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Abstract

The paper describes nuclear fission reactor characteristics as neutron producers and their use
with targets of molybdenum-98 and uranium-235 to produce "Mo. Tabulations of reactors used and
their characteristics are shown. A new method for "Mo production using an aqueous homogenous
reactor is described showing the potential for l/lOO"1 the waste, uranium consumption and power level
for a given quantity of "Mo. A graph is shown of the expected growth in "Mo use and world-wide
costs. The use of low-enriched (less than 20 % 235U) in the homogenous reactor system is possible.

1. NUCLEAR REACTORS FOR THE PRODUCTION OF MOLYBDENUM-99

1.1. Why nuclear reactors?

The usual production of molybdenum-99 ("Mo) for nuclear medicine depends either: 1) on
the transmutation of an atom of 98Mo to "Mo by the absorption of a neutron; or 2) on the
fission of uranium-235 (235U) which is also caused by the absorption of a neutron. Thus, for
either method, at least one neutron is required for the reaction.

Neutrons can be produced from accelerator reactions where charged particles strike
heavy atoms, and also from alpha or gamma reactions with light atoms, such as beryllium or
lithium. However, to produce the large quantities of neutrons needed for production of useful
quantities of "Mo, the most effective source is a critical nuclear reactor operating at powers in
the range of megawatts. Each fission of an atom of 235U produces an average of about 2.5
neutrons. In an operating reactor, these neutrons are either absorbed by materials in the reactor
or escape from the boundaries of the reactor. One neutron must cause fission in another 235U
atom. Of the remaining 1.5 neutrons from each fission in a critical reactor, some small
fraction are available for production.

Nuclear reactors are designed and built to trade non-productive absorption's or leakage
for productive absorption's. The "trading" is usually between control rods and the "target"
material. The amount available for trade is called "excess reactivity" and represents the
fraction of tradable neutrons per fission. In a typical multipurpose reactor, this fraction is
about 0.02. Thus, a reactor operating at one megawatt (3E16 fissions per second), the tradable
neutrons amount to 6E14 neutrons per second. Theoretically, if all these neutrons could be
captured by a target, the production rate could be up to 6E14 atoms per second or 1E-9
mol/sec. A theoretical possible equilibrium activity for 235U would be 6E5 GBq (16,216
curies).
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In practice, one cannot productively capture all the neutrons available and a comparison
among reactor types, shown later, is based on the average flux in the volume where a target
can be placed.

1.2. "Mo Production rate with targets in a nuclear reactor

1.2.1 Irradiation of98Mo

The basic equation for production of "Mo in a reactor by activation of 98Mo is:

P = F . S (1)

where:

P is the production rate of "Mo (atoms.s'1.gm'l(98Mo))
F is the average neutron flux in the volume of the target, neutrons.cm"2.s"', (nvth)
S is the average macroscopic cross section of 98Mo cm2.g"'

at equilibrium, the production rate is equal to the decay rate, or the specific activity is:

A = P/1E9 GBq/gm, (1 GBq = 1E9 disintegrations/second) (2)

where

A is the specific activity, GBq g1.

This formulation is slightly different from convention and is used to simplify the
determination of specific activity, GBq g'1 of molybdenum.

The cross section of 98Mo for the (n,y) reaction by thermal neutrons is 0.13 barns [1].
The resonance energy integral cross section is 7.2 barns and in reactors with large
intermediate energy flux, can increase the reaction rate; however, the calculation is based on
thermal flux.

More than 70% of the operational research reactors have their thermal neutron fluxes
lower than 3.5E13 n.cm"'.s"' [2] Therefore, as illustration, a neutron flux of 1E13 n.cm'2.s'' is
used. At this flux, the maximum specific activity achievable is 2.0 GBq g"1 (98Mo). This
assumes that the molybdenum in the target has been enriched to over 98% 98Mo.

1.2.2. Irradiation ofUranium-235 Targets

Similarly, the equation for production of "Mo in a reactor by the fissioning of 235U in
the target is

P = F.Sf . Y
where

Sf is the fission macroscopic cross section for 235U, 1.49 cm2.g"',
Y is the cumulative fission yield for "Mo from the fissioning of 235U, 0.061 [1]

A determination of the specific activity of the "Mo at equilibrium must consider the
formation of other isotopes of molybdenum as a result of fission (97Mo, 98Mo, I00Mo) and thus,



with a thermal neutron flux of 1E13 nv, the specific activity is 4.4E6 GBq.g"1 (Mo), decreasing
slowly with longer exposure in the reactor.

1.2.3. Variations with Reactor Flux

In the case of activation of 98Mo, the specific activity is a direct function of the reactor
flux. Thus, for a flux of 2E15 nvth (a flux achievable in the High Flux Isotope Reactor
(HFIR) at Oak Ridge National Laboratory, USA), the specific activity would be 400 GBq.g"1.

For fission targets, the production of molybdenum isotopes are a constant ratio with
each other but the difference in half-life (many are stable isotopes) reduces the specific
activity slowly over time.

Note that even with a high flux reactor used for activation of 98Mo, the specific activity
of fission "Mo is four orders of magnitude greater than irradiation "Mo.

1.2.4 Saturation Activity

Targets are not left in reactors indefinitely but are removed in 3 to 10 days after
insertion. "Mo decays while in the reactor and a balance must be struck between processing
costs, specific activity, and reactor operation costs. Fig. 1 shows the reduction in "Mo
available per "Mo produced as a function of time in the reactor.

1.3. Reactors usable for "Mo production by target irradiation

All reactors are a source of neutrons but not all are suitable for "Mo production. The
factors which determine suitability are power level, neutron flux available for target
irradiation and the amount of volume into which targets can be placed. Where targets are
fissionable isotopes, specifically 235U, a further consideration is the removal of heat from the
targets.
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TABLE I. CHARACTERISTICS OF REACTORS USED TO IRRADIATE
TARGETS FOR "MO PRODUCTION

Reactor
Name

Location Power
kWth

Flux
nvth

Target Vol.
cm3 (1 tar.)

NRU

HFR

ACRR

HFIR

TRIGA

MURR

SAFARI-1

HIFAR

Canada

Netherlands

USA

USA

USA

USA

South Africa

Australia

135,000

45,000

2,000

85,000

2,000

10,000

20,000

10,000

1.5E14

0.6E14

3.7E12

2.1E15

8.0E13

4.5E14

2.0E14

1.4E14

90.5

182

363

—

—

--

—

—

1.3.1. NRU Reactor

This reactor is located at the Chalk River Laboratory in Ontario, Canada. It is the
workhorse (around 80% of the world's production) for the production of "Mo from the fission
of 235U. The reactor began operation in 1957. It is heavy water moderated and cooled.
Presently, targets are made from alloys of aluminum and operate at about 60 kW each. Up to
20 targets are irradiated for from one to two weeks.

Replacement reactors, called "MAPLE-X's" are being planned for Chalk River to
operate at 10 MWth and be dedicated to "Mo production.

1.3.2. HFR Reactor

This multipurpose reactor is located at the Petten site in The Netherlands. It began
operation in 1962 and currently operates at 45 MWth. The reactor is light water moderated
and cooled and has numerous locations which are used for the production of isotopes. The
targets for the production of "Mo are aluminum clad and an aluminum-uranium alloy. The
uranium is fully enriched. Irradiated targets are transported primarily to the Institute of
RadioElements (IRE) in Fleurus, Belgium. IRE also uses the BR-2 in Mol, Belgium and
SILOE in France.

1.3.3. ACRR Reactor

The ACRR is located at Sandia National Laboratory. It is being converted to irradiate
targets (fully enriched uranium) made by electroplating the inside of a cylinder which is then
sealed. The reactor originally was used for defense work in the USA and operated in a pulse
mode. The present steady-state power is 2 MWth with plans to upgrade to 4 MWth. Test



quantities of "Mo have been made in 1997. The reactor is owned and operated under contract
for the U.S. Department of Energy. It is stated to be a "backup" for other commercial sources
of "Mo.

1.3.4. HFIR Reactor

The High Flux Isotope Reactor is located at Oak Ridge National Laboratory in Oak
Ridge, Tennessee. It began operation in 1965. The mission of the reactor is the creation of
high Z isotopes and, with the central flux trap, produces the highest thermal neutron flux in
the world. Recently work has been done to irradiate 98Mo for the production of "Mo. The high
flux can create high specific activity "Mo (see 1.2.3).

1.3.5. TRIGA Reactor

TRIGA refers to a large number of reactors which have been designed and built by
General Atomics in San Diego, California. They are deployed throughout the world and
several models have been used to irradiate targets for isotope production. The TRIGA Mark II
can operate at 2 MWth at 8E13 nvth. Upgradable TRIGAs, with forced cooling are capable of
25 MWth.

1.3.6. MURR Reactor

This reactor is at the University of Missouri, Columbia, in the USA. It operates at 10
MWth, has an annulus pressure vessel and operates 6.5 days per week. It has logged greater
than 90% operation since 1977 and is capable of power upgrades to 25 MWth. It does not now
routinely provide irradiation of targets to produce "Mo but is the primary non-DOE source of
research radionuclides in the USA [3].

1.3.7. SAFARI-1

This reactor is a 20 MW Oak Ridge type Materials Testing Reactor at Pelindaba near
Pretoria in South Africa. Targets are irradiated in core positions and target plates can be
loaded and retrieved while the reactor is on power. "Mo is produced commercially for internal
use and for export to India, and China. Most recently, during an interruption of production
in Canada (a strike at the NRU in June 1997), "Mo was supplied to the Amersham company
of the UK, and used also in the USA.

1.3.8. HIFAR

This is a heavy water research reactor operating at 10 MW in Australia. The reactor
operates full time. As is characteristic of heavy water reactors, there are large volumes
available for irradiation. Much of the 98Mo target irradiation has been carried out in the
HIFAR.

1.3.9. Other reactors

The reactors listed in Table I are far from a complete list. They merely represent
reactors which are being used to produce "Mo or which could be used.

Other reactors, such as the ATR (USA), HFBR (USA) and SILOE (France) are all
capable of producing research or commercial radionuclides. Some reactors are restricted to
provide products for use by DOE facilities.



1.4. Heat removal requirements for targets used to make "Mo

1.4.1. Irradiation of 98Mo Targets

The deposition of energy in 98Mo targets is almost entirely from the reactor radiation
absorbed by the mass of the target constituents. These are the container and the chemical
material, such as TiMo, or ZrMo gels as described in Chapter 10. The energy deposition has
been measured for a water cooled, swimming pool type reactor, the BSF at Oak Ridge
National Laboratory [4]. At a power of one megawatt, at the center of the reactor, the heat
deposition is 0.17 watts/gram of material. The chemical form of the material does not change
the value substantially. Thus, a system of 500 grams would require 83 watts of heat removal,
usually within the capability of the reactor coolant system.

1.4.2. Irradiation of Fission Targets

Heat production from fission is much larger than that from activation. A flux of 1E13
nvth on one gram of 235U will produce about 1.5E13 fissions per second. The conversion to
watts is 3E10 fissions/s per watt. Thus, a 20 gram 235U target will generate lOkW of heat.
With proper target design, this heat can also be transferred to the reactor coolant but may
require forced cooling. A reactor with 20 targets must remove 200 kW of heat just from the
targets.

1.5. Relationship of "Mo production to target fission power

The reactor fissions required to produce the neutrons which in turn cause fission in the
targets also create "Mo as a fission product but unless the fuel elements are dismantled and
the fission products extracted, this "Mo is lost or is unrecoverable. Since the ratio of reactor
power to target power can be from 10 to 1 to 100 to 1, this represents a cost in uranium
consumption and waste production which must be added to that of the targets.

Target power and "Mo production are directly linked. For a target power of 100 kW,
"Mo is produced at the rate of 4.6E4 GBq d"\ If targets are removed at the end of seven days,
the percent recoverable is 47% or 2.16E4 GBq (see Fig. 1).

1.6. Relationship of "Mo production to target Z35U consumption

For a target power of 100 Kw, as in the above example, seven days of fissioning in the
target would consume (at 1.2 gm 235U per MW-day) 0.84 grams of 235U. If the mass of 235U in
10 targets (producing 100 kW) is 200 grams, the fractional burnup is 0.42%. Thus, over 99%
of the uranium is not used and must be recycled or stored.

1.7. Production of "Mo using an aqueous homogeneous reactor

Although the experience with the fission target system of "Mo production has been
proven successful, there are many possible improvements. Consider a reactor system which:

(1) Uses no targets, thus eliminating the production costs and transportation
logistics.

(2) Is dedicated to the production of short lived fission isotopes and produces
these isotopes on demand. Can operate at powers in t he kilowatt range;
therefore, without forced cooling systems.
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(3) By using daily extraction of "Mo, eliminates the unrecoverable losses from
target decay within the reactor (see Figure 1).

(4) Reduces the amount of fission product waste produced by a factor of 100
and stores long lived wastes within the reactor solution.

(5) Requires only the 235U replacement for material which has actually
produced usable "Mo.

(6) Can operate with low enriched uranium (less than 20% 235U) and does not
require high enriched uranium for targets.

The "Medical Isotope Production Reactor" (MIPR) system has been designed to meet
these goals.

1.7.7. History of Solution Reactors

In 1944, at Los Alamos, New Mexico, Richard Feynman suggested the design of an
aqueous solution containing enriched uranium salts. The reactor was constructed as a 15 liter
stainless sphere with 580 grams of 235U (LOPO) [5]. The enrichment was 14.7% 235U /total U.
The LOPO reactor operated at a fraction of a watt but successor reactors (SUPO) went up to
45 kW.

The power coefficient of reactivity for this type reactor has a large negative value and
thus is extremely safe and self-regulating. The first reactor built at a non-government site
(North Carolina State at Raleigh, North Carolina USA) was selected to be an aqueous solution
reactor because of the inherent safety. Later, other reactors were built in the midst of large
population sites (for example: Washington, DC and Chicago, Illinois). World-wide, about 40
such reactors were constructed.

1.7.2. MIPR Characteristics

The design features of a solution reactor intended to produce "Mo have been developed
by the USA companies of Babcock & Wilcox and Ball Systems. The relationship of reactor
power to "Mo production have been previously discussed and the MIPR power can be up to
200 kWth. This power level should permit the system to be passively cooled by submerging
the reactor container in a "swimming pool", similar to research reactors using plate type fuel
elements.

A "Modular MIPR" design has been developed and is shown in Fig. 2. The reactor
system is mounted within a structural frame. The main features are: 1) Dump tanks which
hold the aqueous solution when the reactor is not operating; 2) Pumps and valves which
permit the solution to be pumped up to the reactor tank; 3) Control and safety rods which are
used to bring the reactor critical and maintain its power; 4) Catalytic converters to recombine
the hydrogen and oxygen gas and other fission gas handling; 5) Extraction columns which
strip the "Mo from the solution after the reactor is shutdown. The solution passes through the
columns and is placed in the dump tank until the next operating cycle.

All of the equipment is assembled and tested with the instrumentation and control
system in a fabrication shop prior to shipment to the site where the system is to be operated.
Prior construction at the site would include a building housing a swimming pool with an area

11



13

12

11

10

FIG. 2. Sketch of modular 3VDPR in swimming pool.
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FIG. 3. Decay heat in solution immediately after shutdown-200 kW-lday.

of 3 meters by 3 meters and depth of at least 7 meters. Other utilities would also be installed
at the site.

The final purifications, which require a hot cell facility sized to accommodate the
activity of the "Mo (the major sources of radiation from fission products remain behind in the
reactor solution) can be adapted from an existing hot cell or one constructed specifically for
"Mo purification. The shipment of the Modular MIPR after testing can be handled by normal
commercial means. The uranium solution is shipped and handled separately under licenses.
The shielding and cooling system, which are the swimming pool water, are part of the prior
site installation.
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The recoverable production rate of "Mo at 200 kW at the end of one day is 81,600
GBq/day (2200 C ' d"1). After an operation for about one day, the reactor is shut down and
allowed to decay for about 1000 s. Fig. 3 shows the decay of the reactor solution immediately
after shutdown. This reduces the short lived fission product activity by a factor of 4. The
solution is then run through an ion exchanger which permits the uranium and most fission
products to pass through but holds up about 90% of the molybdenum [6]. The molybdenum is
then eluted with a basic solution and the solution purified with further filtering and ion
exchange.

Fig. 4 and Fig. 5 compare the process steps for Target Produced "Mo and MIPR
Produced "Mo. A major difference is the elimination of targets and the retention of fission
products, other than those to be sold commercially, within the reactor solution. This is similar
to the fission products being retained in solid fuel as the reactor continues to operate.

Eventually, in the range of 10 years of operation, the reactor solution will require
replacement and disposal of the long lived fission products remaining. Again, there is an
advantage in not having a dissolution step required prior to treatment.

The gaseous fission products come out of solution with the radiolytic gasses and are
trapped with filters and gas traps. Gases such as iodine are recovered for processing and
commercial sale. The evolution of hydrogen and oxygen as radiolytic gas is extensive (about 1
l.s"1 at 200 kW) and is recombined by a catalytic converter using platinized alumina. The
resulting steam is condensed and the water returned to the reactor container.

1.7.3. Accumulation of Fission Products

As the MIPR operates at power, long lived fission products accumulate in the aqueous
solution. Figure 6 shows the result of ORIGEN runs for a selected group of isotopes after the
MIPR has operated at 200 kW for 1 y and 10 y. The concentrations are less than one gram per
liter for even the largest contributor, zirconium.
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FIG. 4. Process cycle for reactor/target system.
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1.7.4. Use of Low Enriched Uranium

As noted in the description of LOPO, the MIPR could operate with a uranium
enrichment of 20%. The extraction of "Mo with a low enriched uranium solution has not
been demonstrated but only a slight modification from high enriched extraction is expected.
The benefit of a low enrichment solution would be the conformity with non-proliferation
treaty requirements.

14



1.7.5. Downscaling the MIPRfor Lower Production Requirements

Some developing countries may desire a lower production rate, perhaps 8000 GBq
week"1. With three days of production, the reactor could be operated at less than 10 kW. The
amount of uranium and the hardware requirements for reactor operation are much the same
but the consumption of consumables and the production of radioactive waste are greatly
reduced.

1.7.6. Uranium Consumption in a MIPR

Since almost all of the uranium fissions are used to produce "Mo, the consumption of
fissionable material is about l/100th that of the target system where uranium must be supplied
to the neutron producing "driver" reactor. At 200 kWth, the 235U is burned at the rate of 0.12
grams per full power day. This bumup can be replaced by adding periodically a solution of
concentrated uranium salt.

1.7.7. Economics of "Mo Production with a MIPR

The costs of operation depend on: 1) consumables, 2) payback of capital investment, 3)
cost of waste handling and disposal. The advantages, compared with the target irradiation
method are largely in the elimination of the targets with the production and shipping costs and
the great reduction of waste. These are detailed in the article by Glenn [5]. Recent cost
estimates for the construction of a new reactor which can be used to irradiate 235U targets are
about US SI00 million. MIPR estimates for the reactor and its housing and operating systems
(but not the hot cell facility for purification) are about l/3rd of that [7].

The costs and schedule for reactor licensing and construction vary greatly and a are
based on requirements specific to the country. In the USA, there have been discussions
concerning the licensing of a MIPR with the U.S. Nuclear Regulatory Commission (USNRC)
and a review of the requirements and license review plan for non-power reactors isssued by
the USNRC in 1996.
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Fig. 7 is an estimated expenditure schedule for a MIPR built in the USA and installed in
a country with regulations similar to those of the USNRC. The time is approximately three
years and a cost of $26 million for the reactor and structures not including hot cell, final
purification equipment and any additional administrative space.
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If a MIPR system were constructed with investment capital, the costs for the product
must include repayment and interest. The other costs are variable costs associated the level of
production. The offsetting income from the sale of "Mo was estimated from a unit sales price
of $200 per six-day (calibrated) Curie. Fig. 8 shows graphically these costs and sales versus
the volume of sales in Curies per week. The break even point for this example is 800 curies
per week. The use of the 99mTc isotope continues to grow throughout the world and one
projection of the quantity worldwide is shown in Fig. 9. The 10 year projection anticipates a
need for almost 12000 Curies (six-day calibrated) per week.

1.8. Conclusion

Many reactors are available for target irradiation throughout the world. Often they are
multipurpose machines and isotope production is one of many functions. In some cases, the
reactors are used less for research and more for commercial work. Reduced research has
caused an increase in the cost of the commercial work since the fixed and operating costs do
not diminish with reduced usage.

A developing country with an existing reactor can consider using it to irradiate targets.
A country planning for a new facility, dedicated to medical isotope production, can consider
either an accelerator system or a specialized reactor, such as the MIPR.
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