 100Mo-enriched targets aimed at the final production of small quantities of
99m
Tc in order to test the radiochemical dissolutions-separations process which will be set up.
Under study there is the installation in Pavia of a new facility of the University based on Radio
Frequency Quadruple (RFQ) TRASCO developed at the Legnaro INFN Laboratories. In this
accelerator, the proton beam (40 mA current intensity, 5 MeV energy) hits a Be target generating a
neutron beam. Aim of this project is to build a neutron irradiation facility, mainly for the Boron
Neutron Capture Therapy (BNCT). In these early steps of the project it will be possible to test and
verify the convenience of the use of this kind of facility, in connection with Drift-Tube-Linacs (DTL)
in order to reach the desired energy required for the Production of 99mTc and other isotope
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INFN CONTRIBUTION TO RESEARCH ACTIVITIES ON STILL OPEN ISSUES AIMED
AT ALTERNATIVE TC99M ACCELERATOR-BASED PRODUCTION
J. Esposito, Italy
Summary of the proposed research
Stimulated by medical organizations in 2010, the Istituto Nazionale di Fisica Nucleare (INFN) has
started some feasibility research studies at the Legnaro laboratories (LNL), in order to find out, in
collaboration with other INFN sections and Universities, alternative accelerator-driven 99mTc
production routes. Such an effort is actually being performed to meet the demands for the
radionuclide shortage on the international market (basically occurred in the two-year period 2009/10),
due to the current reactor-based supply. The aim is to provide 99mTc radionuclide production, in as
large as enough amounts, to support the diagnostic needs of Nuclear Medicine Services of the Veneto
Region and possibly of neighbouring areas in the north of Italy.
The two main project goals are: the direct 99mTc production by means of particle accelerators, which
could be immediately available for the diagnostic activity in nuclear medicine, and the production of
99
Mo to be used by the industry in the portable generators manufacturing. The powerful accelerators
available in the near future at the INFN National Laboratories in Legnaro will be employed at the
purpose.
INFN, having expertise both in nuclear physics and particle accelerators, may provide a valuable
contribution to the international efforts inside the IAEA Coordinated Research Project (CRP)
Accelerator-based Alternatives to Non-HEU production of Mo-99/Tc-99m recently started. The
INFN research activities proposed may cover on still missing nuclear data required for the large-scale,
accelerator-based, 99mTc production. Confirmations about some natMo/100Mo(p,xn) excitation function
measurements performed in the past may, in addiction, be provided because of some uncertainty
levels in the experimental data which deserve additional investigations.
Such information is indeed vital to get radionuclides by-products which might have an impact both on
the specific activity of the final product and the dose imparted to patients. Moreover, investigations
and technological procedures aimed at the optimized preparation on molybdenum-enriched
production targets. Contributions may also be given in the optimization of radiochemical
separation/purification processes, as well as in vivo imaging assays comparison studies on acceleratorproduced vs. generator-produced pertechnetate, to find out potential (if any) influence of N99gTc/N99mTc
isomer ratio and/or other Tc-produced radioisotopes on radiopharmaceutical labeling efficiency.
Description of Proposed Research Activities
The following research activities may be performed by research personnel of INFN and collaborating
University Institutes, whose list has been reported in the PROPOSAL FOR RESEARCH
AGREEMENT document, as a contribution to the international effort inside the aforementioned
IAEA CRP:
1. Experimental excitations functions measurements on some nuclear reaction channels
related to accelerator-based production of 99mTc
The irradiation facility, available at the EU-JRC lab in Ispra (Italy), will be used to such a purpose
which has a dedicated beam line set up for excitation function measurements. The Scanditronix MC40
cyclotron, therein installed, is able to provide proton beams up to 40 MeV energy and beam currents
limited to 60 µA. Such a measurement line is managed by the physics group of Milan University and
INFN Milan Section which have an internationally recognized expertise in experimental activities
about excitation function measurements for a wide range of radionuclides of interest in nuclear
medicine.
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The preparatory phase for such an activity, started at the beginning of 2012, is progressing. A mix of
different detection techniques, which are available at the LASA laboratory in Milan (basically gamma
and beta spectroscopy and ICP-MS) will be used. We have at the moment focused on the three main
reaction channels, to be performed in the year 2012, covering the whole energy range of interest (~ 835 MeV):
1.1.
1.2.

100

Mo(p,xn) 99Mo;

100

Mo(p,2n) 99mTc

The excitations functions of such reaction channels have already been measured different times in the
last 40 years, although the results reported in literature show an unusual spread of data (maybe
because of some ad-hoc procedures followed) which deserves additional investigation, and
1.3.

100

Mo (p,2n) 99g Tc (approximately known up to 18 MeV only)

Depending upon the quality of results that will be obtained after the first experimental campaign,
additional excitation functions measurements for the remaining (still unknown) reaction channels of
interest (i.e. the other Tc isotopes produced) may be performed at a later stage of the CRP project. The
latter, being present as isotopic impurities in the final 99Tc product may, actually, have potential
impact on the specific activity and dosimetric implications as well.
Mo(p,3n) 98Tc
Mo(p,4n) 97mTc
98
Mo(p,n) 98Tc
1.7. 98Mo(p,2n) 97mTc
1.8. 98Mo(p,2n) 97gTc

1.4.
1.5.
1.6.

100
100

On the basis of the whole experimental information that will be collected about the additional Tc
radioisotopes produced by the 100Mo(p,xn) reaction channels, the 99mTc specific activity (99mTc/all Tc
isotopes including 99gTc) will be experimentally determined as well as dosimetric influence. The
optimal combination of both proton energy range and target irradiation time may at last be achieved,
in order to get a 99mTc production quality. Such information is fundamental to finally define the shelflife of the accelerator-produced 99mTc vs. the generator-produced 99mTc in the formulation of
radiopharmaceutical kits.
2. The impact of accelerator-based 99gTc and other Tc-isotopes on the radiopharmaceutical
labeling efficiency with respect to the generator-based Tc and possible implications on
image quality. Determine the allowed limits for 99gTc and other Tc-isotopes in the final
accelerator-produced Tc.
Such an activity has already started at the beginning of 2012, in collaboration with both nuclear
medicine and physics departments from Ferrara and Padua University, as well as with the Istituto
Oncologico Veneto (IOV), the Oncology research center of Veneto region, in Padua. Both theoretical
investigations and some recent preliminary irradiations tests on 100Mo-enriched samples, generally
point out that both the N99gTc/N99mTc ratio and the 99mTc specific activity will be basically different in
the final accelerator-produced Tc with respect to the generator-produced one, which might have an
effect in the radiopharmaceutical labeling procedures.
As a starting step, once the first accelerator-derived 99mTc samples are available, we will perform a set
of measurements with 99mTc eluted from standard Mo/Tc generators and linked with different
pharmaceutical kits. The goal is to first assess the impact of N99gTc/N99mTc isomeric ratio levels, as
equal as expected from accelerator-based production.
Another important issue is to perform imaging tests using 99mTc radionuclide from Mo/Tc commercial
generators, having different 99gTc/99mTc isomeric ratios, first in vitro using proper phantoms and then
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in vivo on mice models (the latter investigation once the further authorization process is available). A
preclinical YAP-PET/SPECT-CT integrated imaging system for small animals will be at the purpose
used. The search for influence on scintigraphic images from different N99gTc/N99mTc ratios will be
investigated, in order to find out the maximum amount of N99gTc that could be used without
detrimental on the imaging quality. Such a research activity is fundamental to assess the future use of
accelerator-driven 99mTc to radiolabel pharmaceuticals used in diagnosis studies in nuclear medicine.
The same in vivo tests may be performed at a later stage using the accelerator-produced 99mTc.
3. Technological developments to design and test a high-power (e.g. ~10 kW) 100Mo-enriched
production target. Assessment of viable processes in order to find out the optimal way to
molybdenum deposition technique.
The production target is a crucial point, since the high proton currents involved require a target system
able to remove the hitting heat power with high efficiency. 100Mo-enriched metallic molybdenum
targets, having thickness around or less than 1 mm deposited on a cooled copper/aluminum/tantalum
backing are taken into account. The selection of molybdenum active thickness on Cu/Al/Ta backing
has to be performed considering that the proton energy loss per unit path in Mo material is barely
constant (about 15 MeV/mm) down to 10 MeV and then rapidly increases (Bragg Peak). On the other
hand, the 99mTc production is mainly concentrated in the energy range 10-25 MeV and basically drops
down below 10 MeV. Therefore after crossing about 1 mm thickness Mo-layer, the proton beam may
be fully stopped into the backing layer, being the Tc production contribution under threshold. In such
a way, the power delivered to the Mo target can be minimized/optimized.
The selection of backing material will be strictly related to the different techniques (i.e. sintering,
plasma spray, Plasma Void Deposition (PVD), Hot Isostatic Pressing (HIP), electroplating, etc.)
which might be exploited for the molybdenum deposition on the support plate material. Any of such
techniques have advantages and drawbacks in the preparation of dense 100-300 µm at least metallic
molybdenum layers.
For all such reasons the preferable candidate material, either for the target holder, or the sample
backplate is aluminum (one of the best Al alloys considering the thermal properties, mechanical
strength as well as activation products etc.). The choice of better material however mainly depends on
the strategy followed for the chemical dissolution of Mo irradiated sample as well. Concerning the
beam power areal density hitting the sample, it is preferable to have proton beam parameters not
critical, also to avoid possible blistering formation on the target plate due to hydrogen implantation.
Levels around 500 W/cm2 are considered for a safe operation. A second issue, not less difficult than
the previous mentioned, is the target cooling under high power levels. The problem of heat removal
from narrow irradiation area is crucial for the effectiveness of the nuclear reaction.
The experience gained in the construction of superconductive resonant cavities, for linear accelerators
in nuclear physics research activities with heavy ions, has led Legnaro labs to acquire a well-known
and internationally recognized competence and expertise in the surface treatments, thin film coating
technology, plasma engineering, electrochemical finishing and vacuum technology for construction of
experimental research tools as well as for industrial application. We propose to have the investigation
tests on Mo deposition at the Surface Treatments and Superconductivity (STS) lab at LNL during the
first CRP year. During the second year, we will carry out detailed studies about the target thermomechanics and prototype construction. Thermo-mechanical and reliability tests at proton beam
intermediate power levels, in order to assess the effectiveness of the technological solutions adopted,
will be performed using the Scanditronix MC40 cyclotron at JRC Ispra lab, and the IBA Cyclone 18/9
al LENA laboratory in Pavia.
4. Radiochemical separation/ purification processes optimization for Tc-99m production
The target prototype, built at the LNL mechanical workshop, will be also used for some preliminary
99m
Tc production tests using the cyclotron available in Pavia and/or in JRC Ispra labs first. The high
power cyclotron at the ARRONAX Center (France) will be used at a later stage.
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After bombardment, 100Mo targets will be dissolved by electrochemical dissolution to produce the
chemical species [99mTcO4-] and [99/100MoO4 2-] and purified by the method of Chattopadhyay. Such a
method is based on the retention/elution behavior of pertechnetate and molybdate ions on different ion
exchangers as well as the potential to trap preferentially the no-carrier added [99mTcO4-] from different
media on a tiny column of strong base anion-exchanger (DowexTM 1x8). The radiochemical purity of
cyclotron-produced [99mTcO4-] will be determined by instant thin-layer chromatography (ITLC) on
Whatman 3 chromatographic paper developed with acetone/HCl 2N (80:20). Radionuclide purity of
the cyclotron-produced 99mTc will be assessed by γ spectroscopy for the presence of 99Mo and
different cyclotron-produced Tc isotopes. The content of tetrabutylammonium bromide (used for the
elution of 99mTc) will be estimated by noted standard colorimetric methods by comparing the color
intensities of the extracted organic layers of the standard and the test solutions.
The proposed method has also applicability for recovery of expensive 100Mo and decontamination of
99g
Tc from spent 99Mo waste solution and recovery of 99gTc for research use. The practical problems
associated with this apparently simple chemical operation are significant because radiation safety
considerations have to be taken into account because of remote handling operations. Main objective of
this phase of the project will be to optimize the known extraction procedure for the 99m Tc recovery in
very high yield and develop a remote control system for the recovery of ready to use Na[99mTcO4]
solution.
Such a proposed activity will be performed by radiochemistry/radiopharmacy section of Ferrara
University in collaborations with the LENA group at in Pavia.
Proposed Work plan (2012 - 2015):
The proposed work plan (subject to modifications and/or time-scale variations) is enlisted in the
following items:
Year 1:
1. 100Mo(p,xn)99Mo; 100Mo(p,2n)99mTc and 100Mo(p,2n)99mTc experimental measurements of
excitation functions, related to accelerator-based 99mTc production, using 100Mo-highly-enriched
samples;
2. Radiochemical purity (RCP) QC tests on a set of currently used pharmaceuticals kits marked with
Tc eluted from standard Mo/Tc generators at 24h and longer time intervals) in order to mimic the
99gTc
N
/N99mTc isomeric ratios expected from accelerator produced 99mTc during the radiolabeling
procedures;
99m

3. Imaging tests in proper phantoms and impact on images quality vs. the N99gTc/N99mTc isomeric ratio
using the YAP-(S)PET-CT imaging system for small animals. 99mTc eluted from standard Mo/Tc
generators at 24 hrs and longer time intervals will be used in order to mimic the N99gTc/N99mTc isomeric
ratios expected from accelerator produced 99mTc.
Year 2:
4. Possible extension of measurement activities (in item 1) on still missing nuclear data about
reaction channels of interest for the additional Tc isotopes production;
5. Target holder prototype design and construction for Tc-production. Preliminary thermomechanical and reliability tests, at intermediate proton beam power levels at irradiation facilities in
Pavia (LENA) and Ispra (JRC);
6. In vivo imaging tests (subject to authorization process) using the same procedures reported in item
3;
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7. R&D on the different molybdenum deposition technique on backing material;
8. Optimization studies on separation/ purification processes aimed at 99mTc production.
Year 3:
9. Target holder prototype thermo-mechanical and reliability tests at maximum power levels allowed
at cyclotron facilities in Pavia (LENA) and Ispra (JRC);
10. Process selection to get uniform, homogenous 100Mo-enriched bulk layers deposition on backing
material. Realization of first layered mock-up prototypes;
11. First 100Mo enriched target irradiation aimed at the accelerator-based
quantities;

99m

Tc production in small

12. Radiochemical separation/ purification processes on accelerator produced
(QC) tests for radionuclidic and chemical purity.

99m

Tc; Quality control

Year 4:
13. Additional 100Mo-enriched target irradiations to get accelerator-based
radiopharmaceutical labeling tests and possible in vivo imaging analyses;

99m

Tc for first

14. Determination of target irradiation optimal parameters for the shelf-life of the accelerator-produced
Tc.

99m
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REMOTE PRODUCTION OF 99mTc BY PROTON BOMBARDMENT ON 100MoO3
Kotaro Nagatsu, Keiko Tagami, Toshimitsu Fukumura, Shigeo Uchida, Yasuhisa Fujibayashi, Japan
Abstract. To combat the 99Mo/99mTc crisis in Japan, we are proposing a concept for small-scale direct

99m

Tc
production at multiple facilities. Because approximately 150 medical cyclotrons are in operation for routine PET
diagnostics/studies in Japan, these cyclotrons present significant potential for contribution to the domestic 99mTc
supply, namely through “in-house” production or a “micro-factory” network.
The automated production method is performed using 100Mo oxide (100MoO3) as a target material. Briefly, 100Mo
oxide is dissolved in H2O2 and then introduced in a target vessel equipped with a heating device. Consequently,
the 100MoO3 target is obtained remotely as a result of precipitation. In the recovery step following irradiation, the
target is dissolved in NH4OH + H2O2 by directly loading the solution into the target vessel. The liquefied target
is then transferred to a hot cell through a tube without using any robotic devices.
The recovered 99mTc solution is purified using commercially available ion-exchange resins on a specially
developed, automated apparatus. Approximately 3.7 GBq (100 mCi, decay uncorrected) of Na99mTcO4 was
obtained at high radionuclidic and radiochemical purity within 2.5 h of purification via irradiation with 18 MeV
protons at 10 µA for 3 h.
Owing to the low stress involved in this production method, regional/in-house production could be performed
with less effort. Moreover, if 100 or more cyclotrons in a sophisticated logistical network are available, the
“micro-factory” concept would work successfully at the level of 370 GBq (10 kCi) per day throughout the
country.

1. INTRODUCTION
1.1 Background
The Japanese Society of Nuclear Medicine, radiopharmaceutical companies, and all related
organizations, including government ministries, were shocked by the 99Mo/99mTc crisis in 2009–2010.
Although Japan is the second largest 99mTc consumer in the world [1], there is no domestic production
of 99Mo. All the 99Mo used in Japan is imported every week from only a few countries; thus, halting of
production at both the reactors in Canada and the Netherlands was critical. Several months later, the
volcanic eruption in Iceland once again prevented the 99Mo supply from reaching Japan owing to the
malfunction of aerial transportation over Europe. Due to its geographical location, Japan has a great
risk for logistical isolation. Hence, a reliable and sustainable supply of 99Mo/99mTc, as well as the need
for domestic production of these radioisotopes, must be considered. An official consultation, first held
at the end of 2009, discussed an action plan for the prevention of any such future crisis and the
establishment of a method for independent, domestic production that was to be implemented by July
2011. The summary is as follows:
(1)
1.
2.
3.

Short-term actions (within 5 years)
Identifying new/alternative 99Mo suppliers (current import pathways remain alive)
Identifying alternative transportation routes
Pilot production in a research reactor of a quantity of 99Mo that is approximately 1/3 that of
demand
4. Commercializing a method for domestic production
5. Continuation of the R&D of alternatives, such as protons on 100Mo or neutrons on 100Mo
6. Reviewing alternative methods/drugs, such as PET or other nuclear medicine
(2) Long-term actions (over 5 years or permanent)
1. Cultivate a 98Mo activation process that is competitive in the global marketplace
2. Investigate 99Mo production by nuclear power plants
In the short-term action plan, briefly, radiopharmaceutical companies are responsible for identifying
alternative 99Mo imports; the Japan Atomic Energy Agency (JAEA) is responsible for developing an
alternative reactor-based production method; and the National Institute of Radiological Sciences
(NIRS) is responsible for developing an accelerator (charged particle) method. Owing to the Nuclear
Non-Proliferation Treaty (NPT), like many other countries, Japan cannot use highly enriched 235U;
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therefore, the neutron activation method for 98Mo using a research reactor was the process selected as
the primary plan for domestic production.
A research reactor, the Japan Material Testing Reactor (JMTR1) at the JAEA, has been modified since
2010 to produce 99Mo. The planned amount of supply will be 8.51 TBq (230 Ci), which will be
referred to as “6-days Ci/week;” the yield during shipping will then decay to about 1/4 of the initial
value, or 60 Ci/week, which is approximately 10 Ci/day, and is potentially a practical amount.
Unfortunately, the project is behind schedule by approximately 6 months because of the Great East
Japan Earthquake. Although a long-term parallel plan to produce 99Mo in nuclear power plants was
also discussed at that time, for the same reason, that scheme is now up in the air.
The accelerator alternative using a channel of the 100Mo(p,2n)99mTc, which was proposed by our
group, is regrettably regarded as the second or lower priority option. Although NIRS is not
responsible for supplying any 99mTc products for practical consumption, we shall continue our
research and development efforts.
To summarize the prospects for the next 3–5 years at least, Japan will continue to import 99Mo from
many countries (including new supplier(s) and via new route(s)) as the main source of supply. The
domestic practical production of 99Mo using a research reactor will begin in 2014 or later. However,
the social situation surrounding the nuclear reactor has been considerably worsened since the
Fukushima Daiichi nuclear accident; therefore, the actual schedule might be delayed, or as a worstcase scenario, discontinued. In contrast, although accelerator production methods are currently
regarded as the secondary option, accelerators are not plagued with nuclear concerns; therefore, they
might play an important role in the domestic supply of 99Mo/99mTc in the future.
1.2. Records and estimated demand of 99mTc
In Japanese nuclear medicine, 99mTc and its parent 99Mo are the most used radioisotopes. Typically,
their annual supply as radiopharmaceuticals is approximately 370 TBq (10 kCi) and 111 TBq (3 kCi),
respectively (as of 2007–2011, [2]). Because the trends in demand for both nuclides seem to be stable
or slightly decreasing, the demand for 99Mo/99mTc in the near future is not expected to change
significantly.
There are 1261 nuclear medicine facilities in Japan that can perform common clinical diagnoses [2].
An approximate estimation of the average daily demand for 99mTc at each facility of approximately
1.11 GBq (30 mCi) can be calculated given that the annual total demand for 99mTc is 500 TBq (13.5
kCi) and a single dose of 99mTc is 370–740 MBq (10–20 mCi), and assuming that all 1261 facilities do
clinical diagnoses every day2. In other words, approximately one to three diagnoses are carried out in
every clinic every day in Japan.
In addition, in a response to a boom in PET diagnoses using “in-house” produced [18F]
fludeoxyglucose (FDG), the number of medical cyclotrons installed in Japan now totals
approximately 150 (as of Mar. 2012 [3]). They are widespread in university hospitals, clinical PET
centres, and commercial [18F]FDG production industries. Considering its relatively narrow national
territory (378,000 km2), Japan has a large number of “radioisotope production equipment” in highly
crowded conditions. In other words, approximately one cyclotron exists in a circle with a radius of 30
km, or a cyclotron can probably be found within one hour’s drive. Most of these cyclotrons are
dedicated to the production of PET nuclides for daily use, such as 11C, 18F. However, the machine
times of these cyclotrons are, generally speaking, only a few hours per day, because no other purpose
1

Located in Ibaraki Prefecture approximately 150 km northeast of Tokyo. The first critical event was performed
in 1968. Its power is 50 MWTH (4 × 1014 n/cm2·s), and its operating rate (machine time) is expected to be
approximately 60% (~ 200 days/year).
2
Simple sum of both of the annual supplied activities (99mTc + 99Mo) divided by (number of facilities × 365
days) = 13.5 kCi/(1261 × 365) = 29 mCi/(facility·day)
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in nuclear medicine has been proposed at present.
1.3. Our proposal: The 99mTc micro-factory for small-scale production and local distribution
As mentioned above, fortunately, we have many cyclotrons with applicable machine time. It is
possible that these medical cyclotrons can be applied to domestic 99mTc production, namely through
“micro-factory” production. Scholten et al. [4] showed that approximately 370 MBq/µAh (10
mCi/µAh) of 99mTc would be expected using approximately 20 MeV protons on a 100Mo target (100%
enriched). Based on this reference, several hundred mCi (4–10 GBq) of 99mTc could be obtained in
each medical cyclotron facility using 20–30 µA protons and several hours of irradiation.
To establish a firm and reasonable alternative, such small-scale production is favourable, because it
could be achieved using present technologies with few challenging issues. First, typical in-house
production of PET nuclides is practically performed at a beam intensity of approximately 10–30 µA.
For example, 37 GBq (1 Ci) of 18F, sufficient radioactivity for daily demand, is easily obtained using
approximately 20 µA, 18 MeV protons for 1 h of irradiation. Because such a beam intensity will not
place severe stress on the production system, the service life of both the target foil and the target
vessel can be prolonged. In other words, the typical cooling system in use today is presumably
applicable for small-scale 99mTc production without the need for any improvements/developments.
Second, the radiation doses for the laboratory staff that provide daily maintenance and inspection of
the systems would be maintained at an acceptable level. These benefits would be seen only in smallscale production. In addition, because there are more than 100 cyclotrons in Japan, there are basically
100 micro-factories that can produce 100 mCi/day of 99mTc. By multiplying this value, the total yield
of 99mTc in Japan could reach up to 10 Ci/day, which is very close to the expected value of the reactor
production at 60 Ci/week 99Mo. As a result, and this point is the key to our proposal, the very small
production rate at each facility can be overcome and may be beneficial in some respects.
On the other hand, a large quantity, one-shot production of 99mTc, such as 370 TBq (10 Ci) or more,
requires high power irradiation. To routinely carry out such production, a significant amount of
development and/or assessment would be needed, such as target preparation methods, target tolerance
for high power irradiation, system durability, remotely operable equipment, production/maintenance
schedules. We recognize that these R&D efforts are very important for promoting cyclotron
technologies; however, it is difficult to carry out such a big project without the nation’s support, which
we currently do not have. Therefore, we have chosen a small-scale production route.
We also have to consider the fact that direct 99mTc production has a disadvantage because of its short
half-life (6 h) compared to its parent 99Mo (66 h). This difference means that every process, from
separation to shipping, must be completed as quickly as possible. Hence, a typical method applied for
99
Mo products might be insufficient for direct 99mTc production, particularly for shipping to distant
production sites. However, because the existing facilities are almost evenly located from the north to
the south of Japan, the situation is very favourable if they are considered as widely deployed factories.
Namely, most 99mTc recipients would be expected to be within a distance of a few hours of driving
from the nearest supplier.
Thus, the micro-factory concept and our development goals are summarized as
• A scale of production at less than 10 GBq (several hundred milli-curies) for “in-house” uses
or local supplies by pre-existing medical cyclotrons
• A shipping distance from each production site of nearly 1 h or 30 km
• Operator-friendly production by fully automated equipment with lower costs
• Compilation of evidence for regulatory requirements
The following section describes our prototype system with several scientific results.
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2. AUTOMATED PRODUCTION METHODS AND EXPERIMENTAL RESULTS3
2.1 Target handling
Accelerator production of 99mTc requires elemental 100Mo or its appropriate derivatives as a solid
target material. Generally, robotic devices are installed to handle solid targets for remote operation.
The hot cell also requires a remotely controlled device, such as a manipulator or a specialized device
for target disassembly, to reduce radiation exposure. However, such large-scale heavy systems
increase the cost of installation and maintenance and occupy a sizable working space; therefore, only
a few institutes are able to accommodate these systems. This approach is also completely the opposite
of our concept. Because the scheme requires that a large number of facilities should be involved to be
able to expect a certain amount of 99mTc, a low-cost method that is easy to operate is favourable and
necessary.
Moreover, the production of 99mTc, which would be carried out in parallel with daily PET
pharmaceuticals production, should be operated automatically to reduce staff workloads.
Therefore, we developed an automated production method that involves remote target preparation and
recovery, as well as separation and purification of the 99mTc (Fig. 1). As mentioned above, the solid
target is difficult to handle remotely because of its immobility; thus, we selected an oxide target that
can be readily dissolved in appropriate solvents.

3

Part of the procedure and the results written here were presented at the 19th International Symposium on
Radiopharmaceutical Sciences. (Aug 2011, Amsterdam, the Netherlands)
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FIG.1. Process diagramme for the accelerator production of 99mTc
Briefly, the target material 100MoO42−/ H2O2 solution was loaded step-by-step into a target vessel at a
speed of approximately 0.1–0.15 mL/3 min by means of a pneumatic syringe and He pressure. The
target solution was evaporated using a heating device installed on the target vessel, resulting in the
formation of a 100MoO3 precipite layer as the target. In this experiment, 750 mg of elemental 100Mo
dissolved in H2O2 (approximately 6–8 mL) was used as the target solution, which gave an
approximately 5-mm-thick 100MoO3 target layer within 3–4 h. Irradiation was carried out using an
NIRS AVF-930 at approximately 5–17 tA for 1–3 hs with 18 MeV of vertically projected protons.
The target was cooled by both He (−10 °C, 180 L/min) and water (10 °C, 1.8 L/min).
After irradiation, the recovery process was initiated by dissolving the target material inside the target
vessel. Specifically, a solution of 25% NH4OH and 30% H2O2 (1:1 (v/v), 10 mL) was introduced into
the target vessel to dissolve the irradiated target. The liquefied target was then remotely transferred to
the hot cell through a tube similar to that used for a common liquid target. Hence, a low-cost remote
production without using any robotic devices was achieved by this method. This recovery process was
repeated three times to increase the recovery efficiency.
Although the expected yield of 99mTc using an oxide target will decrease to approximately 70% of that
obtained when using an elemental 100Mo target, the ease of operation and the low installation cost
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compensate for the lower yield. In small-scale production, particularly, we believe that the ease of
operation is much more meaningful, and in terms of the profitability, greatly compensates for the
reduction in yield of 99mTc4.
2.2 Separation and Purification of 99 mTc
The separation and purification steps were carried out using two types of commercially available ionexchange resins. The goal was to obtain high-purity 99mTc and recover the expensive 100Mo at high
efficiency for recycling. Initially, 99mTcO4− was roughly separated from the target 100MoO42– using a
TEVA (Eichrom) Tc-selective disposable column. After washing the column, 99mTcO4− was eluted with
conc. HNO3 and then neutralized by the addition of conc. NaOH. It was then loaded onto another
anion-exchange resin (Dowex 1-X4). The impurities, such as trace amounts of 100MoOx and nitric ion
from the eluent, were washed out in this step. Finally, 99mTcO4− was eluted with concentrated HCl.
To eliminate the HCl, the 99mTc/HCl solution was completely dried by heating under N2 flow. In this
step, to prevent any of the H99mTcO4 from escaping the vessel, a small amount of saline (1 mL) was
added prior to heating to make the sodium salt. However, a part of the 99mTc was reduced to a lower
oxidation state in this step (showed later, Fig. 3-(4)), which caused a serious decrease in its
radiochemical purity. A portion of H2O2 was then added to the dried 99mTc salt, and the new solution
was completely dried again to oxidize the 99mTc to its highest state 99mTc(VII). Finally, Na99mTcO4 was
obtained in dried form as the product. A physiologically isotonic solution of 99mTc was obtained by
adding the same volume of pure water (1 mL) as a saline solution used to first dry the material.
2.3 Results
The target yield of 99mTc was 207 MBq/µAh (5.6 mCi/µAh, decay corrected) at the end of
bombardment (EOB). This result showed good agreement with that obtained in reference [4],
considering the oxide target used, and was nearly stable (±9%) up to 17 µA irradiation. The efficiency
of the liquefied-remote recovery of 99mTc was found to be 95–98%. Approximately 3.7 GBq (100
mCi) of dried Na99mTcO4 was successfully obtained after irradiating the target with 10 µA, 18 MeV
protons for 3 h (122 MBq/µAh or 3.3 mCi/µAh, without decay correction). The total processing time
for the production was approximately 2.5 h; including 45 min for target recovery (repeating the steps
three times, including each dissolution time), 50 min for purification, and 30–40 min for preparation.
Table 1 shows the observed radionuclides found in a crude solution just recovered from the target
vessel and their estimated yields. Although several by-produced Tc isotopes, which were likely
produced from small amounts of their respective Mo isotopes, were observed, their influence on the
radionuclidic purity was maintained to a negligible level. Although 99Mo was also found, the yield
was too low to use for practical purposes, as expected.
Both 99Mo and 97Nb were eliminated with the purification procedure; thus, 99mTc of greater than 99%
radionuclidic purity was obtained as the final product (Fig. 2).
TABLE 1. Practical thick target yields for 18 MeV protons on a 100MoO3 target*
Yield at EOB
Radionuclide
T1/2
Likely channel(s)
(activity% according to 99mTc)
100
Tc-99m
6.0 h
5.6 mCi/µAh
Mo(p,2n)
94
Tc-94
4.9 h
1.7 µCi/µAh (0.03%)
Mo(p,n), 95Mo(p,2n), …
95
Tc-95
20 h
2.2 µCi/µAh (0.04%)
Mo(p,n), 96Mo(p,2n), …
96
Tc-96
4.3 d
0.6 µCi/µAh (0.01%)
Mo(p,n), 97Mo(p,2n), …
4

For instance, for large-scale production, such as 10 Ci per batch, the reduction in yield between the oxide and
the elemental target would be 3 Ci of 99mTc, or approximately 150 doses, which would generally be regarded as
a significant loss. However, for small-scale production, such as 100 mCi per batch, the loss would be 30 mCi,
which is equivalent to less than 2 doses, and is probably recoverable by some means. This evaluation is based on
practicality, of course, and not on scientific terms.
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100
Nb-97
1.2 h
0.3 mCi/µAh (5.20%)
Mo(p,n), 98Mo(p,2p), …
100
Mo-99
66 h
1.8 µCi/µAh (0.03%)
Mo(p,pn)
* Isotopic distribution of 100Mo(>99.6%) was 92Mo (<0.004%), 94Mo (<0.0018%), 95Mo (<0.0014%),
96
Mo (<0.0013%), 97Mo (<0.0015%), and 98Mo (<0.39%) taken from the Certificate of Analysis
provided by the supplier (Trace Science International, Inc.)

FIG.2. Gamma spectra of the 99mTc samples obtained via the 100Mo(p,2n) reaction
Left: crude sample of the target solution at 2.5 h after EOB
Right: purified final product at 4.5 h after EOB
[*Tc] means other Tc isotopes except 99mTc, some of which decay by β+/EC.
The quality of the Na99mTcO4 prepared by the above method was evaluated by applying the Standards
for Radiopharmaceuticals, a regulation defined by the Pharmaceutical Affairs Act, and currently
applied in Japan (Table 2). However, the criteria for the Standards assume that all the 99mTc products,
including Na99mTcO4, are daughter products of 99Mo5. Therefore, while applying these quality control
(QC) standards to the accelerator product is insufficient and meaningless, it is still rewarding to note
that the sample met all the criteria. A discussion of the suitable additional QC requirements that
should be applied to the accelerator product is presented later.
TABLE 2. QC requirements for radiopharmaceutical-grade Na99mTcO4 and preliminary results for the
accelerator product
Items
Criteria
Preliminary result (method)
Radiochemical impurities
<5%
96.6% (by Radio-TLC)
Radionuclide identity*
0.140 MeV photopeak
Found (by HPGe)
pH
4.5–7.0
5.78 (by pH meter)
Chemical purity
Al3+, <10 µg/mL (10 <1 ppm (by test strip)
ppm)
Relative
osmolality
(vs 0.9–1.1
1.01 (by osmometer)
saline)
* There is no description on the radionuclidic purity, probably due to its limited origin.

5 99m

TcO4− should be prepared by either (1) elution from 99Mo deposited on alumina by an appropriate
volume of saline, or (2) extraction from a 99Mo solution using methyl ethyl ketone (2-butanone) as an
extraction solvent, and then purification on an alumina column.
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FIG.3. Preliminary results of 99mTc radiochemical purity
(1)–(5) are related to the samples presented in Fig. 1
Fig. 3 shows the radiochemical purity of the 99mTcO4− at the various purification steps shown in Fig. 1
using a radio-TLC detector. As can be seen in the figure, the raw 99mTcO4− as a recovered target
solution (1) was nearly purified by passing it though the TEVA and Dowex columns (2-3). However,
when the 99mTcO4−/HCl solution was heated and dried, the radiochemical composition was
dramatically changed (4), probably due to reduction of a portion of the 99mTc. Fortunately, after
treatment of the modified 99mTc product with an oxidant (H2O2) and further drying, its radiochemical
purity was recovered and reached up to 99% (5).
2.4 Estimation of the 99gTc amount in the 99mTc product
A purified, three-months-decayed 99mTc sample was subjected to ICP-MS to evaluate the amount of
99g
Tc (T1/2 = 2.14 × 105 y). The sample was prepared by 1 h irradiation with 10 µA, 18 MeV protons
and then purifying by the above method (585 MBq, corrected to EOB). For convenience, this yield
was regarded as the target yield in this estimation (it contained a purification loss). Therefore, the
values presented here are not the actual target yields; however, the 99gTc/99mTc ratio in the final
product can be estimated using these values.
The quantitative evaluation of 99gTc was carried out by referring to the peak at m/z = 99, where each
peak was well separated after the appropriate dilution. The calibration for 99gTc was achieved using an
authentic standard solution (TCZ44, Amersham).
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FIG.4. Schematic relationship of 99mTc and 99gTc
TABLE 3. Estimated ratios of 99gTc/99mTc in the final product under likely, practical conditions
Ratio of 99gTc/99mTc at EOB
Ratio of 99gTc/99mTc at 3 h from
Irradiation period [h]
99m
(saturation% for Tc)
(*1)
EOB
(*2)
1 (11%)
1.67
2.77
2 (21%)
1.82
2.99
3 (29%)
1.98
3.21
6 (50%)
2.49
3.92
12 (75%)
3.65
5.56
99g
(*1) Tc = (directly produced) + (decayed during irradiation)
(*2) 99gTc = (directly produced) + (decayed during irradiation) + (decayed during purification)
The activity of 99gTc in the sample was found to be 5.0 Bq (4.87 × 1013 atoms), which was sum of the
followings: decayed 99mTc product (585 MBq at EOB, 1.83 × 1013 atoms), directly produced 99gTc via
the 100Mo(p,2n) channel, and the decayed 99mTc produced during irradiation. Although an approximate
estimation could be made using the above data, a much more precise estimation can be achieved if the
99m
Tc saturation rate is considered (Fig. 4). The amount of directly produced 99gTc in the final product
was calculated to be approximately 2.94 × 1013 (atoms) in this system, approximately 1.6-fold that of
99m
Tc.
Table 3 lists estimations of the 99gTc/99mTc ratios in the final product under various likely, practical
conditions. As seen the table, the 99gTc/99mTc ratios after 3 h of purification would be 3–4 within 6 h
irradiation conditions. For a preliminary evaluation of the labelling efficiency, 99mTc
hydroxymethylene diphosphonate (HMDP, a bone scan agent) was successfully prepared using a
conventional method with a 99gTc/99mTc ratio of greater than 4.5 99mTc. Further investigation will
provide more precise information regarding the applicability of the directly produced 99mTc.
3. QUALITY ASSURANCE OF DIRECT 99mTc: FURTHER REQUIREMENTS
Considering the methods for both its production and the separation, recommended QC items for direct
Tc are proposed in Table 4. It should be noted that the listed items might be insufficient, and further
discussion and review are necessary.
99m
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The QC requirements should be evaluated using simple methods, and their results should be obtained
as rapidly as possible with high accuracy. The radiation exposure and potential for contamination
during the process must also be considered. For instance, if applicable, a test strip assay would be a
promising candidate. Other QC items, such as those of biological or radiological concern, are very
familiar in the field of in-house PET laboratories; thus, they would be expected to be accepted without
resistance. These QC items will be developed in collaboration with radiopharmaceutical companies.
Unfortunately, there is currently no evidence for establishing the criterion for each QC item at this
time; however, the evidence of other general/radio pharmaceuticals in the Pharmacopeia and peerreviewed literature, as well as clinical trials, can be used to establish the practical standards most
appropriate for direct 99mTc products.
Finally, the direct 99mTc production method is based on 100Mo; therefore, it is important to ensure the
reliable supply and/or sustainable use of this starting material. The 100MoO42– was successfully
recovered up to 90% in the recovery fraction shown in Fig. 1. To minimize the running cost, the
applicability of recycling 100Mo must also be considered, and an easy way of reusing 100Mo by
maintaining the 99mTc quality should be developed. Unfortunately, there is no data on the reuse of
100
MoO3 at this time. This subject will be investigated in the future to promote the project.
TABLE 4. Recommended additional QC items for accelerator 99mTc
Items
Concerning
How to determine (detection limit / comment)
Heavy metals
Mo (target)
ICP/MS (sufficient enough, but not practical)
Test strip (>5 ppm)
99
Mo contamination (substitute?)
+
+
NH4
NH4
Test strip (>0.2 ppm)
Test strip (>5 ppm)
NO3−
NO3−
Peroxide
H2O2
Test strip (>0.5 ppm)
Radionuclidic
Tc isotopes or HPGe or NaI (also done in PET)
impurities
others
Bacterial endotoxin
Pyrogen
Lysate gelation (also done in PET)
Sterility
Bacteria
Culturing* (also done in PET)
99g
Irradiation time**
Tc
ICP/MS (probably the only way, but not
practical)
* The results will be provided several days later, similar to common PET procedures.
** This item is not a testing item. It should be categorized in the manufacturing protocol, if needed.
CONCLUSION
We are convinced that direct 99mTc production is the best viable alternative among other possible
methods. If this document provides some useful information to all the participants and observers, we
will be highly pleased.
Finally, we gratefully acknowledge the IAEA coordinators and all the related staff.
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MOLYBDENUM-99 PRODUCTION AND SUPPLY SECURITY IN MALAYSIA
Rehir Dahalan, Zulkifli Mohd Hashim, Wan Anuar Wan Awang, Anwar Abdul Rahman, Suharzelim
Abu Bakar, Irman Abdul Rahman, Faizal Mohamed, Malaysia
Abstract. Technetium-99m (99mTc) was initially produced at the medical technology division since 1986 by

neutron activation with the irradiation of natural molybdenum trioxide (98Mo) to produce molybdenum-99
(99Mo). 99mTc was extracted daily using the methyl ethyl ketone extraction technique and distributed to the main
nuclear medicine facility in the Kuala Lumpur hospital. Limitation in yield, logistic challenges and expansion of
nuclear medicine applications and centres in Malaysia lead to the establishment of the highly portable weekly
99
Mo/99mTc chromatographic generator production facility in the Malaysian Nuclear Agency utilizing imported
fission 99Mo. This 99Mo/99mTc generator production facility is currently capable of supplying the total weekly
demand for 99mTc at all the nuclear medicine facilities in Malaysia. In addition, there are 3 other alternative
99
Mo/99mTc generators imported by various local companies as alternative to those produced in Nuclear
Malaysia. However, the current world shortage in fission 99Mo supply have also affected the routine supply of
99m
Tc in Malaysia and to date we are experiencing frequent disruptions and delays in our 99Mo supply due to
logistics and various other reasons. It is expected that the local demand for 99Mo/99mTc generators will increase
in the future which may further aggravate the current difficulties thus prompting alternative strategies in
99
Mo/99mTc security of supply. This and in view of the plan for the Malaysian Nuclear Agency research reactor
power upgrade has initiated the review of the various modality of 99Mo production, including fission 99Mo
production using low enriched uranium and the possibility of re-establishing neutron activation 99Mo with
emphasize on its alternative 99Mo/99mTc generators. The possibility of producing 99Mo/99mTc using accelerators
presents another alternative option as there are currently small or medium energy cyclotron in Malaysia and thus
producing 99mTc using these cyclotrons is also being considered as viable options.

INTRODUCTION
Malaysian Nuclear Agency (Nuclear Malaysia) was established in 1972 for promoting the application
of nuclear and related technologies in Malaysia. Research and Development is the core business of
Nuclear Malaysia and the scope of activities are performed by various divisions are medical,
industrial, radiation processing, radioactive waste management and radiation health and safety.
Nuclear Malaysia also operates various plants and facilities such as cobalt-60 irradiation plant,
electron beam irradiation plant and radioisotopes and radiopharmaceuticals production facility and is
also involved in commercialization and transfer of such technologies. The Medical Technology
Division (BTP) of Nuclear Malaysia is entrusted to promote and support medical applications of
nuclear technology among the medical communities in Malaysia, particular in nuclear medicine. BTP
is committed to develop and produce safe, effective and reliable radioisotopes and
radiopharmaceuticals and amongst its products is Technetium-99m (99mTc). BTP started initial
development for producing 99m Tc via extraction with methyl ethyl ketone (MEK) from neutron
activated 99Mo since 1986. Due to the inability to keep up with growing local demand, local
production of neutron activated 99Mo was halted and 99m Tc generator production was developed
utilizing imported fission 99Mo beginning in about 1994. Currently, Nuclear Malaysia produces 99m Tc
generators weekly to meet partially the domestic needs utilizing imported fission 99Mo.
Approximately eleven 99m Tc generators per week are routinely produced ranging from 0.4 to 1.2
curies each. Also within Malaysia, private companies import on average five 99m Tc generators per
week averaging about 1 curie each. Between 1991 and 1994, 99m Tc generators were imported from
Australia and the United Kingdom; however, currently the imports are from United Kingdom, Poland
and France. The hot cells formerly used for neutron activation based production 99m Tc using MEK
solvent extraction system have been refurbished and reutilized for the current 99m Tc generator
production line. Currently, bulk fission 99Mo is imported to satisfy domestic demand; 60% from NTP
(South Africa) and for 40% from Indonesia.
Global supply security for the world’s most heavily utilized medical isotope, 99m Tc which is mainly
produced from fission 99Mo has been severely tested on multiple occasions; and in particular since
late 2007. Since that time, several organizations have joined an IAEA Coordinated Research Project
(CRP) on Developing Techniques for Small Scale Indigenous Mo-99 Production Using LEU Fission
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or Neutron Activation. This CRP was initiated in 2005 and was completed in late 2011. The most
recent organization to join the CRP is the Nuclear Malaysia. Nuclear Malaysia is now considering
upgrading the power and increasing the neutron flux of its current research reactor and thus
envisioned the use of the existing upgraded TRIGA reactor for the production of small-scale 99Mo to
help ensure supply security in the future. Alternatively, the power upgrade may also present the
opportunity to produce the alternative 99Mo/99mTc generators, such the zirconium molybdate gel
generators or other similar derivatives. The possibility of producing 99mTc by proton bombardment of
enriched 100Mo targets in medium and low energy cyclotron is an additional avenue for us as there 4
such cyclotrons in Malaysia. However, we lack the knowledge for such process, particularly in the
target setup and handling, thus, hopefully this CRP will significantly move us forward.
1.

NEUTRON ACTIVATED 99Mo

Initial work in production of 99Mo began immediately after the establishment of hot-cells facilities in
Nuclear Malaysia in 1986. The target used was natural abundance molybdenum trioxide powder about
90 grams encapsulated in an aluminum capsule which has been sealed by arc welding. The target was
placed in the Central Thimble of PUSPATI TRIGA Mk II Research Reactor (wet channel) at a
neutron flux of 1.0 X 1013 neutrons cm-1s-1for 75 hours continuously. The targets were allowed to cool
for 18 hours after reactor shutdown within the irradiation position before being transported to the hot
cells for processing. A stainless steel plant after repeated improvement was finally fabricated for the
for the MEK extraction of 99m Tc with aid of pneumatic valves and vacuum line for liquid transfers.
The molybdenum trioxide powder was dissolved in freshly prepared concentrated NaOH solution and
stirring was achieved with compressed air modulation. After allowing 10 minutes for separation of
aqueous and organic phases, the lower aqueous phase containing 99Mo is drained into a separate
container to be reused again. The remaining organic phase containing the 99m Tc is transferred into the
evaporator to remove all the MEK by heating. After allowing 15 minutes for cooling then sterile
normal saline was added to dissolve the 99m Tc and later sterilized by filtration through a 0.22 micron
sterile filter into sterile evacuated vial. The final product sterile 99m Tcsodium pertechnetate is ready
for dispatch. Upon completion of necessary test and submission of license application, a license for
manufacture of sterile 99m Tc sodium pertechnetate was obtained from the Malaysian National
Pharmaceutical Control Bureau (NPCB) in 1989. The yield of 99mTc was sufficient for only 1-2
nuclear medicine centers (HKL & UMMC) within the Klang valley and requires reactor operation
with sufficient operators for continuous 75 hours operation. In addition, the hospital requires 99m Tc
by 8 am daily, therefore production by MEK extraction began before 5 am and personnel must arrive
much earlier. This operation ceased in middle of 1989 due to such strenuous operation requirements
and further increased the demand from existing and new nuclear medicine centres.
In view of plans to upgrade the research reactor power to achieve higher flux which may enable
production of alternatives 99Mo/99mTc generators with the likely possibility neutron activated 99Mo of
higher specific activity. Such generators are the zirconium molybdate gel generator and the more
recent polyzirconium chloride generators.
2.

FISSION 99Mo

There is currently no production of fission 99Mo in Malaysia; however, there is an established weekly
Mo/99m Tc generator production in Nuclear Malaysia utilizing imported fission 99Mo from various
international suppliers in Australia, Indonesia and South Africa since 1991. About 5 – 15 Ci/week of
fission 99Mo is imported to produce generators for a portion of the demand of nuclear medicine
centers in Malaysia. Malaysia is also affected by the current world shortage of fission 99Modue to
closing down of old and aging nuclear reactors used in 99Mo production. As a small quantity importer,
we are usually given the lowest priority in time of difficulties. This is compounded further with
logistic problem associated with airlines carrier inconsistent deliveries of medical radioisotopes due to
various administration procedures and limitation. It is not normally possible to find alternative
supplier unless a pre-established arrangement is available. This difficulty has prompted Nuclear
99
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Malaysia to evaluate the possibility of local production of fission
enriched uranium (LEU) targets.

99

Mo, in particular from low

This evaluation was carried with assistance from the IAEA and the finding indicates the following
considerations will determine the possibility of producing fission 99Mo from LEU. It is critical that the
proposed plans to augment the operating power level of the current research reactor and the initial
theoretical calculations, it would appear reasonable to assume that neutron flux of 1014n/cm2/s is
achievable. This reactor power upgrade project planning must be finalized and the project begun to
enable 99Mo production project planners to forecast production capabilities and develop the necessary
detailed project plans such as target, processing, and waste management facility designs and
capacities.
A long term contracts for fuel and LEU target supply are required and a stock keeping system for fuel
and LEU targets must be established and the storage must be in a safe in a safeguarded area with a
controlled access. Safeguards monitoring capabilities must continue through the particular waste
stream carrying the uranium. Fission based production; even at a reasonably small scale is capable of
satisfying more than current domestic demand. An operating period of approximately 150 hours
without interruption is required for fission 99Moproduction, depending on the total demand in Curies.
Rigs and holders must be available to hold the targets during irradiation. A procedure must be
developed for rig loading and the location for this operation must be defined. If rigs are prepared
somewhere other than the reactor pool, then some protected means to transport the assembly to the
reactor will be required if some parts are reused.
The existing processing facility is located very near the reactor building. This facility is currently used
for the production of 99m Tc generators from imported bulk fission 99Mo. A Good Manufacturing
Practice (GMP) system exists for the production of 99m Tc generators and the GMP requirements
satisfy European Pharmacopoeia and this would be the case for the fission 99Mo facility as well. At
least 3 new hot cells are needed with ancillary ventilation and gas handling equipment. The existing
rooms next to the current generator production facility may potentially serve to accommodate the new
hot cells, thus achieving a continuous in line facility. All safety and security requirements such as
dose / shielding; material and chemical handling; criticality control; personnel access; and material
accountability / safeguards must be incorporated in the existing management procedures. Long term
contracts for fuel, targets, chemicals, filters, stainless steel transport vials etc. must also be in place.
A transport system or transport containers must be available to bring the irradiated targets from within
the reactor pool to the exterior and on to the 99Mo processing plant. This system must be compatible
with the processing hot cells. Final product containers (Type B(U) or Type A) must be available and
certified in the countries where these containers will be used for transport of the final product into the
region, contracts with road and air transport carriers must in place to have a reliable supply chain.In
addition to any cask or container needs, the proper means to handle these items must be available such
as overhead cranes, rigging, transfer trolleys, rail systems, etc.
Waste considerations, apart from any waste produced from the reactor use and target transfer, begin at
the 99Mo extraction hot cells and all aspects must be considered in establishing the production process.
The major waste streams are the process residues, both liquid and solid, as well as the gaseous waste
stream. It is also vital to consider the other waste streams that are more peripheral to the process waste
streams. These may be less of an impact but are essential to be catered for in the overall scheme of
waste handling. Fission product 99Mo requires substantially higher shielding for targets, processing
and waste handling than the neutron activation route due to the mixed fission products present from
target irradiation through the process of 99Mo extraction and purification. The waste products form
and characteristics will be dependent on the process design and chemistry. It is essential to have
heavily shielded hot cells for processing targets and initial storage of solid and liquid wastes and the
hot cells fitted with master-slave manipulators and with extract ventilation through HEPA and
charcoal filtration. The hot cells must have means of transferring waste material to shielded flasks or
containers adjacent or near to the hot cells. Overhead crane and/or other mechanism to move and
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accurately locate heavily-shielded flasks to allow transfers of waste must also are available, which
may be part of the production apparatus. In cell storage tanks for liquid wastes with segregation of
types of liquid waste should have sufficient capacity to hold waste for sufficient time to allow
significant decay of shorter lived nuclides. In cell storage to hold uranium precipitate in suitable
containment to allow decay of shorter lived nuclides and ability to transfer material to further
processing encapsulation without spread of contamination. Safeguards monitoring will be applicable
to this waste since this contains the uranium from the targets. In cell storage ability to hold general
solid waste for removal on a full batch basis must be available with additional storage and/or
processing capacity to transform liquid waste into a solid product in shielded facilities suitable for
long term storage or disposal.
3.

ACCELERATOR-BASED PRODUCTION OF99Mo

This is the direct formation of 99mTc by proton bombardment of isotopically enriched 100Mo in low or
medium energy cyclotron. There is currently 4 such cyclotron operating in Malaysia and all are
located around Kuala Lumpur, but at least 1 similar cyclotron is expected in the very near future near
the city of Penang in the northern part of Peninsula Malaysia. The current utilization of these
cyclotrons is relatively low as they are focused on FDG production and each one of them only
operates a limited number of days in the weekday as the numbers of hospitals with PET cameras are
limited. Therefore, this represents an opportunity to reduce our reliance on imported fission 99Mo. The
Putrajaya Nuclear Medicine Centre where one of the cyclotron is located was officially opened in
November 2006 and currently produces FDG 3 times per week for 2 PET centres namely the one at its
cyclotron centre and for another hospital, Penang in the north of the peninsula. For the purpose the
project and in joining this CRP we have assembled the group from Nuclear Malaysia with background
experience in production of neutron activated 99Mo, extraction of 99mTc using MEK extraction and in
engineering design of the closed loop MEK extraction plant and 18F-fuorocholine(FCH) plant, the
Putrajaya cyclotron group operating the cyclotron and production of 18F-FDG and a group from our
national university currently active in developing a synthesis plant for 18F-FCH. The most critical
success factor our group is to be able to design, build and set the handling of the 100Mo target, as
between us we have no such experience. We look forward to be able to achieve this through the CRP.
Meanwhile, we would be able to work on the extraction of 99mTc base on our past and current
knowledge and our workplan may be summarized in the following table.
TABLE I. Proposed Work Plan on Cyclotron Production of 99mTc.
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4.

CONCLUSIONS

It is not currently possible to supply domestic 99Mo requirements using the existing Malaysian TRIGA
reactor with known production technologies due to the reactor’s low flux level. Even though there are
alternative generator columns which have significantly higher absorption capacity for 99Mo.
Only if the power and flux level upgrade come to fruition, then indigenous 99Mo production may be
possible. With respect to known technologies, plans being considered to increase the reactor power
level could provide new opportunities for 99Mo domestic or regional supply in the future. At a flux
level of roughly 1014 n/cm2, LEU fission production becomes possible and has an advantage of greater
production capacity but involves a considerable resource and infrastructure commitment. New
facilities in the reactor will be required for target material storage, target preparation, material
handling and also to accommodate greater reactor fuel consumption. Additional staffs are required to
support uninterrupted reactor operation as well as 99Mo target preparation, loading and unloading
from the core, cask loading and transport to the processing facilities. Similarly, a new processing
facility, consisting of at least three hot cells is necessary, with adequate internal waste storage
capacity and support services including ventilation, HEPA filters noble gas management, etc. This
fully accommodate the processing steps to produce the fission99Mo that would then be transferred
directly into the existing 99m Tc generator production facility. Depending on the foreseen scale of
production, this existing generator production facility may also require expansion or overhaul. Finally,
significant waste storage and, ultimately, processing facilities beyond those currently available, will
be required to effectively manage all solid and liquid waste streams.
However, if Malaysia does not opt for it indigenous fission 99Mo production, diversifying its supply
chain could reduce the risk of undersupply during global supply crises that may occur in the future.
Supply diversification could also ensure backup supply availability even if production is pursued,
particular during maintenance period or other unforeseen circumstances, however, the rather small
quantity of 99Mo consumed currently may present a significant challenge in terms of competing with
larger quantity buyer.
The possibility of directly 99mTc from direct proton bombardment of enriched 100Mo using low and
medium energy cyclotron bring an attractive alternative into perspective as currently 3 low to medium
energy cyclotron in Malaysia. Hence if the yield of 99mTc is sufficiently high, ample quantities could
be produced and distributed throughout Malaysia, reducing reliance on imported 99Mo.There is a need
to establish the target assemblies, as we have no experience in irradiating any form target other than
the existing for F-18, therefore significant assistance required here inclusive of possible additional
handling tools.
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ACCELERATOR-BASED ALTERNATIVES TO NON-HEU PRODUCTION OF 99MO/99MTC
R. Mikolajczak, D. Pawlak, J.L. Parus, I. Cieszykowska, P. Garnuszek, J. Choiński,
J. Jastrzębski, A. Stolarz, A.Trzcińska, A. Bilewicz, W. Zipper, Poland
Abstract. Technetium-99m is the most often used radionuclide in nuclear medicine. Current global crisis of
99

Mo supply, aging nuclear reactors and staggering costs force the search for alternative sources of 99mTc. The
goal of the project is the development of 99mTc production method using the reaction of proton with 100Mo in a
cyclotron. Experimental program will cover: determination of parameters for reaction 100M(p,xn)99mTc in
relation to beam energy and time of reaction, construction of robust 100Mo target allowing high yield of 99mTc,
rapid, simple and efficient methods for target dissolution and isolation of 99mTc from Mo targets, assessment of
quality of 99mTc and its suitability for medical use, development of methods of the 100Mo recovery and
assessment of the effects of isotopic composition of recovered 100Mo on the quality of 99mTc.
The project will be carried out in collaboration of the Heavy Ion Laboratory at the University of Warsaw,
Institute of Nuclear Chemistry and Technology in Warsaw and the National Centre for Nuclear Research
Radioisotope Centre POLATOM in Otwock. The applying laboratories have sufficient experience and
collaboration network to carry out research within the CRP. The facilities of these laboratories will be available
for the project. The planned outcome of the project is the development of a method for 99mTc production in
Polish present and possibly future cyclotrons which could overcome the shortages of 99Mo.

INTRODUCTION
Technetium-99m with the half-life of 6.02 h is the most often used radionuclide for diagnostic
imaging due to its favorable physical characteristics. It is estimated that around 25 million of
diagnostic procedures are performed yearly in the world, which is close to 80% of all applications in
this field. At present the common route of production of 99mTc is from decay of mother radionuclide
99
Mo (T1/2 = 65.94 h), which is separated from the fission products of 235U after its irradiation in
nuclear reactor.
Current global interruptions of 99Mo supply caused by the unexpected prolonged shutdowns of the
Chalk River (Canada) and Petten (The Netherlands) reactors, aging other nuclear reactors and the
staggering costs of their maintenance have accelerated the search for alternative sources of 99mTc. One
such alternative is the direct formation of 99mTc by proton bombardment of isotopically enriched
100
Mo, which can be carried out in conventional medical cyclotrons.
The goal of our project is the adaptation of 99mTc production technology using the reaction of proton
bombardment of enriched molybdenum-100 in a cyclotron. The agreement holder in the current CRP
is the National Centre for Nuclear Research Radioisotope Centre POLATOM located in Otwock. The
proposed research program will be carried out with the Heavy Ion Laboratory, University of Warsaw
and The Institute of Nuclear Chemistry and Technology in Warsaw. These three partners offer their
unique experience and specialized facilities for the realization of the project. All three institutions are
members of the scientific network “Radiopharmacy and Nuclear Medicine” established in 2008. The
aim of this scientific networking is the advancement of radiopharmacy as a branch of nuclear
medicine providing innovative products and technologies, among the others by promoting the use of
accelerator based production of radionuclides useful for preparation of diagnostic
radiopharmaceuticals. They are also participants of the Warsaw Pet Consortium.
The proposed research program covers:
1. Determination of the most effective irradiation parameters for 100M(p,xn)99mTc reaction, the beam
energy and time of irradiation. Completion of this point requires the irradiations of the enriched, selfsupporting 100Mo targets with protons of the energy ranging from 10 up to 30 MeV. The irradiation
will be followed by the measurements of the 99mTc yield by gamma spectrometry. These
measurements will result in determination of the excitation function of the 100Mo(p,2n)99mTc,
2. Construction of the robust 100Mo accelerator metallic target, which would allow to achieve a high
yield of 99mTc production in the accelerator,
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3. Development of rapid, simple, and efficient methods for target dissolution, followed by the
efficient process for isolation of trace amounts of 99mTc from Mo targets (two parallel methods are
proposed),
4. Assessment of quality of obtained 99mTc in the chemical form of pertechnetate for its further use in
radiopharmaceuticals for diagnostic application, including determination of labelling efficiency and
image quality of 99mTc-radiopharmaceuticals prepared using cyclotron-produced 99mTc.
5. Development of methods of the 100Mo recovery from solution after extraction of 99mTc from the
bulk target material and transformation molybdenum to metallic form and assessment of the effects of
isotopic composition of recovered 100Mo on the quality of 99mTc obtained by its irradiation.
It is anticipated that after completion of this project there will be sufficient knowledge about the
optimal proton energy region to be used, how to prepare robust targets efficiently, how to process
these targets and to recover the enriched target material. The planned outcome of the project is the
development of technology for 99mTc production in available medical cyclotrons in Poland, to
eliminate the shortages of 99Mo.
1. PLANNED RESEARCH PROGRAMME
1.1. Determination of the excitation function of 100Mo(p,2n) reaction in the energy range of 1030 MeV using stacked foils techniques.
The proposed research objective concentrates on investigation of the possibility of the 99mTc
production via the (p,2n) reaction on 100Mo. The excitation function for this reaction was recently
carefully investigated [1] in the energy range of 8-18 MeV. This energy range was claimed as optimal
[2]. However, in the NEA-OECD report [3] the reaction with higher energy of the bombarding
protons was also considered with production yield substantially increased. Therefore we propose to
extend the determination of the excitation function for reaction with protons energy up to 30 MeV.
For completion of this task the stacked foils technique will be used. The irradiation will be performed
in collaboration with C30 cyclotron in Otwock or AIC cyclotron in Kraków In case of problems with
irradiation in Poland for energies above 16 MeV the irradiations abroad are also considered and
should be discussed within this CRP project.
1.2. Determination of the radioactivities induced in the self-supporting natural Mo, lowly
enriched and highly enriched 100Mo target by bombardment with 16.5 MeV protons.
The measurements of the induced radioactivities after 6 h bombardment of natural Mo and 100Mo
enriched targets by 16.5 MeV protons will be performed using recently installed at HIL the GE
PETtrace cyclotron after the design and construction of the external irradiations beam line and the
external, well cooled, target holder. This construction should be performed within this CRP proposal.
The radioactivities induced after 6 h bombardment with protons of higher energy (delivered by C30 or
by AIC cyclotrons) will be also determined. This investigation should answer the question if the
increase of the production yield [2] by the factor of about two with the increasing energy of the
bombarding protons is still acceptable in respect to the impurities excitation.
The objective of this part of proposed study is to verify the results of Ref [2] concerning the induced
impurities in the irradiated self- supporting (see point 1.3.1) Mo target as a function of the
bombardment time and to determine the shelf-life of the 99mTc. In particular we will try to answer a
question if the everyday 6 h irradiation of highly enriched 100Mo target would be enough to cover the
needs of Warsaw area for 99mTc, both from the point of view of produced quantity as well as
economical aspects.
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1.3. Methods of the Mo target preparation
1.3.1. Self-supporting targets
In the NEA-OECD report [3] it was estimated that the price difference between the recycled and not
recycled enriched 100Mo target is at most 36%. Therefore we consider the assessment if recycling of
the Mo targets for multiple use is worth of effort.
The methods of preparation of the self-supporting Mo targets will be investigated. Their thickness will
be adapted to the 16.5—10 MeV proton energy degradation in the production target and will be of
about 10 mg/cm2 for the stacked foils experiment.
Although molybdenum is a very hard metal, with reduced malleability it can be reshaped by the
rolling technique if is well de-oxidized before the rolling process. The purification can be performed
by re-melting of the Mo in the high vacuum conditions or under the hydrogen atmosphere. The
treatment of the Mo in such way should allow production of the foils with the mentioned thicknesses
(~300 mg/cm2 and 10 mg/cm2) by rolling [4, 5]. The other alternative is rolling of the hot material but
this requires the rolling mill resistant to the high (~1000 C) temperature.
The quantitative analyses of the material lose during target material purification prior the target
production by rolling will contribute to the assessment of the remunerativeness of the retrieving the
expensive 100Mo after Tc extraction.
Because of the high melting point of the molybdenum it is planned to test if self-supporting target can
be applied as production target. Elimination of the backing from the accelerator target would facilitate
its dissolving needed for separation of the produced 99mTc.
1.3.2. Development of the method of preparation of durable molybdenum layers on metallic
support for irradiation by proton beam
We will investigate deposition of molybdenum on metallic support in the form of coatings having
properties suitable for irradiation in a cyclotron. Calculation by SRIM software showed [7], that for
assumed range of the energy 25-12 MeV, the thickness of the target of 130 µm (130 mg/cm2) will be
optimal. In our investigations we will strive for preparation of durable molybdenum layers with high
resistance to currents generated during production of 99mTc on the large scale and with good
adherence to the support of the target, assuring rightly heat conductance: support-molybdenum layer,
what allows efficient cooling of the target material during its irradiation.
Various techniques will be tested: electroplating of the molybdenum from aqueous [8-10] and organic
[11] solutions, as well as from halide and halide-oxide molten salts [12] and pressing and sintering of
powdered molybdenum [13]. For electroplating the current-voltage characteristic of the molybdenum
electrodeposition, influence on efficiency of this process of such parameters as composition and pH of
the electrolyte solution, potential and time of the electrochemical process as well as type of used
support material need to be studied in order to establish optimal conditions of the process.
Pressing with simultaneous sintering of the molybdenum powder and using these processes separately
will be investigated. Parameters such as pressure of pressing, hardness of the molybdenum layer,
temperature of the sintering, mass of the powdered molybdenum used need to be optimized. The
pressed molybdenum pellet will be fixed with aluminum support by thermocompresion.
The quality and composition of the prepared molybdenum layers will be tested by metallographic,
spectroscopic and radiographic method.
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1.4. Methods for 99mTc separation using TiO2 nanomaterials
We plan to study possibility of separation 99mTc from molybdenum target using nanoparticles of
titanium dioxide. It was found that recently synthesized nanoparticles of TiO2 in the form of nanotubes, nano-fiber and nano-ribbon exhibit unique ion exchange properties. Additionally, due to high
specific surface, adsorption on TiO2 nanoparticles is very fast and they have a high ion exchange
capacity. Various forms of nano-tubes, nano-fiber and nano-ribbon will be synthesized. In order to
increase anion exchange capacity various amounts of zirconium salts will be added. The obtained
samples will be characterized by X-ray diffraction, BET technique and thermogravimetry. We plan to
determine distribution coefficients of the Mo and Tc and ion exchange capacity for Mo cations on
TiO2 nanoparticles in various conditions (pH from 1 to 11, oxidation state, concentrations of eluents,
etc.), and to find optimal conditions for separation of these metal cations. In the proposed separation
procedure in first step a predominant amount of 100Mo, in MoO3 form, will be separated during
dissolution process in concentrated HNO3, because the solubility of MoO3 is relatively low - about 1
mg/ml. In the second step Mo will be adsorbed on TiO2 nanoparticles in slightly acidic solution
(pH=1), and then 99mTc will be eluted by NaCl solutions. The goal of this research is the construction
of a very small ultrafiltration module (ca. 1 cm3 volume) filled with TiO2 nanoparticles for efficient
separation of trace amount of 99mTc from the molybdenum target.
1.5. Development of technology of molybdenum targets dissolution in alkaline conditions
Methods for rapid dissolution of molybdenum deposited on various supporting materials will be
investigated. The aim of this task will be development of rapid method (about 1 hour) of complete
dissolution of gram amounts of molybdenum in metallic or oxide forms in alkaline conditions.
Research will include testing the dependence of concentration of used alkalies (NaOH, KOH) on
speed of the dissolution, concentration of oxidizers (H2O2, Na2O2, K2O2) and temperature. An initial
optimization of dissolution process will be conducted using the “cold” molybdenum. The
effectiveness of the developed method will be evaluated in tests of dissolution of molybdenum
obtained after irradiation in nuclear reactor or cyclotron. The obtained solution of proper pH and
volume will be used for testing separation of technetium in the form of pertechnetate from excess of
the molybdenum ions.
1.6. Development of technology of pertechnetate (99mTc) separation from the excess of
molybdate ions and recovery of enriched molybdenum.
Efficient separation of 99mTc from large excess of Mo in the solution will be studied in order to
prepare 99mTc in the form of NaTcO4 in saline solution. It is planned to test possibilities of separation
of micro-amounts of pertechnetate from macro-amounts of molybdates after dissolution of the
irradiated molybdenum (with neutrons or protons), with the use of aqueous biphasic extraction
chromatography (ABEC), ion exchange chromatography and by the electrodeposition. Initially, the
tests will be carried out with the use of inactive molybdenum and trace amounts of 99mTc and 99Mo. In
the second stage, the works will be conducted with radioactive molybdenum obtained in nuclear
reactor or in cyclotron.
For the investigations with application of ABEC it is planned to use styrene-divinylbenzene resin
functionalized with polyethylene glycol [21,22]. The resin of this type shows a high affinity to anions,
like 99TcO4- or I-. Sorption efficiency of 99TcO4- with the use of this resin from solutions obtained
from spent reactor fuel is above 90%. It is planned to perform synthesis of ABEC resin by suspension
method. Influence of parameters such as molybdenum concentration, time of loading the solution onto
a column and ionic strength of solution on the effectiveness of separation of pertechnetate from
molybdenum and on the technetium desorption efficiency will be examined.
Technetium in the form of pertechnetate may be separated from alkaline solution of Na2MoO4 by
adsorption on anionite DOWEX-1 and after elution with bromium tetrabutylammonium in methylene
chloride, loaded on Al2O3 column. Finally Tc in the form of pertechnetate may be eluted from the
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Al2O3 column with solution of physiological saline [23]. Within this step it is planned to optimize
parameters of 99TcO4- separation and minimize the molybdenum impurities using the anionite column
in order to maximize efficiency.
It’s also planned to check possibilities of initial separation of technetium from molybdenum using the
method of technetium electrodeposition on platinum electrode [24]. Technetium obtained with this
method may be contaminated with molybdenum and after anode dissolution additional purification on
Al2O3 may be needed. Molybdenum used as target material will be highly enriched in isotope of
100
Mo. Cost of this isotope at 99% enrichment is estimated to be ca. 4200 USD/g [3] and its recovery
should be considered. It is planned to develop highly efficient method of conversion of molybdate
ions into metallic molybdenum. Possibility of transition of molybdate ions into molybdenum oxide
MoO3 and further reduction of molybdenum oxide into metallic molybdenum using gaseous hydrogen
will be checked. The process of obtaining metallic molybdenum will be optimized in order to
maximize the process efficiency and chemical purity of the product.
1.7. Radiolabelling of bioactive molecules with 99mTc without previous separation from dissolved
target components
The second main objective of our studies is working out conditions for labeling of biomolecules with
Tc without previous separation of 99mTc from the irradiated 100Mo target. As mentioned in previous
paragraph, during dissolution of metallic Mo in concentrated HNO3, insoluble MoO3 is formed. After
separation of MoO3 by filtration the concentration of Mo in solution is around 1 mg/ml. We plan to
study labeling of bioactive molecules with the cyclotron produced 99mTc in the presence of small
amount of Mo using various kits such as 99mTc-HMPAO, 99mTc-MIBI, 99mTc-DMSA, 99mTc-HYNICTOC, 99mTc-MDP and 99mTc- microspheres. The radioactive preparations will be separated on C18
sorbent. Eventually, application of proposed process would make easier and faster labeling procedure
with cyclotron obtained 99mTc.
99m

1.8. Quality assessment of pertechnetate (99mTc) obtained by the accelerator method
The aim of this task is the confirmation of pharmaceutical quality of obtained pertechnetate 99mTc and
its suitability for preparation of radiopharmaceuticals. Because of different means of chemical
separation, the impurity profile of sodium pertechnetate (99mTc) obtained with “accelerator” method
will be different from that observed for pertechnetate obtained with generator method (99Mo/99mTc). It
will enforce necessity of performing series of analytical tests in order to confirm pharmaceutical
quality and suitability of the “accelerator” pertechnetate (99mTc) for preparation of
radiopharmaceutical products.
The quality control tests of the accelerator produced 99mTc will be performed as required by
pharmacopoeia monograph for “Sodium pertechnetate (99mTc) non-fission”(Ph. Eur. monograph
0283); above all: radionuclide purity with gamma spectrometry and radiochemical purity with paper
chromatography. Additionally, chemical impurities content will be checked, including determination
of metallic ions impurities by ICP-OES method and organic impurities with TOC (total organic
carbon) method. The efficient radiolabeling of radiopharmaceutical preparations will be the final
confirmation of the pertechnetate (99mTc) quality. The kits suitable for this purpose are: kit for
preparation of 99mTcHmPAO (99mTc-exametazime), kit for preparation of 99mTc-MIBI (99mTcsestamibi) and kits for preparation 99mTc-MDP and 99mTc-DMSA. Within assessment of clinical
suitability the stability of obtained radiopharmaceutical preparations will be compared with
preparations obtained with the use of commercial eluate from 99Mo/99mTc (Pol/Gentec) generator. For
the preparations of 99mTc-MDP and 99mTc-DMSA additionally organ biodistribution tests will be
performed in experimental animals. The aim of pre-clinical tests in animals will be assessment of
influence of specific activity of the 99mTc, obtained in accelerator, on the stability of
radiopharmaceutical preparations in vivo and their expected diagnostic efficiency.
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We expect that planned set of control tests assures obtaining comprehensive information concerning
quality and security of application of “accelerator” pertechnetate (99mTc) in humans.
2. BRIEF DESCRIPTION OF FACILITIES AVAILABLE:
National Centre for Nuclear Research Radioisotope Centre POLATOM, Otwock:
The team of NCNR Radioisotope Centre POLATOM participated in IAEA CRP 14293 “Developing
techniques for small scale indigenous Molybdenum-99 production using Low Enriched Uranium
(LEU) fission or neutron activation”. The equipment: Hot-cells, glove boxes and other appropriate
radiation protection equipment, analytical and semi-preparative HPLC’s (Shimadzu, Merck, Varian)
equipped with: UV, DAD, gamma and beta radioactivity detectors, TLC with various radioactivity
detectors, electrophoresis and column chromatography methods with radioactivity scanners,
spectrophotometers, ICP-optical emission spectrometer, ATLAS 0531 Electrochemical unit, gamma
and beta spectrometers, clean room for kit manufacture, freeze-dryers, animal facilities for testing
radiopharmaceuticals, good co-operation with clinical centers in Poland.
Heavy Ion Laboratory, University of Warsaw:
The equipment for completing this project: PETtrace cyclotron capable to deliver the proton/deuteron
beam with energy of 16.5 MeV and 100 µA intensity. Gamma spectroscopy laboratory is equipped
with: 2 HPGe Ortec detectors (20% and 60%), 2 lead shieldings made of low background lead,
laboratory equipment requires modernization;
high vacuum system equipped with e-gun, small rolling mill; thickness induction gauge;
collaboration agreement to irradiate the samples with the C30 (30 MeV protons) cyclotron in Otwock
or AIC (60 MeV protons) cyclotron in Kraków.
TEAM experience cross section determination via gamma ray techniques: Phys.Rev.Lett. 38,950
(1977 ); Phys.Rev. C19,724 (1979 ); Phys. Lett. 136B, 153 (1984); Phys.Rev.C34,60 (1985);
Phys.Rev. C41, 2605 (1990); Phys.Rev. C43 1331 (1991) ; Phys. Rev.Lett. 73,1399 (1994);
Phys.Rev.Lett. 87, 082501 (2001); Phys.Rev. C66, 044616 (2002); Phys.Rev.C76, 014311 (2011).
In target preparation: Nucl.Inst.Meth. A334 , 191 (1993); A438, 48 (1999); A480, 194 (2002);
A590, 185 (2008); A655, 34 (2011) end others
Institute of Nuclear Chemistry and Technology, Warsaw:
Facilities: radiochemical laboratories (2nd and 3rd class) certificated for work with open radioactive
sources.
Equipment:
glove boxes, hot cell, various radiometric instrumentation (gamma and beta counters), gamma, alpha
spectrometer (Ortec and Silena) and HPGe alpha detectors, radiochromatography, HPLC: gradient
Merck L-7100 pumps, with UV and radiometric detectors, TLC and GLC (610 Unicam) systems, FTIR (Equinox 55, Bruker) and UV-Vis (DU 68, Beckman) spectrofotometers, ICP-MS spectrometer,
X-ray monocrystalline diffractometer Supernova E, Agilent, NanoSight LM 10 HS for measurement
of nanoparticle size. The radiation stability of the materials will be studied using 60Co gamma source
and pulse radiolysis in Department of Radiation Chemistry of Institute of Nuclear Chemistry and
Technology.
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ACCELERATOR-BASED ALTERNATIVES TO NON-HEU PRODUCTION OF 99Mo/99mTc
Ibrahim Al Jammaz, Faisal Al-Rumayan PhD, Suliman Al-Yanbawi, Abdulrahman Al-Rabiah, Saudi
Arabia
1. Introduction
Nuclear medicine applications of the cyclotron produced radiopharmaceuticals are being increasingly
utilized for both research and routine clinical diagnosis and therapy of an extensive variety of
diseases. Numbers of medium energy cyclotrons world-wide have rapidly increased specially after the
introduction of Positron Emission Tomography (PET) and this number is expected to grow in the
future. Due to the major shortage supply of the molybdenum-99 (99Mo) caused by the prolonged
shutdown of various reactors, the need to explore alternative methods of producing technetium-99m
(99mTc) isotope using medium energy cyclotron is well justified to allow continued use of all existing
radiopharmaceuticals designed for 99mTc in nuclear medicine.
Recently, numbers of member states have embarked on research programs to investigate the use of
accelerators for the production of 99Mo or 99mTc directly. These approaches make use of the
100
Mo(γ,n)99Mo and 100Mo(p,2n)99mTc reactions, respectively. Early indications have shown that the
cyclotron approach holds promise for at least being able to supplement generator availability with
production rate of 17 mCi/µAh. At this rate it is possible for the existing cyclotrons with proton
energies of 16-19 MeV and beam current ranging from 60-100 µA to produce significant amounts of
99m
Tc for local use on a daily basis.
Therefore, as member of the International Atomic Energy Agency’s co-ordinated meeting entitled
“Accelerator-based Alternatives to Non-HEU production of Mo-99 /Tc-99m”, we will be focusing on
the electroplating method of 100Mo, targetry design, production 99mTc from proton bombardment of
enriched 100Mo using 100Mo(p,2n)99mTc nuclear reaction, fast and efficient separation of 99mTc from
enriched 100Mo as well as resourceful recovery of enriched 100M. In addition, quality control
parameters for 99mTc pertechnetate and its radiopharmaceuticals prepared will be fully investigated.
2. Current Status
The Cyclotron & radiopharmaceuticals Department was established in the late 1970. The facilities
available in the department include CS-30, RDS cyclotrons and their associated targetry systems
working towards patients care and research and development. The facilities house all hot cells, most
of chemistry modules, electroplating apparatus and all equipments for SPECT and PET
radiopharmaceuticals production and quality control. In addition, research equipments such as
HPLCs, GC-MS, Peptide synthesizer, gamma scan and counters and PET/SPECT animal camera are
readily available. Moreover, research and development team is engaged in various research activities
all geared toward development of new radioisotopes and radiopharmaceuticals. These new
radiopharmaceuticals incorporate different radionuclides among them are, fluorine-18, iodine123/124/131, copper-64 and technetium-99m. In the last years, our team has developed several
radiotracers ranging from small to large bioactive molecules using many radiolabeling strategies.
These results were published in peer reviewed journals.
3. Work plan
Work in this project will be executed in three consecutive years. Hence, in the first part of this project
we will focus on the development of thick 100Mo electroplated solid target using aluminum plate and
advanced electroplating methods, capable of withstanding high cyclotron beam current (>100 µA).
This will be followed by 100Mo irradiation using variable energy cyclotron beam (18-30 MeV) and
different high beam current > 100 µA. In addition, efficient separation of 99mTc and recovery of 100Mo
will be also developed. Finally, labeling efficiency of 99mTc-radiopharmaceuticals will be investigated
to insure safe 99mTc-radiopharmaceuticals for human use. The accumulated results will be presented
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on the second and final RCM meeting. Figure 1 shows a modified target (of the recently developed
solid target for I-124 and Cu-64) to be utilized for the production of Tc-99m. The target is designed to
be cooled by both water and helium channels and remotely controlled.
First year
Development of thick 100Mo electroplated solid target using aluminum plate and advanced
electroplating methods. Also, standardize the quality control of the electrodeposited 100Mo targets that
should be capable of withstanding high cyclotron beam current. In addition, design durable and heat
conductive target with efficient cooling pathways suitable for irradiation at elevated beam current.
Second year
Several optimized 100Mo electroplated targets will be irradiated using variable energy cyclotron beam
(18-30 MeV) and different high beam current > 100 µA. Irradiated targets will be treated and
optimized protocols to be amenable to remote operation for the recovery of 99mTc as well as enriched
100
Mo will be developed using solid phase extraction and electrodeposition techniques. The isotopic
composition of the recovered 99mTc and enriched 100Mo will be measured using MCA. In addition to
the process of recycling the100Mo, the impact of using recycled enriched 100Mo on the quality of the
extracted 99m Tc will also be investigated. The accumulated results will be presented on the second
RCM meeting.
Third year
Because contaminants profile of cyclotron-produced pertechnetate may have a direct impact on the
labeling efficiency of 99mTc-radiopharmaceuticals. The quality control of any contaminants and their
effect, if any, on labeling efficiency will be characterized. Efficient and safe incorporation of
cyclotron-produced pertechnetate into all 99mTc-radiopharmaceutical kits will be achieved. To ensure
safe 99mTc-radiopharmaceuticals for human use prepared using this method rigorous quality control
protocols for the final products will be developed. The accumulated results will be presented on the
third RCM meeting
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FIG.1. Newly designed Mo-99 /Tc-99m
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CYCLOTRON PRODUCTION OF 99mTc
Suzanne E. Lapi, Michael J. Welch, USA
Abstract.

99m

Tc is the most commonly used isotope in diagnostic nuclear medicine with over 16 million scans
using this isotope performed annually in the United States and over 40 million scans performed annually
worldwide. Common procedures using this isotope include bone scans, heart studies and more recently,
targeted molecular imaging in oncology using agents such as 99mTc octreotide analogues. This project aims to
address the current urgent problem of availability of 99mTc due to the Canadian reactor shut down. Currently
99m
Tc is produced via nuclear fission using highly enriched uranium (HEU) which is a concern due to nuclear
proliferation risks. Clearly, a need exists to probe alternative production routes of 99mTc. This project has the
potential to alleviate some of the current crisis in the medical community by producing 99mTc on location at a
university hospital. The overarching goal of this project is for Washington University to develop the in house
capability to routinely produce 99mTc for nuclear medicine patient procedures and to translate this capability to
other nuclear medicine departments. This technology will be applicable at many other sites as many other
similar cyclotrons are available for production of 99mTc though this method.

1. Introduction
99m

Tc is the most commonly used isotope in diagnostic nuclear medicine with over 16 million scans
using this isotope performed annually in the United States[1] and over 40 million scans performed
annually worldwide[2]. Common procedures using this isotope include bone scans, heart studies and
more recently, targeted molecular imaging in oncology using agents such as 99mTc octreotide
analogues[3].
99m

Tc is commonly available in a generator form. In this system, the parent radionuclide 99Mo (t1/2 =
2.75 d) is bound to a solid phase column and the daughter isotope, 99mTc, is continuously ‘milked’ off
the column with a saline eluant and incorporated into an appropriate radiopharmaceutical. In this
manner hospital nuclear medicine departments can have a generator delivered approximately once a
week for ongoing maintenance of 99mTc supplies for diagnostic patient procedures.

Presently, the majority of the United States supply of 99Mo is generated by Canadian reactors. These
reactors are ageing and have become unreliable with several recent unexpected shutdowns. Over the
last few years the 99mTc isotope supply has been drastically reduced due to issues with the Canadian
reactors and with other suppliers in the world.
In addition to this vulnerability in supply due to the reactors’ age, these reactors run using highly
enriched (weapons grade) uranium fuel (HEU) for the production of 99Mo, HEU is a proliferation risk
and thus there are significant security issues associated with the current route of production. The
American Medical Isotopes Production Act[4] (introduced in 2009) would also halt United States
export of highly enriched uranium in seven to ten years thus making fuel availability for these reactors
uncertain. AECL currently runs the (130 MW) NRU reactor with low enriched uranium (LEU) fuel
and HEU targets. Substantial radioactive waste (also classified as HEU) is also generated in
processing. HEU (> 19.7% 235U) is currently supplied to Canada by the US. As HEU has significant
security issues, the future of 99Mo/99mTc production will likely require alternative routes of
production.
Other methods exist for producing the parent isotope, 99Mo, including neutron capture on 98Mo and
accelerator production via the 100Mo(p,pn) nuclear reaction. The disadvantage with both of these
methods of production is the resulting low specific activity (low radioactivity per unit mass) of the
99
Mo product as compared to the fission produced 99Mo. As the produced radionuclide (99Mo) is the
same element as the target material (98Mo or 100Mo), they cannot be chemically separated. This is an
issue as the typical 99Mo/99mTc generator columns and associated shielding cannot accommodate the
large amount of mass of molybdenum required to generate the necessary amounts of 99mTc
radioactivity required for multiple nuclear procedures.
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A further disadvantage to accelerator production of parent radionuclide 99Mo via the 100Mo(p,pn) is
that this route requires a minimum accelerator energy of approximately 24 MeV to make this
production method feasible. While there are a few machines capable of accelerating protons to this
energy range scattered about the country (mainly owned and operated by industry), the installation
requirements of additional new machines and infrastructure required to make this route a worthwhile,
large scale, strategic solution is quite formidable.
Direct production of 99mTc
The direct production of 99mTc using lower energy medical accelerators via the
has several advantages, several of which are listed below:

100

Mo(p,2n) reaction

1. Cyclotrons already in operation could be used to produce 99mTc, thus alleviating the problem
without having to invest in new infrastructure.
2. The ability to produce these isotopes onsite at hospitals will result in less shipping, thus reducing
costs and loss of the radionuclide due to decay.
3. This method is an alternative to using HEU and thus solves the proliferation risk associated with
current methods of production
Overall this is a straightforward solution to the current isotope crisis which also addresses the
proliferation issues associated with the current method of production. The sharing of this technology
with institutes in developing nations will enhance the supply, utilization and hence the reliability of
these important radiotracers.
2. Research Plan
The goals of this proposal are to thoroughly investigate the production of 99mTc using an existing
small medical cyclotron (15 MeV) and to fully develop the most feasible method in order to produce
99m
Tc for in house use on a regular basis. The local production of 99mTc will allow hospitals to be
independent of the currently unreliable sources of this important isotope.
2.1 Solid Targetry Development
We propose to develop target systems similar to those with which we currently produce other
radioisotopes at Washington University. These targets will be modified for optimization of 99mTc
production depending on the most feasible target material for production of this isotope.
The prepared solid targets will be irradiated in our existing solid target station. A schematic of this
station is illustrated in Figure 1. This station is currently adapted for use on the CS-15 cyclotron and
has been used for the production of 60,61,64Cu, 86Y, 76,77Br, 89Zr and 94mTc .
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Pneumatic air cylinder
Plated Target
Water cooling channels

Cyclotron Beam

Gas and water connections
Fig.1. Washington University solid target station
The target material is plated (or in the case of powder material, pressed) onto a solid gold or platinum
target backing disk. During the irradiation, the back of the disk is water cooled with chilled water to
remove the heat deposited in the target by the cyclotron beam. After the irradiation, the target can be
removed by actuation of an air cylinder.
100

Mo Targets

Using enriched molybdenum metal or oxide as a material for accelerator targets is advantageous due
to favorable physiochemical characteristics. These materials are readily available and possess a very
high melting point in both instances, thus they should be able to withstand the relatively high heat
load deposited in the target by the incident proton or deuteron beam.
Enriched 100Mo targets will be prepared by sedimentation[5] or as pressed targets from molybdenum
oxide. For the sedimentation procedure, a suspension of very fine 100Mo metal or MoO3 powder in
benzene (or other suitable solvent) will be placed in a cylindrical vessel over a target backing (Au or
Pt). Upon a slow evaporation of the solvent, mechanically stable molybdenum targets are created as
per the technique of Denzler et al[6].
Alternatively, pressed power targets may be constructed from MoO3. The molybdenum oxide (50-60
mg) is loaded into a platinum target backing containing a small depression. The target material is
pressed to 600 lbs/in2. Upon insertion into the target station the platinum backing is water cooled.
This method is currently used by our group for the production of 94mTc via the 94Mo(p,n) nuclear
reaction. These targets will be irradiated on the CS-15 cyclotron shown in Figure 2.
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Fig.2. CS-15 cyclotron
2.2 Purification of 99mTc
The purification of 99mTc from irradiated molybdenum target material will be based on the currently
commonly used and well-studied 99Mo/99mTc generator technology, which was developed at
Brookhaven National Laboratory in the late 1950s[7]. The molybdenum target material will be
dissolved in acid yielding MoO42- and loaded onto an acid alumina column (Al2O3). The 99mTc
pertechnetate TcO4-, is less tightly bound to the alumina due to its single charge. The 99mTc can be
eluted with saline and used in radiochemistry procedures in an identical fashion as is accomplished
with the fission produced 99mTc. This method is preferable as it is likely to be much more simple to
automate than the alternative method described below.
An alternative method of separating 99mTc from molybdenum involves a sublimation technique as
described in a series of papers by Vleck et al [8-10]. This exploits the volatility of 99mTc oxides and
was previously used by our group for the production of 94mTc as described by Bigott et al[11]. In this
technique, the target is heated to approximately 1100º C at the bottom of a quartz tube under a flow of
oxygen. The Technetium oxide sublimes and 94mTc condensate is collected in an inner separate tube
which is maintained at a temperature of approximately 300-400º C. Volatilized MoO3 condenses out
of the gas stream at a higher temperature than does the TcO4- and thus is separated from the product
material. A diagram of this apparatus is illustrated in Figure 3. This inner tube is removed and rinsed
with hot 10-4 M NaOH solution to collect the 94mTc. The resulting solution is passed through an
alumina SepPak and the final 94mTc product is eluted with saline. This method will be attempted if the
ion chromatography experiments yield discouraging results (i.e. high molybdenum breakthrough or
otherwise poor elutation profiles which would likely be due to the high mass of Molybdenum loaded
onto the column).
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TcO4MoO3

Fig.3. Apparatus used for Mo/Tc
Thermochomatographic separation
Other methods exist which make use of liquid-liquid extraction techniques(often in conjunction with
other methods of purification) as reported by Bonardi et al[12]. These methods will be attempted if
other techniques prove unsuccessful.
Several methods will be employed for the separation of 99mTc from the molybdenum target material
and comparisons will be made with respect to chemical and radiochemical purity of the produced
99m
Tc, recovered yields of the 99mTc, purification time, and recovery and recycling of the enriched
100
Mo.
2.3 Automation of Processing Systems
The target processing will consist of 3 steps: dissolution of the target material, purification of the
Tc and recovery of the radioisotope.

99m

The two most likely purification schemes for the isolation of 99mTc are
1. Ion exchange
2. Distillation
We have previously shown it is possible to automate the production and purification of a series of
non-standard radionuclides using modules designed in house and propose to use this same technology
for the automated purification of 99mTc.
Washington University currently operates automated target processing modules for the production of
64
Cu and 76,77Br in the Barnard cyclotron facility. These modules are constructed in house primarily
using commercially available materials, with a few items custom-made by the group. These modules
were designed to be installed inside Comecer BBS mini-cells (25”W x 24”D x 23”H) that were
specially adapted for use with these non-standard positron emitting radionuclides. Additional
shielding at the hinge door is provided with 90 mm thick lead to reduce the radiation dose to
personnel. Performax digital and analogue input output (I/O) controllers and Opto 22 I/O modules are
used for the control logic of the synthesis. An in house program controls both syntheses, and operator
monitoring and interaction are possible throughout the process with a set of user-interface windows.
Setup of the module for processing is straightforward.
These modules have been proven to be reliable and are able to produce the radionuclides in yields and
at specific activities comparable to or better than those obtained by manual processing. These devices
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are compact and simple to use and thus this technology can be readily transferred to cyclotron
facilities originally designed for FDG production only.
Automation of an ion exchange purification technique
This proposed automated technique is similar to the process which our group currently employs to
purify 64Cu from irradiated 64Ni targets. The copper processing module consists of a Teflon reaction
vessel for target dissolution, a series of Teflon-based solenoid valves and a vacuum to direct the flow
of liquid to and from the anion exchange column, and a heater where the final copper solution is
reduced in volume.
The irradiated target is deposited in a Teflon reaction vessel and the target material dissolved off the
gold disk backing plate via the addition of 10 ml of 6.0 N hydrochloric acid, which is heated to
110°C. The dissolved nickel solution is loaded onto a 4 x 1 cm Bio-Rad AGl-X8 anion exchange
column (treated with 6.0 N HCl prior to use). The enriched target material fractions are eluted in the
first 20 mL of 6.0 N HCl and are recycled for further irradiations. Upon switching to deionized water
(or 0.5 M HCl), the produced radioisotopes are immediately eluted in the first 5 ml.
A schematic of the automation apparatus is shown in Figure 4.

Dissolution Vessel

Ion Exchange Column
Collection Vessel

Fig.4. Schematic of automated copper-64 production
The purification system for the recovery of 99mTc via an ion exchange technique would be very similar
to the illustrated system currently in use.
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Automation of a distillation purification technique
The proposed automated distillation technique is similar to the process which our group currently
employs to purify 76Br from irradiated enriched 63Cu276Se cyclotron targets. The bromine purification
module consists of a high temperature compact furnace (4.25” heated length) with a tapered quartz
processing tube for dry distillation, an auxiliary 200°C heater adjacent to the furnace, a 4 way valve
and a vacuum to direct the flow of liquid and argon, and a heater where the recovered bromine
solution is brought to dryness under an argon stream. Activity in the system is tracked using silicon
diode probes coupled with a Carroll & Ramsey radiation detector. The bromine is recovered by dry
distillation by heating the target at 1035°C for 40 minutes. Rapid cool down of the system is
expedited through the use of a vortex cooling tube directed at the 200°C heater. The distilled bromine
and selenium are separated in the 2.5” section of the quartz tube heated to 200°C by the auxiliary
heater. The distilled activity is eluted with deionized water or 0.6 M ammonium hydroxide after the
system has cooled down.
3. Project Summary
The overarching goal of this project is for Washington University to develop the in house capability to
routinely produce 99mTc for nuclear medicine patient procedures and to translate this capability to
other nuclear medicine departments. Overall the proposal introduces a straightforward solution to the
current crisis while also addressing the proliferation issues associated with the current method of
production This project has the potential to substantially alleviate the current major problem of the
diagnostic SPECT isotope, 99mTc, availability in the United States.
4. References
1. Orenstein, B., Caution - Lack of Imaging Isotopes may be Hazardous to Patients. Radiology
Today, 2009. 10(14): p. 14.
2. Eckelman, W., Unparalleled Contributions of Technetium-99m to Medicine over 5 Deacades.
Journal of American College of Cardiology Imaging, 2009. 2: p. 364-368.
3. Cwikla, J.B., et al., Initial direct comparison of 99mTc-TOC and 99mTc-TATE in identifying sites
of disease in patients with proven GEP NETs. J Nucl Med, 2008. 49(7): p. 1060-5.
4. The American Medical Isotopes Production Act, in H.R. 3276. 2009.
5. Scholten, B., et al., Excitation functions for the cyclotron production of Tc-99m and Mo-99.
Applied Radiation and Isotopes, 1999. 51(1): p. 69-80.
6. Denzler, F.O., F. Rosch, and S.M. Qaim, Excitation-Functions of Alpha-Particle Induced NuclearReactions on Highly Enriched Mo-92 - Comparative-Evaluation of Production Routes for Tc-94m.
Radiochimica Acta, 1995. 68(1): p. 13-20.
7. Tucker, W.D., et al., BNL 3746. Transations of the American Nuclear Society, 1958. 1: p. 160.
8. Vlcek, J., et al., Thermal Separation of 99mTc from Molybdenum Trioxide II. Separation at
Temperatures above 650 C Radiochemical Radioanalytical Letters, 1974. 20: p. 23-31.
9. Vlcek, J., et al., Thermal Separation of 99mTc from Molybdenum Trioxide I. Separation at
Temperatures below 650 C Radiochemical Radioanalytical Letters, 1974. 20: p. 15-22.
10. Machan, V., et al., Thermal Separation of 99mTc from Molybdenum Trioxide III. Separation of
99m
Tc from Molybdenum Trioxide from the Standpoint of its possible use in a Technetium Generator.
Radiochemical Radioanalytical Letters, 1974. 20: p. 33-40.
11. Bigott, H.M., et al., Advances in the production, processing and microPET image quality of
technetium-94m. Nucl Med Biol, 2006. 33(7): p. 923-33.
12. Bonardi, M., et al., Thin-target excitation functions, cross-sections and optimised thick-target
yields for natMo(p,xn)(94g ,95m,95g,96(m + g))Tc nuclear reactions induced by protons from
threshold up to 44 MeV. No Carrier Added radiochemical separation and quality control. Appl
Radiat Isot, 2002. 57(5): p. 617-35.

115

PARTICIPANTS’ LIST
Mr. Ibrahim Al Jammaz
King Faisal Specialist Hospital and Research
Centre
Cyclotron and Radiopharmaceuticals
Department
MBC-03, P.O. Box 3354
Riyadh 11211
Kingdom of Saudi Arabia
Tel.:
+96614427856
Fax:
+96614424743
E-mail: jammaz@kfshrc.edu.sa
Mr. Rehir Dahalan
Malaysian Nuclear Agency
Bangi Complex, Bangi
43000 Kajang, Selangor
Malaysia
Tel.: +603 8928 2906
Fax.: +603 8925 3037
E-mail: rehir@nuclearmalaysia.gov.my
Mr. Juan Esposito
Istituto Nazionale di Fisica Nucleare
INFN-LNL,
Via dell’Universita’, 2,
I-35020 Legnaro (Padova)
Italy
Tel.: +39 049 8068423
E-mail: juan.esposito@lnl.infn.it
Mr. Kotaru Nagatsu
Molecular Imaging Centre
National Institute of Radiological Sciences
4-9-1 Anagawa, Inage
Chiba 263-8555
Japan
Tel.: +81-43-206-4039
Fax : +81-43-206-3261
Mobile: +81-90-9801-0285
E-mail: nagatsu@nirs.go.jp
Mr. Kücükmidil Harun
Eczacibasi Monrol Nuclear Products Co.
Tübitak MAM Teknoparki
Gebze
TU-41470 Kocaeli
Turkey
Tel.: +90 262 6480200
Fax: +90 262 646 40 39
E-mail: harun.kucukmidil@monrol.com

Ms. S. Lapi
Mallinckrodt Institute of Radiology
Washington University School of Medicine,
510 South Kingshighway Boulevard
Campus Box 8225
St. Louis, MO 63110
USA
Tel.: +1 (314)-362-4696
E-mail: lapis@mir.wustl.edu
Mr. Steve McQuarrie
University of Alberta
Cross Cancer Institute
11560 University Avenue
Edmonton, AB
Canada T6G 1Z2
Tel.: +1 780 989 4311
Fax.: +1 780 432 8483
E-mail: smcquarr@ualberta.ca
Ms. Renata Mikolajczak
National Centre for Nuclear Research
Radioisotope Centre POLATOM
Andrzej Soltan 7
PL-05-400 Otwock-Swiersk
Poland
Tel.: +48227180701
Fax.: +48227180350
E-mail: r.mikolajczak@polatom.pl
Mr. Thomas Ruth
TRIUMF, Canada
4004 Wesbrook Mall
Vancouver
Canada V6T 2A3
Tel:
+1-6048227753
E-mail: truth@triumf.ca
Mr. Andrea Salvini
University of Pavia
Via Aselli 41
I-27100 Pavia
Italy
Tel.: +39 0382 98302
Fax.: +39 0382 987302
E-mail: asalvini@unipv.it

Mr. Sandor Takacs
Institute of Nuclear Research of the Hungarian
Academy of Sciences
Bem ter 18/c
H-4026 Debrecen
Hungary
Tel.: +36 52 509200
Fax.: +36 52 534042
E-mail: stakacs@atomki.hu
Mr. Seung Dae Yang
Korea Atomic Energy Research Institute
(KAERI)
P.O. Box 105
Yusung, Daejon 305-600
Korea, Rep. of
Tel.: +82 63 570 3570
Fax.: +82 42 570 3580
E-mail: sdyang@kaeri.re.kr
Mr. Jair Mengatti
Instituto de Pesquisas Energeticas e Nucleares
(IPEN-CNEN)
Av. Prof. Lineu Prestes 2242-Cidade
Universitaria
05508-900 Sao Paulo-SB
Brazil
Tel.: +55 11 3133 9559/9529
Fax.: +55 11 3812 0253
E-mail: mengatti@ipen.br
Scientific Secretary:
Mr. M. Haji-Saeid
Head, Industrial Applications and Chemistry
Section
Division of Physical and Chemical Sciences
Department of Nuclear Sciences and
Applications
P.O.Box 100
Wagramer Strasse 5
A-1400 Vienna
Austria
Tel.: +43-1-2600 ext. 21748
Fax.: +43-1-2600721748
E-mail: M.Haji-Saeid@iaea.org

117

