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The world is currently suffering from a severe shortage of **Mo and various efforts have been given for
its availability. The (n,y) method is one of candidates for the alternative supply of *Mo.
The only but critical shortage of (n,y)*Mo is its extremely low specific activity, which gives

f ®¥™Tc and is consequently converted to additional cost. Potential

inconveniency in the extraction o
technologies which make the (n,y)**Mo competitive by reducing the additional cost are already available. It
is expected that verification of such technologies is much easy and cost effective compared to any other
options known for the alternative **Mo production. Because Japan and Korea import all *Mo from long
distance, the cost benefit of local (n,y)**Mo production in these countries is especially large. If five high
flux reactors in China, Japan and Korea are utilized for the cross backup supply of (n,y)**Mo, stable
availability of **Mo in the region can be secured. Therefore, it is necessary to evaluate its feasibility on
(n,y)**Mo production in the Asia region.

In this report, we studied feasibility of the mass (n,y)**Mo production from viewpoints of global and
regional status of ® Mo demand and supply, competitiveness with other production methods, requirements
and flow of the **Mo, production capability, cost, convenience in usage, and alternative technologies to

overcome its shortage.

Keywords: Mo, ®™Tc, (n,gamma) Method, Fission Mo, Generator, MEK, PZC, ALSUL,
Research Reactor, Medical Diagnosis
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1. Introduction

The 99Mo is the precursor of 99mTc which is the most widely used tracer for medical diagnoses.
Section 2 revisits why the 9mTc is the best among all isotopes ever found for majority
applications of single photon emission computed tomography (SPECT). As explained in Section
3, the procedures to use the 9mTc are well established in convenient ways, and the burden of
99Mo is sufficiently light in the payment of a patient. Therefore, the 9°Mo became one of
essential ingredients for medical welfare in modern society, and its global demand is expected
to increase during the next decade.

Since timely diagnoses are crucial for most patients who need the 99mTc, the 99Mo supply has
to be continued very stably. However, the world is suffering from a severe shortage in its supply,
as explained in appended Section A.1. The worse is that the situation would not be improved
within few years. Furthermore, the future would not be much better than before as far as the
world depends on a few primary reactors producing Mo even they are replaced by new ones,
because the fission Mo has inherent risk to the stable availability of %Mo as explained in
Section 3.2. Rather recently, when top two reactors encountered respective long term outages,
Canadian and Dutch governments put higher priority on the continued availability of the 9°Mo
rather than their usual nuclear regulatory practices.

Highly enriched uranium (HEU) targets have been used for the 99Mo production at every
primary reactor with risk of nuclear proliferation. International effort to convert the HEU
targets to LEU (low enriched uranium) has not been effective in fission Mo production. The
USA has supplied the HEU at a lower unit price of 235U than the LEU [1]. The fact that USA
consums about a half of global Mo all produced at reactors and facilities outside of USA would
be one of reasons that they have kept the lower unit price of 235U for HEU.

There are many reactors over the world capable to produce the 9Mo. Should the %Mo
production be shared by many reactors, the risk on the shortage can be significantly reduced.
However, the production of fission Mo at many reactors is difficult as explained in Section 4.2,
which causes inherent risk to the stable availability of 9Mo.

Section 4.4 explains several efforts to provide additional sources of 9°Mo. It is found that
readily available facilities are very limited, all other additional productions take time, and new
production methods are not fully proven. The (n,y)9*Mo is one of the alternatives but it is not
new technology. It has been used from the initial era of medical 9°mTc applications and it clearly
has many advantages compared to the fission Mo. The only one but critical deficiency of
(n,y)99Mo is the extremely low specific activity, which makes the 99mTc extraction inconvenient
and costly, compared to the fission Mo. Appended Section A.4 reviews the 9mTc extraction
methods to figure out whether the mass (n,y)9°Mo production has feasibility to be adopted by
users who have been using the fission Mo. There are newly emerging generator technologies

which significantly reduce the gap in the 99mTc extraction between fission Mo and (n,y)?*Mo.
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The (n,y)?°Mo has an additional room to compensate its deficiency. The relatively low cost and
low safety concern for the (n,y)9°Mo irradiation and post processing are expected to encourage
many high flux reactor centers over the world or at least in the East Asian region to join the
(n,y)?*Mo production. Then regional rather than global supply schemes are possible, which not
only eliminates the risk on the stable availability but also makes the delivery time short and
thereby reduces %Mo cost at the user end. Section 3 explains the difference in the flow of %Mo
between fission and (n,y), and suggests a scheme for the mass supply of (n,y)9°Mo. Section 5

demonstrates that a high flux reactor can produce a large amount of (n,y)?Mo for the regional

supply.

2. Role of Mo in medical diagnoses

The 9Mo is the precursor of 9mTc which is one of tracers used for medical diagnoses. Since
the first tracer study by George C. de Hevesy [2] in 1923 using 211Pb, radioisotopes have been
utilized to trace various biologic processes. Generation of 9mTe from %Mo was discovered at
Brookhaven National Laboratory (BNL) of USA in 1957 and the use of 99mTc as a medical tracer
was first suggested by a Brookhaven scientist Powell Richards [3] in June 1960. After then,
development of 99Mo/99mTc generators and cold kits for 99mTc labeled compounds led a rapid
growth of nuclear imaging for the medical diagnoses.

From various sources, it is roughly estimated that more than 10,000 hospitals over the world
use the 99mTc for about 30 million medical diagnostic procedures every year, which shares about
80 % of nuclear medicine procedures. Demand of 9°Mo over the world is some more than 10,000
six-day-Ci (activity in Ci six days after shipment of 99Mo solution) every week, and a few
percent growth in annual demand over the next decade is expected. A positron emission
tomography combined with computed tomography (PET/CT) gives better diagnostic images
than the SPECT using the 9mTc. But it is much expensive and, due to short half-lives of PET
isotopes, it is usually available to hospitals only within about 2 h distance from a medical
cyclotron. Moreover, the quality of SPECT images have been improved by advances in detector
technologies and reconstruction algorithms together with improved technetium
radiopharmaceuticals. The introduction of SPECT/CT has reduced the gap with the PET/CT
[4].

Among transmission imaging technologies to obtain structural information by X-ray,
ultrasonics and MRI, X-ray is the oldest but its technology has been improved and it is still one
of important tools in the modern hospitals. The use of 9mTc seems a similar case. 99mTc
medicines for targeted imaging were introduced in the mid-1960s, when the MRI, CT and
ultrasonography were not available. The 99mTec is not the first tracer for medical diagnoses, but
became most popular among tracers to obtain physiologic information and its technology has

been improved as aforementioned. Several nonradioactive tracer techniques as well as PET
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have been developed, but the application of 99mT¢ has been expanded.

In general, the 99mTc demand is sensitive on the living standard and a chance to be diagnosed
by the 99mTec increases with age. Therefore, rapid development of several countries heavily
populated and increase of average age over the world indicate a potential to increase its
demand.

The 99mTc has ideal characteristics for nuclear imaging both in radiation and chemistry as
discussed in many references including an IAEA Technical Report [4]. Why it is ideal from the
viewpoint of radiation can be understood from relevant radioactive decay data shown in Table 1.
Radioactive decay data tables published by DOE in 1981 [5] has been popularly referred in
many documents dealing with the 99mT¢, but it is rather old. Table 1 presents the DOE data as
well as recently found data from LNHB (Laboratoire National Henri Becquerel) homepage [6].

Every 99mTc used for the medical diagnosis is produced from the decay of 99Mo. Nuclear
reactions producing the 99mTc directly exist, but the 6 h half-life of 9mT¢ not only limits its use
within short distance from the production machine but also requires daily production and
delivery. There has been no 9mTc¢ producing machine capable to compete with devices
extracting the 99mTc from the 9Mo. Especially, 99mTc generators are very convenient to be used
by hospitals and radiopharmacies. The 66 h half-life of 9°Mo is not long enough for a sufficiently
long term use, but the stable weekly production of 9Mo allows the stable availability of 99mTec.
The 9°Mo decays to the 99mTc with 87.6% probability or to the 99Tc with remaining probability.
Technologies to obtain the high purity 9mTc solution from the Mo in convenient and cost
effective ways are available.

The 99mTc¢ is a metastable isomer of 99Tc at an energy level 142.683 keV. Its majority falls to
140.511 keV level by internal conversion (IC) which emits an IC electron and X-ray. Then
immediately (0.221 ns) falls to ground level by isomeric transition (IT) emitting a 140.511 keV
y-ray or by IC emitting a corresponding electron and X-ray. The decay process involves M and N
shell electrons, making the metastable nucleus susceptible to chemical influences, which gives
observable half-life changes from chemical environment. Since the change is sufficiently small,
however, it can be neglected in the usual analyses.

The probability emitting the 140.511 keV y-ray which is used for the imaging is 88.5% in the
99mTe decay process. Its decay mode is usually called IT, but it is actually composed of above
mentioned IC and IT with very low probability B~ decay to 9°Ru. The 99Tc decays to %°Ru by
emitting a weak B-ray, but its activity is negligible due to its 2.14E5 y half-life. Therefore,
majority of energy in the processes of 9mTc decay is emitted by the 140.511 keV y-rays, and
remaining are low energy IC electrons, Auger electrons and X-rays. Portions of other y-rays and
B-rays are negligible.

While the 140.511 keV y-ray is good enough for the medical imaging, radiation impact to
normal tissue from above mentioned radiations from the 99mTc is low. Most of all, it is virtually

free from high energy B-rays which, when injected into the body, gives much higher impact to
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normal tissue than y-rays. Its short half-life decreases a dose rate quickly, as well.

The 9mTe is usually tagged to molecules targeting specific receptor sites or metabolic
processes. Since the element Tc is located in the center of the periodic table, its chemistry is
rich and diverse to make many biologically active molecules. It enables imaging almost all the
important organs of the body [7].

Such an excellent combination in good y-ray energy for the medical imaging, low radiological
impact both from characteristics of emitted radiations and half-life, much longer availability
than its half-life from its precursor, easy and convenient process to get high purity and high
specific activity solution ready for radiopharmacy, good chemical characteristics to make
various nuclear medicines, together with reasonable cost to use it, marks the 9mTc an ideal
1sotope for medical diagnoses.

The portion of 9Mo price in the cost for a medical diagnostic procedure using the 9mTc is
small as discussed in the appended Section A.3. There are many reactors over the world
capable to produce large amount of 9Mo. Then, we may suppose that it is easily available.
However, the world has been suffering from the shortage of Mo as described in the appended
Section A.1. Aging of all primary reactors producing Mo is often said as the reason of current
shortage. But a root cause is that the world has been depending on only a few reactors. As the
number of reactors available is small, the risk of shortage becomes high. However, many other

reactors cannot help the shortage problem. Its reason is discussed in the Section 4.2.

3. Flow and usage of %Mo

3.1 Requirements on the use of 99Mo for medical applications

For the medical applications, the 99mTc produced by B-decay of 99Mo is chemically separated
and a solution of sodium pertechnetate (99mTcO4 solution) is obtained. Depending on the
purpose of a diagnosis, the 99mTcQ4- solution itself or a 99mTc labeled compound made by the
99mTcQ4- solution with a compound is given to a patient by intravenous or oral administration.
Then, the distribution of molecules containing the 99mTc in the patient’s body is obtained by a
gamma scanning. The scanning may be repeated to get dynamic images. Since the compound
before labeling is not radioactive, it is often called as cold kit. As the compound is designed to
carry Tc to specific receptor sites or metabolic processes, the image help us diagnose relevant
disease. The compound itself has no other medical value to the patient.

The 99mTcO4- solution or 99mTc labeled compound ready for administration to the patient may
be prepared by the hospital itself or by a radiopharmacy. Since every process uses the 9mTcO4-
solution as a starting material, first of all, it has to satisfy basic quality requirements for it.
And then, if it is used for a labeling, it has to satisfy additional requirements specific for each

labeling, especially for high labeling efficiency. Of course, the labeled compound has to satisfy
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specific requirements for itself as well. All the requirements focus good imaging with minimum
radiation dose and side effects to the patients.

Table 2 summarizes USP (United State Pharmacopeia) specifications for the injection of
99mTcQ4- solution. As the fission Mo has a potential to be contaminated by fission products,
uranium and transuranium elements, the specification on radionuclidic impurity is more
specific and stringent than the (n,y)?Mo. When the 9mTc solution is separated by the
liquid-liquid extraction using methyl ethyl ketone (MEK, see appended Section A.4.2) from the
(n,y)?*Mo, the content of MEK is limited to 0.1%.

An excessive radionuclidic impurity not only increases dose to patients but also indicates
lack of reliability in a process to obtain 99Mo or 99mT¢ solution. Impurity contents are specified
by relative activities to 99mTc at the time of administration, and 99mTc generator suppliers
usually limit the validity of eluate within 12 h from elution. Therefore, as a rule of thumb,
impurity activities valid until 12 h from elution are also applied.

When the radionuclidic purity is sufficiently high, the radiochemical impurity is determined
by the 99mT¢ in other chemical forms different from the 9mTcO4-, which may have different
chemical behavior as well at the post processes including labeling. An excessive chemical
impurity not only interferes with labeling but also indicates lack of stability in the 99mTec
extraction process.

For each labeled compound, the biological contamination, radiochemical purity and
radionuclidic purity are basic concerns as well. The radiochemical impurity is determined by
the 99mT¢ in other chemical forms different from the labeled compound, including remained
9mTcQ4-. As the 99Tc competes with the 99mTc in labeling reactions, excessive portion of 99Tc
may result in poor labeling [8], which gives lower radiochemical purity. The radiochemical
purity is also degraded by chemical instability of the compound, especially under radiation
environment.

Once the 99mTcO4- solution or the labeled compound is prepared, everything degrades as time
goes on for the next step. First of all, the 9mTc decays out. It reduces available 9mTc and
increases portion of 9Tc competing with the 9mTc for labeling. The radionuclidic purity
decreases because the 9mTc decays out much faster than impurity radionuclides. As
concentration of 99mTc decreases in its solution, more amounts of chemicals including chemical
impurities per 9mTc activity are included in the labeling process and then injected into the
patient. Meanwhile probabilities of biological contamination and of degradation in
radiochemical purity increase. Therefore, time intervals from preparation of 9mTcO4- solution
to labeling and to administration are also important specifications. It is usually recommended
to minimize the time intervals as possible.

On January 12, 2009, US Nuclear Regulatory Commission (NRC) [9] issued an information
notice about an unusual number of reports on failures of %Mo breakthrough tests. The NRC

informed that the majority of the reports involved concentrations of 99Mo that did not exceed
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the regulatory limit at the time of elution but, due to the decay rate of 9mTc, the ratio of 9Mo to
99mTc would have exceeded the regulatory limit before the 12 hours post elution expiration time
stated in the generator package insert. AM Millar [10] reported a degradation of radiochemical
purity by using the aged eluate (The eluate is 99mTcO4 solution eluted from the 99mTc
generator).

The time interval between extractions of 9mTc from a generator also affects to the available
99mTe activity, and may impact to the quality of 99mTcQ4- solution and labeling efficiency. As
explained in appended Section A.2.5, the 99mTc activity in the Mo reaches a maximum value at
22.84 h and then decreases by approaching a transient equilibrium. The portion of 9mTc in Te
monotonically decreases until next extraction of 99mTc, The chemistry of molecules containing
99mTe degrades with time. Therefore, extraction time interval longer than 24 h gives no benefit.
A cold kit supplier [11] limiting the elution interval within 24 h for 9mTc exametazime was also
found.

The amount and activity of eluate for a labeling process depend on the compound. Cold kit
suppliers usually specify valid age of eluate, valid life time of each labeled compound, volume
and activity of eluate needed for each labeling process, etc. 99mTc generator suppliers usually
specify expiring age of eluate as well.

Figure 1 summarizes above specifications. For the labeling of a compound, the elution time
interval (Tr) can be limited within 24 h. 99mTc generator suppliers usually limit time to
administration after elution (Tr. + Ta) within 12 h. Therefore, a valid age of the eluate (TL) can
be a maximum 12 h when it is administered directly. Therefore, TL can be in the range 0 ~ 12 h.
However, the use of fresh eluate is usually recommended and the age of eluate is limited within
short time for the labeling of some compounds.

While some labeled compounds allow administration up to 8 h after labeling, the age of a
labeled compound (Ta) should be as short as possible for administration, as well. Therefore, Ta
can be in the range 0 ~ 8 h. It is usually recommended to administer labeled compounds
whenever they are ready, and some compounds require almost immediate administration.

After administration, usually a few hours are required for imaging unless it is for a dynamic
imaging which usually begins soon after administration.

Among all cold kits listed in an JAEA Technical Report [4], the highest 99mTc activity is for
the MDP; 4 mL of freshly eluted 9mTcO4- solution containing a maximum of 500 mCi of activity.
It corresponds to a maximum volumetric activity 125 mCi/cm3. The maximum activity of 99mTc
administered to a patient is 30 mCi unless a strong justification exists. However, Japanese
radiopharmacies operating 500 Ci Master milkers calibrated at 12:00 Friday, require minimum
1 Ci/em3 for the activity of eluate just after elution at 09:00 next Friday. It is 8 times of above
mentioned maximum activity (125 mCi/cm3) and equivalent to compensating decays for three
half-lives of 9mTc (18 h). But such decay seems not feasible as the life time of eluate is limited

as aforementioned.
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R.E. Boyd [12] mentioned that the 99mTc solution obtained from (n,y)9Mo/9mTc jumbo gel
generators using zirconium molybdate is too dilute for immediate clinical application and
therefore, some form of concentration step is necessary. Though the 99mTc solution from
portable gel generators has a lower 99mTc concentration than that from jumbo gel generators,
however, it does not need the concentration step. The Master milker is the highest activity
jumbo generator used by radiopharmacies. Therefore, the processes in radiopharmacies may
require much higher 99mTc concentration than hospitals, but its reason is not clearly disclosed.
The requirement may come from its two weeks use because the 9mTc concentration decreases

to about 17% after one week if an identical amount of eluent is used.

3.2 Flow of fission Mo

Virtually all %Mo used over the world is the fission Mo. As explained in appended Section
A.1.2, four companies have shared more than 95% of the world Mo supply using five reactors
and four post processing facilities. MDS Nordion intended to cover the global demand by
alternating operation of two MAPLE reactors. If it was successful, the 99Mo production using
the two reactors and one post processing facility of MDS Nordion may be cost effective
compared to the current world production involving five reactors and four post processing
facilities. Then, the Mo production at other new reactors would be difficult to be justified, and
the world may become dependent only two MAPLE reactors in the future. Assuming such
scenario is possible because very high specific activity of fission Mo in combination with the
large production capability of a reactor specifically designed enables global supply of 9°Mo from
very few facilities.

However, it has risk for the global stable availability of 9Mo. It is said that age of the
primary reactors producing %Mo caused current shortage, but it is a superficial reason. For
many years, the world has been depending on the primary reactors with risk not only from
unscheduled shut downs of the reactors but also in global transportation of 9°Mo. Since top
three reactors had shown excellent availability, the risk might be intentionally ignored.
However, less aged reactors also have potential to have long term outage. Since long distance
transportation of 9Mo becomes impossible when flights are not available due to various
reasons, the global supply scheme also has potential to disturb the stable availability of 9°Mo. It
is especially important to Japan and Korea because they are at long distance from all major
suppliers.

When the supply is interrupted, there is almost no alternative to backup. There are many
reactors over the world capable to produce the 9Mo. Therefore, if the 99Mo production is shared
by many reactors, the risk on the shortage can be significantly reduced. Unfortunately however,
the production of fission Mo at many reactors is difficult as explained in Section 4.2. If the

MAPLE project was successful, the risk would be higher. As two MAPLEs have exactly
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identical design features, if a common mode problem shutting both reactors down for long term
occurs, virtually no 99Mo will be available over the world. Therefore, as far as the world is
depending on the fission Mo for the majority, the risk will remain.

All fission Mo is used for the 99mTc generators, and there are three prior processes for the use
of 99mTe generators; irradiation of uranium targets, chemical process to recover 9°Mo from
irradiated targets and loading of %Mo solution into 99mTc generators. A lot of 99mTc generators
are made from the Mo solution every week. Since a total weight of all generators for a region
consuming many generators is much heavier than the shielding for the transportation of %Mo
solution to the region, long distance transportation of many generators is inefficient. Therefore,
many 9mTc generator loading facilities using the %Mo from the four major suppliers are
distributed over the world.

The flow of fission Mo from the loading of target for irradiation to the use of 99mTc is shown in
Figure 2. When the reactor and facilities for the post processing and the 9mTc generator loading
are located at a same site, generators will be available to nearby area in the shortest time.
Unless the post processing facility is directly connected to the reactor, the targets have to be
transported using a cask. Since the activity of the targets is very high, the cask is too heavy for
the air transport. Therefore, the surface transportation only within reasonable time duration is
practical. Two companies in Europe are operating their post processing facilities at HFR and
BR2 sites, respectively, and utilize HFR, BR2 and OSIRIS for cross backup irradiation. When
they irradiate their targets at reactors of other sites, transportations of irradiated targets to
outside of reactor site are needed. Very strict material accounting for safeguard of HEU may
not allow sharing of targets between two companies. Anyway, at least several hours are needed
for the transportation of irradiated targets including packaging and inspections.

Major 99Mo suppliers may operate generator loading facilities at their reactor sites as well,
but a large portion of their production is supplied to several other generator loading facilities
over the world. In many countries not producing sufficient 99Mo solution, local companies
import the Mo solution and make 99mTc generators for local supplies. When the local market is
not sufficient for the operation of a 99mTc generator loading facility, the 9°mTc generators can be
imported.

The 99Mo solution and 99mTc generators are also sold on the basis of 9Mo activity, but their
activity calibration is different as explained in appended Section A.3.2. The activity of 99mTc
generators are usually from less than a half to about 20 Ci on the day of manufacture. Low
activity generators called portable generators are usually used at hospitals for in-house
procedures. High activity generators called jumbo generators are usually used by
radiopharmacies. The radiopharmacies usually buy the jumbo generators from various sources
and supply the 99mTc¢ nuclear medicines ready for administration to many hospitals. For the
case of radiopharmacy companies in Japan operating Master milkers, they may have

integrated functions - import of %Mo solution, Master milker loading, and production and
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distribution of nuclear medicines. Activity of a Master miker is 500 Ci on the day of
manufacture, which is exceptionally high.

As discussed in the appended Section A.3, the current global %Mo supply scheme is not
friendly to Japan and Korea. The geographical locations of all major 9°Mo production reactors
not only make the cost of fission Mo about twice of USA but also give a higher probability of

unavailability due to problems in transportation, for the two countries.

3.3 Flow of (n,y)?°Mo

The (n,y)?°Mo had been used at the initial era of 9Mo until the fission Mo became available.
It is remained for local supplies to very limited demands. As explained in Sections 4.2 and 4.3,
the (n,7)9°Mo has several advantages compared to the fission Mo, but the extremely low specific
activity makes its uses less convenient than the fission Mo, which makes majority of users not
to choose it as far as the fission Mo is available.

Its use may be through 9mTc generators or 99mTc extraction devices as shown in Figures 3
and 4. The distribution of %Mo solution by the same way as fission Mo in Figure 2 may be
possible, but the current use of (n,y)?°Mo is too small for such distribution. Even though its use
is significantly increased and backup supply of %Mo becomes active, transportation of 9°Mo
solution is not an efficient way. As discussed in the next section, transportation of irradiated
targets instead of its solution is much better.

When the generators are involved, the flow becomes the same as fission Mo shown in Figure
2, except that the Mo solution transport path is deleted as in Figure 3. However, only Zr gel
generators [13] are currently used for the (n,y)?Mo in a few countries. As explained in
appended Section A.4.3.2, preparation of the Zr gel generator is complex and time consuming.
Therefore, its use is limited to small amount of low activity generators. If new adsorbents
explained in appended Section A.4.3.3 are successfully verified, use of portable generators
based on the (n,y)%Mo is expected to increase. It also has potential to be used for the jumbo
generators by radiopharmacies along the dotted flow in Figure 3, but the large volume of
column causes rather large difference compared to the use of fission Mo based generators.
Radiopharmacies may compare with the use of the 99mTc extraction device as Figure 4.

The 99mTc extraction device in Figure 4 has been based on solvent extraction method
explained in appended Section A.4.3.1. It can neither be compact nor convenient compared to
usual generators, especially to the user end. Therefore its operation at a hospital is not
practical. It has been usually operated by a radioisotope group of a research reactor center to
supply small amount of 99mTc to local hospitals. The short 99mTc half-life requires daily supply
only within short distance. Therefore, such 99mTc supply scheme cannot be applied to the mass
supply. However, the device may be used by a radiopharmacy for the supply of 9mTc nuclear

medicines to many hospitals. It is not as convenient as the use of jumbo generators based on
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fission Mo. However, as discussed in appended Section A.4, the low cost for the (n,y)?Mo may

provide a large room to compensate the additional cost coming from the inconvenience.

3.4 Potential scheme of mass (n,y)?*Mo supply

As the extremely low specific activity of the (n,y)9Mo is the only and critical limitation to use
it, every reasonable effort should be given to increase the specific activity so as to realize its
mass supply. The high specific activity is basically obtained by irradiating targets under high
neutron flux. The use of enriched 98Mo instead of natural Mo increases the specific activity as
well as the production capability three to four times. In addition, the decay time of 9Mo after
end of irradiation has to be minimized.

It may be supposed that if similar efforts are given to the fission Mo, its availability will be
enhanced as well. However, it is not such a way. As explained in Section 4.2, the production
capability of fission Mo is limited by safe cooling capability and not proportional to the neutron
flux at high level. The HEU has been already used for the fission Mo targets in spite of nuclear
proliferation risk, and USA has supplied the HEU at a lower 235U unit price than the LEU.
Therefore, there is no more room to increase the 235U enrichment. It requires much longer time
than the (n,y)?°Mo for target cooling and post processing, which cannot be reduced due to safety
of targets. Expensive facilities for the target irradiation in the reactor and post processing, as
well as expensive procedures in the post processing can be justified when a significant portion
of world demand is shared, which consequently requires global supply and long transportation
time.

As explained in Section 4.3, compared to fission Mo, the (n,y)?Mo requires much simple and
less expensive facilities as well as low cost for its production and post processing. And many
high flux reactors over the world have large production capability. Therefore, regional supply of
(n,y)?*Mo is possible. It not only significantly reduces the risk of global 9°Mo unavailability
coming from unscheduled outage of reactors and problems in global transportation, but also
increases efficiency in the use of 99Mo by reducing decay time.

For the case of fission Mo, the transportation of irradiated targets is difficult due to very high
activity. But the transportation of irradiated (n,y)?Mo targets is easier than the %Mo solution.
After de-canning, activity of irradiated targets is the same with Mo solution. Volume of solid
targets is much less than the Mo solution, transportation of solid targets is safer than solution,
and there is no safeguard requirement which is applied to fissile materials. When the
transportation is to another country for such as backup supply, fewer facilities are involved for
the medical license as well. When the targets are dissolved at a foreign facility for the import of
the Mo solution, the dissolving activity at the foreign facility may also be involved for the
medical license of the country using it.

At least a hot laboratory is available at the site of a high flux reactor, in which the targets can
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be dissolved. When the 99mTc generator loading facility is apart from the reactor, however,
dissolution of the targets at the 99mTc generator loading facility after the transportation of
irradiated (n,y)?*Mo targets is recommended. It makes the medical license simple and reduces
cost and time for the transportation when the (n,y)9*Mo is supplied from abroad for the backup
supply. Since the process dissolving de-canned (n,y)%Mo targets is simple, it may be included
into the process of 9mTe generator loading.

The regional mass (n,y)?Mo supply scheme especially for the East Asian region is depicted in
Figure 5. Then, reactor operators irradiate targets, de-can the targets and ship to companies
operating 99mTc generator loading facilities. The companies may supply 99mTc generators and/or
99mTe nuclear medicines to hospitals. When it is compared with the current practice of fission
Mo, the company operating post processing facility is missing. Therefore, the companies
operating 99mTc generator loading facilities will make contracts with reactors for the target

irradiation including backup.

4. Production of Mo

4.1 Nuclear reactions producing %Mo

Table 3 summarizes nuclear reactions producing 9°Mo. Reactions directly producing 99mTc are
not included because directly produced 99mTc is not feasible for practical medical applications as
explained in Section 2. Cost for mass production, convenience in the usage of 9mTc and
technical feasibility govern the selection of a reaction for the actual production.

From the table, it is very clear that the fission reaction of 235U is the first choice. The thermal
neutron cross section of 235U producing 99Mo is about 30 b, which is much larger than any other
reactions. Specific activity of 9Mo in the recovered Mo from irradiated uranium is very high as
explained in appended Section A.4.2. The suggestion of TRIUMF [14] for the use of 238U(y,f) also
have similar justification, but, in addition to the technical challenges, its cost effectiveness
must be proved.

From a target other than Mo, the 9°Mo produced by the nuclear reactions can be chemically
separated from the target material and very high specific activity 9Mo can be obtained.
Uranium fissions, 99Tc(n,p), 12Ru(n,a) are such cases. Among them, however, 99Tc(n,p) and
102Ru(n,a) are threshold reactions of fast neutrons with very small cross sections. Therefore,
they are not feasible for a practical production of 99Mo. The 99Tc is one of candidates for burning
by nuclear transmutation to reduce long term toxicity of spent fuel. If fast reactors burning 99Tc
become available, the 99Tc(n,p) may be considered for the 99Mo production as a byproduct but its
justification may not be easy due to the low cross section.

Every reaction with a Mo isotope target has a common shortage of low specific activity unless

the 99Mo is separated from the target material by a special method. When the 99Mo cannot be
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separated by a practical way, the specific activity can be increased only by increasing incident
beam intensity, which is always very costly and has limitation.

In the table, the cross section of 98Mo(n,y) is much less than 19Mo(n,2n), but, since it is
thermal neutron reaction, it has been utilized for small scale local supplies of 99Mo using
research reactors. As shown in Figure 6, the 9%Mo(n,y) also has many resonance capture peaks
in the epithermal energy region, of which ratio to the thermal neutron cross sections is much
higher than the 235U.

The 190Mo(n,2n) has relatively high cross section 1.5 b for 12 ~ 17 MeV energy neutrons.
Yasuki Nagai and Yuichi Hatsukawa [15] suggested this reaction together with accelerator
based high energy neutron sources as a potential way of 99Mo production. They supposed that
the suggested method would have comparable production capability and specific activity as the
98Mo(n,y) method in the research reactors. Its feasibility for an actual %Mo production may be
considered when it can give high specific activity at reasonable cost compared with the
98Mo(n,y) method.

They also mentioned about 0Mo(p,pn) and 0°Mo(y,n) including some reactions directly
producing 99mTc that their yield is low. Ralph G. Bennett et al. [16] got a patent including a
method irradiating photons to 190Mo targets in 1998. Aforementioned low yield would be one of
reasons that 10Mo(y,n) and 1°0Mo(y,p) has not been in practical use yet. They also mentioned
that an approach to utilize 10Mo(p,d) reaction generated various side reactions which
adversely affected product purity tests. The cross sections of 9Mo(d,p) is too low to take into

account.

4.2 Fission Mo

The fission method gives a mass production of very high specific activity 9Mo, and
235U(n,f)99Mo shares all %Mo supplied over the world except minor local supply of (n,y)%Mo. A
fission produces 200 MeV energy in average and a %Mo nucleus with 6.17% probability.
Therefore, a fission power from targets necessary for the world supply of 9Mo can be easily
guessed with following assumptions; the target is irradiated 6.5 days, 2 days are needed for
target cooling and post processing, an efficiency of the post processing is 90%, the 99Mo activity
is calibrated after 6 days from the shipping after the post processing, and the world demand is
about 10,000 six-day-Ci/w. Then about 2 MW fission power is needed for the world Mo supply,
which is similar with the power from one or two fuel assemblies of typical high flux reactors.

From above, we can imagine that if a high power research reactor is operated for the fission
Mo production with a high priority, the reactor can have a peak production capacity to cover a
large portion of the world demand. In addition to the very high specific activity which allows
long distance transportation, it enables very few reactors to cover majority of the world

demand.
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The most limiting factor determining the production capability of fission Mo is a safe level of
power generation from a target. The loading of 235U in an irradiation hole is limited within the
capability of safe cooling of targets not only during irradiation but also after end of irradiation.
During irradiation, the fission heat from targets must be sufficiently cooled by the same way as
the fuel cooling. When the targets are withdrawn from the neutron flux region after end of
irradiation, they should be under continued forced cooling until natural cooling in the water
becomes sufficiently safe. Then they should be under the water until the cooling in the hot cell
atmosphere or transport cask becomes sufficiently safe. However, the cooling time has to be
reasonably short to prevent excessive decay of 99Mo. Since the decay heat is proportional to the
fission power during irradiation, in order to keep the reasonable cooling time, the heat
generation from the target during irradiation should also be limited.

When the neutron flux is very high, the uranium loading must be reduced so as to keep the
heat generation below a safe limit. In contrary, when the neutron flux is low, the production
capability can be increased by high uranium loading, but it significantly increases neutron self
shielding due to the large absorption cross section of 235U. Of course, the production cost is high
because of not only the cost for the high uranium loading but also a large amount of waste
produced from the target containing large amount of uranium.

As shown in Figure 6, the 235U fission cross section of thermal neutron is much larger than
those of epithermal and fast neutrons, and actually majority of fission reactions are occurred by
thermal neutrons under the usual research reactor neutron spectrum. Therefore, irradiation
holes in the reflector region of a research reactor providing a high thermal neutron flux can be
effectively utilized for the fission Mo production. An example is the preliminary design of LEU
target irradiation at MURR [17]: Loading of 60 g 235U could supply 50 % US market by
repeating 3 days irradiations twice in a week. Their calculation resulted in 133.3 Ci-99Mo/g-235U
at the end of 3 days irradiation.

The fission produces other valuable isotopes such as 13!, 89Sr, 133Xe and 90Y for medical
applications, and other long lived isotopes for industrial applications. Therefore, the production
of fission Mo offers a possibility for coproduction. Since the coproduction is limited to short lived
isotopes due to short irradiation time, %0Y and long lived isotopes for industrial applications
cannot be included. The half-life of 90Y (t12 = 64 h) is not so long, but carrier free %Y (t12 = 64 h)
is produced from decay of 99Sr (t12 = 28.8 y). The long half-life of 9°Sr does not give sufficient
activity of 90Sr by the weekly irradiation of fission Mo targets. For the production of long
half-life fission products, by products from the reprocessing process of spent fuel would be much
better.

It seems that the 1311 (t12 = 8 d) is the major byproduct from the fission Mo targets. However,
mass production of high specific activity 131 can also be achieved by 130Te(n,y)131Te reactions
followed by p-decay of 131Te (tiz = 25 m). Cross sections of 139Te(n,y) are similar level as the

98Mo(n,y). 133Xe (t12 = 5 d) may also be produced by 132Xe(n,y) reactions, but it would not be
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practical compared to the extraction from the off gas of fission Mo targets. While 89Sr (t12 = 50.5
d) has been produced by 89Y(n,p) or 8Sr(n,y) reactions, a patent [18] obtaining it from a solution
fueled reactor was issued. Anyhow, the capability to produce other isotopes is an additional
advantage of the fission Mo method.

Meanwhile the fission Mo has well known problems. Irradiation and post processing facilities
are safety sensitive and much expensive, the post process is complicated with risk of fission gas
release and produces much radwaste, and the use of HEU has nuclear proliferation risk.

The current world situation suffering from the shortage of 9°Mo reveals the problems very
evidently. There are many high flux reactors capable to produce a large amount of fission Mo,
but they are practically not helpful to the shortage. Most of all, the installation of new facilities
is not only safety sensitive and expensive, but also requires long time for licensing. In contrary,
income from the operation of the facilities is doubtful unless a significant portion of world
supply is shared. The post processing facility should be available within reasonable distance
because air transportation of irradiated targets is impractical. A few reactors in Europe are free
from the burden installing a new post processing facility, but only MARIA was additionally
available when HFR was shutdown in February 2010.

Majority of fission Mo is produced from HEU targets, but the HEU is not available to new
fission Mo producers, due to the nuclear non-proliferation policy. It is usually said that waste
shares the largest portion in the cost of fission Mo production. Since the use of LEU produces
more amount of waste, new producers are less competitive than existing suppliers.
Furthermore, there is no guarantee that they can maintain a certain scale of business when the
current shortage problem is resolved. No major supplier of 9Mo has converted to LEU yet.
Conversion of existing facilities to process LEU includes not only change of the facilities but
also new medical licenses for the use of %Mo, which has been one of reasons that the major
suppliers have not converted to LEU. The new producer should get the medical license as well
not only for the use of LEU but also for all of their processes.

Russia produces fission Mo using HEU, but their product is not used in other countries yet.
They may need to expand their hot cell facilities for the additional production. The 9Mo
produced by LEU targets at OPAL got license for the use of their 9°Mo solution in USA. It may
encourage RSG-GAS to apply a new license for the 99Mo production using LEU. If they need
modification of existing facilities or new hot cell facilities for the expanded supply, however, a
few years may be needed to initiate actual mass supply. Therefore, they cannot help the current
shortage of 9“Mo.

Therefore, it is clears that the root of current problem is expensive facilities for the fission Mo
production compared to the business scale, which cannot be justified unless sharing of a

continued significant portion of world market is guaranteed.
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4.3 (n,y)**Mo

The advantage of (n,y) method compared to the fission method is well known. Facilities for
irradiation and post processing for a new production are quite simple and much less-expensive,
virtually no waste is produced, the 9Mo solution is free from fission products and actinides,
and there is no risk of nuclear proliferation. It may be supposed that the production capacity is
low because of the much low 8Mo(n,y) cross section compared to 235U fission. However, actual
production capability is comparable to fission method as discussed in Section 5.1.

Critical shortage of (n,y) method is the extremely low specific activity compared to fission Mo,
which has limited its utilization only for minor local supplies. As far as an effective separation
of 99Mo from the target Mo is not available, the portion of %Mo in the Mo is a few ppm at the
end of irradiation even at high flux reactors. When the 9mTc is extracted for use, its
concentration in the Mo is less than a few percent of above %Mo concentration — decades of ppb
in the total Mo. Separation of the ppb level 99mTc is not as difficult as enriching an isotope, but
it is not an easy task. It is common for every process producing an isotope of different element
by neutron capture reactions. For the case of 99Mo, however, extraction of 99mTc from fission Mo
is too convenient to allow competition by the (n,y)9°Mo.

The importance of the high specific activity of 9°Mo as possible comes from the fact that
virtually all 99Mo has been used for the 99mTc generators which are very convenient to use at the
user end. As explained in appended Section A.3, thousands of generators are delivered every
week, and the portion of cost for the Mo production in the payment of patients is very small.
Therefore, while the low cost for the (n,y)9Mo production is a minor advantage, the
inconveniency in the usage of the low specific activity (n,y)?Mo impacts significantly.

In order to make the 99mTc generators from the (n,y)9Mo, a large volume of generator column
is needed due to the low specific activity, which consequently requires increased amount of
saline solution for elution and decreases volumetric 99mTc activity of eluate. It increases
generator shielding as well. If the volumetric 9mTc activity of eluate does not satisfy its
requirement, a process to concentrate the eluate is needed or the labeling technologies must be
changed. Since this impact cannot be accepted from the hospitals, at least the process at the
hospitals should not be so different from the usage of fission Mo. If it is so, other impacts such
as increased shielding, more works of radiopharmacies, etc., would be marginal and may be
compensated by the low cost for the (n,y)%*Mo production.

Then it is clear that the 99mTc extraction methods discussed in appended Section A.4 are keys
determining the acceptance of (n,y)9*Mo. The solvent extraction method has been used at
several research reactor centers for the local supply of 99mTc solution. This method instead of
Master milkers may also be used by the radiopharmacies. Two new adsorbents — PZC [19] and
ALSUL [20], open possibility of competitive generators using the (n,y)*°Mo to replace portable

generators using fission Mo. They may also be used for the jumbo generators including Master

-15-



JAEA- Research 2010-046

milkers, but a detailed study comparing with the solvent extraction method will be needed.

In order to reduce the volume of generator column using (n,y)%°Mo, every effort to increase
the specific activity of %Mo without significant impact to the production capacity should be
given. Optimum design of irradiation targets and facility at high neutron flux is basically
needed to maximize the specific activity. In addition, efforts should also be given to minimize
decay time after irradiation, which is possible because of much simple post processing of (n,y)
targets. Additional possibility to shorten the decay time is to activating regional supply of 9Mo.
Should the effectiveness of even only one of the new Mo adsorbents under study is fully verified,
the simple and less-expensive (n,y) method may encourage many high flux reactors to initiate
99Mo production. If so, many high flux reactors over world can contribute to the regional %Mo
supply, which can shorten time for 9Mo transportation.

The regional supply system is important for the stable supply as well. Since much more
reactors are producing the 9Mo, the impact from unavailability of a reactor becomes small. As
the global transportation of the 99Mo is not needed, the impact coming from unavailability of air

transportation becomes smaller as well.

4.4 Approaches for new production

Recent shortage in global supply of 99Mo motivated many efforts to mitigate it. Of course, the
quickest way is the improvement of efficiency in the delivery of Mo and usage of the 9mTc. As
explained in appended Section A.3.3, the cost of 99Mo for a diagnostic procedure using 9mTc has
been small portion in the payment of the patient, which has led the convenience to be more
important than the efficiency in the processes after the %Mo solution is made. Therefore, there
has been room to improve the efficiency. If the processes are optimized, the number of
procedures covered by the same amount of 9Mo is estimated more than twice of usual practice
before the shortage became serious. As explained in appended Section A.2.5, the availability
can be additionally increased by multiple elution of a generator in a day.

Now, in order to utilize the 9°mTc as much as possible, it may be used even during nights and
weekends. However, it is still less than demand. Therefore, alternative Mo production is
urgently needed. The alternatives under progress or study are summarized in appended
Section A.1.4. This section categorizes them by additional fission Mo production by
conventional way, mass (n,y)?*Mo production, solution fueled reactors and photo fission of 238U,

and explains current situation and prospect of each category.

4.4.1 Additional fission Mo production by conventional way

If existing reactors can be utilized to increase fission Mo production, it is the quickest way to

alleviate the shortage. It is said that operation schedules of BR2 and OSIRIS are adjusted to
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minimize the impact from the long term shutdown of the HFR from 19 February 2010,
production capability of BR2 was increased, and Maria in Poland initiated to irradiate fission
Mo targets. Therefore, among many reactors capable to produce fission Mo, actual reactors
available for the additional production are very limited.

On June 15, 2009, MDS Nordion agreed to study the feasibility of the Karpov Institute of
Russia providing the company supply of 99Mo for the global market, but there has been no news
so far that they are actually supplying to the global market. It is also estimated that OPAL has
the capacity to produce a half of the world's 9Mo demand, but the capacity of post processing
facility is not enough.

Since air transportation of irradiated fission Mo targets is not practical, the production
capability of a reactor can be utilized only within the capability of post processing facility
available. When a high capacity post processing facility is available, installation of new or
additional irradiation facilities in the reactor is needed. However, they are expensive and long
time consuming. Therefore, prompt utilization of existing reactors is actually limited to the
abovementioned BR2 and Maria. Operation report of Maria in 2006 [21] shows that the reactor
was operated by weekly mode — 4 ~ 5 days operation per week. Then, since on-power loading
and unloading of fission Mo targets are not necessary, the irradiation facility can be rather
simple and the Maria can be immediately utilized for the 9°Mo production. It was said that the
production will cover about 1M 9mTc diagnostic procedures during first six months among
about 35M/y procedures over the world.

FRM-II is seeking funding to upgrade the facility to produce %Mo [22]. The study was a
cooperative effort between the reactor operator TUM and 9Mo supplier IRE assuming
irradiation of IRE targets and post processing at IRE facility, the local and the federal
governments recommend unanimously the project, and the TUM will install a new zircaloy
thimble to accommodate the fission Mo irradiation facility on its own expense during a long
maintenance period at the end of 2010. However, they are still suffering from lack of funding. If
the funding is available on time, they estimate the irradiation service from end of 2013 or
beginning of 2014. Unless the IRE facility is converted to deal with LEU targets, they must
irradiate HEU targets. In such case, they expect almost enough peak 9Mo production
capability to supply the demand in Europe.

McMaster University [23] in Canada stated that it can produce four times the Canadian
demand for 99Mo (about 20 percent of the total North American demand) provided it receives
government funding over the next five years. The university has already received C$22 million
from both the federal and Ontario governments. Irradiated targets will be processed at AECL
facility.

Missouri University [17] has been studying Mo production at MURR using LEU targets
and Cintichem process. They expect about 50 % domestic supply from 2012.

JHR is the only new reactor under construction and capable to produce fission Mo in the
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future. International bidding of PALLAS is pending and MYRRHA is under conceptual design.
Canada is thinking about construction of a new 20 MW Canadian Neutron Source. All new

reactors except the JHR are still far to produce the 9°Mo.

4.4.2 Mass (n,y)?°Mo production

The (n,y)?Mo has been utilized for small local supply. JAEA and KAERI have studied
feasibility of mass (n,y)%*Mo production. This report is one of the results from the studies. On 30
September 2009, two Cooperative Agreements were awarded to commercial partners to
accelerate the production of 9°Mo in the U.S. without the use of HEU [24]. They are Babcock
and Wilcox (B&W) for solution reactor technology which is explained in the next section and
General Electric Hitachi (GEH) for (n,y)%Mo technology. News on 26 January 2010 said that
GEH would utilize GE-built commercial reactors in place of a neutron-detecting instrument.
Robert Atcher, past president of the Society of Nuclear Medicine, evaluated GEH’s isotope
technology, and commented that the technical solution provides a path forward that is quite
attractive to meet some short-term solutions that have long-term potential [25]. Details on the
technology are not yet disclosed.

As discussed in Section 5, a high flux reactor can have enough production capability by much
simple way compared to fission Mo production. The problem is its very low specific activity.
Unless a new technology producing high specific activity 9Mo by the (n,y) method is invented,
every effort to increase the specific activity such as irradiation of enriched 98Mo at high neutron
flux will be needed. World Nuclear News [26] informed that B. Wortbeek invented a %Mo(n,y)
method for the production of high specific activity 9°Mo. As the Szilard-Chalmers enrichment
seems to be utilized for this invention, it was reviewed as described in appended Section A.5.
The review concluded that the positive effect of Szilard-Chalmers enrichment is not expected
for the mass (n,y)?Mo production. Though it is too early to judge its feasibility due to no

detailed information disclosed, it seems that practical application of this invention is doubtful.

4.4.3 Solution fueled reactors

In January 2009, B&W announced that they made a contract with Covidien for the supply of
about half of US demand in 9°Mo if they succeed in the development of new reactor and %Mo
separation technologies. This technology extracts 99Mo directly from solution fuel of 100 ~ 200
kW reactor. The status of this technology is well documented in the IAEA-TECDOC-1601 [27]
published as a result of IAEA consultancy meeting held in June 2007. An TAEA CRP titled
“Feasibility Evaluation of the Use of Low Enriched Uranium Fuelled Homogeneous Aqueous
Solution Nuclear Reactors for the Production of Short Lived Fission Product Isotopes” is being

implemented and its first Research Coordination Meeting (RCM) was held during 22-26
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February 2010 in Vienna, Austria [24].

Demonstration productions by this idea had been twice at the Argus reactor of Kurchatov
Institute in Russia, and results of experiments were analyzed at Argon National Laboratory
(ANL) in USA and Institute of Radioactive Elements in Belgium as well. ANL [28] developed a
concept of 100 kW MIPS (Medical Isotope Production System) during 2000 ~ 2003 through a
contract with the Kurchatov Institute and offered industry for funding to technology transfer in
October 2009. Milestones of B&W [29] is to operating four 200 kW MIPS in 2014. Meanwhile,
China [27] studied the MIPS during 1997 ~ 2007 and a project to construct a 200 kW MIPS is
underway.

As mentioned in Section 4.2, about 2 MW fission power is needed to cover current world
demand which is assumed about 10,000 six-day-Ci/w. If the 200 kW MIPS is successfully
developed, about 20 units are needed to cover the world demand assuming 200% peak
production capability to secure the continued stable supply. When the number of units is
compared to conventional research reactor type dedicated to 9Mo production such as MAPLE,
it is about 10 times. The much low production capability per unit, however, allows region wise
distributed production.

For the case of East-Asian region, when the 9Mo is produced by local facilities, supplying
about 1,500 six-day-Ci/w was estimated sufficient [30], which requires about 300 kW steady
fission power in the targets. Then, four 150 kW units will be needed for the 200% production
capability. If it is assumed that the 200 kW MIPS project of China will be successful for the long
term stable production of 9“Mo, if the 60 MW CARR which reached initial criticality on 13 May
2010 produces fission Mo for the regional supply, and if the HFETR and MJTR continue
production of (n,y)?Mo, then an additional MIPS of 150 or 200 kW would be enough for the
region.

However, challenges pointed out in the TAEA-TECDOC-1601 must be resolved. They are
categorized by efficient isotopic separation technology, safe level of power density and licensing.
As an example showing the degree of uncertainty in the available data for the solution fueled
reactors, the safe level of power density is explained here.

As explained above, since the 9°Mo production capability of a MIPS is rather small, many
units are needed to cover a large demand especially in USA. The most effective way increasing
the production capability is increasing the power density, and the current design targets are in
the range of 2 ~ 2.5 kW/L. Even though approximately 30 aqueous solution reactors (AHRs)
had been built, the safe level of power density is not so clear. From operating experiences of two
50 kW reactors in USA in 1960s, the TECDOC quoted approximately 1.8 kW/L as the safe level
of maximum average power density. It is also mentioned that below 2 kW/L may be required to
ensure core thermal stability based on experiments from SUPO and KEWB. But tests
performed at French SILENE that is designed to operate at about 0.3 kW/L of steady state
mode were unsuccessful at higher levels. An old report [31] on the AHRs wrote that JRR-1 was
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a 62 kW AHR, but a data sheet of JAERI-M 4506 shows that it is 50 kW with 1.9 KW/L core
average power density.

The limitation in power density basically comes from the large negative reactivity coefficient
of void and temperature in the AHR. It gives the AHR an inherent nuclear safety characteristic
against reactivity insertion accident, but causes difficulty in steady state power control at high
power density. Operation of MIPS must be very reliable with high availability, which has not

been experienced in the actual operation of AHRs.

4.4.4 Photo fission of 238U

Canadian government supported a Task Force on Alternatives for Medical Isotope
Production formed in late summer 2008 to discuss, analyze, and evaluate options for using
high-power accelerators to generate large quantities of medical isotopes for Canada and its
global markets. The Task Force [14] recommended a photo-fission method using 238U targets.
In April 2009, MDS-Nordion contracted with TRIUMF (Tri-University Meson Facility) for a
feasibility study on this method. As the energy of photon having peak reaction cross section is
about 15 MeV, the photon to be used is identical with high energy y-rays.

For the use of high-power electron accelerators to produce the 9°Mo by photon, they compared
100Mo(y,n) and 238U(y,f) reactions. It was noted that cross sections of both reactions are about
the same, which means that %Mo yield per photon by 238U(y,f) is about 6% (fission yield of 99Mo)
of 190Mo(y,n). However, they chose the 238U(y,f) rather than the 1°0Mo(y,n), because the low
specific activity of 9Mo by the 190Mo(y,n) requires major change in the generator technology
and enriched 19Mo is quite expensive. However, they did not have enough time to fully
consider the economic competitiveness of the accelerator option.

They estimated that 99Mo production per g-U is about 1/200 of conventional fission Mo using
HEU. Then too much radwaste will be produced compared to conventional fission Mo method.
Therefore, they also mentioned that preliminary novel concepts for electron beam targets could
increase it to 1/4 from the 1/200. However, the novel concepts were not disclosed. If they
achieve the 1/4, the amount of radwaste containing fission products per unit %Mo production
would be similar with the LEU fission Mo using neutrons. They also guess that the electricity
consumption for the operation of accelerators will be very high and that a strong and focused
R&D program is required to validate the technology.

TRIUMF was proposing to build a new accelerator as a part of its decadal vision for research.
They expect that a low-power test to generate 9Mo with a photo-fission accelerator on a
timescale of a few years will be possible at TRIUMF using this device. If the reliable production
of 99Mo at reasonable cost is verified through the test, construction of accelerators for actual
production of 99Mo by the photo-fission will be commenced. But it is not certain how long it will

be actually needed for the test. Furthermore, there are challenging new ideas to be confirmed
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whether they will actually work.
Therefore, the success of technology is not certain, and if it is successful, rather long time will

be needed until this technology can be used for actual 9°Mo supply.
5. Mass production feasibility of (n,y)%Mo
5.1 Neutronics for the (n,y)?Mo production

Thermal neutron cross section of 9Mo(n,y) is about 1/5000 of 235U(n,f) as shown in Table 3. As
the fission yield of 99Mo from the 235U(n,f) is about 6%, the ratio of %Mo production cross
sections increase to about 1/300. Since it is still very small, it may be supposed that the 9Mo
production capability of 98Mo(n,y) cannot be comparable with the fission method.

However, as found in a study for HANARO [30], the 9°Mo production capability of 98Mo(n,y)
can be comparable with that of fission Mo. It is possible by irradiating high density enriched
98Mo targets at high neutron flux. There are basically four factors which make it possible —
contribution of epithermal neutron reaction, high neutron flux, high target loading and shorter
decay time. Among them, the high target loading can increase the ratio about 30 times and
about tenfold can be achieved by other three factors.

Figure 6 shows that the portion of resonance reaction in the 235U targets is small but that in
98Mo targets can be significant under hard neutron spectrum. While irradiation of uranium
targets at hard neutron spectrum gives little gain from the epithermal neutron, it produces
more 239Pu especially from LEU targets, which gives negative impact to the 9°Mo production.
For the case of 98Mo(n,y) reactions, the epithermal neutron reaction rate can be equivalent to or
a few times of the thermal neutron reaction rate depending on the target design and neutron
spectrum.

The production capability is basically proportional to the neutron flux and target loading
allowed in the given irradiation space, but there is limitation for the safety of the irradiation
and also by neutron self shielding. The governing factor of the irradiation safety is target
temperature. While the majority of heat source for the 98Mo(n,y) is gamma heating which is
within several W/g, the fission energy per unit mass of uranium targets is about 1000 times of
Mo targets. Furthermore, decay heat of the fission Mo targets must be safely cooled in the hot
cell and/or target transport cask after irradiation as well, as explained in Section 4.2. Therefore,
the loading of 235U in the fission Mo targets is very small compared to the available irradiation
space, and the loading must be reduced if the neutron flux is very high.

As the neutron capture cross section of Mo is very small compared to the 235U, neutron self
shielding is also very small. It allows much heavier loading of 98Mo than the 235U. As shown in
Figure 8, 98Mo cross sections are much smaller than the natural Mo. Therefore, if enriched 9Mo

targets are used, the neutron self shielding effect becomes smaller than the use of natural Mo
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targets. However, the resonance self shielding of 98Mo is rather significant at very high %Mo
loading.

The uranium targets require decay heat cooling after irradiation and the post processing is
complicated and time consuming. 30 h in total is assumed for the LEU fission Mo production at
the MURR [17]. For the case of 9Mo(n,y), no decay heat cooling is needed and the post process
is very simple. Therefore, the decay time can be shortened by more than one day from that of

fission Mo.

5.2 Available irradiation targets

MoOs is the most popular chemical form of targets for the (n,y)%Mo production. Its material
properties are shown in Table 4. It is chemically stable and its post processing is easy by
dissolving in the NaOH solution. Since it is usually available in powder form, the powder is
irradiated for small production. The pellet irradiation for the large production requires an
additional process converting the powder to pellets. JAEA [1] recently improved density of
pellets from 3.4 to 4.45 g/cm3, which is almost 95% of theoretical density. Data for solubility of
MoOs in the water are not consistent as shown in Table 4. An internet search shows that it is
expressed as insoluble or soluble depending on the purpose of the website. Based on various
data searched, it is judged that the solubility may be rather sensitive to temperature, and at
least 0.5 g-MoOs/L is expected, which is significant from the view point of radioactivity release
to the coolant. How much and how fast the MoOs is washed out from the pellets determines
degree of protection such as single barrier or double barriers of irradiation can. The double
barriers, of course, reduce the target volume and increases heat resistance. If the 9°Mo
production capacity is small compared to intended capability to produce, a study on the
realistic wash out of Mo from the MoOs pellet may be needed.

If the irradiation of the MoOs pellets is not sufficient for the Mo production, irradiation of a
larger density and volume Mo may be considered with additional burdens on processes in
target preparation and post processing, including production and collection of relevant data.
Potential materials are MoOz and Mo metal.

On January 9, 2010, it was written in Wikipedia “7The MoQz2is insoluble in water, alkalis, HCI
and HF, slightly soluble in hot H2SO. and has a theoretical density 6.47 g/cm?3. It is a
violet-colored solid and 1s a metallic conductor’. Its water insolubility and higher density than
MoOs may open a possibility for a larger production of Mo, but technical feasibility for the
target preparation and post processing must be duly investigated.

The Mo metal allows the highest target loading. Its material properties are listed in Table 5.
The Mo metal has the sixth-highest melting point of any element and burns only at
temperatures above 600 °C. It has one of the lowest thermal expansion coefficients among

commercially used metals. Its thermal conductivity is excellent. It does not react with oxygen
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or water at room temperature. At elevated temperatures, MoOsis formed.

S. Okane et al [32] tested natural metal Mo as a target for the 9Mo production. They
reported significant neutron self shielding effect and a Mo metal dissolution by a
nitro-hydrochloric acid. Dissolution of Mo metal is much more difficult than the MoOs,
especially for bulky substance. A mixed target of tiny Mo metal shots and water reduces the
neutron self shielding as well as the difficulty in dissolution. In this case, about 6 g-Mo/cm3
loading can be achieved rather than the 10.2 g/cm3.

An actual target material can be selected based on estimations for the specific activity and
production capability. While a higher Mo loading gives a higher production capability, the
specific activity becomes lower due to the higher neutron self shielding, which is especially
significant for natural Mo targets. If the production capability is enough, however, an
irradiation volume for the high Mo density targets can be reduced to the high flux area and a
higher specific activity can be obtained.

Use of enriched 98Mo targets not only enhances %Mo production capacity but also increases
specific activity. Neutron self shielding effect becomes less as well due to the lower absorption
cross sections of %Mo than the natural Mo. But it is expensive. The price of enriched 98Mo may
depend on quantity, enrichment and chemical form for every specific order. In 1998, KAERI
purchased 98.5% enriched 98MoOs from a Russian company to expand 9mTc supply to cope with
sudden price increase of imported 9mTc generators due to sudden degradation of Korean
currency. Recent quotation from the same company in February 2009 was about 1.5 times of
the previous price, which seems reasonable if the escalation during 10 years is taken into
account. It was supposed that the price portion of enriched %Mo in the production of %Mo at
HANARO was reasonable compared to the price of imported %Mo solution in 2008. Since
recovering Mo from spent generators is a simple process, recycling of enriched 98Mo may also be

considered.

5.3 Considerations in the design of an irradiation facility for mass (n,y)?°Mo production

As discussed in Section 5.1, the mass production of (n,y)9Mo can be achieved at the high
thermal and epithermal neutron flux hole which is located inside or near the core under fast
flow of coolant. While the reactor operation is not a weekly mode, a hydraulic rabbit system
(HRS) is needed for the on-power loading and unloading of targets at such irradiation hole.
Installation of a HRS inside the core is not easy because of neutronic impact to the core not only
from the installation of the HRS but also from the on-power loading and unloading of targets,
as well as interference of the HRS with handling of core materials including fuel. Therefore, an
irradiation hole near the core boundary is usually a proper place.

For the convenience’ sake to explain, a conceptual cut view of the HRS irradiation part

installed in the irradiation hole with targets is drawn in Figure 7. The HRS irradiation part
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consists of two coaxial pipes (HRS inner and outer pipes in the figure) loaded at a hole in the Be
or Heavy water region. For the case of Be reflected reactor, the irradiation hole can be made in
the Be or Al block. For the case of heavy water reflected reactor, unless it is cooled by the heavy
water as well, an Al or Zr pipe installed in the heavy water tank makes the irradiation hole.
The rabbits containing the targets are loaded at the center of the HRS inner pipe.

If the target is soluble in the coolant, the rabbit should have double containments against
leakage of target material to the coolant in case rabbit outer wall fails. The water gap between
rabbit outer wall and HRS inner pipe (Water Gap-1 in the figure) should be sufficient to cool the
rabbits. The water gap between inner and outer pipes of HRS (Water Gap-2) is a part of flow
path for the transportation and cooling of the rabbits.

The production capability can be increased by maximizing neutron flux at the targets and
target loading in the high flux zone. If possible, first of all, the maximization of neutron flux is
desired, because it increases the specific activity as well. The increase of target loading can be
accomplished by increasing target density and volume.

The target volume can be increased by increasing target diameter and total length of targets.
If possible, however, increasing the target diameter is more effective because axially high flux
region can be utilized. Increasing the target radius increases the neutron self shielding too, but
it would be sufficiently compensated by the higher neutron flux achieved by reducing the target
length.

Maximizing the neutron flux is basically achieved by selecting good neutron economy
materials for the HRS and its surrounding material in the neutron flux region. If the inner and
outer pipes can be made of Zr or Al, a combination with the good reflector material will give the
highest neutron flux at the targets. For the case of a pressurized closed vessel type research
reactor as JMTR, however, it may not be easy. The outer pipe of HRS located inside of the
reactor vessel becomes pressure boundary of the primary coolant and its integrity is very
important for the reactor safety. Therefore, a stainless steel (SS) pipe with sufficient thickness
as the pressure boundary would be the only practical choice. If the irradiation performance of
Zr pipe is fully verified, it may be used only the part under considerable neutron flux, and the
connection between the Zr and SS pipes can be accomplished by the friction welding. While the
outer pipe is SS, the Be block enclosing the HRS pipes does not have a special advantage for the
increase of neutron flux at the target, because a large portion of neutrons slowed down in the
Be is lost in the SS pipe.

Unless the neutron spectrum is very hard, thicknesses of water gaps should be minimized.
When the HRS outer pipe is SS, it is especially important because the neutrons slowed down by
the water will be lost by the SS. Since the heat generation in the target is low, the flow rate
required at the Water Gap-1 is not so high. Reduction of the water gaps, however, increases
pressure drop especially in Water Gap-2, which is not desired. While the length of Water Gap-1
is determined by the total length of rabbits, Water Gap-2 extends to the whole length of coaxial
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pipes. If the inner diameter of HRS outer pipe can be enlarged at some place above the
irradiation hole, the pressure drop can be significantly reduced.

If the target is Mo metal, a metal target shaped as the rabbit without any cladding can be
used. The release of Mo and 99mTc to the coolant will be much less than the release of Al
activation products to the coolant when it is clad by Al. Since the Al can is the major radwaste
in the (n,y)%Mo production process, there will be almost no radwaste. If the target is Mo metal
shots, the shots can be contained in the perforated Al can allowing mixing of water with the Mo
metal shots.

When MoOs pellets are used for the targets, it is not certain whether how much Mo will be
dissolved in the water from the MoOs pellets when the clad fails. If the MoOs pellet is easily
dissolved in the water, the double containment is certainly needed. However, if the dissolution
rate is sufficiently slow and the leakage can be detected sufficiently early for a remedial action
to be taken without any significant radiological consequence, then a single containment rabbit
may be used. Of course, an experiment on the dissolution rate of the MoOs pellet in the flowing
water 1s necessary. A conceptual analysis on a possibility of online monitoring against the
leakage is as follows:

Major activation products to be released to the rabbit coolant during normal operation are
produced by 160(n,p)16N, 27Al(n,a)24Na, 27Al(n,p)2"Mg, 27Al(n,y)28Al and 40Ar(n,y)41Ar reactions.
The 16N is produced by an activation of oxygen in the water. Since its half-life is only 7.13 s, it is
sufficiently decayed out in a decay tank of the HRS. Majority of other activation products
except the 41Ar are cleaned up at the ion exchanger. While majority of metallic ions are positive
ions, activation products of MoOs dissolved in the water are in a chemical form of 9MoQ42 and
the daughter 99mTc. Therefore, if the ion exchanger is composed of a cation exchanger column
and an anion exchanger column in series, the 9Mo0O42 only will accumulate at the anion
exchanger column, and an abnormal release of the MoOs would be easily detected by an online
gamma monitor looking at the anion exchanger column. If the single containment rabbits can
be used by above measure, the diameter of target is increased, the temperature rise at the gas
gap between inner and outer wall of rabbit (Gas Gap-1) is eliminated, and Al waste is reduced.

However, the low heat conductivity of MoOs requires confirmation on its temperature,
especially when the target diameter is maximized for the maximum production of 9Mo. The
melting point of MoOs is 780 °C and its sublimation temperature is around 750 °C [33].
Therefore, a maximum temperature of the MoOs during irradiation may be limited below the
sublimation temperature. JAEA measured heat conductance of 3.28 g/cm3 MoOs pellet and

made following correlation which can be used for 60 °C ~ 300 °C range [33].

k,=2.07- 2.05x10°T —4.64x10°T?+1.38x10°°T?® @

where, K, is heat conductivity in W/m-K and 7'is pellet temperature in °C. Above equation is

depicted in Figure 8. The average conductivity in the 60 °C ~ 300 °C range is 1.65 W/m-K.
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JAEA also succeeded manufacturing of 4.45 g/cm? MoOs pellets [34]. Therefore, it is assumed
that the 4.45 g/cm3 MoOs pellets are used for the targets. The thermal conductivity increases as
the pellet density increases, but the average for 3.28 g/cm3 pellet is used for the estimation of
pellet temperature, taking into account the decreasing trend of conductivity with temperature
as shown in Figure 8.

A temperature rise from the surface of MoOs pellet to its center line is the most limiting
factor from the viewpoint of target cooling. The temperature rise (47) can be roughly estimated

by following equation.

1 2 i
AT .4 _RG )
47rkp 4k

p

where, E is the average heat conductivity of pellet, R is radius of pellet, ¢’is linear heat rate

and ¢”’is volumetric heat rate.
Assuming 6 W/g gamma heat in the 2 cm diameter pellet of 4.45 g/cm3 density, the calculated

AT1is 405 °C. Should the bulk temperature of rabbit coolant and additional temperature rises at
two gas gaps inside the rabbit and at the rabbit surface be added, a margin to the sublimation
temperature 750 °C may not be large enough. As the 47'1s proportional to the square of pellet
diameter, the margin to increase the pellet diameter is very limited.

In order to minimize the pellet center temperature, two gas gaps inside the rabbit must be
minimized so as to reduce a thermal resistance at the gaps as well. For a meaningful increase
of the pellet diameter, however, a new annular target of which concept is shown in Figure 9 is
suggested. As the water flows through holes at the center of targets as well, the maximum
pellet temperature is easily reduced. It has an additional advantage from the neutronics point
of view. Without the water hole, the 99Mo production rate at the central part is the lowest in the
pellet due to the neutron self shielding especially the resonance self shielding. As the water in
the hole scatters down fast and epithermal neutrons, at the central part of the pellet, the
resonance self shielding is reduced and a certain increase of thermal neutron flux is expected.
The pellet volume is reduced by the hole, but its portion in the pellet is small. A practical
disadvantage would be a higher cost for the manufacturing of rabbits.

The effect of cooling by the central hole can be estimated from a heat balance equation for the
cylindrical geometry.
d(krT) _
Cdr

where, r is radius in the pellet. If it is assumed that the ¢” and the thermal conductivity K is

€)

constant, a solution for above equation becomes Eq. (4).
)

_ ar
T(r)=aln(r)+b 2K

where, a and b are constants to be determined from boundary conditions. When there is no hole

4)
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at the center, a = 0 and the temperature rise in the pellet becomes Eq. (5).
AT(r)=T(r)-T, =j—k(R2—r2) )

Figure 10 compares theoretical temperature rises inside 4 cm diameter pellet for the same
gamma heat and conductivity as previous case. Without the cooling hole at the center, its center
line temperature is about 1,600 °C higher than the surface. When the pellet has a 0.6 cm radius
hole and its inner surface temperature is the same with the outer surface, the temperature rise
is about 400 °C, which is similar the case for the 2 cm diameter pellet without hole. In this case,
the heat flux at the inner surface is about 1.5 times of outer surface. Therefore, the inner
surface temperature will be higher than the outer surface. The figure also shows cases when
the inner surface temperature is 50 and 100 °C higher than the outer surface. The effect of
inner surface temperature to the highest temperature in the pellet is about a half of its
variation.

Above analysis indicates that the temperature of large diameter pellet can be maintained
below safe level by additional cooling hole at the center of the pellet. While it is intended to use
the new high density MoOs pellet, a measurement of its conductivity is basically needed in any
case, so as to predict realistic pellet temperature and to confirm the irradiation safety.

When the irradiation hole is just outside of the core, the nuclear perturbation from the
on-power loading and unloading of rabbits may not be sufficiently small to neglect, especially
when the enriched 98Mo is used in the maximized diameter rabbit. While there is no rabbit in
the irradiation hole, the water occupies the hole. When the rabbits are loaded into the
irradiation hole, some of the water is replaced by the rabbits and the neutron loss is reduced.
Therefore, the loading of rabbits will increase the reactivity. It will change neutron flux and
power distribution nearby as well. Such nuclear impacts shall be checked for the design of a
HRS.

If the impacts from the on-power loading and unloading of rabbits are rather large and if a
way to reduce the impacts is necessary, following idea may be considered: If an object having
similar neutronic characteristics with the rabbits occupies the irradiation position whenever
the rabbits are withdrawn, the nuclear impact can be reduced. An empty aluminum can which
floats in the water would be a good candidate simulating the rabbits. The rabbit is composed of
aluminum can(s) and MoOs pellets, of which neutron slowing down power is much smaller than
the water. From the view of neutrons, the rabbit is rather transparent and closer to a void
rather than the water, especially when the enriched 98Mo is used. The thick water is opaque to
neutrons as usually visualized by neutron radiography. The void does not absorb neutrons but a
neutron leakage will increase. Total length of the void aluminum can may be adjusted for a
further optimization.

Figure 11 shows a concept utilizing the void aluminum can as a floater. Above the rabbits, the

inner pipe has a valve operated by the floater. When rabbits are being unloaded, the flow
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direction in the inner pipe is reversed from down flow as (c) in the figure to up flow, rabbits
come out of the pipe, the floater moves upward, and then the valve is open as (a) in the figure.
In this case, as the floater replaces the irradiation position of rabbits without any time gap,
little nuclear impact is expected. When the flow direction is reversed again to load new rabbits,
it will become (b). In order to prevent the floater from moving down before rabbits arrive at the
top of floater, the down flow would be increased gradually. The status of (b) is uncertain
whether the floater will move down earlier than the arrival of rabbit. If the floater is at the (b)
hopefully until the rabbits arrive, then the floater moves downward with the rabbits, and
finally the status (c) will be reached. The bottom of the inner pipe can be made as a hydraulic
damper to absorb a mechanical impact from rabbits when they hit the floater.

This concept can be applied when the inner pipe has a sufficient space to install the floater
underneath the rabbit irradiation position and the floater has a sufficient buoyancy force. The
diameter of floater must be larger than 10 times of aluminum thickness so as to be floated by
the buoyancy force of water.

Figure 12 is a conceptual view of the floater while rabbits are under irradiation. When the
flow inside the inner pipe is downward, a hole at the bottom of the inner pipe is closed by a ball.
When the flow direction is reversed to unload rabbits, the ball floats, the hole at the bottom is
open, the floater moves upward with the rabbits, and it becomes Figure 11 (a). When the floater
is not moving at the Figure 11 (a), the ball closes the hole at the bottom. When the flow is
reversed again to load rabbits, the floater is at (b) by its buoyancy force, the floater moves
downward when rabbits hit the floater, and the lowest part of the inner pipe functions as a

hydraulic damper absorbing the impact from the rabbits.

6. Concluding remarks

Due to the short half-life of Mo, its continued supply is very important for the on-time
availability of 99mT¢ at hospitals. As the capability of fission method for mass production of high
specific activity %Mo allows few reactors to cover majority of world market, however, the world
depends on the few primary reactors producing fission Mo, which consequently has a risk to the
continued supply. The current severe shortage of 9°Mo proves the risk and recalls the
importance of self sufficient regional supply.

Since USA consumes about a half of the world 9Mo without any domestic production, the
impact from the shortage must be much severer than other countries. They are now
implementing the American Medical Isotopes Production Act for the %Mo production in USA
without HEU. They made contracts with two companies to develop 9Mo production
technologies using solution fueled reactors and (n,y) method, and are contacting with industry
for the use of LEU targets in the reactors and for the use of accelerator technology.

Research reactor operators in Europe announced their position concerning the current
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shortage of 99Mo. They emphasized that production of 99Mo at all available research reactors in
Europe is the most practical way from near to long term stable availability of Mo in Europe.

If USA succeeds the self sufficient production of 9°Mo from 2013 as above Act aims, they can
push the conversion of fission Mo targets at foreign reactors from HEU to LEU much strongly.
Since the weight of radwaste from the LEU targets is about five times of that from HEU, the
production of LEU fission Mo may raise an ethical issue for the fission Mo supply to other
regions, in addition to the cost issue for the conversion to LEU. The new productions in USA
and Europe will take into account the full cost not only for the normal production for the supply
to respective regions but also for the installation and maintaining of backup capability for other
regions, into the price of 99Mo. Therefore, much higher price of 9°Mo in the future than before is
foreseen.

East-Asia is the third largest market of 99Mo in the world, but heavily depends on import
from other regions. Only China produces Mo but may not be enough for the stable availability
even in China alone. Other countries entirely depend on import from North America, Europe
and South Africa. However, regional actions to establish a concrete scheme for the long term
stable availability of the 99Mo in the region are rather weak compared to USA and Europe.

As discussed in appended Section A.3.3, the frequency of medical inspections using the 9mTe
per unit population in the region is much less than USA or Europe. Since the unit frequency is
very dependent on the living standard, China will show increasing demand for a while. In
Japan, the annual total frequency is at the post saturation status with gradually decreasing
trend. As the average life span of Japan has been increasing, actual number of patients who
need inspections using 9mTc may be increasing. Therefore, the decreasing trend would be due
to the replacement by PET. Korea has shown almost steadily increasing trend during past two
decades and the recent unit frequency is very close to Japan. Taiwan would be similar with
Korea. Therefore, the current unit frequency of Japan would be a good indicator for the
prediction of maximum unit frequency of the region in the future. It is some less than
1 %/person-year, which is less than 20% of USA. The unit frequency in Europe is in between
USA and Japan. We do not understand why the unit frequency of the region is much lower than
USA and Europe. We simply suppose that an actual peak value of the unit frequency of the
region will be sufficiently less than 1 %/person-year due to the rapid increase in the use of PET.

Based on above unit frequency and population, the future Mo demands for China, Japan
and Korea can be estimated about 2,500, 250 and 100 Ci/w, respectively. The 9Mo activities are
calibrated values at middle of the week while 99mTc generators are under use, which are similar
values expressed by the six-day-Ci from short distant %Mo solution suppliers. For the
estimation, it was assumed that if the 9°Mo is supplied multiple times in a week from short
distance, the average usage of 9Mo for an inspection will become similar values regardless of
countries. The current demand of China is less than Japan. Therefore, the actual current %Mo

demand of the region is less than 600 Ci/w when the %Mo is supplied from the region in a
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reliable manner, which is less than a half of the previous estimation 1,500 Ci/w [30].

Actual 99Mo imports of Japan and Korea were about five and two times of respective national
99Mo demands above mentioned. Japan and Korea basically needed to buy about twice of %Mo
solution to compensate its decay during delivery from long distance. In 2009, however, while
the 99Mo import of Korea dropped to about 60% of previous year, the total number of annual
SPECT inspections continued the increasing trend. It indicates that international delivery of
99Mo solution and the efficiency using the 9°Mo were improved to reduce its decay without
usage against its shortage in supply. It would be similar case to Japan. Since Japan has the
large room to improve the internal efficiency in the usage of %Mo, the impact to hospitals in
Japan from the current severe shortage of 9Mo supply would not be as significant as USA. For
the case of Korea, the internal room to increase the efficiency is smaller than Japan but
HANARO can supply 9mTec solution in case of actual shortage.

Therefore, it seems that actual availability of 99mTc at hospitals in Japan and Korea are not
so significantly impacted compared to the reduction of global 99Mo supply, which may explain
one of reasons why the regional actions for the long term stable availability of the °Mo in the
region are weak compared to USA and Europe. Instead, patients have paid higher price than
USA and Europe for the 99Mo — more than five times in Japan and about twice in Korea, but it
has been hidden in their total payment. However, the fact that production of fission Mo in
Japan and Korea is actually very difficult should also be pointed out as a reason causing the
weak regional actions for the long term availability of 9Mo.

Establishing a reliable fission Mo supply scheme of the region is very difficult. Actually it is
very difficult at every region. Otherwise the shortage of 9°Mo cannot be the global issue
anymore. A typical example is the long story of USA to establish a self supply scheme but not
successful so far. The key point is that new facilities are very expensive compared to the market
price of 99Mo. Furthermore, redundancy of such expensive facilities is basically required to
guarantee the reliable availability of the fission Mo. As the region-wise supply scheme requires
more facilities than the global supply scheme, it is more expensive. However, as
aforementioned, USA and Europe intend to establish the expensive region-wise supply scheme
based on the lesson learned from the shortage,

Establishing the fission Mo supply scheme of this region is much more expensive than USA
and Europe. First of all, the market is much smaller. When the %Mo is produced at local
facilities, the market size of Japan and Korea is about 350 six-day-Ci as aforementioned, which
1s about 6% of USA or 3% of global market. However, more facilities are required to produce the
smaller amount of 9°Mo than the other regions because of the over sea transportation between
any two countries in the region. For example, a chemical facility in China cannot process
uranium targets irradiated at reactors of other countries. Therefore, at least two chemical
facilities are needed in two countries. If China begins production of fission Mo at CARR and at

the solution fueled reactor of which project is under progress, and if their production and the
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production of Indonesia are available for the backup to Japan and Korea, one more production
either in Japan or Korea may be enough. Since availability of an existing reactor in Japan and
Korea is about 200 days per year, two reactors irradiating uranium targets and a chemical
facility are needed for the production. If the chemical facility is located in Japan, two reactors
(JMTR and JRR3) may be available. If a new research reactor capable for the fission Mo
production is built in Korea, two reactors may also be available for the chemical facility located
in Korea. If the construction of a new research reactor in Korea is decided, the production in
Korea would be better because the new reactor can be designed by considering the fission Mo
production in combination with the chemical facility. Then there are five reactors and three
chemical facilities to secure the fission Mo supply to this region. If it is compared with the fact
that more than 95% of global %Mo market is covered by five reactors and four chemical
facilities, we can easily figure out that the fission Mo production in this region for the self
sufficiency is extremely expensive.

JAEA has been studying the (n,y)?Mo production at JMTR, which encouraged a feasibility
study for HANARO in KAERI. The previous study confirmed that an irradiation hole of
HANARO located near the boundary of core has enough capability to satisfy the regional
demand by irradiating high density enriched 9MoOs pellets. There are five research reactors in
the region for the potential (n,y)%*Mo production - two each in China and Japan, and one in
Korea. If they are operated in a concerted mode for the production of (n,y)9*Mo, it can be an
effective way for the stable availability of 99Mo in the region. This study confirms that it will be
technically feasible.

For the irradiation of targets, each reactor should have an appropriate target irradiation
system, which is much easier and less expensive than the fission Mo target irradiation facility
for its installation and operation. The neutron flux at the irradiation hole should be high
enough and enriched 98Mo should be used in case a certain minimum specific activity which
cannot be satisfied by the natural Mo target exists. The enriched 98Mo is quite expensive, but
its price for an irradiation target is sufficiently small compared to the price of equivalent 9Mo
solution to be produced. The target irradiation should be flexible - multiple targets from
different customers loaded at different timing can be irradiated. The quick and easy loading
and unloading of targets in the hydraulic rabbit system enables the flexible irradiation.

Irradiated targets are immediately transported to the 99mTc generator manufacturers and
major radiopharmacies in the bare solid form ready for dissolution for their products. The %Mo
solution suppliers who operate complicated and expensive hot cell facilities for chemical process
of fission Mo targets and have shared majority of cost in the current production, no more exist
in the supply chain of (n,y)9°Mo. Since the reactors are involved only for the target irradiation,
almost no concern in the medical license for different reactors is expected.

The 99mTc generator manufacturers may use PZC and ALSUL for the generator columns. The

PZC has some limitation for the mass production of generators, but is almost ready for the
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commercial use for medium scale production. The ALSUL was tested for the 188W/188Re
generator and is currently under test for the 9Mo/?9mTc generator. Since its generator loading
process is the same as conventional alumina column loading using fission Mo, it is expected
that mass production of 99mTc generators will be possible. The use of PZC or ALSUL generator
in the hospital is expected almost equivalent with the use of conventional fission Mo generator.
They may need works during holidays to maximize the activity of generators that they offer
and cost for the manufacturing process of generators will be higher than those for conventional
process using fission Mo, but it may be sufficiently compensated by the low cost for the
(n,y)?*Mo production.

The major radiopharmacies are currently operating the Master milkers. They may utilize
well proven solvent extraction technology to extract high concentration 9mTc or may make
large PZC or ALSUL columns connected to 99mTc concentration devices. Therefore, the work
load to the radiopharmacies will become heavier than the use of Master milkers, but it may be
sufficiently compensated by the low cost for the (n,y)9°Mo production as well.

Since the major concern of medical license is limited to the generator manufacturers and
radiopharmacies in each country, the licensing process is simple. The uncertainty in the above
procedure is whether the ALSUL and the use of solvent extraction method to large scale
process will be successfully verified. Test of the ALSUL is under progress. The solvent
extraction technology is well proven for the process up to a few decades of Ci. As there has been
no experience using it at the activity level of Master milker (500 Ci), the verification is needed.
But no serious problem is expected from the technical view point. It is clear that these
verifications are much easier than any other approaches to find out new sources of 99Mo.

The study also proposes heat conductivity measurements for the high density MoOs pellets
and tests on its dissolution characteristics in the flowing water for the effective design of

(n,y)9°Mo targets.
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Table 1 Radioactive decay data relevant to " Tc
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DOE/TIC-11026 [4]

LNE-LNHB/CEA [5]

Branching ratio from %Mo (%) 88.6 87.6
Halflife of %Mo (h) 66.02 65.95
Half-life of %mTc (h) 6.02 6.0067
Mean energy of major y-ray (keV) 140.5 140.511
Mean probability per disintegration (%) 89.07 88.5
Majority of other decay Internal Conversion | Internal Conversion
Half-life of Tc (y) 2.13E5 2.14E5
Mode of decay B B
Maximum (average energy) of B (keV) 293.6 (84.6) 436.3 (152.3)

Table 2 Summary of USP specifications for sodium pertechnetate ®™Tc injection

Fission Mo (n,y)?*Mo

Remark

Sterility

Sterile solution

Bacterial endotoxins

<175/V USP Endotoxin Unit per mL

At expiration

date or time

pH 4.5~17.5
Radiochemical purity > 95% At time of
Radionuclide | 9°Mo <0.15 <0.15 administration
purity 131] <0.05
(uCi/mCi) 103Ru <0.05

89Sr <0.0006

90Sy <0.00006

Others B & y emitters <0.1 y emitters <0.5

a emitters <1x106¢ | <2.5uCi/dose

Chemical Al <10 pg/mL <10 pg/mL
purity Methyl ethyl <0.1%

ketone
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Table 3 Nuclear reactions producing Mo

Reaction Cross section (Energy) | Remark

235U (n,f) 577 (thermal) Majority of current production, 6.17 %
238U (y,f) TRIUMF, similar fission yield as 235U(n,f)
98Mo(n,y) 0.13 (thermal) Bert Wolterbeek, JAEA, KAERI
100Mo(n,2n) 1.91 (14.8 MeV) Yasuki Nagai and Yuichi Hatsukawa
99Tc(n,p) 0.0151 (14.7 MeV)

100Mo(p,pn) 0.079 [280 MeV]

100Mo(p,d)

100Mo(y,n) Ralph G. Bennett, et al

100Mo(y,p) 99ND (t12 15 s), 99mNb (t1/2 2.6 m) — 99Mo
102Ru(n,a) 0.0034 (14.1 MeV)

98Mo(d,p) 0.0253 (9 MeV)

* Source of cross sections: Y. Murakami, et al, Radiation Data
Ltd.(1982).

Table 4 Material properties of MoO;

Molecular weight Density (g/cm?) Melting point (°C) Boiling point (°C)
143.94 4.69 795 1155
Appearance

Green powder, gray-black powder
White, or slightly yellow to slightly bluish, depending on the temperatures

Colorless to white or yellow odorless solid

Solubility in water (g/L)

1.066 (18 °C), 2.055 (70 °C) [Wikipedia (2009.12.21)]

0.5 (20 °C) [www.maxchem.org (2009.12.21)]

<1 at 75° F (NTP, 1992) [CAMEO Chemicals, http://cameochemicals.noaa.gov/chemical/
8862 (2009.12.21)]

0.49 (28 °C) [Japan Chemistry Society, The Eighth Series of Experimental Chemistry

- Synthesis of Inorganic Chemistry I- Maruzen, (1976), p.280.]

* MoOs nanopowder has a relatively high solubility in water and should not be exposed to
liquid water without the presence of protective coatings.
[http://www.answers.com/topic/molybdenum-sesquioxide, (2009.12.21)]

* Slight solubility in acids
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Table 5 Material properties of Mo metal
Appearance Molecular Density (g/cm3) Melting point Boiling point
weight 0 (0]
Silvery grey metal 95.94 10.2 2,610 4,825
Elution Elution Labeling Administration  Imaging
Te T, Ta T,
<24h 0™ 12h 0™~ 8h a few hours
(T,+T, <12 h)
| < 125 mCi/cc/Labeling|
> 1 Ci/cc for Master milker <30 mCi/patient
Figure 1. Time intervals and activities for the use of *"Tc
Loading of Targets ‘
Irradiation of Targets ‘
Unloading of Irradiated Targets }—l
‘1’ Irradiated Target Transport
Chemical Process to Get Mo Solution |
Weekly from Irradiated Targets
Process -,l« Mo Solution Transport
‘ 39mTc Generator Loading
9MTc Generator Transport )
) Radiopharmacy
—)‘ Elution of **™Tc }—) #MTc Solution
Daily | Labeling }—) Labeled Compound
Process v »I,
‘ Administration }(t Transport
A
—‘ Imaging ‘
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v
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Figure 3. Flow diagram of (n,y)**Mo by *™Tc generators

(Dot path: potential scheme in the future)
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Figure 4. Flow diagram of (n,y)**Mo by *™Tc extraction device

(Dot path: potential scheme in the future)
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Reactors
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Figure 5. Regional mass (n,y)**Mo supply scheme
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Figure 7. Conceptual cut view of hydraulic rabbit system irradiation part
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Figure 8. Conductivity of 3.28 g/cm® MoO?® pellet for 60 ~ 300 °C range
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Figure 9. Conceptual view of an annular target
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Figure 10. Pellet temperature rise from outer surface temperature
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A.1 Status of global 9°Mo supply

A.1.1 History of 99Mo production and supply

Among notes of Cristina Hansell [1] on the history of 99Mo production in USA, some are
picked up here. “The 99Mo was initially produced by the US AEC (Atomic Energy Commission)
at the Brookhaven and Oakridge National Laboratories, and by 1966 commercial enterprises
took over the production and distribution. AECL in Canada began to produce Mo at the NRU
on May 1, 1970 and then at the NRX on May 1, 1971. Reactors used for 9°Mo production in USA
were closed in 1977 and 1990. In 1990, the US Congress had established the Isotope Production
and Distribution Program (IPDP), combining all DOE isotope production activities. In 1992,
the NRX was closed and the NRU became the sole reactor for the 9°Mo production in North
America. Plans to use Omega West reactor at Los Alamos National Laboratory (LANL) were
initiated to supply about 30% US market from 1993. DOE bought the Cintichem technology,
and $3.5M was invested for process development at the LANL. However, a leaking coolant pipe
was discovered in December 1992 and the reactor was shut down. In 1996, the Annular Core
Research Reactor (ACRR) at the Sandia National Laboratory was identified as an alternative
99Mo producer to supply 100 % US market while the reactor is in operation. The ACRR was
converted for the 99Mo production and modifications to its associated hot cell facilities were
nearly completed, but production never started. Because US radioisotope users already made
long-term contracts with other suppliers, so the commercial success of the ACRR seemed quite
doubtful. The IPDP requires self-sustainability of the reactor.”

In early 1980’s, AECL began a project to build two MAPLE reactors dedicated for isotope
production, to replace the 9°Mo production at NRU and to cover world demand by alternating
operation of the two reactors. The project was halted in 1992 when majority of reactor
structures were completed. After then the project resumed in 1996 and commissioning of
MAPLE-1 started in 2000. After long time for the commissioning due to some regulatory issues,
in May 2008, the AECL announced stopping of the MAPLE project. The reactors did not reach
their designed full power 10 MW nor isotope produced. AECL also announced its intention to
seek an additional five-year extension of the operating license for NRU from 2011 to 2016 to
maintain production of 9°Mo for the intermediate term.

As IRE began supply of %Mo from 1979 [2] using HFR, BR2 and OSIRIS, the production of
99Mo in Kurope would be initiated around that time. The 9°Mo production facility of South
Africa using SAFARI was commissioned in 1993 [3]. Then the five reactors — NRU, HFR, BR2,
OSIRIS and SAFARI, became primary reactors producing 9Mo.

In Japan, JAERI studied fission Mo production using enriched uranium from 1972 to 1977 by
producing 10 ~ 20 Ci per each test, and after then (n,y)?Mo production until 1985 [4]. But

commercial production has never been done.
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In Korea, (n,y)?°Mo was produced in TRIGA Mk-III and HANARO for supply of 99mTc solution.
There have been studies on fission Mo including participation in a Coordinated Research
Project (CRP) of IAEA on 99Mo production using LEU or neutron activation [5] but none has
been actually produced. More details are described in another JAEA report [6].

A.1.2 Status of 9Mo supply

As shown in Table A.1-1, majority of world 9°Mo has been produced by the five aged reactors.
Their peak production capability is about 250% of world demand. It is noticeable that the top
three reactors — NRU, HFR and SAFARI, had shown excellent availability. There are many
reactors in the category of ‘others’ in the table — ORPHEE in France, FRJ-2 and FRM-2 in
Germany, OPAL in Australia, RSG-GAS in Indonesia, RA-3 in Argentina, LVR-15 in Czech,
HFETR, MJTR and SPR in China, several reactors in Russia, etc., however, their total market
sharing is small.

The HEU has been used for the targets at all primary 9°Mo production reactors. It seems that
the first conversion to LEU targets among them will be SAFARI. The conversion in 2010 [7]
following the full conversion of SAFARI fuel in June 2009 is expected. LEU targets are used in
OPAL. ANSTO produced %Mo for 25 years by irradiating 1.8 ~ 2.2% LEU pellets in the HIFAR.
Its processing facility was shut down in 2007 to convert to an expanded 9°Mo production
process that utilizes 19.75% LEU targets at OPAL. It was foreseen [8] that ANSTO will become
one of global Mo suppliers. CNEA began 99Mo production using HEU targets at RA-3 in 1985.
They developed LEU-based production technology and converted to LEU in 2002. Their LEU
target processing technology was transferred to ANSTO [8]. The Karpov Institute of Physical
Chemistry in Russia, is producing Mo by irradiating HEU targets for domestic use since 1985.
The institute supplies 99mTc generators to over 200 hospitals and clinics in the country [8]. USA
supplied HEU together with Cintichem technology to Indonesia, but the supply of HEU was
stopped. Since HEU stock in Indonesia is almost used up recently, LEU must be used in the
RSG-GAS, as well. (n,y)*Mo at HFETR and MJTR, and HEU fission Mo at SPR and HWRR
were produced for domestic use in China. The HWRR was shut down at the end of 2007 and the
CARR will replace the HWRR with much large production capability.

There are new reactor projects in which 9°Mo production is included. In Europe, three new
research reactor projects to replace OSIRIS, HFR and BR2 are ongoing. The first runner JHR is
a 100 MW material test reactor under construction from 2006 with a planned operation from
2014. PALLAS was under international bidding but it was recently halted. However, Dutch
Government expressed that they support the project. The PALLAS is intending to have more
than 100% peak production capability to satisfy future world demand. MYRRHA has been
under conceptual design. In March 2010, the Belgian Government [9] approved a project

toward the MYRRHA. They are hoping to start construction in 2015 and begin the first phase of
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operation in 2023. JHR and MYRRHA would function as backup reactors of PALLAS in 9Mo
production, if all projects for the three reactors are successfully implemented. CARR in China
reached initial criticality on 13 May 2010. It seems that Canada is thinking about construction
of a new 20MW Canadian Neutron Source [10] for the supply of medical isotopes and neutron

beam applications against the planned final shutdown of the NRU in 2016.

A.1.3 Recent shortage in 99Mo supply

Although there are many reactors producing %Mo as mentioned in the previous section, long
term unexpected outage of primary reactors in the Table A.1-1 has been causing global
shortage in 99Mo supply.

In the fall of 2007 when the NRU was shut down for maintenance, Canadian Nuclear Safety
Commission (CNSC) denied permission for its restart due to a dispute over the installation of
an independent power supply system for emergency core cooling pumps, which was one of
regulatory mandates for the extended operation of NRU to 2011. This caused a shortage of 9Mo
and the Canadian Government intervened to order the reactor restarted. The NRU restarted in
December 2007, but the operation ceased from May 2009 due to a leak of heavy water in the
reactor vessel. Subsequently, multiple points of corrosion were identified in the reactor vessel,
and the AECL postponed restart of NRU a few times. The NRU restarted on 17 August 2010.
Present operation license of NRU is until 2011 with anticipated extension to 2016.

In August 2008, a small leak in the primary cooling pipe embedded in the reactor pool
concrete was found in the HFR. The leak was not repaired but the Duch Government allowed
restart in February 2009 with a condition that the leak will be repaired early 2010. The HFR
shut downed on 19 February 2010, and they expect about 6 month’s outage for the repair.

While the HFR was shutdown in 2008, an environmental release of 1311 occurred from an
isotope production facility of IRE, which caused two months outage of BR2.

In November 2007, armed attackers approached the facilities of SAFARI [1], which was
second reported breach at the site in the past couple of years. It did not impact to the

production of 9“Mo, but worry on the potential unavailability of 9mTe prevails.

A.1.4 Responses against the 9Mo shortage

For an urgent action against the long term shutdown of HFR from 19 February 2010,
operation schedules of BR2 and OSIRIS were adjusted to minimize the impact from the long
term shutdown of the HFR, and Maria in Poland initiated irradiation of fission Mo targets.
Meanwhile, it is generally perceived that aging of primary reactors is the root cause of current
shortage and the situation will become worse as time going on, unless new productions are

available. Ways to create the new productions can be categorized into utilization of existing

-49-



JAEA- Research 2010-046

reactors and development of new production technologies.

On dJune 15, 2009, MDS Nordion agreed to study the feasibility of the Karpov Institute
providing the company supply of %Mo for the global nuclear medicine market. The Karpov
Institute has been supplying about 90% of %Mo and 9mTc generators in the Russian market
covering more than 200 clinics. Missouri University has been studying 9°Mo production at
MURR using LEU targets and Cintichem process. They expect about 50% domestic supply from
2012 [11]. FRM-II is seeking funding to upgrade the facility to produce 9°Mo. They expect
almost enough 9°Mo production in five years by using HEU targets with a peak production
capability covering all demand in Europe [12]. JAEA and KAERI are studying (n,y)*Mo at
JMTR and HANARO, respectively.

In January 2009, Babcock & Wilcox (B&W) announced that they made a contract with
Covidien for the supply of about a half of US demand in %Mo if they succeed in the development
of new reactor and 9°Mo separation technologies. The concept is direct extraction of Mo from
LEU solution fuel from 100 ~ 200 kW solution fueled reactors. A task force team of Canada [13]
studied new methods of %Mo and recommended a photo-fission method using 238U targets. In
April 2009, MDS-Nordion contracted with TRIUMF (Tri-University Meson Facility) for a
feasibility study on this method. A few days after above contract with TRIUMF, Positron
Systems Inc. and Idaho State University announced that they developed a new method
producing short lived isotopes using an accelerator and they are studying about supply of %Mo
produced at Idaho accelerator to US market. Details are not disclosed.

B. Wolterbeek of Delft University applied a patent for a new 98Mo(n,y) method using neutrons
from other than reactors. The news [14] described that the energy transfer involved separates
the water-soluble Mo from the surrounding atoms. Details are not disclosed.

In November 2009, USA passed the American Medical Isotopes Production Act of 2009 [15]
and authorized a $163M program to work with industry for the production of 9Mo without
HEU. The goal is to accelerate the efforts to produce in adequate quantities for the needs of the
U.S. medical community by the end of 2013.

On 13 April 2010, four institutions in Europe operating research reactors (CEA, NRG,
SCK+*CEN and TUM) [15] announced a position paper on scenario for sustainable 9°Mo
production in Europe. They expected that existing aged reactors - HFR, BR2, OSIRIS and
MARIA will produce 9°Mo until their life-time, and that FRM-II, JHR, PALLAS and MYRRHA
will take over the production of 9Mo for its long term availability in Europe. They emphasized
that, due to the short half-life of 99Mo, the responsibility for efficient and secure supply is more
local and, therefore, the facilities to produce 9°Mo for the medium-term European needs must
be located in Europe. For this, the future network would further reduce the risks of supply
chain disruption, by fostering technical compatibility in target design, in target processing and
in transport container use.

World Nuclear News on 03 June 2010 [16] informed “Canadian government issued a call for
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project proposals for medical 1sotopes supply program. The program, announced in the 2010
budget, will promote non-reactor-based technologies for the supply of medical isotopes over the
medium- and long-term. The C$35 million ($34 million) in funding will be provided over two
years to advance Ilinear accelerator and cyclotron technologies for the production of
technetium-99m.” It seems that the program is to support aforementioned photo fission project
of TRIUMF.

A.1.5 Observation

Though USA consumes about a half of world %Mo, they do not produce it after the shutdown
of second 99Mo production reactor in 1990. The importance of local 9°Mo production in the USA
is emphasized and a legal framework is working to accelerate the local production of self
sufficient 99Mo. Research reactor operators in Europe also emphasized the importance of the
local production, and a concerted research reactor program for the long term stable production
of 99Mo in Europe is under progress. For the case of East-Asian region of which %Mo demand is
third after USA and Europe, no special region wise action against the recent shortage of %Mo is
found. Japan and Korea who have been importing all %Mo from abroad are considering
(n,y)?*Mo production at JMTR and HANARO. On 12 March 2010, FNCA National Coordinators’
meeting decided to discuss establishment of a regional radioisotope network. Active discussions

on the long term stable 99Mo supply in the region are desired.
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Table A.1-1 Reactors supplying Mo [2]

Reactor Initiall Availability Distributer Avg./Peak Production
Operation (%) (% World Demand)
NRU 1957 86 MDS-Nordion 40/80
HFR 1961 79 TYCOI/IRE 30/50
SAFARI 1965 86 NTP 10/45
BR2 1961 31 TYCO/IRE 9/35
OSIRIS 1964 60 IRE 3/20
Others - - Others 5/10
Total 100/250
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A.2 Variation of 99Mo and 99mT¢ activities and 99mTe portion in Tc

A.2.1 Derivation of equations

This section derives equations to calculate nucleus numbers of %Mo, 9mTc and %9Tc in the
irradiation targets, 99mTc generators and eluates. The equations can be used not only for solid
target irradiation but also liquid irradiation regardless by fission or (n,y).

While the 9Mo production rate R either by 9Mo(n,y) or fission is a constant, the balance

equation and its solutions for 9Mo in the irradiation target are

ano — R_/lMonMo (1)
dt
Mo _ R 1 Mot Mo Mt ()
n _EMO(—e )+n;’e
AMo :AMonMo (3)

where, nMo, AMo = number of nucleus and activity of 99Mo, respectively, in the target at current
time step,
npMe = number of 9Mo nucleus in the target at initial or previous time step,
AMo = decay constant of %Mo, and
t = time difference between previous and current time step.

The balance equation and its solution for the 9mTc in the irradiation target are

drgtcm — yTemAMo _ jTampyTom )

nTcm _ nTcme—AT”"t + chmiMo [chmn Mo R+ (R _ chmn MO)e—AT”"t] (5)
p iTcm (ﬂTcm _ AMO) p

ATcm — ﬁTcmnTcm (6)

where, n%em ATm = number of nucleus and activity of 99mTc, respectively, in the target at
current time step,
npTem = number of 99mTc nucleus in the target at previous time step,
ATem = decay constant of 99mTc, and
yTtm = decay yield of 99Mo to 99mTc,
The 99Tc is a final product of 9Mo and 9°mT¢ in the equations. Its B-decay to 9°Ru is neglected
due to 2.13E5 y half-life. Then, a difference between initial and current numbers of 99Mo and

99mTe nuclei plus the production of 99Mo during time interval £ becomes the production of 99Tc.
n™=n’+n+n" +Rt—n" —n™" (7)

where, n%, np,” = number of 99Tc nucleus in the target at current and previous time steps,
respectively.

Above equations can be applied to other situations such as the target outside of irradiation
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site, 99mTc generators and 99mTc solutions by giving a zero reaction rate and appropriate initial
values. For the target outside of irradiation site and for the 99mTc generators, Eq.s (2), (5) and

(7) are simplified by the zero reaction rate.

Mo.
n“ =ne~ (2-0)
Tecm q1Mo
Tem _ ~Temo—A"Mt y A Mo Mo o —A™"t .
n™" =n; —————= (" —ne™ ) (5-0)
A=A
nTc — n;c + n:;/lo + n[T)cm _ nMo _ nTcm (7_0)

In a 99mTe solution, above equations are further simplified by neglecting the content of 9Mo.

nTem — n;cme—l“mt (5-1)

Tem

n' = n?f +n" - n'em (7-1)

A.2.2 Solution irradiation for daily extraction of 99mTc

For the irradiation of solution for daily extraction of 99mTc, a solution irradiation loop is
needed. If chemical treatment of the solution or cooling of the target in addition to the heat
transfer in the irradiation site is needed, a quick daily circulation would not be enough and a
continuous circulation of the solution is needed. In this case, the target decays without
production when it is at the outside of the flux zone, which may give a certain impact to the
production quantity and quality of 99mTc. The calculations are carried out to find out this
1impact as well as to compare with weekly 99Mo supply for 99mTc generators.

All calculations are normalized to the total production rate of Mo in the irradiation system.
Efficiencies for the extraction of Tc elements from the solution target, Mo loading to the 9mTc

generators and elution from the 99mTc generators, are assumed as 0.9.

(1) No continuous circulation

For this calculation, the time required for the daily circulation to extract 99Tem is supposed
sufficiently short and neglected. Figure A.2-1 shows a result of the calculation. After
sufficiently long shutdown to neglect any 9°Mo remained in the target, the reactor starts
operation at time 0. The daily extraction of 9mTc starts from one day after reactor startup. The
reactor operation stops after the target activity is sufficiently saturated (576 h in the figure).
After seven days shutdown, the reactor operation starts again.

If the same reactor operation pattern is iterated, the pattern shown in the second figure in
Figure A.2-1 is iterated. If the reactor stops operation in the Sunday morning, the target in the

system can be used as if it is a 99mTc generator for the next week while the reactor is shutdown.
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Restart of the reactor from the next Sunday morning enables continued supply of Tc-99m.
Therefore, regular one week shutdown of the reactor for refueling would not interrupt the

continued supply of 99mTe,

(2) Continuous circulation of target

If the cooling of the solution target by natural heat transfer in the irradiation site is not
sufficient, a continuous circulation of the target is needed to cool the target at outside of the
flux region. If the circulation is very slow, it does not help the target cooling. Therefore, the
circulation time must be much shorter than the half-life of 99mTc. As the circulation reduces net
irradiation time for unit volume of target and total decay time of the target in a day would not
be so short compared to the half-life of 99mT¢, the production quantity and quality of 99mTc may
be affected by the circulation speed as well as the volume ratio of outside irradiation site.
However, calculations for various circulation speeds and volume ratios resulted in almost
exactly the same values as shown in Figure A.2-1. It would be understood as following way:

When the target irradiation time is T and the target spends t after irradiation until it enters
into the irradiation site again, Eq.s (2), (5) and (7) at T become initial values of Eq.s (2-0), (5-0)
and (7-0), and Eq.s (2-0), (5-0) and (7-0) at T become values at the next entrance into the

irradiation site. For the case of 9Mo activity, the relation is expressed as
M Moy o~ AT 744"
A" =[R-(R-Af)e" "le" " (6-1)

where, AMo, A;- Mo = activities of 99Mo in the target when it enters into the irradiation site jth
and (7 -1)th times, respectively, and
T, © = resident durations of the target in and outside of irradiation site, respectively.

Eq. (6-1) is a relationship of 4™ series and can be expressed with an initial term.

_ Mo _ Mo (. —AMoj(T
AMo _ R —e” M)1—e "N +T))Jre—/l““"j(nr) Mo

] 1— e—}.MO (T+7) (6-2)

where, AoMe = initial activity of 9“Mo in the target ( /= 0, when reactor starts operation).
To compare above with the activity of 99Mo without circulation which is expressed in Eq. (3),

the value without circulation at #=j (T + 1) is expressed as B here.

BY° = R(1—e""1(M7) 4 Alog=#"I() ©3)

Then, the relation between AM° and BMo is expressed as

Mo Mo Mo
pvo _ €T oy, 1e

i 1_e—AM°(T+r) j l_e—/lMo(T+T)

AOMoe—/lM"j(TH) (6'4)

As the circulation time (T + ©) is much shorter than the half-life of 99Mo, A#(T + ) is much

smaller than 1 and Eq. (6-4) can be approximated as Eq. (6-5) with sufficient accuracy.
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T
T+71

Mo
Ai

N

(BJMO n Moe—ﬂMDj(TJrr)) (6-5)

In case of zero initial value or after sufficient irradiation time, the ratio becomes the volume
ratio of outside flux zone in the total loop volume. As above equations are for unit volume, the
total activity of 9“Mo in the loop is a multiplication of loop volume to above values. And as the
volume ratio of irradiation site is the same with the ratio of time duration in the irradiation site,
Eq. (6-5) indicates that the loop total activity of Mo is almost neither dependent on the
circulation time nor the loop volume.

The derivation of Eq. (6-5) is lengthy, but it can be easily guessed that the activity of target is
almost proportional to its portion of irradiation time. The equations for 9mTc¢ and Tc are very
complicated, but they can be heuristically explained. As 99mTc is produced by 9°Mo, its activity is
determined by the variation of 99Mo. The variation of %Mo with circulation is almost the same
with that without circulation as aforementioned. Therefore, total 99mTc activity in the
circulating loop is also the same as in the fixed target only in the irradiation site. It is explained

the same way for the Tc.
A.2.3 Weekly irradiation for 99mTc generators

When targets are irradiated for weekly supply of 99Mo for the 99mTc generators, following
scenario is assumed for calculation: The targets are replaced once a week. Since the
replacement of (n,y) targets are very simple, the time needed for the replacement is neglected.
The Mo solution is loaded into 99mTc generators. A 10% loss of Mo (efficiency 0.9) is assumed for
the generator loading. The 99mTc generators are eluted before shipment - after 6 hours from the
target replacement. The first elution of 9mTc generators by a radiopharmacy or hospital is after
24 hours from the target replacement, and then daily elution is iterated during every weekday.
The 90% efficiency is assumed for every elution.

Figure A.2-2 is a result of the calculation. The 9°Mo is not available during the first week
after reactor startup and then an identical pattern is iterated. Available 99mTc activity just after
the elution is about 48 % of 99Mo saturation activity on the first weekday (Monday) and about
19% on the last weekday (Friday). Just after elution, the portion of 9mTc in the total Tc is about

25% when the generator is eluted every 24 hours.

A.2.4 Comparison of available 99mTc between direct extraction from solution target
and elution of 99mTc generator

When we compare the available 99mTc activities, first of all, a time needed for the delivery of
99mTe from the reactor to hospitals or radiopharmacies becomes very important factor. The 9mTc

activities in the eluate shown in Figure A.2-2 are actual activities available to 99mTc generator
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users. But those shown in Figure A.2-1 are values after extraction at the reactor. As the 99mTc
decays during the delivery, its activity available for actual use becomes lower as the delivery
time is longer. The delivery time includes time for the process to extract the 9mTe, packaging,
inspection for radioactive material transportation, transportation, inspection for acceptance by
the user, and setting for use. Figure A.2-3 compares available 9°mTc when five-hours are
assumed for the delivery time. As shown in the figure, the available 99mTc and its portion in the
total Tc are significantly reduced due to its decay during the delivery.

The requirement on the 9mTc portion is not clear. If a similar portion with that of 99mTc
generator is required, it can be increased by cleaning up Tc elements in between daily
extraction of 99mTc. The cleanup of Tc elements i1s actually the same process as the extraction of
99mTe, Figure A.2-4 shows a case with cleanup; the Tc elements are cleaned up after 10 hours
from the daily 99mTc extraction and four hours for the delivery time is assumed. The portion of
99mTe is similar with that of 99mTc generator. Even though the time for accumulation of 99mTc is
reduced to 14 h due to the cleanup, the available 99mTc is only slightly reduced due to one hour

reduction in delivery time.

A.2.5 Effect of elution interval

Figure A.2-5 shows an example of relative activity variations for a 9mTc generator and its
eluate. The scenario is not based on an actual practice but made for the convenience’s sake to
understand the effect of elution interval: The generator is fully eluted at time 0 (say 09:00
Saturday) by its supplier and then shipped. Its first elution in the week is at 48 h (say 09:00 on
Monday) and it is basically eluted once every 24 h during the weekdays. From the third
weekday (Wednesday), it is eluted once more at 4 h after the first elution of the day (say 13:00).
An efficiency of 90 % is assumed for every elution on the weekday.

During the initial two days, the 99mTc activity in the generator reaches a maximum value at
IN(AZem/ \Mo)[(ATem - \Mo) (= 22.84 h) and then decreases approaching a transient equilibrium. It
indicates that elution of the generator at every 24 h gives almost maximum 9mTc activity
available. Meanwhile the portion of 9°mTc in Tc decreases continuously due to an accumulation
of the Tec. In this scenario, the portion of 99mTe at the first elution is only 13.5 %. In the eluate,
there is no more 9mTc production. Therefore, the 9mTe portion decreases faster than in the
generator. For some cold kit, the supplier specifies that the generator must be eluted within 24
hours prior to obtaining any eluate for labeling as explained in Section 3.1 of main text. If this
cold kit is used on the first working day, the generator should be eluted within 24 h prior to the
first elution.

In a case the generator is eluted only once every 24 h, a pattern similar with second weekday
(Tuesday) in the figure is iterated with a daily decrement of available 99mTc along with the

decay of 9Mo. That is, the variation of 99mT¢ portion in the eluate is identical every day but the
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activity of 99mTc in the eluate daily decreases. If it is assumed that the 9mTc eluted at 09:00 is
used for administration to patient at 11:00, total 99mTc activity available for the administration
for five working days is about 1.28 Ci. If the activity of generator calibrated at 12:00
Wednesday is 1 Ci, then about 4 Ci 99nTc is available for the administration.

If the generator is eluted twice in a day, the pattern of fourth weekday (Thursday) in the
figure is iterated. The twice elutions from the third weekday may be applied when the activity
of generator is not enough during the later part of the week. The gains from the twice elutions
in the figure compared to once elution are 41 % on the third weekday and 36 % on the fourth
and fifth weekdays. The higher portion of 9mTc by the twice elutions, especially for the second
eluates shown in the figure, is an additional advantage.

The activity of a 99mTc generator is expressed by the activity of 99Mo at the calibration timing.
Since the activity decreases with time the calibration time must be checked. The figure is the
case that the generator is eluted by the generator supplier and calibrated at time 0 for

shipment, and the 99mTc is eluted at 09:00 every weekday for medical diagnoses.

R EORT Lio-99 = = =[= Te-08m T ToHEny Toted T = §° feebedldd WA YA CEE ] To-5E
'E? 82 "'-.-..“ 4 4 2] 2 7
5 OIT \ RGN S s O W T A T
3 OI6 \ Sl VI A L )i -’ T il EH Wi .f .‘, l'* M PR
T 05 \\ DB ;’ Al N Vi Vi D UM G AN UE NE HE O O O A A
M o1 gt Il
0.4 Ay
T T AL VN LN O L0 O
5] 1AL
fo
5 HINNIN NNNNNNNNNNNNNNNNNN
T T T T
0 43 95 144 192 240 288 336 364 432 480 528 576
Time (h)
1 Rk ke[ Mo99 =+ = o T8 ottt T~ HEM{Total T ——ﬁgtxaoted.’i‘czssmn 59
B PR T T T T T T T
o 0.8 TRl T T T TTT T T T T T T T T T kT T 1A Ta a7,
g ! . .,-‘ 4 ;' ra ! ’ i .*l N ¥
é 0.6 !l 'f L 0 O =l - :’l f : l ; jf l [ : lf !
o il 1 1, i 110N
8 [ I . o "4 ,' I .," 10 NE 28 1
0.4 - - S R
'g I I 1 1 e, A ! [ |
o ! ! ,"c._l '../ { A [
ZO 0.2 N SV
0 T T T T T T T T T
552 600 648 696 744 792 840 888 936 954 1032 1080
Time (h)

Figure A.2-1 Mo and *™Tc activity, and **™Tc portion in Tc when the solution is quickly circulated

only once per day for the extraction of *™Tc
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Figure A.2-2  *Mo and *™Tc activity, and **™Tc portion in Tc in the solid targets and *™Tc generators
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Figure A.2-3 Comparison of *™Tc availability without cleanup of Tc from the solution target (One

extraction every day & 5 h delivery time for direct extraction of *™Tc)
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Figure A.2-4 Comparison of *™Tc availability with cleanup of Tc from the solution target (Cleanup of
Tc 10 h after *™Tc extraction & 4 h delivery time)
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A.3 Assessment of activity and cost for the use of 99Mo

A.3.1 Introduction

A good understanding on the %Mo demand and its cost is essential to judge whether the
(n,y)9Mo production will be sufficient to satisfy the demand and whether its production cost
will be reasonable. The demand is always expressed by its activity. While the 9°Mo decays with
66 h half-life, the time duration involved from its production to end of use are long enough to
change its activity significantly. Therefore, a good understanding on the actual meaning of
statistics on the demand is needed. But sometimes it is not clear. Next section explains relevant
information and our opinion on this matter.

It is often said that, compared to fission Mo, the (n,y)9°Mo has several advantages including
much low production cost. However, users always choose the fission Mo as far as it is available.
The only but critical shortage of (n,y)?Mo compared to fission Mo is its extremely low specific
activity, which makes its use less convenient and perhaps requires the higher cost to use. Many
efforts have been given to improve the convenience in the use of (n,y)%Mo, but it will be never
as convenient as the use of fission Mo. Then we have to judge whether there is any possibility
that users will choose the (n,y)?°Mo. We say “Fission Mo has risk of nuclear proliferation,
environmental release of fission products and instability in supply, and also produces much
more radwaste. The (n,y)?*Mo does not have such problems and may open the shortest way to
overcome current shortage of 99Mo. But it is a little less convenient in use.” Then we need to
figure out how much it will be actually less convenient. As the inconvenience may be
represented by additional cost, we need to understand the cost to use the fission Mo first. Then
we may find out how to go with the (n,y)9*Mo. The cost to use the fission Mo is analyzed in

Section A.3.3.

A.3.2 99Mo activity

The 9°Mo demand is usually expressed by six-day-Ci, but actually it is a unit used by %Mo
suppliers when they sell the %Mo solution. They assure that the 9Mo activity six days after it
leaves their facilities will be at least the activity expressed by the six-day-Ci [1]. In the actual
practice, a supplier usually determines the time leaving its facility at 12:00 local time of the
facility. For the case of a 99mTc generator used for a working week from Monday to Friday for an
example, the %Mo solution must leave the supplier’s facility in the previous week. If it is on
Thursday and then if the 99mTc generators are loaded on Friday, middle of the working week
(12:00 Wednesday) becomes the sixth day after the shipping of 9Mo solution. Then the activity
by six-day-Ci can represents the activity while the 99Mo is under use by the end users, and

thereby it may be considered as the actual demand.
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However, above is reasonable only when the facilities for 9°Mo solution supply, 99mTc
generator loading and its use are within reasonable distances between them. For the cases of
Japan and Korea who import all of their 9°Mo solution from North America, Europe and South
Africa, the 99Mo solution leaving a supplier’s facility on Thursday local time cannot be used for
the 99mTc generator loading on Friday. If they work during weekend, the generators may be
available to users from next Monday. But it seems that the practice has not been such a way. It
also seems that the 9Mo solution suppliers usually ship twice a week. As replacement of
uranium targets in a reactor and its post processing are complicated, shipping everyday may
not be practical. Then the interval for the next shipping is three or four days, which results in
additional three or four days decay of the 9°Mo solution delivered to Japan and Korea.

It is clear that Japan and Korea must buy much more 9Mo solution than USA to use an
identical amount of 9°Mo. It also requires the higher air transport fee not only for the longer
distance but also for the heavier cask due to the higher activity for transportation. Then, the
unit cost of 99Mo solution for use in Japan and Korea must be much higher than USA.

The activity of a 9mTc generator is expressed by different ways depending on its supplier,
such as the activity when the generator is manufactured, on the first day of generator usage, on
the third day of generator usage, etc. For the case of the 500 Ci Master milkers in Japan loaded
on Friday for their usage during next week, the activity is calibrated at 12:00 Friday — on the
day of manufacture. Since the information is very specific, it allows much more accurate
estimation on the actual demand than statistical data on demand which contains no
explanation on the activity. However, usual generators in Japan are calibrated at different
timing from the Master milkers: It is calibrated at 12:00 of third day in use. Only Sunday is
counted as non-use day. Therefore, a generator used from Monday is calibrated on Wednesday
and that from Saturday is calibrated on the next Tuesday.

In USA, the generators are usually calibrated on the day of manufacture and the highest
activity one is 20 Ci.

ANSTO [1] has been supplying generators twice in a week for domestic use from Monday and
from Thursday, respectively. Their activities are calibrated on the day of first use. Generators
shipped on Friday are calibrated on Monday, and those shipped on Wednesday are calibrated
on Thursday. Generator activities are usually less than or equal to about 3.25 Ci, but 10 Ci
jumbo generators for radiopharmacies are also available. If the 10 Ci generator is calibrated on
the day of manufacture, the generator loaded on Friday becomes 21.3 Ci and that on
Wednesday becomes 12.9 Ci.

Based on above information, the scheme of 9°Mo supply in Australia is guessed as Figure
A.3-1. They intentionally avoid works during weekend. If they work during weekend, decay
time of generators used from Monday can be reduced by two days. The twice supplies per week
are to reduce difference in available 9mTc between weekdays. From a viewpoint utilizing the

99Mo in an optimum way, the second use of 99mTc generators from Wednesday is better than that
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from Thursday, but it may require target replacement on Sunday. They may be reluctant to
work during weekend, and/or the work during weekend may not be so beneficial because it

increases manpower cost.

A.3.3 Cost to use 99Mo

Decay of 9°Mo inherently causes the higher cost to use it at the longer distances by its
delivery time. Of course, there are several other factors affecting the cost depending on

countries. Some typical cases are presented here.

(1) USA

USA is the largest 99Mo consumer in the world, but they do not produce it by themselves.
They usually imported 9°Mo solution from Canada and then distributed 9mTc generators.

The Committee on Medical Isotope Production Without Highly Enriched Uranium of US
National Academies [1] (the Committee hereinafter) estimated the cost of Mo in the USA at
three different steps; production of 9Mo solution, manufacturing 9mTc generators and
administration of 99mTc to patients.

The cost to produce 9Mo solution consists of costs for uranium target preparation,
irradiation in the reactor and chemical processing. However, the Committee had confident that
the irradiation cost does not include all of actual costs but, at best, covers only a share of
reactor operational cost. From public sources of information about Mo producers’ revenues
and the quantities of 99Mo they supply, the Committee estimated a unit cost to produce 9Mo
solution US$225+100/six-day-Ci. As the demand of USA was about 6,000 six-day-Ci/w (300,000
six-day-Ci/y) in 2006, the overall cost to produce the 9°Mo solution to satisfy the US demand
was about US$70M in a year.

The number of generators delivered in 2005 was 92,500 in USA. The Committee estimated
that the “average” cost of a 10 Ci generator is about US$1,900+25%. Then the total sale of
generators i1s US$176M/y, which is about 2.5 times of the cost for Mo solution. The total
activity of generators is 925,000 Ci. It is about three times of total 9Mo solution activity
expressed by the six-day-Ci, which corresponds to about 40 h decay after the shipment of %Mo
solution. As the generators in USA are manufactured after one or two days from the shipment
of 99Mo solution and they are usually calibrated on the date of manufacture, it is reasonable.

Total number of 99mTc doses in USA was 24.3M in 2006. The average price per dose reported
from a company in 2006 ranged from US$8.20 for hospital/clinic sales and US$7.2 for
radiopharmacy sales. Most of 99mTc pertechnetate prices in 2008 fell in the range from US$0.28
to US$0.45 per mCi. The Committee assumed US$11.00/dose by taking the middle of the price
range and assuming 30 mCi/dose. Then the total cost for the Tc-99m is US$267M/y, which is

about 3.8 times of the cost for Mo solution. Actual average dose is much less than the 30 mCi,

-63-



JAEA- Research 2010-046

but it may be compensated by the difference in timing determining the activity of 99mTec, If
above prices of 9mTc pertechnetate per mCi is based on the activity when a company hands
over to a hospital not when it is administered to the patient, then the 30 mCi/dose would be
reasonable.

An average amount of 99Mo used for a dose to a patient in USA can be estimated about 0.013
six-day-Ci/dose. It means that 1 six-day-Ci is used for about 80 doses in average. It is quite
many doses compared to the price of 9°Mo solution but there would be some room to cover more
doses. As aforementioned, in USA, the 9°Mo solution activity in six-day-Ci is similar with the
activity at 12:00 Wednesday. As explained in the appended Section A.2.5, if the 9mTc is
obtained at 09:00 every working day of a week by eluting 1 Ci generator calibrated at 12:00
Wednesday with 90% elution efficiency and then used for administration at 11:00, the total
99mT¢ available for administration during one working week is about 4 Ci. If the efficiency for
the 99mTc generator loading is assumed 0.9, 3.6 Ci 9mTc is available from 1 six-day-Ci 9°Mo
solution. Then the 0.013 six-day-Ci/dose of 9°Mo is equivalent to 47 mCi/dose of 99mTec. The
Committee assumed 30 mCi/dose, but it is the maximum activity per dose in the usual practice.
Actual dose to a patient is usually from a few to 20 mCi 99mTec. It indicates that the 99mTc used
for the actual administration is a small portion or the average time to administration after
elution is much longer than 2 h, i.e., a large portion of 9mTc is just decayed out without use.
But hospitals might not have interest in the optimum use of 9Mo because its price in the
payment of patients is negligible.

The price of 9Mo solution listed in the homepage of MDS Nordion on 7 December 2009 was
US$1,500/six-day-Ci. They noted “The price of the 99Mo isotope produced by MDS Nordion
represents only a minute fraction (less than 1 %) of the cost of a medical imaging diagnostic
procedure’. As the Committee mentioned, the list price cannot be the actual price, however, it
1s too high compared to the estimation of Committee. It indicates that recently the price was
increased significantly, especially due to the shortage of 99Mo. The price near the end of 2009
would be two or three times of the best estimation by the Committee.

A statement [2] at the hearing on H.R. 3276, the American Medical Isotopes Production Act
of 2009, included a phrase “The shortage of this isotope, which usually costs only $10 of a
multithousand dollar procedure, is threatening the healthcare of millions of Americans.” It
backs afore note of MDS Nordion.

(2) Australia

ANSTO supplies 99mTc generators for domestic users. Therefore, even though they produce
the 99Mo solution, they say only the price of generators. List price of a generator sold by ANSTO
is composed of a fixed price and incremental price per %Mo activity. While majority of the
incremental cost would be the price of %Mo solution and the fixed cost would be majority of

additional cost to make the generators from the 9°Mo solution. When the incremental and fixed
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costs are estimated from generator prices in a figure shown in the reference [1], the fixed price
is about A$560/generator. The incremental prices are about A$670 and A$430 per Ci for
generators calibrated on Monday and Thursday, respectively (see Figure A.3-1). If the
incremental prices are calculated for the activity on the day of shipment, they become around
A$314 and A$336 per Ci, respectively. This indicates that the base of incremental price is the
99Mo activity at shipping. If the price of 10 Ci generator is calculated so as to compare with the
price in USA (US$1,900+25% for 10 Ci generator), it becomes about A$3,800. If the fact that
actual price is lower than the list price, it seems that they are not significantly different.

R.E. Boyd [3] estimated the fixed and incremental costs of ANSTO, which were
US$118/generator and US$57/six-day-Ci, respectively, which are too lower than above list
prices to be explained by escalation and changes in exchange rate of currency. It may be due to

the rather rapid escalation of 9Mo price after his report.

(3) Japan

S. Kosuda [4] mentioned “¥mT¢ sale in Japan began in 1965 by importing generators from
USA. From 1979, local companies have imported 99Mo solution and distributed generators.
Nowadays, Japan consumes 14% of world %Mo production second after USA (44%). One %Mo
Import by a company is about 10 TBq (270 Ci), and the company import 2 ~ 3 times in a week.
The peak nuclear medicine market was ¥63B/y in 1995. In 2007, 1,219 nuclear medicine
facilities performed 1,417,700 1n vivo tests and 414,300 PET tests. In 2008, tests using 99m7c
was about 50% of total tests. Disadvantages of 9m7Te injection are high cost and difficulty for
emergency use such as during night.” As the world 9°Mo production is known 10,000 ~ 12,000
six-day-Ci/w, the 14% of world 9°Mo production corresponds to about 1,400 ~ 1,700 six-day-Ci/w.
Since two companies imports 9Mo 2 ~ 3 times each in a week, weekly import can be assumed
1,100 ~ 1,600 Ci or 1,350 Ci/w for a median. As these values are not so different from the 1,400
~ 1,700 six-day-Ci/w, the 270 Ci for an import seems 270 six-day-Ci. If the statistics in 2008 was
not so different from 2007, total number of tests using 9mTe in 2008 was about 920,000.

A radiopharmacy in Japan informed that a 500 Ci Master milker calibrated on Friday for its
use from beginning of next week shares about 20% of 99Mo in Japan, four Master milkers are
made in a week, and about 20% remained is covered by usual generators. It means that about
2,500 Ci is used by the Master milkers and usual generators. In the previous study [5], 99Mo
demand in Japan was estimated 600 ~ 700 Ci/w when the activity of a generator is calibrated at
the middle of a working week during the generator is in use, which is equivalent with the
activity expressed by the six-day-Ci if 99Mo solution suppliers are within short distance. It
means that Japan imports more than twice of USA or Europe to make a same activity
generator for the compensation of decay during delivery of 9°Mo solution.

The reference price for a usual 9Mo/?mTc generator noticed by Japanese government on 1

April 2008 was ¥262 — 266 per 10 MBq which corresponds to about ¥970,000/Ci (about
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US$10,000/Ci). Since the activity of each portable generator in Japan is calibrated at 12:00 on
third day in use, five days decay time (generator manufacture on Friday and calibration on
next Wednesday) is taken into account to compared with the US$1,900+25% for 10 Ci generator
in USA. Then the price of 10 Ci generator is about US$28,000 in Japan, which is very high
compared to any other data presented in this section.

Statistics on the distribution of radioisotopes in Japan in 2008 [6] show that 1.42E14 Bq of
99mTe generators were distributed, which correspond to 73.4 Ci/w for the total activity of
generators in a week. It is much smaller than the 20% of 600 ~ 700 Ci/w. The reason would be
that a portable generator can be ordered for the use from any working day except Sunday while
the import of 99Mo solution is twice or three times in a week, which means that additional
decay time is inevitable for some generators of which supply timing does not match with the
timing of %Mo solution import. If it is assumed that about 265,000 vials of labeling kits
distributed in 2008 were used by hospitals using the 73.4 Ci/w of usual generators, an average
99Mo activity per vial is 0.0144 Ci. A usual cold kit supplied from a company can be used for
multiple doses, but it is not certain whether the vial in the statistics is for one or multiple doses.
As the average 99Mo activity per vial is similar with aforementioned average 9°Mo activity per
dose in USA (0.013 six-day-Ci/dose), it is supposed that a vial is used for a dose. As the total
sale of usual generators in 2008 was about ¥3.7B and if they are used for about 265,000 doses,
the average cost of portable 9mTc generators per dose is about ¥14,000. The cost of 99Mo for the
administration should include additional cost in the hospital for the preparation of nuclear
medicine. Then it must be higher than ¥14,000/dose.

The 99Mo used for Master milkers produces 99mTc pertechnetate and labeled compounds for
their sale to hospitals and clinics. The reference price for 9mTc pertechnetate was ¥275 ~ 279
per 10 MBq (some more than US$10,000/Ci). In 2008, 3.07E14 Bq of 99mTc (8,300 Ci/y = 160
Ci/w) were distributed for injections [6], of which total reference price is ¥8.45B when only the
price of 99mTc pertechnetate is taken into account. When medians in the activity of labeled
compounds per dose for respective categories (4 mCi/dose for heart, lung, liver, spleen and
kidney applications, and 15 mCi/dose for brain and bone applications) are used, the total
number of doses calculated becomes about 820,000 doses. Then, the average cost of Mo from
Master milkers is about ¥10,000/dose. It is less expensive than above mentioned ¥14,000/dose
for the average generator cost per dose. However, S. Kosuda [4] mentioned that 99mTc injection
1s high cost compared to the use of generators. As the price of injection usually includes cost for
labeling at the radiopharmacy, it may be higher than the ¥14,000/dose. It is not certain which
makes the price of 99mTc injection high between the price of 9mTc pertechnetate from Master
milker and the cost of labeling at the radiopharmacy.

From a general viewpoint, since the usage of a Master milker can be more effective than
using many portable generators, it is understood that the average cost of 9Mo per dose through

Master milkers is lower than that through usual generators. However, that through Master
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milkers (¥10,000/dose) is still much higher than that in USA (US$11/dose).

Total number of doses in Japan in 2008 is a sum of doses using the usual generators
(265,000) and the Master milkers (820,000), which is around 1.1M dose/y. It is a little larger
than aforementioned 920,000 tests in 2008. In an interview with specialists in nuclear
medicine on 12 November 2009 [7], the reporter said that about 1.42M in vivo inspections per
year are carried out using nuclear medicine in Japan and more than 70% of them (more than
1M/y) are done using ?9»Tc, and a specialist commented more than 0.9M/y by 9mTc. Therefore,
the total number of tests using 99mTc in Japan can be assumed about 1M per year.

If the 1M dosel/y by 1,350 six-day-Ci/W in Japan is compared with the 24.3M dose/y by 6,000
six-day-Ci/w in USA, Japan consumes %Mo production more than 5 times of USA for a test. As
the decay during import of the 9°Mo solution reduces the available activity below a half,
additional decay to less than a half occurs after the solution arrived in Japan. It indicates that
the pattern using 99Mo in Japan is quite different from USA, and it is one of reasons that the

cost of 99Mo per dose in Japan is so expensive.

(4) Korea

Korea imports 9Mo solution and portable 99mTc generators. Since all imported Mo solution
1s used to manufacture portable 99mTc generators as well, all 99mTc in Korea for medical usage is
obtained from portable generators. In the previous study [5], the 99Mo demand of Korea was
estimated about 100 Ci/w when the activity is calibrated at middle of a working week while the
generators are in use.

Rather specific estimation of 99Mo demand and price in 2007 is possible from two reports of
Korea Radioisotope Association [8,9]. In 2007, total number of 9mTc generators distributed in
Korea was 7,135 of which the total activity was 4,813 Ci, and 8,970 Ci %Mo was imported by
%2.62B. The difference between total activities distributed by generators and of imported %Mo
may come from different timing in calibration. The average unit price of imported 9°Mo is
%292,000/Ci. As this price is just a little higher than the cost of 9Mo in USA estimated by the
Committee (US$225+100/six-day-Ci), the activity may be expressed by the six-day-Ci. The total
activity of generators averaged over a week is 92.3 Ci/w. Therefore, it can be said that Korea
imported 8,970 six-day-Ci to use 4,813 Ci because of decay during import. The decay of 9°Mo
during its solution transportation is a little less than Japan, but not so different. Then the 92.3
Ci/w can be said as the %Mo demand of Korea in 2007. The fact that the total number of SPECT
examination has been increased as shown in Figure A.3-2, confirms above mentioned 100 Ci/w
for the current demand in Korea.

No data has been found how much hospitals paid for the generators. Total number of in vivo
inspections in Korea using nuclear medicine except PET was 558,242 in 2007. If it is assumed
that more than 70% of them were done using 9mTc as in Japan, about 390,000 doses of 9mTc in

2007 are expected. Then the cost of 99Mo solution per dose is about W6,700. The average cost to
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use the 99Mo for a dose should include additional unit costs to manufacture the generators and
to prepare nuclear medicine for administration in the hospitals, but information to guess such
additional cost is not found. The only value found is that the total income of hospitals from
above 558,242 in vivo inspections was W104B, from which %186,000/inspection is derived as an
average value.

The average activity of %Mo per dose is about 0.0123 Ci of generator activity, which is similar
with 0.013 six-day-Ci/dose in USA and 0.0144 Ci/dose for usual generators in Japan. It
indicates that the efficiency utilizing 99mTc generators except Master milkers is similar in the
three countries.

The frequency of SPECT examination in Korea is still increasing as shown in Figure A.3-2. If
it is taken into account that the decrease during 1998 ~ 2000 was due to sudden price increase
of imported generators, overall trend over past 20 years was almost steady increase. However,
the recent increase of PET is very fast, which indicates that many inspections to be done by
99mTe are being replaced by the PET. In 2009, the frequency of PET was more than a half of
SPECT. Meanwhile current frequency of SPECT by 99mTc per unit population is similar with
Japan — some less than 1 %/person-year, which is some less than 20% of USA. As the frequency
of inspections using 99mTc in Japan was already saturated and gradually decreasing, the

frequency in Korea would not increase so much in the future.

(5) Vietnam

Vietnam imports 9mTc generators. D.V. Dong [10] introduced market prices of 9mTc
generators in Vietnam in 2006. From his data, the fixed and incremental prices are estimated
about US$820 and US$1,900/Ci, respectively. There is no mention on the calibration timing of
the generators. Since the activities of generators presented are only 0.2, 0.3 and 0.4 Ci, and as
such low activity generators calibrated on the first day of use would be difficult to use, their
calibration timing would be the same as in Japan and Korea. The high fixed price would be due
to air transportation of the generators from a long distance and the high incremental price
would be due to long decay time.

Since their domestic demand is small, installation and operation of a 99mTc generator loading
facility would be difficult to be justified yet. As the imported 99mTc generators are very
expensive, they have much stronger motive to use the (n,y)?Mo than other countries above

mentioned.

(6) Analysis of European Nuclear Society

In the cost analysis of 99Mo/?mTc generators by the European Nuclear Society (ENS) [11], the
price for a thyroid scan with 99mTc on an adult outpatient in a Belgian university hospital was
exampled. In the total cost €130, the price of isotope was €19.

From a small survey (8 data in total were received from Europe, North and South America,
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and Oceania), following data are presented:

- 99mTc generator price
€3.7 ~ €24 /GBq, average €12 /GBq (€137 ~ €888 /Ci, average €444 /Ci)
Without extremes:
€6.7 ~ €18.2 /GBq, average €11.5 /GBq (€248 ~ €673 /Ci, average €426 /Ci)

- 99mTe dose price
€2 ~ €19 /GBq, average €7.4 /GBq (€2.2 ~ €21 /30mCi, average €8.2 /30mCi)
Without extremes:
€2.4 ~ €9.5 /GBq, average €5.8 /GBq (€2.7 ~ €10.5 /30mCi, average €6.4 /30mCi)

When above prices of generator is compared with US$1,900+25% for the 10 Ci generator in
USA, only the lowest extreme (€137/Ci) is close to the US price. It indicates that the timing for
activity calibration would be different in addition to differences in the size of generators,
transport cost, market conditions, etc. When above 99mTc dose prices are compared with US$11
per 30 mCi dose in USA, the average price is not so different from the USA price. Differences in
medical systems and cost between countries may be the major reason showing the wide range
of 99mTc dose price surveyed. The exampled price for a thyroid scan €130 is not so different from
the average price of an 1n vivo inspection in Korea #186,000.

The ENS also cited statements of reliable sources: “The price for irradiation is market price,
which does most probably not cover the marginal cost, and certainly does not take the
investment and decommissioning costs into account. The irradiation is heavily subsidized. The
irradiation price is roughly estimated to be between 5 and 10% of the cost of the generator. The
price of the separation phase seems to be barely above the true cost. The benefit margin is said
to be less than 5%”

The position paper by CEA, NRG, SCK*CEN and TUM on 13 April 2010 stated “7he world
value of nuclear medicine imaging agents associated with 99mTc is estimated by the medical
industry as being of the order of €1,000M or more per year. 99Mo radiochemical market value
can be estimated at 15-20 % of the 99mTc nuclear medicine iImaging agents market value. The
reactor irradiation services market value can be estimated at 10-15 % of %Mo radiochemical
market value. Therefore it can be calculated that the %Mo irradiation services market value is
presently only 1.6% to 3% of the nuclear medicine imaging agents market value. The supply
has been essentially subsidized by existing governmental infrastructure investment. It Is
foreseen that irradiation costs must increase substantially in order to pay for the security of

supply required by Medicine today.”

A.3.4 Concluding remarks

The 99Mo activity expressed by six-day-Ci represents a demand of 9°Mo to fission Mo solution

suppliers. In USA and Europe where respective suppliers and users are within short distance,
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the activity by six-day-Ci is close to the actual demand. For Japan and Korea who need a longer
time interval between production and usage of the 9Mo, however, the 99Mo activity available to
users is much less than the activity by six-day-Ci. It makes the unit cost of 9Mo solution higher
than USA and Europe, which is estimated about twice of USA. Therefore, the low cost for local
(n,y)9Mo production can make it more competitive than in USA.

Compared to the fission Mo, the (n,y)?Mo costs much less for production but is less
convenient and costs more for use. However, since the cost portion of fission Mo in the payment
of a patient is already sufficiently small in many countries which consume rather large amount
of 99Mo, reducing the cost for the production of Mo does not give meaningful influence to the
end users. Instead, if it gives any disadvantage in the imaging process which causes additional
cost to compensate it, the (n,y)9°Mo is hardly possible to compete with the fission Mo. While the
impact to the usage in the hospitals should be sufficiently small, the room to accommodate the
impact to the manufacturing of 99mTc generators is relatively large. The cost portion of 9Mo in
the price of a 99mTc generator is the larger for the higher activity generator. Therefore, the room
to the jumbo generators should be much larger than the portable generators.

Since all generators in Korea have been portable generators, in order to replace them by the
(n,y)?°Mo generators, the additional cost to make them must be reasonable. It will be especially
important for the lower activity generators. Therefore, increasing the specific activity of
(n,y)Mo is important to minimize the size of generator.

In Japan, only four 500 Ci Master milkers share about 80%. Therefore, relatively high
investment to replace the Master milker by a new device using the (n,y)9Mo and some higher
cost for its operation may be accepted. If a device extracting high concentration 99mTc from the
low specific activity 9Mo is available, the high specific activity of Mo would not be so critical
requirement as the case of portable generators. However, as the cost portion of 99Mo solution in
the price of isotope for dose is much lower than other countries, the impact from irradiation cost
including cost for targets may be relatively small as well. Flexibility in the supply of 9Mo
during a week such as twice or three times supply per week may also be needed.

As actual cost for the target irradiation is not fully reflected in the current price of 9°Mo
solution but subsidized by the public of the country operating the reactor, and the post
processing of the fission Mo remains a large amount of radwaste in the country operating the
chemical facility, there is a concern how the production of %Mo for its usage at other countries
can be justified. The 99Mo consumption of USA is about a half of global usage, but they do not
produce any 9°Mo. Therefore, countries supplying Mo to USA may argue that their people pay
tax for the reactors and take risk from the facilities and radwaste but a large portion of the
99Mo is used for the health of USA people. The USA has been giving a lot of effort to replace the
HEU targets to LEU, but it remains more radwaste in the countries supplying the 99Mo to USA,
which can be hardly accepted by the supplying countries. The USA is now implementing the
American Medical Isotopes Production Act which provides fund to the development of non-HEU
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technologies for sufficient and reliable production of %Mo in USA by the end of 2013. NNSA
(National Nuclear Security Administration) expects the elimination of HEU export for 99Mo
production in 7 to 13 years [13]. Reactor operators of Europe also emphasized the regional
production of 99Mo for its long term stable availability.

The price of future %Mo will cover full cost for its production including capital cost of reactor
and decommissioning. If Japan and Korea continue the import of 9Mo from long distances,
they will pay twice of the escalated price but its availability will not be as robust as the region
producing the 9Mo. Japan consumes the %Mo more than twice of any other countries for an
inspection. The high 9Mo consumption per inspection in Japan would be understood that
Japanese isotope companies have given higher priority to the convenience rather than to the
efficiency in its usage. They may also have utilized the low efficiency as a buffer against
shortage in supply, i.e., they have a large room to increase the efficiency when the supply is
reduced. However, it is questionable whether their excuse can be accepted by patients paying
much more for the %Mo than other countries and the people of countries supplying the %Mo

with burden of radwaste.
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A.4 Extraction of 99mTc

A.4.1 Introduction

The (n,y)%Mo encounters only one high hurdle - how to make its users to extract the 9%mTc in
a convenient and cost effective way. Of course, the 99mTc extraction from the fission Mo using
99mTc generators is a reference of comparison. Since the specific activity of (n,y)%Mo is
extremely lower than the fission Mo, much more amount of Mo is involved in the 9mTc
extraction and the simple process used for the fission Mo becomes difficult to apply. Therefore,
its convenience cannot be equivalent to nor better than that from fission Mo, but the advantage
of (n,y)?°Mo in all other aspects may compensate the deficiency in the extraction of the 99T,

In the scheme using the fission Mo, each generator company makes many generators. If the
inconvenience in the process for the use of (n,y)9°Mo is limited to the companies producing
generators and does not propagate to the users of generators, some complex process in the
production of generators may be accepted. It is especially important to portable generators
which are used at hospitals. For a radiopharmacy using jumbo generators or Master milkers for
the supply of 99mTe¢ nuclear medicines to many hospitals, if the inconvenience is only to the
radiopharmacy and does not propagate to the hospitals, some complex process in the 99mTc
extraction may be accepted.

As explained in appended Section A.3, the cost for the fission Mo solution used in Japan and
Korea has been at least about twice of USA due to the long distance delivery. Therefore, the
(n,y)?*Mo produced by local reactors in Japan and Korea is much more competitive than USA.
In addition, the activity of a Master milker in Japan is about 25 times of the highest activity
among jumbo generators used in USA. The Master milker is actually equipment installed in a
hot cell rather than a generator frequently replaced. A company operating the Master milker
loads it as well, which may give additional room to accommodate the (n,y)?*Mo.

Here, 99mTc extraction methods from (n,y)%Mo are reviewed from a viewpoint to figure out
the feasibility of mass (n,y)9*Mo supply. There had been other methods reported such as
thermal separation methods, but they are not included here because they have not been
actually used. The 99mTc extraction from fission Mo is also described in Section A.4.2 as the
reference of comparison. It is assumed that the 9mTc extracted from the (n,y)?Mo has at least
equivalent performance in its use, as that from fission Mo. If there is any problem in its use, the

problem must be duly investigated and resolved in advance.

A.4.2 Extraction from fission Mo

Extraction of 99mTc from the fission Mo is accomplished by elution of a 99mTc generator

containing an alumina column. The Mo adsorption capacity of alumina is said typically 2
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mg-Mo/g-alumina [1] or limited to 20 mg-Mo/g-alumina [2,3]. We suppose that the 20
mg-Mo/g-alumina is a maximum capability and the 2 mg-Mo/g-alumina is a practice with
sufficient margin to prevent Mo breakthrough for actual uses. Therefore, the amount of
alumina needed for a generator column is estimated based on the 2 mg-Mo/g-alumina.

From 235U fission, Mo isotopes of mass number 95, 97, 98, 99, 100 are produced with similar
yield each other. Among them the %Mo in the recovered Mo is very small because half lives of
its precursors 9%Zr and 9%Nb are 64 and 35 days, respectively. While other Mo isotopes are stable,
99Mo decays during irradiation. Therefore, isotopic ratio of 99Mo decreases with irradiation time.
After the end of irradiation, as the %Mo decays out, its isotopic ratio decreases almost
exponentially. If we assume that the production ratio of 9°Mo in the total Mo is 1/4 and that the
irradiation time is 7 days, the isotopic ratio of 9°Mo in the total Mo is around 13.5 % at the end
of irradiation. If the decay time until generator loading is also assumed as 7 days for
conservatism, it reduces to 2.6 % at the generator loading.

Then, for a 500 Ci Master milker calibrated at the time of milker loading, the amount of Mo
1s about 1 mg and total Mo is about 40 mg when the milker is loaded. Therefore, 20 g alumina is
sufficient for the column of a Master milker. For the highest activity jumbo generator in USA,
which is 20 Ci at the time of generator loading, 0.8 g alumina is sufficient. For a 5 Ci portable
generator, 0.2 g alumina is sufficient. Therefore, the size of column is almost negligible in the
volume of shielded container.

The generator loading process is simple. Predetermined amount of 9°Mo solution is added to
each alumina column; the columns are washed and then packed into shielded containers for
shipping. A 99mTc generator loading facility can make hundreds of generators in a day. The
process extracting the 99mTc from a generator is only one elution using saline solution. The
elution from a usual generator needs only a few minutes. Elution of a Master milker may
require more time, but much less than an hour. Actual difference may come from handling of
eluate due to the higher activity. Japanese radiopharmacies operating Master milkers load the
milkers by themselves.

Since the 99Mo activity per unit volume of alumina column is high, high concentration 9mTc
eluate is obtained as well.

When we compare processes extracting the 99mTc from the (n,y)9°Mo with above processes,
three different cases may be considered; 1) for use of portable generators at hospitals, 2) for use
of jumbo generators by radiopharmacies, and 3) for use of Master milkers by radiopharmacies.
However, we focus cases 1) and 3), because case 2) is neither found in Japan nor in Korea. We
can imagine that the case 2) would be in between them. When we use (n,y)?Mo, supplying 9mTc
instead of Mo may also be possible, but it cannot be accepted from majority of current fission
Mo users.

For the case 1), a generator loading company makes many generators for many hospitals,

and, once a generator is made, it is usually used at the hospital for a week. Therefore,
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integration of a small inconvenience in the extraction of 99mTc at the hospitals becomes a large
impact. Therefore, the inconvenience to the hospitals from the use of (n,y)?Mo must be
minimized and confined to the generator company as much as possible. However, it is
challenging to the company as well, because the inconveniency in the manufacturing of a
generator may also be multiplied by the number of generators they produce.

For the case 3), the inconvenience must be limited to the radiopharmacies loading and
operating the Master milkers. Since each company deals with a large amount of 9Mo, a benefit
using the low cost (n,y)?°Mo is also large. Their final products are 9°mTc nuclear medicines not
99mTe generators. Therefore, a completely different process from the use of Master milker may

also be considered, if available.
A.4.3 Extraction from (n,y)?*Mo
A.4.3.1 Solvent extraction

In general, solvent extraction method employs methyl ethyl ketone (MEK) to extract 99mTc
from 9Mo. After dissolution of MoOs powder in a NaOH solution, the solution is mixed well
with MEK, and then the MEK containing the 99m7Tc is separated. Substantial steps are required
to re-extract the 99mTc from the MEK and purify it as a radiopharmaceutical. This process is
called as liquid-liquid extraction or MEK method as well. It was used from the beginning of
99mTe era and is still used for small local supplies of 99mTc at several research reactor centers.
Its process became simplified and convenient to use [1], but must be much more difficult to be
used in a hospital than the use of 99mTc generator. It can deal with a large amount of MoOs but
actual amount of 99mTc supply has been limited due to short half-life of 9mTe.

For the mass (n,y)Mo supply, this method may be used by radiopharmacies, especially by
the Master milker operators in Japan. Once the device is installed, it is used repeatedly. The
fact that such devices have been used at several research reactor centers for small scale local
supplies of 99mTc indicates that its capital cost will share little in the routine large amount
extraction. Cost for chemicals and waste must be sufficiently small compared to the fission Mo
extraction from irradiated uranium targets. Time needed to extract the 99mTc by the solvent
extraction was 30 minutes by J.D. Lee [4]. A little longer time may be needed for the large scale
extraction, which is longer than the elution time of a Master milker. Therefore, majority of
deficiency compared to the use of the Master milker may come from the time needed for the
99mTe extraction. But its impact to cost would be sufficiently less than the benefit from the use
of low cost (n,y)9Mo compared to the use of imported fission Mo solution.

However, there has been no experience of a large scale 9mTc extraction by this method. When
an irradiation hole just outside of HANARO core is used for the target irradiation [5], the

amount of natural MoOs for the extraction of 9mTc equivalent to the Master milker is about 400
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g. If enriched 98Mo is used, about 100 g is needed. A less amount of target material is expected
when a highest neutron flux hole available for the 9°Mo production at JMTR is used, due to not
only the higher neutron flux but also the shorter target transportation time to the companies.

In a personal communication, J.S. Lee who operates the solvent extraction device in KAERI,
mentioned that the solvent extraction method is not so limited by the amount of MoOs and the
current device in KAERI dissolves 130 g MoOs in 600 mL NaOH, of which activity is more than
10 Ci. He expected no difficulty to dissolve the 400 g MoOs. He supposed that following items
should be checked for the large scale 99mTc extraction; 99mTc extraction efficiency, residual Mo,
99Mo, MEK, by-products from radiolysis of MEK such as methanol and ethanol, and labeling
efficiency of HMPAO. HMPAO shows lowest labeling efficiency among 9mTc labeled
compounds by 99mT¢ eluate from fission Mo, because it is easily ionized. Affect from inactive Mo
and 99mTc¢ compounds with MEK, etc. should be checked. His group has a plan to test above
items at higher activity than before.

For the routine mass extraction, there would be some room to optimize the device by
increasing automation to reduce manpower cost. Anyway, experimental confirmation of the

method is necessary for the application to routine mass extraction.

A.4.3.2 Zr gel generator

The Zr gel generators loaded with (n,y)9Mo adsorbed in zirconium molybdate gel (ZMG) have
been used at hospitals of some countries. P. Saraswathy et al [2] introduces history of ZMG
generator technology especially its technology transfer through IAEA technical cooperation
activities, as well as Indian history in the supply of 99mTc. In India, only Bhabha Atomic
Research Center (BARC) has been producing and supplying the (n,y)?Mo. They have intended
to keep a certain domestic capability for the stable availability of %Mo by the (n,y)?°Mo. For
many hospitals in India, delivery of 9mTc from BARC takes too long time compared to its
half-life. Therefore, the solvent extraction devices have been used at the user ends as well. As
discussed in the previous section, however, it is inconvenient for use at a hospital. Therefore,
for a long time, Indian researchers have made effort to replace the solvent extraction devices at
hospitals by the ZMG generators. The ZMG process is very complex and requires elaborate
remote handling. However, once the complex work is done at the BARC, the gel generators are
delivered to distant hospitals for their convenient uses. Loading 50 g Mo to ZMG granules takes
about 4.5 h by the optimized process that they developed.

R.E. Boyd [6] explains properties of ZMG which causes the complex process. He tested the
ZMG for portable and jumbo generators, and compared their cost with generators using the
fission Mo based upon actual Australian production yields and cost. As the 9mTc solution
obtained from (n,y)?°Mo/?¥mTc jumbo gel generators is too dilute for immediate clinical

application, he used a convenient 9mTc concentration step as well. As the gel generator is also
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eluted by solute-free water, he used 1 g alumina column to adsorb 9mTc from the eluate of the
generator and then eluted the alumina column with small amount of saline solution to get high
concentration 99mTc. As the title of his paper indicates, the gel generator technology could be a
viable alternative source of 9mTc for nuclear medicine. However, since his paper was published
in 1997, ANSTO has never used the technology for actual supply of 99mTc generators.

As the cost portion of %Mo solution in a portable generator is relatively small, the complex
process to make the ZMG generator would cost more in Australia than the cost saving from the
use of (n,y)%Mo. For a jumbo generator, as the cost portion of %Mo solution is large, the cost
saving from the use of (n,y)?Mo may sufficiently compensate the additional cost to make the
jumbo gel generator at the generator loading step. However, at the next step, the bulky jumbo
gel generator causes inconvenience and additional cost for use, which may not be accepted by
radiopharmacies in Australia. Meanwhile, in addition to the complex process of the gel
generator, K. Tatenuma [1] assumed inferior reproducibility of 9°mTc elution rate, a higher
breakthrough of 99Mo, etc.

Anyway, in many countries, it seems that the ZMG generator technology is difficult to be

adopted.

A.4.3.3 Other potential methods

There are two emerging high Mo adsorbents reported as potential materials for the 99mTc
generator application. They are PZC (poly-zirconium compound) and ALSUL (alumina
functionalized with sulfate).

The PZC [1,7]1 was originally synthesized by JAERI (Japan Atomic Energy Research
Institute) and Kaken Co. Ltd. in Japan. The characteristics of generators using PZC and
(n,y)*°Mo were proven in terms of eluate quality, bio-distribution tests using mice showed very
satisfactory result, clinical trials were successfully carried out, and its commercial approaches
were already studied. All FNCA (Forum for Nuclear Cooperation in Asia) member states except
Australia participated in the test of PZC.

The process to make PZC generators is much simple compared to ZMG generators, and a
semi-automated pilot machine loading up to 8 generators simultaneously was developed and
tested. An optimum condition of Mo adsorption is 3 h at 90 °C, and total operation time of the
machine from %Mo loading into the machine to column packing of PZC loaded with the 9Mo
has been shorten to 4 ~ 5 h. A large scale production machine dealing with up to 100 units was
conceptually designed. The production time of this machine was assumed to be approximately 6
~8h.

Therefore, the PZC is ready for actual uses and has sufficient justification to replace the ZMC
generators. It also has potential to replace some portable generators but not adopted for actual

use yet. L. Yishu [7] introduced gel generator of NPIC (Nuclear Power Institute of China)
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including difficulties and problems but concluded “Because good technology and facilities exist
in CIAE and NPIC for the routine production of the generator, there is little possibility for
setting up a new facility for the routine production of PZC 9°mt generator’.

The ALSUL [8] is a synthetic alumina functionalized with a sulfate moiety, developed by
KAERI. Its capability for 188W/188Re generator application was proven by a series of test, and
test for application to 99Mo/%mTc generators using (n,y)?°Mo is under way. The actual maximum
capacity of W adsorption is about 80 % of theoretical value, which is about 500 mg-W/g-ALSUL.
As the PZC also has 500 mg-W/g-PZC adsorption capacity [1], the adsorption capacity of Mo is
expected almost the same as PZC. The exchange reaction rate between the tungstate and the
sulfate moiety on the pore surface of the adsorbent is fast enough to load the tungstate into the
column already filled in ALSUL, which allows the same process of fission Mo loading into
alumina column. Therefore, it is expected that the process and time for the (n,y)?Mo loading
into the ALSUL column will not be so different from the fission Mo loading into alumina
column. It has a high potential to improve the 99mTc generator technology using the (n,y)%Mo
significantly, but its short history will require a certain time for the full verification.

For a portable generator, if high neutron flux and enriched 9Mo targets are used, the volume
of (n,y)9*Mo based PZC or ALSUL column is still small enough. For a jumbo generator, however,
the column volume must be much larger than the fission Mo based alumina column. The larger
column volume causes a larger shielding of the column and a lower 99mTc concentration in the
eluate. The cost increment coming from the larger shielding must be sufficiently compensated
by the low cost for the (n,y)%*Mo solution. If the radiopharmacy requires higher 99mTc
concentration than that achievable by the (n,y)?Mo based generators, an additional step
increasing the 99mTc concentration in the eluate is needed.

An important difference in the elution of the PZC and ALSUL columns, compared to the ZMG
column, is that they are not easily eluted by the solute-free water. Therefore, the simple 99mTc
concentration step used by R.E. Boyd [6] cannot be applied to the PZC and ALSUL generators.
It is the same case for the conventional alumina column when it is used for the 188W/188Re
generator or (n,y)%Mo based 9mTc generator. J.S. Lee et al [8] mentioned that available
approach to solve the low 188Re concentration problem was the use of a concentration method.
T.H. Bokhari et al [9] reviewed various methods of concentration and suggested a new one. S.
Chattopadhyay and M.K. Das [3] also reported a technique for the effective concentration of
99mTe and stated that the technique may be equally applicable for the effective concentration of
188Re04 from 188W/188Re generators.

Therefore, the PZC or ALSUL jumbo generator combined with a 9mTc concentration kit may
open a possibility to satisfy the radiopharmacies who require the high concentration 99mTc.
They may compare this option with the solvent extraction method which is explained in Section
A.4.3.1, and choose a preferred one. We cannot exclude other better options which would be

emerged in the near future, too.
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A.4.4 Concluding remarks

There have been many efforts to overcome the extremely low specific activity of (n,y)?*Mo,
and potential methods expected to improve the convenience and cost effectiveness greatly in
the use of (n,y)%Mo are under test. They cannot be equivalent to nor better than the use of
fission Mo, but the advantage of (1n,y)9°Mo in all other aspects may allow some deficiency in the
extraction of 99mTc. As the cost for the fission Mo imported in Japan and Korea is at least about
twice of USA, Japan and Korea have a larger room to accept the use of (n,y)?Mo.

The PZC is almost ready for actual uses and has sufficient justification to replace the Zr gel
generators. It also has potential to replace some fission Mo based portable generators. However,
its long loading time would cause a limitation for the mass supply of portable generators.

The ALSUL is promising for the mass supply of portable generators, but its short history will
require a certain time for the full verification. To satisfy hospitals using the (n,y)?°Mo based
ALSUL generators, the specific activity of %Mo must be as high as possible, which can be
achieved by irradiating enriched 98Mo targets in the high neutron flux.

The large difference in the costs between the (n,y)9*Mo produced by local reactors and the
imported fission Mo may give both PZC and ALSUL a potential to replace the Master milkers
in spite of much large column size and additional burden to concentrate the 9°mTc. Of course,
verification of the 99mTc concentration technology especially for the impact to the labeling
processes will be needed. Meanwhile, the conventional solvent extraction method can also be an
option to replace the Master milkers. The technology is already proven, but its application to
high activity may require verification. We cannot exclude other better options which would be

emerged in the near future, too.
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A.5 Review of Szilard-Chalmers enrichment for the (n,y)?Mo production
A.5.1 Introduction

International Union of Pure and Applied Chemistry (IUPAC) [1] defines the
Szilard—Chalmers effect “The rupture of the chemical bond between an atom and the molecule
of which the atom is part, as a result of a nuclear reaction of that atom.” The
Szilard—Chalmers enrichment is a technology utilizing the Szilard—Chalmers effect for
selective extraction of the atoms produced by the nuclear reactions. A symposium report of the
American Chemical Society in 1957 [2] introduced that the rupture of carbon-iodide bond by
neutron activation of iodine in ethyl iodide was discovered in 1934 by Szilard and Chalmers
and then the phenomenon had been utilized for the preparation of samples of very high specific
activity where such would be difficult or impossible to obtain by other methods. In 1961,
however, G.E. Boyd et al [3] concluded “the advantage of the Szilard-Chalmers effect should
disappear as progressively more intense slow neutron sources become available’ based on a
series of experiments for the Szilard-Chalmers enrichment of 82Br using K2:BrOs at a low
neutron flux facility. As high neutron flux research reactors became available, the
Szilard-Chalmers enrichment has been no more utilized for routine radioisotope production.

Rather recently, however, preliminary experiments to increase the specific activity of
medical radioisotopes produced by (n,y) method were reported by D. Jansen [4] of NECSA in
South Africa for 11mSn, and then by B.S. Tomar et al [5] of Delft University in Netherland for
90Y and 9Mo. The World Nuclear News [6] informed that B. Wolterbeek of Delft University
applied a patent for a new 9Mo(n,y) method using neutrons from other than reactors. Details
were not disclosed but the news indicated that it is one method of Szilard—Chalmers
enrichment.

This report reviews the Szilard—Chalmers enrichment to check whether its application to the

mass production of (n,y)?Mo will be feasible.
A.5.2 Review of previous works

In 1947, W.F. Libby [7] summarized observed Szilard-Chalmers phenomena in the early time
when only weak neutron sources were available: When least hydrolysable liquid organic halide
was irradiated by thermal neutrons and then product halide was extracted by water, a certain
portion of the activated halide was obtained. The recovery was 30 ~ 70%, which was specific to
each compound. Dilution of the target substances by solvent increased the recovery, but very
low concentration was needed for meaningful reduction of the loss from the retention (= 1 -
recovery). Vaporization of the target substance reduced the retention to very few percents.

Addition of aniline (CeéHs5NHs2) to bromobenzene (CsHsBr) in small percentages greatly
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decreased the retention. This summary indicates that the enrichment was possible with the
cost for significant loss of production capability.

In the same year, R.R. Williams [8] reported the effect of intense radiation field of the
chain-reacting pile to the Szilard-Chalmers enrichment for various antimony compounds and
potassium ferrocyanide. His experiment indicated that the successful Szilard-Chalmers
enrichment achieved at low neutron fluence and low background gamma rays did not ensure its
success at high neutron fluence and high background gamma rays.

In 1961, G.E. Boyd et al [3] reported irradiation effect to the Szilard-Chalmers enrichment of
82Br by neutron irradiation of potassium bromate (KzBrQs). The neutron irradiation time was
from 0.25 to 64 h at 6.7x10! n/cm2-s of thermal neutron flux in Oak Ridge pile. Irradiated
KoBrOs powder was dissolved in the water and then carbon tetrachloride (CCls) was used to
extract Br separated from BrOs~. They found that the product of neutron fluence and
enrichment factor was almost constant but slowly decreasing with the neutron fluence, i.e., the
enrichment factor decreases a little more rapidly than the increase of neutron fluence. At the
highest thermal neutron fluence of 1.54x1017 n/cm? achieved by the experiment, the enrichment
factor was 47. If the trend continues at the higher neutron fluence, there will be no enrichment
when the fluence is 47 times of 1.54 x10'7 n/cm2, which is equivalent to 20 h irradiation at
1x1014 n/cm2-s thermal neutron flux. The recovery decreased a little as the neutron fluence
increased. Based on these results, they foresaw that the advantage of Szilard-Chalmers effect
from the irradiation of KeBrOs should disappear at strong neutron source.

In the same year, H. Ebihara and K. Yoshihara [9] reported hot atom effects of some metal
oxinates (8-hydroxyquinoline, CoH7NO). They dissolved irradiated dehydrated oxinates of Mo
(15 h at 4.8x10!! n/cm2-s), In (10 min. at 6x10!! n/cm2-s) and W (15 h at 2.8x10!! n/cm2-s) at
JRR-1, in an organic solvent, and then extracted activation products. They got 0.5 ~ 2 %
activity with enrichment factor of 10 ~ 130 for the Mo, nearly 100 % activity with enrichment
factor of 106 for the In, and about 34 % activity with enrichment factor of 430 for the W.

In 2005, D. Jansen [4] reported test results to get enriched 117mSn by irradiating SnO and
SnOq2 at low flux positions in SAFARI-I for 1, 7 or 8 days. Any data to guess the neutron fluence
were not given, but the fluence would be much higher than aforementioned cases. The test for
the production of high specific activity 117mSn was unsuccessful and a case that was mentioned
‘some promising result’ seems quite doubtful.

In 2006, K.P. Zhernosekov [10] reported the Szilard-Chalmers enrichment for 166Ho
production by irradiating Ho-DOTA at 4x10!2 n/cm2-s neutron flux of TRIGA II Mainz in
Germany. The neutron flux was one order higher than those of previous tests in early 1960s. It
shows that Szilard-Chalmers enrichment for Ho-DOTA was working at this neutron flux. He
also presented more promising results reported for the enrichment of 166Ho by Shapkin et al at
5x1013 n/cm2-s neutron flux of VVR-M in 1977. However, as analyzed in the next section, the

‘promising results’ are quite doubtful.
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In 2008, B.S. Tomar et al [5] reported irradiation results for yttrium oxinate and yttrium
oxide nano powder having particle size about 20 nm. Each irradiation was for about 10 minutes
at 5 x1012 n/cm2-s neutron flux of 2 MW Delft University reactor. They also irradiated
molybdenum oxinate and molybdenum hexacarbonyl complexes for 1 — 4 h at the same neutron
flux. Best enrichment factors of 9°Y were 8 with 19% yield for the Y-oxinate and 7 with 1.2%
yield for the Y-oxide. For the case of 99Mo, enrichment factor 66 with 10% yield for the
Mo-oxinate and 18 with 20% yield for the Mo-hexacarbonyl were reported.

In the same year, the World Nuclear News [6] informed that B. Wolterbeek applied a patent
for a new 9Mo(n,y) method using neutrons from other than reactors. It was described “the
energy transfer involved separates the water-soluble %Mo from the surrounding atoms”.
Details were not disclosed.

There must have been much more works on the Szilard-Chalmers enrichment. However, we
suppose that the review of above works is enough to judge the usefulness of the

Szilard-Chalmers enrichment for the mass (n,y)*Mo production.

A.5.3 Theoretical modeling and comparison with experiments

Among the works reviewed in the previous section, reports of G.E. Boyd et al [3] and K.P.
Zhernosekov [10] presented rather specific data to compare with theoretical model. They
already compared their data with their models. Their model neglected backward flow from
separable to non-separable states such as recombination. Neglecting the backward flow did not
cause any significant problem because the backward flow was very small due to the low
concentration at the separable state. However, the backward flow becomes significant at high
neutron fluence. In this section, a model including the backward flow is derived and the
Szilard-Chalmers enrichment at high neutron fluence is examined using the model.

The flow of target and product atoms during neutron irradiation is conceptually drawn in
Figure A.5-1. An atom of interest can be at one of four states by combination of two phases -
non-separable/separable and target/product. For the case of K2BrOs target used by G.E. Boyd et
al for the production of 82Br, "Br (50.69% abundance) and 8'Br (49.31% abundance) compose
the raw target atoms. During neutron irradiation, 30Br and 82Br are produced by neutron
capture of 9Br and 80Br, respectively. Among them, only 82Br is the product and 80Br remains as
the target. Any Br isotope bounded in the K2BrOs or any other chemical form from which the Br
cannot be separated by the post process is non-separable, otherwise separable. Therefore, the
non-separable chemical form is not limited to the KeBrOs. Though the original chemical form is
broken and another molecule is made but the Br atom in the new molecule is not separated by
the post process, it is non-separable. Balance equations for target and product atoms at
respective chemical states are derived based on Figure A.5-1.

Balance equations for the target and product atoms regardless of chemical state are Eq.s (1)
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and (2), respectively.

dN —
— = —goN (1
e
aN~
T N+ goaN (@)
dt ¢
with initial conditions of N(0)=N 0 (1-0)
and N (0)=0, (2-0)

where NV and Mare total numbers of target and product atoms, respectively, @ is neutron flux,

o 1s microscopic depletion cross section of target, A is decay constant of product nuclide, o is
microscopic neutron capture cross section for the production reaction, and a is abundance of the

target isotope giving the product.
When the ¢; is very small, the loss of target nuclides by burnup in Eq. (1) can be neglected.

Above two experiments to be analyzed and the irradiation of Mo for 9°Mo production fall in this
case. Therefore, the total number of target atoms N can be assumed as a constant, and the

balance equation for the total product atoms becomes a simple form as Eq. (2-1).
N = N, = constant (1-1)
*
dN

dt

of which solution is

=—IN" + pN,, 2-1)

*
N®_Pq_g-aty (2-2)
N 0 A
where, p=doa. (3)
As the irradiation is going on, both of target and product atoms can exist at either separable

or non-separable state.

N=N_+Ng =N (4)

* * *
N" =N, +Ng (5)

where subscript-n, subscript-s, no superscript and superscript-* at N denote non-separable,
separable, target and product states, respectively.

In the balance equation for the target atoms at separable state, the burnup loss term can also
be neglected as approximated in Eq. (6).

dN
S _ ~_ —_
g =P HRONG KN =—kNg + KNy =~(K + k)N + KN (6)
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with initial condition N S 0)=0 (6-0)

where, K = probability that an atom at the non-separable state transits to separable state per
unit time by radiochemical rupture of chemical bond, and
k = probability that an atom at the separable state transits to non-separable state per
unit time by recombination.

Its solution is Eq. (6-1).

N
S(t)zﬁ(l—e‘ﬂ‘) 6-1)
No g
where, f=K+k. (7)

The solution for N,(t) can be obtained by Eq.s (4) and (6-1), if it is needed.

The balance equation for the product atoms at separable state is Eq. (8), and its solution
becomes Eq. (8-1).

Ng

5o =G HIONG # PN+ (L= R)PN + KN )
N*
s © —Al-e My iBa-e e A icaoem My e A (8-1)
0

where, R = probability that a product atom captured a neutron at the non-separable state is
retained at the same state (retention factor), and

r = probability that a product atom captured a neutron at the separable state remains at

the same state (remaining factor),

a=1+K+k, 9
A:[rK+(1—R)k+5]£’ (10)
£ A«
B:w, (11)
B
and Cz—Q. (12)
LA

The solution for the N, (t) can be obtained from Eq.s (2-2), (5) and (9-1), if it is needed.
G.E. Boyd et al [3] measured decomposition (D), recovery (¢), specific activity (S), enrichment
factor (¢) versus neutron fluence for the production of 8Br(n,y)82Br by neutron irradiation of

K2BrOs. We can estimate some parameters in above equations from their data to compare our

model with their measurement.

The decomposition D is the portion of total Br atoms at the separable state expressed by Eq.
(13), and its trend when t is sufficiently small can be approximated as Eq. (13-0).
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N +NG ()
N

D(t) (13)

0

D; ,o=1K +[w+§]p}tth (13-0)

Therefore, the K can be estimated from measured D/t values for sufficiently small t. The
trends of measured D and D/t are compared with calculations in Figure A.5-2. The sudden jump
of D/t at 5t point (1.833 h of irradiation time) may be due to actual sudden increase of the
decomposition or due to difference in sample preparation. While the average value for all
measured D/t is 9.0x10° /h, it is 9.7x10% /h when the four data of short time irradiation up to 1
h are excluded. G.E. Boyd et al got 97 ppm/h by fitting the D versus t for data longer than 1 h
irradiation only. For the prediction of long term irradiation effect here, the 9.7x105 /h is chosen
for the K. A sensitivity study showed that the next influential parameter determining the D in
Eq. (13) is k, and influences of others are negligible. As shown in Figure A.5-2, calculation and
measurement agrees very well when k is 0. When the k is significantly larger than the K (40
times in the figure), the deviation becomes the larger for the longer irradiation time. Therefore,
it seems that the k is not so large compared to K. However, k = 40 K gives a good agreement
between calculation and measurement for the recovery ¢, which will be explained soon.

Figure A.5-3 shows the trend of decomposition versus source intensity (power of the neutron
source) for a fixed 2 h irradiation. The decomposition is almost proportional to the source
intensity. It is quite reasonable because the decomposition is proportional to the radiation level
at the irradiation target, which is proportional to the source intensity. Therefore, the K can be
set as Eq. (14).

K= ¢ (14)

where y is a constant specific for each irradiation condition. When the y is calculated by the K
estimated above and the neutron fluxg of 6.7x1011 n/cm?-s, it becomes 4.03x1020 cm? (40,300 b).

Its unit is the same as the microscopic cross section.
The recovery ¢ is the portion of 82Br at the separable state among total 82Br produced. It is

expressed by Eq. (15) with its initial and saturated values by Eq.s (15-0) and (15-1).

N (t

o(t) = i() (15)
N (t)

¢ ,o=1-R (15-0)

P =24 (15-1)
p

Since the values of recovery measured for 2 h fixed irradiations were around 0.73 regardless
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of source intensity, the retention factor R is estimated as 0.27 from Eq. (15-0). However, the
recovery shows a decreasing trend with irradiation time as in Figure A.5-4. A sensitivity study
for Eq. (15) showed that the decreasing trend is governed by the k. To make the trend of
calculated ¢ values by Eq. (15) agrees with that of measured ones as in the figure, the k should
be 40 times of K. When the k is small, the recovery should be almost independent of irradiation
time in this neutron fluence range but measured trend is gradually decreasing. In the previous
analysis, however, the calculated decomposition versus irradiation time agreed well with
measurement when the k was neglected. It indicates a possibility that the K may not be a
constant but may increase with irradiation time.

For the case of specific activity, as its unit rd./mg used by G.E. Boyd et al is not understood,
values of relative specific activity S are calculated by Eq. (16) to compare their trend with that

of measured ones. Its initial and saturated values are Eq.s (16-0) and (16-1).

N*
S(t) =*¢ (16)
N () +Ng (1)
pl-R) oca(l-R) ]
St -0 = K = P (16 0)
g A8 (16-1)
o K

As compared in Figure A.5-5, the trend of calculated specific activity is similar with that of

measured. The specific activity is insensitive to the k as shown in the figure.

The enrichment factor ¢ is the ratio of specific activity achieved by the separation to that of
overall. As the overall relative specific activity S, corresponding to Eq. (16) is Eq. (17), the
enrichment factor becomes Eq. (18) with initial and saturated values of Eq.s (18-0) and (18-1).

s, -~ 17
0
_S(Y)
&(t) ——SO © (18)
gt_>0=1&tR+R+rz% (18-0)
. KA (18-1)
©  pB

Figure A.5-6 compares the enrichment factors calculated by Eq. (18) with measured ones.
The variation shape of calculated values with irradiation time is similar with the measured one,
but differences in the absolute values are rather large. It is the same case when the
enrichments versus source strength for 2 h irradiations are compared. Since the product of

enrichment factor ¢ and t is almost a constant close to (1 — R)/K for small t from Eq. (18-0), the &t
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is good to judge the difference between calculation and measurement. As shown in Figure A.5-7,
calculated et values using R and K previously estimated for the decomposition D and the
recovery ¢ are larger than twice of measured ones. The ¢t is insensitive to k as shown in the
figure and a sensitivity study showed that it is not sensitive to the r too. Therefore, the
mismatch in the figure should come from uncertainty in R and K, but the reason of mismatch is
not found. Since the recovery ¢ is the ratio of activities between separated and total products,
its measurement was rather easy compared to the measurement of decomposition D, for which
determination of very small amount of separated atoms is involved. The neutron activation
analyses for the samples sufficiently decayed out would give reliable D values, but the
technology might not be available at that time. Therefore, we can give more credit to the
measured recovery than the decomposition, which means the R fits to the measured recovery ¢
is more reliable than the K fits to the measured decomposition D. When the R fits to the
measured recovery ¢ is used, the K fitting to the measured enrichment factor ¢ is more than
twice of that previously estimated. However, we will use the K previously estimated, because
we can consistently say that our prediction on enrichment will give higher values than actual
ones.

The terminology ‘enrichment factor’ may mislead the effectiveness of the Szilard-Chalmers
enrichment. Our ultimate goal is to increasing the specific activity, which can be basically
achieved by sufficiently long irradiation at as high neutron flux as possible. When the
Szilard-Chalmers enrichment is not applied, the maximum specific activity achievable is the
saturated specific activity. Therefore, the ratio of S to saturated S, is the proper parameter to
evaluate the effectiveness of the Szilard-Chalmers enrichment. From Eq. (17) the saturated S,
becomes Eq. (17-1), and then the effectiveness of the Szilard-Chalmers enrichment E becomes

Eq. (19) with initial and saturated values of Eq.s (19-0) and (19-1).

p )
0,0 4 (17-1)
anafglzigg (19)
S0 o p
A(L-R) )
_ABL (19-1)
0 Kp

Figure A.5-8 compares measured and calculated values of effective enrichment E. Its trend is
the same as that of specific activity shown in Figure A.5-5 except difference in magnitude. Here
also, the calculated values are more than twice of measured ones. In this experiment, the
effective enrichment achieved was more than 20. Since it is inversely proportional to p as
shown in Eq. (19), however, it will become smaller as the neutron flux increases. The neutron

flux in the above study was 6.7x10!! n/cm2-s, which is very low for the meaningful (n,y)?°Mo
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production.

K.P. Zhernosekov [10] tested the Szilard-Chalmers enrichment for Ho-DOTA at TRIGA II
Mainz reactor. Enrichment factors and retention values for irradiations at neutron flux 4x1012
n/cm2-s were presented. The estimated K, y and R from presented data are as 0.0157, 1.09x106 b
and 0.1546, respectively. Figures A.5-9 and A.5-10 compares calculated enrichment factor and
recovery with measured ones. In these calculations, other unknown factors are assumed as r =
1 and k = 3.89x103 which are same values used for the analysis of aforementioned experiment
on K2BrOs. Sensitivity study showed that the enrichment factor and recovery are not sensitive
to r in the range of fluence used for the experiment. When the other extreme value 0 is assumed
for the r, the recovery shows gradually decreasing trend with irradiation time. While the
enrichment factor is not sensitive to the k, the recovery gradually decreases when k is large.
However, while the k is smaller than 6 times of 3.89x10% (neutron flux of this experiment is
about 6 times of previous one), the calculated recovery (p) values are almost the same as those
in Figure A.5-10.

When the Ho-DOTA is compared with KeBrOs, the retention factor R is reduced from 0.27 to
0.1546, but the y is increased 27 times from 4.03x104 b to 1.09x106 b, and the k for the K2BrOs
can also be used for the Ho-DOTA. It seems that K2BrOs is better compound for the
Szilard-Chalmers enrichment than the Ho-DOTA, but the fact that gamma levels per neutron
flux at the irradiation positions for the two experiments might be different should also be taken
into account.

K.P. Zhernosekov introduced a result of Shapkin et al for irradiation of sulfurated
diphtalocyanin complex of 165Ho at VVR-M reactor as a case given more promising results. The
neutron flux was 5x1013 n/cm2-s, which was about one order higher than his experiment.
However, reported enrichment factors versus irradiation time show very different trend from
calculation as shown in Figure A.5-11. Therefore, the data are very doubtful.

For the competitive (n,y)?Mo production nowadays, the neutron flux should be at least 200
times of that G.E. Boyd et al used, i.e., 1.34 x1014 n/cm2-s. We estimate the recovery ¢ and the
effective enrichment ¢ for the irradiation of K2BrOs at such high neutron flux.

We assume that the decomposition factor K will become 200 times from Eq. (14). For the case
of the recombination factor k, it is not certain whether it will become 200 times as well or
remain as a constant. If the migration volume of the decomposed atom is large enough, then the
k will be proportional to the number density of radicals produced by the decomposition.
However, atoms in the solid target do not migrate so much and the decomposed atom and
radical are located very near each other. Therefore, the recombination would usually occur
between them. If the decomposition is significant, however, the probability of recombination
with other radicals will increase and the k will become larger. Therefore, we can assume that
the k will be in the range from a constant value which is 40 times of K at 6.7x10!! n/cm?2-s

neutron flux to 200 times of this constant value. Actually none of K, k, R and r can be a constant
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because the irradiation at high neutron flux will change the chemistry and chemical
environment significantly. But calculations assuming them constants may give us an insight
whether the Szilard-Chalmers enrichment will be feasible or not at high neutron flux.

Figures A.5-12 and A.5-13 predict the recovery and the effective enrichment at high neutron
flux and compare with those measured at low neutron flux. In order to get the most promising
results by the calculation, it is assumed that every production reaction at separable state keeps
the product at the separable state (r = 1). However, the figures clearly show that the
Szilard-Chalmers enrichment no more exists for the irradiation of K2BrOs at high neutron flux.
In addition, if the k is proportional to the neutron flux, recovery will be very poor. It reconfirms
the prediction of G.E. Boyd et al [3] — the advantage of the Szilard-Chalmers effect should
disappear as progressively more intense slow neutron sources become available, unless the
radiochemical characteristics of the target material are much superior than those of K2BrOs.

From Eq.s (19), (19-0) and (19-1), we can estimate a prerequisite condition that the effective
enrichment E can be larger than 1. Figure A.5-14 depicts the trend of E versus irradiation time
when k = R =0 and r = 1, i.e., no recombination, no retention in the non-separable state by
neutron capture at the non-separable state and no transition to the non-separable state by
neutron capture at the separable state. In this case, K =\ is the condition to make E = 1. For the
non-zero retention factor R, it becomes K = A(1 - R) from Eq. (19-0).

Decomposition cross section y for the (n,y)9*Mo production is 2.92x104 b to make the effective
enrichment 1 when k=R =0,r =1 and ¢ = 1x104 n/cm2-s. Since the K is proportional to the

neutron flux which will be a few times of 1x1014 n/cm2-s and other factors will not be ideal
values as above, actual y for E = 1 must be much smaller than 2.92x10% b. If it is compared with
the y of KeBrOs which is 4.03x104 b, we can imagine that the y of Mo target should be at least
one order of magnitude lower value of the KeBrOs, i.e., less than 4000 b, so as to achieve
meaningful Szilard-Chalmers enrichment for the (n,y)?Mo production. Therefore, first of all, a
good compound having sufficiently small K with good characteristics for other parameters —
small k and R but large r close to 1, should be found.

The decomposition cross section y of the Ho-DOTA (1.09x106 b) is much larger than that of
K2BrOs (4.03x104 b). The much larger molecular size of DOTA (C16H24N4Os) than the K2BrOs
may be the reason. These decomposition cross sections are much larger than the neutron capture
cross section of respective molecules, as well. Actually, virtually all decompositions occur due to
lonizations by gamma rays not by neutrons. In the reactor, the gamma flux is similar order of
neutron flux and average gamma ray energy is around 1 MeV. As the first ionization energy is
in the range from a few to a few tens of eV, around 10° ionizations are expected per unit neutron
flux. It may conceptually explain why above decomposition cross sections are so large. For the
(n,y)?*Mo production, epithermal neutron flux is effective and the gamma flux at the irradiation

hole with high epithermal neutron flux is also high, which will make the y larger. Then it is
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quite questionable whether a Mo compound having the y value around 103 b or less will be
available.

If the recoil of 9Mo compound nucleus after neutron capture is very energetic and the
decomposition due to the recoil can be distinguished from the ionization by gamma rays, there
would be some way of selective extraction of the 99Mo. The recoil energy is analyzed in the next

section.

A.5.4 Recoil energy

When the atom produced by the nuclear reaction becomes sufficiently energetic to rupture its
chemical bond, it is popularly called as ‘hot atom’. If the chemical states of the hot atoms are
different from the original one and are maintained until an appropriate chemical process to
separate them, selective extraction of the produced atoms can be achieved. When the hot atom
keeps the same atomic number but different mass number, i.e., an isotope, the selective
extraction gives highly enriched isotope. If the isotope is radioactive, a high specific activity
radioisotope is produced.

Since the specific activity of a radioisotope produced by the (n,y) reaction is very low
especially when the neutron capture cross section or the neutron flux is low, the
Szilard—Chalmers enrichment was applied usually for the enrichment of (n,y) reaction products.
Actually Szilard and Chalmers discovered the phenomenon in the case of the (n,y) process as
well. Here, our concern is the low specific activity of (n,y)?°Mo, therefore, we focus our
discussion on the possible enrichment of (n,y)?Mo product.

In the (n,y) reaction, if the kinetic energy of incident neutron £ is sufficiently higher than
the thermal vibration energy of the atom, about £n/A is transferred to the kinetic energy of the
compound nucleus and remaining Zn(4 - 1)/A is converted to its internal energy, where the A4 is
the mass number of the product atom. For the case of a thermal neutron capture (around 25
meV of £, in average), the energy transfer is negligible and the compound nucleus emits the
first prompt gamma ray within about 1016 s [11]. When the neutron capture state coincides
with a quasi-stationary level of the compound nucleus, the neutron capture cross section has a
peak, which is called resonance capture. In this case, since the £n is usually in keV range, some
kinetic energy is transferred to the compound nucleus and the life time of compound nucleus
until its first prompt gamma ray emission is typically two or three orders of magnitude longer
than the off-resonance nuclear status, i.e., 1013 ~1014 s. If the compound nucleus emits
multiple gamma rays in a cascade, the nucleus reaches its ground status within 109 ~ 1012 g
due to a little longer transition time at the semi-stable energy state(s). When the half-life at a
transition energy level is longer than 1 ps, it is called isomeric transition and else prompt
gamma emission.

The recoil momentum from the emission of a photon with energy £ 1s £y/c. If the momentum
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of the compound nucleus at the timing of the photon emission cannot be neglected, its final
momentum will become a vector sum with the recoil momentum from the photon emission.
When it is a thermal neutron capture, the momentum of the compound nucleus can be
neglected, and the recoil energy of the compound nucleus from the emission of a photon is
5.36x104 Fp2/A when the MeV is used for the unit of energy.

For the case of 9Mo compound nucleus produced by the capture of a thermal neutron, its
mass equivalent energy over ground state of 99Mo is 5.9265 MeV [12]. The compound nucleus
decays to the ground state by emitting one or multiple prompt gamma ray(s) in a cascade. The
maximum recoil energy is 5.36x104 x 5.92652/99 MeV = 190 eV when the compound nucleus
emits one 5.9265 MeV prompt gamma ray. When multiple prompt gamma rays are emitted in
cascade, the time interval between two consecutive gamma ray emissions is 109 ~ 1012 s as
aforementioned. G. Harbottle and N. Sutin [13] calculated that the time required to slow down
a recoil atom of energy 300 eV and mass number 100 is about 1.3x1013 s. Therefore, when the
next prompt gamma ray is emitted, the recoil atom is already sufficiently slow and then the
atom recoils again by the second prompt gamma emission. The lowest energy of the first
prompt gamma ray from the 9°Mo is 3.3332 MeV when it transits to the next energy level at
2.5942 MeV. In this case the recoil energy from the first gamma is 60 eV, and the maximum
recoil energy from the second gamma is 35 eV. Since the chemical binding energy of an atom in
the stable molecules is from a few to a few tens of eV, it is expected that the chemical bond
holding the 99Mo atom is always ruptured by the recoil from prompt gamma emission. The
energy range of ultraviolet light is 3 ~ 124 eV. Therefore, the 60 ~ 190 eV recoil energy of %Mo
is equivalent to the photon energy of hard ultraviolet light and soft X-ray.

As shown in Figure 6 of main text, since the 98Mo(n,y) cross section decreases rapidly in the
MeV energy range, fast neutrons are not so helpful for the production of 9Mo. Majority of
non-thermal neutron capture of 98Mo are resonance reactions from about 10 eV to less than 100
keV. The recoil energy of 9Mo compound nucleus from the capture of 99 keV neutron, for an
example, is 1 keV and remaining 98 keV is transferred to the internal energy. Since the
increment of 9Mo compound nucleus internal energy is less than 2 % of 5926.5 keV, its impact
to the prompt gamma recoil energy is almost negligible. The time required to slow down the hot
atom of 1 keV kinetic energy is similar with the that for the first prompt gamma emission.
Therefore, epithermal neutron capture can produce hotter atoms than the thermal neutrons
capture, but majority of them is less than 1 keV.

W.F. Libby [7] set A keV, which corresponds to 99 keV for the 9°Mo, as a reasonable upper
limit to the energy range in which ionization is improbable. G. Harbottle and N. Sutin [13]
stated that, when a neutral atom of mass M has a kinetic energy Z, if the portion of the kinetic
energy shared by an electron (meZ M, where me is electron mass) is near its binding energy e,
there will be a finite probability for electron loss. Then the kinetic energy of a 9Mo atom

required for its ionization is about 1.8x105 &b. Since the first ionization energy of Mo is 7.1 eV,
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the kinetic energy of 99Mo atom should be about 1.28 MeV for the first ionization. Therefore, the
recoil 99Mo atom will neither lose its electrons nor ionize the surrounding atoms.

Therefore, it can be said that the recoil energy of every 9°Mo atom produced by a neutron
capture is sufficient to rupture the chemical bond of Mo, but too small for any ionization.
During the cooling down of the hot atom, it may replace the location of non-active %Mo atoms
by collisions, may make a new molecular form, or may become a free atom. The new location of
the 99Mo atom after settle down can be a few atoms apart from its original location. The free
atom has possibility to recombine with a radical as time goes on. However, it would be difficult

to distinguish from the ionized Mo atoms by gamma rays.

A.5.5 Concluding remarks

The Szilard-Chalmers enrichment works for neutron irradiation of only low fluence. In 1961,
G.E. Boyd et al [3] predicted that the advantage of the Szilard-Chalmers effect should
disappear at high neutron flux. However, rather recent reports on this subject are still found. It
should also be pointed out that the neutron fluence used for the recent works are still very low.
One promising result obtained in 1977 at 5x1013 n/cm2-s neutron flux with maximum
irradiation time 26 h shows quite different trend from that theoretically predicted, which
makes the reliability of data quite doubtful.

The simulation reconfirms the prediction of G.E. Boyd et al, and indicates that an excellent
material should be found to keep the advantage of Szilard-Chalmers effect at high neutron
fluence. An important requirement to the material is the sufficiently low decomposition cross
section, which is dominated by ionization process of gamma rays. For the (n,y)?Mo production,
it should be less than 10% of K:BrOs which was tested by G.E. Boyd et al. Since majority of
gamma rays react with electrons, it is quite questionable whether a Mo compound having such
low decomposition characteristics by gamma rays can be found.

If the recoil energy of the compound nucleus produced by neutron capture of 9Mo is
sufficiently high to distinguish the recoil atom from other atoms ionized by gamma rays, there
would be some way to extract the product selectively. The maximum recoil energy from thermal
and resonance neutron captures of %Mo are 190 eV and around 1 keV, respectively. The recoil
energy is sufficient to rupture the chemical bond of Mo but too small for any ionization. The
recoil atom would remain very near the original place and would easily recombine.

Therefore, it will be extremely difficult, if possible, to utilize the Szilard-Chalmers

enrichment for the mass production of the (n,y)9*Mo.
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Figure A.5-1. Flow diagram of target and product atoms during neutron irradiation
Non-separable or separable state: chemical state of an interested atom from which the atom
cannot or can be selectively separated, respectively. Subscript-n, subscript-s,
superscript-* and no superscript for N denote non-separable, separable, product and
target, respectively.

N: Numbers of atoms interested

@, 0, a, A neutron flux, microscopic neutron capture cross section for the production,

abundance of target isotope giving the product, and decay constant of product,

respectively
K: probability that an atom at the non-separable state transits to separable state per unit

time by radiochemical rupture of its chemical bond

k: probability that an atom at the separable state transits to non-separable state per unit

time by recombination
R: probability that a product atom captured a neutron at the non-separable state is retained

at the same state (retention factor)
r: probability that a product atom captured a neutron at the separable state remains at the

same state (remaining factor)
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