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xecu ve Sur 1ary

The Fast Flux Test Facility (FFTF) is a 400-MW, liquid sodium-cooled reactor located at the
Hanford Site in Richland, WA. FFTF was built as part of the U.S. liquid metal reactor program in the
1970s, and operated successfully from 1982-1992 performing tests of reactor fuel assemblies and
materials, studies on operation: safety and reliability of liquid metal reactors, and tests of the ability of
FFTF to produce a wide variety of radioisotopes for applications in medicine, industry and research.
Although FFTF achieved an outstanding record of performance and operational safety during its decade
of operation, the lack of a long-term mission forced DOE in 1993 to place the reactor in a standby
condition during preparation for a phased shutdown.

In 1995, recognizing the potential of FFTF to serve  an interim supplier of tritium for nuclear
warheads while simultaneously producing valuable medical ies, the Secretary of Ene ¢ l
that all irreversible deactivation activities be temporarily halted. During the following year, tive
independent studies confirmed that FFTF had the capability of producing at least 1.5 kg of tritium per
year with reasonable confidence, and that the concept of a dual mission to produce both tritium and
medic  isotopes was reasonable. Based on these studies, the Secretary issued a decision on January 17,
1997, that FFTF should continue to be maintained in a standby condition while environmental and safety
studies are conducted on tritium production and an assessment is performed on the technical and
economic feasibility of producing medical radioisotopes in parallel with the primary tritium mission.

This report was prepared in response to the Secretary of Energy’s directive and addresses both the
technical and economic feasibility of using FFTF to produce medical radioisotopes.

Medical ;o pe Pro ictic Capabilities

Because of its high neutron flux, large target volume, and broad neutron energy spectrum, which
extends from thermal levels to about 1 MeV, the FFTF has the ability to produce large quantities of a
wide variety of medical isotopes. Previous studies on radioisotope production at FFTF have demon-
strated the ability to produce 39 different isotopes, of which 25 have medical applications. diation
cycles can be varied from 10 days to several hundred days depending upon the cross-section for isotope
production and the half-life of the desired isotope product. For short-lived isotopes with half-lives of
several days, 10 to 25 day irradiation cycles can be carried out using a rapid radioisotope retrieval system
to remove targets while the reactor is at full power. For isot _ s with longer half lives, irradiation cycles
of 100 or more days can be utilized in synchrony with the tritium production cycle. Although initial
production of medical isotopes will initially be limited to three in-core positions, and possibly one or
more positions in the reflector region, calculated production yields of 30 different medical isotopes are
impressive. Initial operations will focus on 20 medical isotopes for which there is expected to be a large
market demand, with limited production of 10 other isotopes for which there will be a smaller demand.
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Cost and Schedule

The cost of facilities upgrades and equipment fabrication/procurement for target preparation and
processing in the 306E and 325 Buildings is estimated to be $51.2 million. The construction of two rapid .
radioisotope retrieval systems and other equipment associated with target irradliations at FFTF has an
estinated cost of $19.0'million. These cost estimates include engineering design work, procurements,
special equipment fabrication, l‘aboratory upgrades, and task management activities.

Annual operating costs have been estimated to be $10.93 million, independent of the purchase of
target isotope materials. Of this total, $9.16 million is for support of 50 FTEs involved in target
fabrication, target irradiation operations, post-irradiation target processing, product packaging and
shipping, and marketing, sales, and administration. The remainder of the costs are for  lionuclide and
chemical analysis of the i'sotope products, waste disposal, and on-site transportation of targets and
isotope products. 'Additional costs arise from the initial procurement and periodic replenishing of target
materials. These costs vary with the choice of isotopes to be produced and the volume of isotopes
produced in response to market demand. An effort will be made to minimize the costs of target materials
by recovering a large fraction of the material following each irradiation cycle and reutilizii it in new
targets. An initial investment for 20 selected isotope products that are expected to have a large sales
volume has been estimated to be $14.5 million assuming full market penetration, and $2.9 million for a

20% market penetration.

The schedule for implementation of medical isotope production at FFTF is consistent with that of the
primary tritium mission. If a DOE Record of Decision is issued in the first quarter of FY 1999, final
conceptual designs will be completed for all facilities and equipment during the following two years,
The construction and testing of equipment, including the two rapid radioisotope retrieval systems, and
the laboratory upgrades will be carried out during the period extending from the second quarter of
FY 1999 through the first quarter of FY 2002. Fabrication of isotope targets and verification of
operational readiness for medical isotope production will occur during the second and third quarters of

FY 2002.

Marke¢ Foreca: ; for Medical iotopes

.Five major studies of the medical isotopes market have been conducted since 1993, all of which
project significant near-term growth. The most recent study was performed by Frost & Sullivan, Inc.,
and )cused on reactor-generated isotope products. This study projected that the market demand for
radiopharmaceutical products used in medical diagnostic and therapeutic procedures will grow by 7 to
15% per year over the coming two decades. The wvenues from sales of diagnostic agents ise: :cted to
grow from $530 million in 1996 to about $17 billion in 2020. For therapeutic agents, which have a much
smaller share of the pharmaceutical market, the growth in demand was projected to grow at an even
faster pace. For therapeutic radiopharmaceuticals, the growth in sales revenues is expected to grow from
$48 million in 1996 to about $6 billion in 2020.
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It was concluded by Frost and Sullivan that additional U.S. isotope production capacity will be
required over the period 2001-2020, and that FFTF can become a major U.S. source of medical isotopes.
The FFTF’s high neutron flux and large target volume make it well suited for this role.

Conclusions

The technical feasibility of producing at least 30 medical isotopes in parallel with the primary Fl ..’
tritium production mission has been confirmed by this study. It has been establish¢ hat sufficient
capacity exists within the FFTF reactor core region to begin the production of 20 0  iese isotopes at the
onset of operations in year 2002. Using realistic estimates of the revenues th. can be obtained from the
sale of FFTF medical isotopes during the first two decades of the 21st century, it has been concluded
that: 1) the annual cost of production and processing of medical isotopes can be recovered at the start of
operations in 2002; 2) after 10 years of operation, approximately 50 to 60% of the cost of operating the
reactor can also be subsidized from the sale of medical isotopes; and 3) by 2015 to 2020 it is anticipated
that FFTF can be operated in a full-cost recovery mode as a major source of medical isotopes.
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1.0 Background

FFTF is the world’s largest liquid metal-cooled test reactor, which was originally designed and built
in the 1970s to test fuel and key components to be used in the proposed Clinch River Breeder Reactor.
Although the U.S. breeder reactor program was put on hold during the final phases of FFTF construction,
the reactor nevertheless operated successfully from 1982-1992. During that period the FFTF performed
numerous tests of reactor fuel assemblies and materials, studies on the operational safety and reliability
of liquid metal reactors, and tests of the ability of FFTF to produce a wide variety of radioisotopes for
applications in medicine, industry and research.

Although the FFTF achieved an outstanding record of performance and operational safety during its
decade of operation, the lack of a long-term mission forced DOE in 1993 to order that the reactor be
placed in a standby condition in preparation for a phased shutdown. Removal of fuel from the reactor
vessel was initiated in 1994 and completed in April, 1995. During 1995 an environm¢  al assessment

JE/T 3 0993) was prepared on the impacts of disposing of radioactive wastes and other hazardous
materials during the course of safely shutting down the FFTF. In addition, an on-site liquid sodium
storage facility was built and preparations were made to begin withdrawing sodium from the reactor.

In November 1995, in response to a directive from the Secretary of Energy, plans to drain sodium
from e FFTF and all other irreversible deactivation activities were temporarily halted. The basis of
this action was to provide time for DOE to carefully explore the possibility of FFTF serving as an
interim supplier of tritium for nuclear warheads. A Programmatic Environmental Impact Statement
(PEIS) issued by DOE in 1993 on the subject “Tritium Supply and Recycle” (DOE/EIS-0161) had
rejected FFTF as an adequate long-term source of tritium for defense weapons. However, the Secretary
of Energy was responsive to the suggestion made in November, 1995, by a private consortium® that
FFTF could rapidly undertake the dual mission of serving as an interim supplier of tritium for defense
applications, while simultaneously producing medical radioisotopes that are needed to bolster the U.S.
supply. The underlying concept to be explored was the possibility that FFTF could be reactivated by
the year 2002 as a temporary source of tritium, thereby extending the period for implementing a dual
track strategy that would provide a long-term U.S. supply of tritium for nuclear weapons. This dual-
track | n, described in a 1995 Record of Decision (60 FR 238), consisted of either purchasing a
commercial light-water reactor for tritium production, or constructing an accelerator system for tritium
production at the Savannah River Site. Because of the long period of time required to implement this
dual-track strategy, the possibility of reactivating FFTF as a temporary source of tritium was considered
by DOE to be an attractive option worthy of ad tional study.

(a) Advanced Nuclear and Medical Systems, Richland, Washington.
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During 1996 a total of five independent studies were conducted at the request of DOE  explore the
feasibility of utilizing FFTF as an interim supplier of tritium:

» DOE Office of Nuclear Energy, Science and Technology study on “Trltlum Productlon at the Fast
Flux Test Facility” (1ssued February 1996)

* DOE Office of Defense Programs study entitled “Technical Assessment of Tritium Production
Capability of the Fast Flux Test Facility” (issued March 1996)

» A report by R. Savoie et al. commissioned by DOE on “Independent Assessment of Cost and
Schedule Estimates for the Production of Tritium at the Fast Flux Test Facility” ( ued September
1996)

* JASON Panel report #ISR-96-325 on tritium production at FFTF (issued October 1996)

» A report by Putnam, Hayes and Bartlett, Inc., commissioned by DOE, entitled “DOE Tritium
Production: Fi: ' Briefing on FFTF and ATR Cost Analysis” (issued January 1997).

The conclusions of these independent studies were consistent, and supported the concept of utilizing
FFTF as an interim supplier of tritium for national defense applications. Specific conclusions and
recommendations were: 1) FFTF was considered capable of producing at least 1 kg « tritium per year
with a high degree of confidence, and 1.5 kg of tritium per year with a reasonable level of confidence;
and 2) the concept of a dual mission to produce medical radioisotopes in addition to tritium was
considered feasible, and the revenues from sales of these isotopes were considered ¢ actical means_of
defraying part of the FFTF operating costs.

Based on the conclusions of these 1996 studies, the Secretary of Energy issued a decision on
January 17, 1997, to maintain FFTF in a standby conditi  while environmental and safety studies are
conducted on tritium production and an assessment is performed on the technical and economic
feasibility of producing medical radioisotopes in parallel with the primary tritium mission. The
Secretary specified that a decision on the future role of FFTF in the U.S. tritium production strategy
would be made in 1998. The commitment to study FFTF as an interii supplier of i um, and the time
frame for a DOE decision on this issue, were reaffirmed in a May'5, 1997, letter from the Secretary of
Energy to the Chairman of the U.S. Senate Committee on Armed Forces.

This document addresses the requirement in the January17, 1997, letter from the Secretary of Energy
that a feasibility study be performed on the production of medical isotopes at FFTF in parallel with the
primary tritium production mission. Both the technical and economic feasibility of using FFTF to
produce medical radioisotopes are addressed in this report.
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2.0 FF F Production Capabilities

2.1 el

2.1.1 Facility Description

The FFTF is the world’s largest, liquid metal-cooled test reactor. This 400-megawatt reactor was
designed to be operated as a prototype plant for the Clinch River Breeder Reactor, to test full-scale
components and to test fuels and materials for the Liquid Metal Fast Breeder Reactor development
program. During the late construction phase of the FFTF, the nation’s breeder program was abandoned,
putting an end to the need for a breeder prototype and test reactor. However, because of its design and
versatility, the U.S. decided to complete construction and operate the reactor to irradiate and test new
reactor fuels and structural materials for U.S. and international agencies; to conduct operational, safety,
and balance of plant testing; and to eventually produce medical and industrial radioisotopes. Examples
of some of the FFTF’s various missions include:

 Fusion Program material testing

 Space Isotope Program testing (Pu-238)

» Space Reactor Program materials testing

» International Testing Program, specifically for Japan and the European Fast Reactor Programs
» Liquid Metal Reactor (LMR) fuel testing

* LMR passive safety testing

» Medical and Industrial radioisotope production.

The ability to perform the above tasks proves the flexibility, reliability, and safety of the FFTF and the
capabilities of the Physics and Engineering staff.

The reactor operated for approximately ten years (1982-1992) before being placed in standby. The
reactor’s outstanding operational performance was achieved by the combination of a highly qualified and
dedicated staff, and a superior plant design that has been repeatedly validated through testing and
operation.

The term “fast flux” is indicative of the high energy (speed) of the neutrons within the reactor core.
These high energy neutrons, coupled with the FFTF’s relatively large power output, allow the FFTF to
test a variety of materials and produce many isotopes in amounts and purity levels not attainable in other
reactors.

The flux density of the FFTF is significantly higher than in a light water reactor. When producing
medical isotopes, this will result in a high “specific yield” per target assembly. This means that fewer
target assemblies are needed to produce the same amount of isotopes. This reduces costs, exposures to
personnel, and the waste burden on the environment.
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Radioisotope production has been extensively studied and demonstrated, with over 60 different
isotopes produced for medical and industrial applications. In 1986, the FFTF produced gadolinium-153
of :highest purity ever made. This material, which is used for the diagnosis of osteoporosis, was made
by the FFTF to avert a world shortage. During the late 1980's, the FFTF produced other isotopes which
were delivered to physicians and hospitals for cancer treatment, diagnostic research, and cardiovascular
and brain studies.

2.1.2 Age and Condition

The FFTF began 400 MWT power operation in April 1982. The plant was designed and analyzed for
a 20-year lifetime (at 400 MWT and 75% capacity factor). Several replaceable components in the
reactor vessel (in the high neutron flux) were analyzed for 10 years of operation with the intent that they
either be replaced or re-analyzed if operation after 10 y¢ s was desired.

In 1985, as the 10-year limit was approaching, the project 1) began analysis to extend the life of the
10-year compon: s, based on actual core structural specimen radiation damage data and 2) revised
(updated) flux profiles using more re: 1t in-core dosimetry measurements. In 1986, a significant study
was undertaken to consider using FF*  for electrical power generation and/or liquid metal reactor
(LMR) steam generator testing. Thus, an additional 20 years of operation beyond the 10 years at
projected restart for the new mission was desirable.

In April 1990, the analysis of the 10-year components for 30-year | :was completed and transmitted
to Department of Energy-Richland Operations (DOE-RL) for their review and approval. All analysis
was base on the latest LMR design/analysis criteria and all reports were peer-reviewed by Stone and
Webster. DOE-RL approved the 10-year component life extension documentation in January 1991.

..:e 20-year reactor component extension to 30 years was completed in December 1992, using the
same analytical methods followed for the 10-year components. This documentation was not sent to
DOE-RL for their action since the FFTF was already in standby awaiting the shutdown order.

The lifetime of the remainder of the FFTF components is reported in WHC-SP-0789, Thermal and
Pressure Transient Events During Cycle 11, which was updated for actual pressure and thermal transient
history before the last reactor cycle began. A review of the analyzed transients (assumed to achieve an
original 20-year life in the technical :cifications) showed less than 10% of the planned transients
allocated for the balance of plant have been used, thus assuring at least a 30 year life.

All of the analysis has now been completed to show the FFTF has at least a 30-year life. When the
plant was shut down in March 1992, after 10 calendar years, FFTF had used an equivalent lifetime of
8 years at 400 MWT and 75% plant capacity factor. This leaves 22 years of life remaining, based on the
previous core arrangement and operating conditions.
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Sodium, with its excellent heat tran :r capabilities, is used at the FFTF as the reactor coolant
because it does not appreciably slow down the fast neutrons. It has a high boiling point which permits
the use of a low pressure system and minimizes the concern for pipe failure accidents.

Additionally, sodium is non-corrosive. This increases plant life and reduces activated corrosion
products in the coolant systems, which results in reduced personnel exposure to radiation during plant
operations and during reactor outages.

The design of the FFTF incorporates many of the passive inherent safety features that have been
included in the design of future generations of reactor p 1t designs. The core design features include
stability and negative feedback mechanisms and the heat transport system is designed to assure natural
convection heat removal.

For example, during a total loss of onsite and offsite power, the FFTF will automatically shut down
and in this emergency situation it will be cooled by natural circulation (i.e., no coolant pumps are
required to remove decay heat). The is also a redundant emergency power source (1-E battery
systems) that will provide reactor plant monitoring capabilities for ess¢ ial parameters.

Another example of the FFTF’s safety oriented design is the main heat transport piping and the
reactor vessel. These two major systems were engineered to minimize the pote: al for a leak. Even ifa
leak occurs, the plant was designed to keep the reactor core covered and to maintain cooling to the
reactor by the use of elevated piping and guard vessels around all major components. These unique
design features help assure safety of the public and the environment.

Instrumentation monitors and controls the reactor and heat-removal systems. The reactor is designed
and operated to be automatically shut down if pre-set li its on crucial parameters are exceeded.

Collection, processing, and retrieval of operation and test data are fully computerized.

One example of reactor plant monitoring and controls is the Plant Protecti  System. It includes
engineered safety features such as:

« the Reactor Shutdown System, providing redundant reactor shutdown signals

» the Containment Isolation System, which provides signals to containment isolation valves to prevent
unacceptable radiation releases '

+ the Post Accident Monitoring instrumentation, used to monitor key plant parameters

« misc aneous features including Control Room Habitability and emergency dump heat exchanger
controls.

The FFTF includes facilities for receiving, conditioning, storing, installing and removing all
routinely removable core components and test assemblies and for storing irradiated fuel. Examination
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and packaging capabilities (for offsite shipment) are also included within FFTF, as are utilities and
services such as emergency electrical power generation, heating and ventilation, radiation monitoring,
fire protection, and auxiliary cooling systems.

The FFTF has been noted as the premier test reactor for the DOE. Beginning with its nuclear startup
in 1980, this reactor has been a model of safe and efficient operation. The irradiation test record of the
FFTF reactor has far exceeded the original scope and intent of its designers.

During initial construction and throughout the reactor’s ten-year operating life, numerous reviews
which focused on safety and conduct of operations have been conducted on the plant and its staff. These
reviews, several of which are detailed below, have pointed out the rigors of safety built into the physical
plant and its training and administrative programs. As a primary goal in the design of the plant, safety
was bu  -in through passive, plant protective, and engineered safety systems. The certified operating
staff have always held, and continue to hold, safety as their top priority.

2.1.3.1 Personnel Radiation Exposure an Tritium Release the]l ‘ironment

Another indicator that safety has a top priority at the " can be seen in radiological controls and
health physics, which include aggressive as-low-as-reasonably-achievable (ALARA) programs. The
extremely low personnel exposure history speaks well of the design and engineering of the facility (i.e.,
shielding, relative ease in maintenance and refueling operations, and multiple layers of contamination
confinement). From 1985 through 1990, the] F average total exposure was just below 1.4 man-rem
per year. The average number of skin contaminations per year was 1.3 (1982-1995). These numbers are
orders of magnitude below the 348 man-rem per year total exposure average and the 100+ skin
contamination figures seen in commercial light water reactors (NUREG-0713, Vol. 15, Occupational
Radiation Exposure at Commercial Nuclear Power Reactors and Other Facilities 1995, Summary of
Annual Information Reported by Commercial Boiling/Pressurized Water Reactors and FFTF
Performance Monitoring Management Information, July 1995).

The effect of increased tritium entering the FFTF primary sodium due to the production mission has
been evaluated by plant personnel. Potential increased gaseous releases, potential hazard to personnel,
and ¢/ | trap loading were considered. It is anticipated that the tritium concentration in the FFTF
sodium can double or even triple as a result of tritium oduction. Nevertheless, the tritium released in
the Plant’s combined exhaust will be several orders of magnitude less than the release limit. A tritium
production mission will result in emission of 183 curies per year of gaseous tritium, based on a
0.5 curie/day release rate.

Radioactive releases associated with the production of tritium will result in an annual dose increase
of 0.003 person-rem to the 50-mile population.

There will also be a slight increase of exposure to the plant workforce due to handling additional fuel

and target assemblies. Exposure levels are expected to increase by less than 2-person-rem. This will be
an increase of less than 10 mrem per employee.
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2.1.3.2 Low Levi Waste

The FFTF produces very little Low Level Waste (LLW). During past reactor operation, the average
LLW generated was only 35 yd® per year. This numberis t expected to increase significantly when
operating in a tritium and medical isotope production mo«

2.1.3.3 Review by the NRC

The FFTF is the only reactor in the DOE complex to undergo a Technical Safety Review conducted
by the NRC. The Final Safety Analysis Report for the FFTF issued in 1975 was reviewed by the NRC
Advisory Committee on Reactor Safety. The NRC Safety Evaluation Report and recommendations were
issued in 1979, and all open issues were resolved prior to the start of operations.

Additional reviews conducted include the following:

» Five DOE-HQ topical reviews since 1980, including a review centered on Three-Mile Island issues
and two tec” ‘calsafety p = s

» National Academy of Sciences review in 1988
» DOE Advisory Committee on Nuclear Facility Safety review in 1988
» Three Institute of Nuclear Power Operations assist visits in 1988-1989

» Westinghouse Government Operations Nuclear Safety and Environmental Oversight Committee
review in 1989.

The FFTF initial licensing review with the NRC required innovation and leadership to address the
numerous “first in kind” issues. The lessons learned from this process can be directly applied to future
review activities either through the NRC or DNFSB, whichever is designated. Recognizing the
complexity of issues and the lack of industry experience, we propose that a memorandum of under-
standing be drafted early with the review authority 1) to establish the necessary and sufficient set of
requirements, 2) to establish the training and familiarization programs for review authority staff, and
3) to develop the process for transitic  from a test reactor to a production reactor.

2.1.3.4 Cost and Schedule Performance
FFTF performance on cost and schedule throughout its operating history has been excellent. Cycle
performance is measured by capacity factor. Although the FFTF was not a power production reactor, it

achieved 4 years with a capacity factor greater than 70%. This is considered to be a benchmark of
excellent operations.
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Considering the FFTF test mission, a better measure of performance is the Operational Efficiency
Factor (OEF). The OEF measures FFTF performance to schedule. All scheduled activities met on or
ahead of schedule are radioed to the total number of activities planned. This ratio, expressed as a
percentage, measures FFTF performance. FFTF consistently achieved above 98% performance, and
achieved 100% in 1987 and 1991.

As indicated by its capacity factor and OEF, the FFTF and her staff have continuously demonstrated
their ability and commitment to meet and exceed customer expectations. Given the commitment to
technical discipline and operational excellence during the operational portion of FFTF’s history, it is
reasonable to assume that the same levels of high performance can be achieved in a tritium/medical
isotope mission.

2.1.4 Production Advantages
2.1. 1 Target Vi 1me Considerations

Long Irradiation Vehicle. Several options are available for irradiation vehicles to produce isotopes
with irradiation times of one or more 100 day cycles. Flexibility exists to tailor the vehicle to the
production requirements for the desired isotopes. Options range from unmoderated assemblies with
large target volumes to moderated assemblies with  1ller target volumes.

The components of an irradiation vehicle in the active core region include the sodium coolant, a steel
duct, pin cladding, and target material. If spectral tailoring is desired, then the addition of moderator
material must displace some of the target material. The duct is a standard fixed component. The target
heat generation rate coupled with the heat transfer capability and temperature limitations will impose
limits on target pin size and spacing. Concerns for pin p  surization from gas generation or reactions
with the steel cladding material will also impact the cladding thickness and ~ : need for liners or internal
target capsules. All of these concerns make it difficult to prescribe specific available target volumes
without ex  ning each target material and its unique  |uirements.

The following describes some options for irradiatic  vehicles and potential target volumes, with the
caveat that careful consideration of the above issues shall be addressed before production target volumes
are specified.

mmoderat¢ Assemblies. Assemblies like the Material Open Test Assembly (MOTA) have been
used in the past for isotope production, and were designed for multiple samples at specific axial
elevations and for target retrieval and reconstitution. These MOTA assemblies consist of a central stalk
with nine axial levels, with six sample canisters per level. The specimen region in each canister is about
78 cc, for a total sample volume of approx  itely 4200 cc. Following irradiation, the canisters can be
detached from the stalk for processing or reconstituted on a new stalk to continue irradiation.

Normal pin assemblies make more efficient use of the assembly target volume. ...e available target
volume depends on the pin size and spacing. Options on the pin size range from assemblies containing
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protect and link the capsules. _ :pending on the overall length of each target capsule, as many as

38 target capsules might constitute one string. Limited heat removal capability and neutron streaming
concerns limits the size of the delivery tube. Although the nominal concept is for one delivery tube per
assembly, it may be possible to include more than one tube in each assembly. The need for the delivery
tube to be a pressure boundary for the reactor places some limits on physical size and wall thickness.
Estimates for target diameter have been in the range of 0.18 to 0.375 inches. Allowing for target length,
capsules, padding, linkages, etc., the target volume for a single 48-inch string of targets will likely range
from 10 cc to 25 cc. Other concepts of target packaging that make more efficient use of the axial
spacing, or that allow more than one target string per ass¢  >ly might increase these values.

2.1.4.2 Neutron Flux evel Considerations

The FFTF was designed to produce a high neutron flux. The nature of fast spectrum reactors is that
there is a large excess of neutrons over what is needed to mai: * * the neutron chainrc  ion. " s,
neutron absorption to produce isotopes can be easily accommodated without making major changes in
the system. Neutron flux levels vary with core location, with the highest flux levels in in-core locations.
Typical neutron flux levels range from 2 to 4 x 10'* neutrons/cm?*'second in the core region to 2 to 4 x
10" neutrons/cm¥second in the ex-core region. Over a 48 inch axial region, the neutron flux can vary by
about factor of 1.5 from peak to average. However, flux level alone is not the only consideration for
optimizing isotope production. Taking advantage of the varying flux spectra available in different
regions of the reactor or specifically tailoring the neutron spectrum within an assembly can make
tremendous differences in isotope production rates. For target isotopes with large absorption cross
sections in the epithermal energy range, much higher reaction rates can be achieved in lower flux levels
where the spectn  has been softened. Softening the spectrum increases some target reaction rates, | t

also increases parasitic absorption in fuel and structural materials.
2 4.3 Flux Tailoring Capability

There are several cases in which a fast reactor neutron spectrum is quite advantageous for the
production of isotopes. Most of the isotopes that are planned for production in the FFTF fall into one of
the advantageous categories as described below.

The first category is one in which the product isotope is formed from the target isotope by an (n,p)
reaction. The Zn-67 (n,p) Cu-67 is an example of this type of reaction. Generally, (n,p) reactions
involve neutrons with energies significantly above the epithermal region, in the tens to hundreds of keV
energy range. The neutron spectrum from a fast reactor will yield a much larger reaction rate for this
type of reaction than the spectrum from a thermal reactor. Neutrons of this energy can also be produced
in an accelerator, but the flux level is much lower and yields a lower reaction rate.

The second category is one in which the parent isotope possesses a large resonance integral and a

small thermal cross section, or has a reasonable thermal cross section but possesses an advantageous
resonance integral for use in a fast reactor neutron flux spectrum. In this case, irradiation in a fast reactor
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spectrum produces a greater reaction rate, and hence produces more of the product isotope for a given
quantity of target material and irradiation time. Since both of these situations are similar, they are
categorized as one case.

An example of a target possessing a small cross section and a much larger resonance integral will be
Cd-109 production from Cd-108. The resonance integral of Cd-108 is 15 times larger than its small
thermal cross section (1 barn thermal). Re-186 from Re-185 is a case where the target possesses a
reasonable thermal cross section (112 barns), but has an advantageous resonance integral (1700 barns).
Sm-153 production from Sm-152 isa her example of an advantageous resonance integral (210 barn
thermal, 3000 barn resonance integral).

The third category is one in which the daughter has a relatively long half-life and the thermal cross
section of the daughter product is mu  larger than the thermal cross section of the parent target isotopes.
With this combination in a thermal spectrum, the removal coefficient due to neutron absorption is large,
and the quantity of product isotope produced per parent ir liated is small. The product daughter “burns
out” by neutron absorption rapidly, establishing a lower d ghter equilibrium level. Se-75 production
from Se-74 is an « sle of a long-lived product with much larger thermal cross section than the target
isotope. Se-75 has a 120 day half-life and a 300 barn thermal cross section, while Se-74 possesses only a
48 barn thermal cross section. Se-75 has a small resonance integral while Se-74 possesses a 600 barn
resonance integral, yielding much more product if irradiated in a fast reactor flux spectrum.

If the target isotope is irradiated in a fast reactor spectrum, the cross sections are most probably
equilibrated in the epithermal region, yielding a greater -oduct daughter equilibrium level for the same
quantity of parent irradiated. With this knowledge, a fast reactor spectrum can be “tailored” to take
advantage of production by the second category without causing significant impact to either the first or
third category. This is done by using a calculated amount of moderating material around the target to
develop the desired flux spectrum. In a fast reactor, this is not a difficult task. Conversely, this type of
flux tailoring cannot easily be done in a thermal reactor.

..iis technology is not theoretical, but is mature and has been implemented in the past at the FFTF
for the production of both Co-60 and Gd-153. Yttrium ydride was used as the moderator in this case.
Figure 2-2 depicts the actual configuration in which the yttrium hydride was used to tailor the flux
spectrum for production of the two previously mentioned isotopes froi Co-59 and natural europium
target materials, respectively. This configuration is very similar to what is proposed for the long-term
irradiation vehicles (LIV) during the isotope production campaigns. The Cobalt Test was irradiated for
169 full power days, with no observ e degradation of the yttrium hydride moderator effectiveness.
These irradiations proved to be very successful, and production levels were close to those predicted by
calculations. This demonstrated that bo the technique and the modeling capabilities were excellent.
MCNP was the modeling code used in conjunction with the ENDFB-5 cross section library.

Figure 2-3 gives the representative flux spectrum achieved by using yttrium hydride to moderate the
neutron energy. As can be seen, the flux from a few eV to about 10 eV is significantly boosted to take
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Figure 2-2. Isotope target assembly for Co-60 and Gd-153 production using yttrium hydride
to moderate the neutron energy.

advantage of the resonance integrals in the target materials. This amplification of the flux over these
energies increased the reaction rates significantly. It shall be noted that the flux in the ten thousand keV
range is not impacted, and ample flux of higher energies exists for the targets that yield their product
through (n,p) reactions.

Comparison calculations have been performed on reaction rates for Cu-67 production from Zn-67
targets in a hydrided and a normal FFTF spectrum. Production rate of the Cu-67 through the (n,p) reaction
in the hydrided spectrum is about 94 % of the production rate in the unhydrided spectrum. Similar !
comparison calculations were performed on the production of P-32 from S-32 by an (n,p) reaction. In this
case, production in the tailored flux spectrum was decreased to 82% of the production rate achieved in the
unhydrated spectrum. This small loss of production rate for (n,p) reactions is a minor cost to pay for the
tremendous gain in reaction rates realized by target isotopes that possess large or advantageous resonance
integrals.

Figure 2-2 shows the yttrium hydride as the large pins, with the target pins being the small diameter

pins. Depending on the amount of flux thermalization desired for a specific target material, the diameters
of the respective pins can be altered to achieve the desired flux spectrum.
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Figure 2-3. Change in neutron energy spectrum resulting from the insertion of
yttrium hydride pins for energy moderation.

Axial flux tailoring is also possible, and was used in the MIP (Multiple Isotope Production) test that
was conducted at F} 7 in 1988. This assembly consisted of 19 large pins (48 inches long). The outer
row of pins were tungsten with an upper region of yttrium hydride. The middle row of pins were yttrium
hydride, with target capsules inside the yttrium hydride rods.

The center pin contained 6-inch segments of various materials (iron, nickel, chromium, zirconium,
tungsten, yttrium hydride), with dosimetry targets inside each segment. This was a sophisticated physics
test of the calculational ability to predict the neutronic environment in complex moderated assemblies in

FTF. Each region in this test created its own unique neutron and gamma spectrum, which was verified
by extensive neutron dosimetry and spectrum unfolding techniques.

Although it was not intended for the production of medical isotopes, the MIP test did include a
number of medical and other beneficial isotope targets (Re-185, Os-190, Tm-169, W-186, Se-74, 1-129,
Tc-99, and Li-6), which were processed and analyzed following irradiation. These targets were located
in the upper yttrium hydride region. The W-186 target was analyzed for W-188, and was used to
establish that the W-187 resonance capture cross section was significantly in error.

Axial flux tailoring is an inevitable outcome of the inherent design of the FFTF. Axial Inconel
(nickel) reflectors on the fuel assemblies soften the spectrum outside the 36-inch fuel region. In an
unmoderated assembly, there is cap. ility to take advantage of this enhancement of resonance energy
neutrons above and below the active core region. During the tests conducted with the materials open test
assembly (MOTA), certain targets were located above or below the core for this reason (the fusion
MOTA canister was located below the core region). Medical isotopes have been prc iced in a MOTA,
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and have been located to take advantage of the increased resonance energy neutrons above and below the
core region. It shall be noted that adding moderator to the assembly removes much of this tailoring
effect seen in the Inconel reflectors.

Similar axial flux tailoring can be performed for the commercial production of medical isotopes,
yielding a gradient of thermalization. A given target can be split into zones, each taking advantage of a
different amount of thermalization. Figure 2-4 shows the resonances of Re-185 and Mo-98. These are
shown only as examples. As can be seen, the Rhenium target uses the neutron energy spectrum from
about 1 eV to about 100 eV, and the molybdenum target uses the energy spectrum from a few hundred
eV to about 8,000 eV. These two targets benefit significantly from flux tailoring, but differ in the
amount of thermalization desired for optimum reaction rates. The production of isotopes from both
targets will benefit greatly from the hydride flux spectrum shown in Figure 2-3.
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Figure 2-4. Neutron capture cross sections for Re-185 and Mo-99 targets as a
~ function of neutron energy.

Tailoring can also be performed, if deemed desirable, in the rapid retrieval vehicle system.
Decisions regarding what tailoring is desired, and what degree of thermalization is desired, will be based
on market demand for the various isotopes to be produced at FFTF.

Since the LIVs will be removed at the end of each cycle, new flux tailoring plans can be
implemented in each cycle, if desired. In the rapid retrieval vehicle, the target assembly is planned to
remain in place for several cycles, so a decision to perform flux tailoring in this irradiation facility will
be a long-term impact, and these decisions must be made carefully.
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Spectrum modification is not limite to only what can be achieved in a single assembly. Localized
environments can also be created using clusters of assemblies. Locating targets in the reflector region
allows flexibility to create larger regions of modified neutron and gamma spectra. This type of flux
tailoring was demonstrated with the MIP test, where adjacent reflector assemblies were changed to low-
mass assemblies.

Care must be taken to preclude the spectrum from becoming too soft. If the thermal Maxwellian is
increased significantly, an impact on fission rates in the surrounding bundles may be experienced. This
tends to limit the degree of thermalization that can be achiev , but it is not a very significant constraint.
As can be seen from the spectra in Figure 2-3, although a very significant boost is obtained between 1 eV
and 1 MeV, the thermal Maxwellian is not significantly impacted by this degree of tailoring.

Figure 2-5 shows a comparison of spectra from various isotope prod ion reactors with two spectra
from the FFTF, one with flux tailoring by yttrium hydride pins. As can be seen from the figure, the FFTF
hydrided flux from about 1 eV through 1 MeV is greatly amplified over the other isotope producing
reactors. It shall again be mentioned ~ these other reactors lack the capability of easily developing a
flux boost in this energy region. In the FFTF, it is a facile { ':, which has been carried out successfully
during prior operations from 1982-1992.
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Figure 2-5. Comparison of FFTF neutron spectra with and without yttrium hydride (Hyd) moderator
pins; also shown are neutron spectra from the core regions of the High Flux Isotope Reactor
(HFIR, Oak Ridge National Laboratory), the High Flux Beam Reactor (HFBR, Brookhaven
National Laboratory), the Advanced Test Reactor (ATR, Idaho National Environmental and
Engineering Laboratory), and the Missouri University Research Reactor (MURR).
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2.1.5 Associated Systems Description

As discussed in the section entitled “Production Vehicles,” three positions will initially be reserved
in the reactor core for medical isotope production assemblies. Two different types of assemblies will be
used for production of these isotopes—one type for production of long half-life isotopes (using the Long-
Term Irradiation Vehicle) and the other type for production of short half-life isotopes (Rapid Radio-
isotope Retrieval system). Existing FFTF systems and equipment will be used for handling these isotope
production assemblies and for preparing irradiated targets for shipment to the 325 Building.

2.1.5.1 Long-Term Irradiation Vehicle Operations

Conceptually, the assembly used for production of long half-life isotopes will consist of a bundle of
target pins installed inside an. ‘g, duct and handling socket ass  »ly similar in appearance to an FFTF
12-foot long fue! sembly (F re2-6). This. :mbly will be installed in the reactor during normal
refueling operations and will be handled similar to a fuel assembly using the standard FFTF fuel and
component handling equipment. The Closed Loop Ex-Vessel Handling Machine (CLEM) (Figure 2-7)
will be used to install the assembly at the reactor.

Handling
Socket

Above Core
Load Pad

Shield/Orifice
Region

Inlet Nozzle p—" Duct Tube

Fuel Bearing
Region - 36 in.

' 85.5 in.

12 ft J

Figure 2-6. Schematic of FFTF fuel pin assembly.
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In the IEM Cell, which is located inside the FFTF Containment Building, the long-term irradiation
assembly will be washed and dried in the sodium removal system to remove residual sodium prior to
disassembly. This sodium removal system has been used extensively to wash all fuel and experimental
test assemblies processed in the IEM Cell in the past as well as to wash a large number of the FFTF spent
fuel assemblies.

Following sodium removal and drying, the irradiated long half-life t et pins will be remotely
removed from the target assembly using existing IEM Cell manipulators, fixtures and tooling as
appropriate. The irradiated target pins will be loaded into an appropriate pin container for transfer from
the [EM Cell. The pins will be transferred from the IEM Cell to an existing intermediate holding cell
using CLEM. The pins and pin container will then be transferred from the Containment Building to the
Cask Loading Station in the Reactor Service Building using the Bottom Loading Transfer Cask (BLTC)
shown in Figure 2-9. At the Cask Loading Station, the pins and pin container will be loaded into an
appropriate transportation cask, such as the T-3 or other casks, for transfer to the processing facilities in
the 325 Building.

2.1.5.2 Rapid __adioisotope Retrieval System Op: tions

The rapid retrieval system will be used for the production of short-lived isotopes at FE 7. As
discussed in Section 2.3 (“Production Vehicles™), a preliminary concept for this system consists of three
major components; a 40-foot-long in-reactor thimble assembly, a replaceable string or chain of isotope
target carriers, and a target carrier ins  ion and retrieval system. The first of these components, the 40-
foot-long in-reactor thimble assembly, will provide the greatest interface with existing FFTF systems and
equipment.

The 40-foot-long in-reactor thimble assembly will be installed in the reactor, through a reactor head
mounted spoolpiece, using the CLEM and associated Center Island refueling equipment similar to
previous installations of Materials Open Test Assemblies (MOTA) at FFTF. This will be done as part of
a normal refueling outage. Up to two in-reactor thimble assemblies can be installed in the reactor in
separate spoolpieces at any given time. Purge or sweep gas lines, any instrumentation, confinement
sleeves and temporary isolation valves will be installed to properly interface the in-reactor assembly with
existing FFTF systems and a new tar;  carrier insertion/retrieval system.

During reactor operation at full power, capsules containing target: terials to be irradiated will be
shuttled into and out of the core region by the target insertion and retrieval system. Ideally, the insertion
and retrieval system will load irradiated target chains directly into a shielded cask. After transferring the
shielded cask to the Reactor Service Building for installation of appro; ate transportation overpacks,
this assembly will be shipped to the processing laboratories in the 325 Building.
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2.2 Past History and Perforr ince

_ aring the period 1982-1992, multiple experiments were performed to test the quantity and quality
of isotopes that can be produced at FFTF for medical, industrial, agricultural, and research applications.
As illustrated in Figure 2-10, 39 radioisotopes were produced at FFTF during its decade of operation, 25
of which have applications in diagnostic and therapeutic medical procedures.

Product Target Half rroauct larget Hair
isotope lrntope Lifa Isotope Isotope Lite
v Ac-227 Ra-226 218y v Os-194 0Os-192 6y
Ar-37 Ca-40 35d * P-32 S$-32 143d
* Au-198 Au-197 2.69d v * P-33 $-33, CI-36 253d
v C-14 N-14 5730y * Pd-103 Pd-102 17d
Ca-41 Ca-40 105y * Pd-109 Pd-108 13.4h
Ca-45 Ca-44 163 d v Pm-145 Sm-144 177y
v * Cd-108 Ag-107, Cd-108 462d v Pm-147 ~Nd-146 262y
Cd-115m Cd-114 446d * Pt-195m Pt-194, Pt-185 4.02d
* Ce-141 Ce-140 325d v Pu-238 Np-237 87.7y
v Ct-252 Cm-244 264y v * Re-186 Re-185 3.78d
Cm-244 Am-243 18.1y * Rh-105 Ru-104 354 h
v Co-57 Ni-58 272d * Ru-108 Ru-102 39.3d
v * Co-60 Co-59 527y v 8-35 S-34 87.2d
" Cs131 Ba-132 9.69d v ' Sc-46 Sc-45 83.8d
* Cu-64 Zn-64 12.7h v * Sc-47 Ca-46, Ti-47 335d
v * Cu-67 Zn-67 2.58d v * Se75 Se-74 120d
* Dy-165 Dy-164 2.33h v * Sm-145 Sm-144 340d
v Es-254 Cf-252 276d v Sm-151 Sm-150 80y
v  Eu-155 Sm-154 471y * Sm-153 Sm-152 1.93d
v Fe-55 Fe-54 273y Sn-113 Sn-112 115d
v Fe-59 Fe-58 445d v ' Sn-117m Sn-117, Sn-116 13.6d
v* Gd-153 Gd-152, Eu 242d v * Sr-85 Sr-84 64.8d
v H-3 Li-8 123y v * 5r-89 Sr-88 50.5d
* Ho-166 Ho-165 1.12d v ' Ta-182 Ta-181 114d
v o125 Xe-124 60.1d * Tb-161 Gd-160 6.91d
v 11131 Te-130 8.04d v * Th-228 Ra-226 191y
* in-111 Sn-112 281d v ' Th-229 Ra-226 7300y
Vo182 Ir-191 73.8d v o Ti-204 TI-203 378y
Kr-85 Kr-84 107y V' Tm-170 Tm-169 128d
* Lu-177 Lu-176 6.68d Tm-171 Tm-169 182y
* Mo-98 Mo-88 2.75d U-232 Pa-231 70y
Na-22 Na-23 26y v ' W-188 W-186 69.4d
* Nb-95 Mo-95 35d vt Xe-127 Xe-126 36.4d
v Ni-63 Ni-62 100y Y91 Zn-91 58.5d
v Os-191 Os-190 15.4d ' Yb-169 Yb-168 3ad

v denotes isotopes previously produced in FFTF
* denotes isotopes for diagnostic and therapeutic medical applications

Figure 2-10. Seventy isotopes for v ich FFTF has production ¢  ability; check marks indicate
39 isotopes produced in FFTF tests conducted dur r the period 1982-1992, and
asterisks indicate 44 isotopes that have diagnostic and therapeutic medical
applications.

In addition to illustrating the capability for producing medical radioisotopes, the FFTF isotope
production tests were focused on several experimental objectives. For example, specific operational
performance features  FFTF were tested, including: 1) advantages of a high flux of fast neutrons (up to
7 x 10'S neutrons/cm?¥sec in the core region) and a large target volume (approximately 30,000 cm® at flux
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2.2.2 Co0-60/Gd-153 Test Assembly

In 1986 a key experiment was performed which demonstrated the ability to enhance FFTF isotope
production by inserting pins of moderator material that increased the total neutron flux in the epithermal
and thermal energy ranges.® An assembly that contained 32 pins of Co-59, the target for Co-60
production, and 4 pins with natural Eu-151/153, the target for Gd-153 production, was constructed with
numerous interspersed yttrium hydride pins for neutron energy moderation. The target assembly was
irradiated for 138 days at a power level of 291 MW, and demonstrated a significant increase in the
production of Co-60 and Gd-153 as a result of neutron flux tailoring by insertion of the yttrium hydride
moderator material. This test also demonstrated the ability of FFTF to produce Gd-153 with a very high
specific activity of greater than 100 curies per gram. In addition, the results of this experiment illustrated
the high degree of accuracy achieved by the calculational methods used to predict the effect of neutron
ene~~" moderation on isotope production rates.

2.2.3 Multiple Isotope Production (MIP) Test

In this experiment, conducted during May 1988, multiple test assemblies containing 30 isotope
targets were irradiated in the FFTF reflector region.® The primary purposes of the MIP test were: 1) to
reduce uncertainties in the prediction of Pu-236 production rates and burnout associated with the
production of Pu-238, and 2) to demonstrate the capability of FFTF to simultaneously produce multiple
isotopes with beneficial applications. Of the isotopes produced in the MIP test, 20 had medical research
applications. Although the MIP test was not designed to produce large quantities of isotopes, three
isotopes—QOs-191, Re-186 and Se-75—were produced in sufficient quantities to be sold for research
applications.

As illustrated by the above discussion of FFTF experimental tests during its decade of operation,
there is a firm scientific foundation upon which a future medical isotope production mission for this
reactor can be built.

(a) Rawlins, J.A., Wootan, D.W., Carter, L.L., Brager, H.R., and Schenter, R.E. “FFTF Cobalt Test
Assembly Results.” Westinghouse Hanford Company report number WHC-SP-0108, Richland,
Washington (1987).

(b) Wootan, D.W., Caggiano, J.A., Carter, L.L., Jordheim, D.P., Lu, A.H., Mann, F.M., Rawlins, J.A.,
Schenter, R.E., Schmittroth, F.A., Schwarz, R.A., and Simons, R.L. “Isotope Production Test in the
Fast Flux Test Facility.” Westinghouse Hanford Company report number WHC-SA-0869-FP,
Richland, Washington (1990). '
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2.3 Production Vehicles

Three positions will be reserved in the core for medical isotope production assemblies. Both
long-irradiation vehicles and/or rapid radioisotope retrieval systems can be used in these core positions.
The new systems will be installed and tested before FFTF restart. A description of these systems is
provided in the following sections.

2.3.1 Long-Term Irradiation V. icle

Conceptually, the long-irradiation assembly used for production of long-lived isotopes consists of a
bundle of target pins installed inside nozzle, duct, and handling socket assembly similar in appearance
to an FFTF 12-foot long fuel assembly (Figure 2-6). The bottom 4 feet (approximately) of the target pins
contains target material to be irradiated to form isotopes. The pins will be seal-welded to prevent entry
of sodium or escape of target materials or isotopes. The vertical center of this 4-foot section of the pin
will be centered in the active region of the reactor core. Depending on the isotopes to be produced, the
pin bundle can also contairn at wutron shield pins. The target assembly will be
designed to ensure easy remote removal of the t pins from the assembly in the "V 7 :1l. A des’
that will allow reuse of the long-term irradiation assembly nozzle, duct, and handling socket hardware
will be considered during the design process in an effort to reduce costs and the volume of radioactive
waste.

The long-term irradiation assembly will be installed in the reactor iring normal refueling operations
and handled using the standard FFTF fuel and component handling equipment. On completion of
irradiation, the ass  Hly will be removed from the reactor following shutdown for refueling, and be
transferred to the IEM Cell using existing FFTF equipment. Following sodium removal, the target pins
will be remotely removed from the t et assembly. If necessary for shipping and handling, the target
pins will be designed to be remotely shortened to approximately 4 feet or less in the IEM Cell without
breaching the pin pressure boundary. Consideration will be given to the use of sodium-compatible
low-activation cladding materials (e.g., zirconium alloy) to facilitate shipping, handling, and processing
operations. ...e irradiated pins will be shipped from the FFTF to the 325 Building using an appropriate
transportation cask.

2.3.2 Rapid Radioisotope Re :val System

Rapid radioisotope retrieval systems will be used for the production of short-lived isotopes at FFTF.
This allows target materials to be inserted and withdrawn from the reactor core region with the reactor
operating at full power. Systems for routinely inserting and removing irradiation targets, nuclear
instrumentation, and research hardware at an operating reactor have been in use at various research
reactors throughout the world for ye ;. Most of these systems use either a pneumatic ‘rabbit’ type
system or a mechanical cable type system for insertion and retrieval.

Initially, two rapid retrieval systems will be fabricated and installed at the FFTF. These systems will
be installed at existing Closed Loop In-Reactor Assembly/Open Test Assembly positions in row 6 of the
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reactor core that are located under spool pieces in the reactor head. A prel  nary concept for the rapid
retrieval system consists of three major components: a 40-foot-long in-reactor thimble assembly, a
replaceable string or chain of isotope target carriers, and a target carrier insertion and retrieval system

(Figure 2-12).
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Figure 2-12. Major system components for rapid radioisotope retrieval system.
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The in-reactor thimble assembly consists of an upper 28-foot-long stalk and a lower duct and inlet
nozzle assembly. This assembly extends from the top of t  spool piece on the reactor head, down
through the core region, and is seated in the core basket, similar to previous long test assemblies
irradiated in FFTF. A gas-filled pressure boundary tube or thimble, welded closed at the bottom end,
extends along the radial center line of the assembly from near the top of the spool piece down through
the active core to at least 6 inches below the core. A liner tube (or tubes) open at the top and bottom, and
installed inside this pressure boundary tube, provides a guide for insertion and retrieval of isotope target
carriers.

To preclude direct neutron streaming from the core region to the area above the reactor head, the
pressure boundary tube can be offset from the assembly center line for some distance, or can contain a
spiral section to provide axial shielding below the top oft  spool piece. A curved shielded guide above
the spool piece also might be required to minimize radiation streaming.

The pressure tube in the core regi | can be surrounde oy yttrium hydride and shield iterial pins to
moderate the neutron spectra within the thimble to enhance isotope production and to protect adjacent
fuel assemblies. These pins  1the outside of the gas filled pressure tube/thimble will be cooled by
sodium flowing up through the in-reactor assembly. A helium sweep gas flowing through the annular
regions inside the pressure tube will be monitored to detect any sodium leakage into the pressure tube.

The target materials will reach relatively high temperatures due to nuclear heating within the
thimble. To adequately contain the isotope target material, to minimize formation of any eutectics, and
to minimize cross contamination, it is likely that the target material will be placed in a short capsule
made of high-temperature, high-purity, inert, low-activation material. Fused silica or quartz and other
materials will be evaluated for fabrication of these capsules. The caps: s will need to pass through
curved offset shielded sections to be transferred into and out of the core region. This can be achieved by
placing one or more capsules into a closed target carrier. To reduce the weight and thickness of
shielding required on the retrieval, shij : and irradiated target handling equi] ent, the target carriers
will be made of a low-activation structural material such as a vanadium or zirconium alloy. Carriers will
be linked to one another to make an articulated chain to allow for flexible insertion and retrieval from the
reactor core (see Figure 2-13 for one concept for an insertion and retrieval chain).

Target carrier insertion and retrieval system(s) will be installed external to the reactor to shuttle a
target carrier chain into and out of the core region. This system may use some form of mechanical cable
insertion and retrieval mechanism. Ideally, the insertion and retrieval system will load irradiated target
chains directly into the transportation cask. The IEM Cell can be used to separate the chain of target
carriers shall separation of certain isotopes be desired before shipment to the 325 Building.

In addition to irradiating solid (and molten) targets in the rapid retrieval system carrier chains
discussed previously, gas targets can also be irradiated to produce short-lived isotopes. Two options will
be evaluated for producing the gas-based isotopes. One option will involve one or more small diameter,
thin-wall tubes routed down through tl  in-reactor thimble assembly into the active core region. These
tubes will be connected via preheated and shielded tubes to a shielded ex-reactor gaseous isotope
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Figure 2-13. Components of target insertion and retrieval chain for rapid
radioisotope retrieval system.

recovery system. The target gas will be introduced into the tubing under pressure and the gas circulated
through the recovery system to extract the isotope produced. The practice of routii  external gas lines
down into the active core region is not new at FFTF, and has been used in several irradiation test

assen ly designs previously installed in the reactor. The Materials Open Test Assembly (MOTA) was a
forty (40) foot long test assembly which used externally supplied gas mixtures to control material sample
temperatures in the active core. The Fusion MOTA assembly, which  diated several materials for
international fusion material experiments, had this same gas line arrangement, plus additional gas lines
that were routed from the assembly to a special glove box for tritium recovery and gas analysis (up to
twelve gas lines were used). Additionally, studies were performed in late 1991 that showed it will be
feasible to produce I-125 in flowing gas loops routed into the FFTF reactor core via a 40-foot long in-
reactor assembly. The establishment of an efficient ex-reactor gas isotope extraction system will require
additional design and development work for a 1al implementation at FFTF.

A second option for producing gas based isotopes involves irradiating capsules filled with a high
pressure target gas. The gas-filled capsules are installed in a target carrier and become part of a typical
target chain. Upon removal from the reactor, the irradiated gas is recovered in special recovery
equipment installed in appropriately shielded enclosures.

To ensure the basic feasibility of the rapid radioisotope retrieval system concept described above,
scoping calculations have been performed to evaluate key issues. Preliminary calculations have been
done to evaluate nuclear heat deposition in candidate isotope target materials to be irradiated in the in-
reactor thimble, to evaluate neutron streaming from the active core through an off-set thimble, and to
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Table 2-2. (contd)

F; = =
Medical Tentane Medical Applications Reactions
Yttrium-91 Cancer Treatment (RIT), cellular dosimetry Zr91(n,p)Y91
(Y-9D) _ ]

Extensive and accurate productic calculations were made using a series of previously verified
computer codes. These codes have been used in reactor physics calculations of isotope production in the
FFTF and other U.S. fission reactor systems for the past 12 years.®**X® Experimental verification of
these calculations has also been made in a number of previous FFTF test irradiations. ...e calculations
involve combining neutron flux data with cross-section data obtained primarily from the BNL-325 data
sources® and the ENDF/B® cross-section data files.

FFTF neutron flux data were obtained from calculations made with the MCNP® computer code
executed by Wootan et al.® Figure 2-14 shows the flux spectra used to obtain the “Top 30” medical
isotope production results. The two spectra used were for four different target assemblies placed in
Row 6 of the FFTF:

Unperturbed in a Long-Term Irradiation Vehicle

Perturbed (Hydride) in a Long-Term Irradiation Vehicle
Unperturbed in a Rapid Radioisotope Retrieval (R3) System
Perturbed (Hydride) in a Rapid Radioisotope Retrieval (R3) System

I

Self-shielding effects were also included in these calculations using the C-factor approach described
in Jordheim.®

(a) Mirzadeh, S., R. E. Schenter, A. P. Callahan, and F. F. (Russ) Knapp, Jr., Production Capabilities in
U.S. Nuclear Reactors for Medical Radioisotopes, ORNL/TM-12010, Nov. 1992.

(b) Jordheim, D. P., R. E. Schenter, et al., Computer Code for Calculation of Pu-238 Production,
Quality, and Impurity, Trans. Amer. Nucl. Soc., Vol. 423, pg. 63, 1991.

(c) Schenter, R. E., Comparison of Medical Isotope Production in Fast and Thermal Reactor Systems,
Trans. Am Nucl. Soc., Vol. 148, pg. 62, 1990.

(d) Mughabghab, S. F., Neutron Cross Sections Volume 1: Neutron Resonance Parameters and Thermal
Cross Sections, Academic Press, Inc., New York, 1984.

(e) McLane, V., et al., ENDF-20! ENDF/B-VI Summary Documentation Supplement I; ENDF/HE-VI
Summary Documentation, BNL-NCS-17541, Dec. 1996.

(f) Briesmeister, J. F., Radiation Tra port Group, Los Alamos National Laboratory, Monte Carlo
Neutron Particle Code (MCNP), General Monte Carlo N-Particle Transport Code, Version 44,
Nov. 1993,

(g) Wootan, D. W_, et al., unpublished calculations, Nov. 1997.
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Figure 2-14. Neutron spectrum in Row 6 of the FFTF core region, with and
without energy moderation by hydride pins.

Table 2-3 summarizes the results of these calculations for the product isotopes of interest.
Additional results (not reported here) for associated “impurity” isotopes were also obtained in these
calculations. Table 2-3 presents results for the isotope activity produced (last column) corresponding to
the situation of putting a target amount (“Primary Target Isotope Mass (g)”) that satisfies the following
three conditions:

1. The full target volume of the irradiation vehicle is available.
2. The amount of product isotope generated will have a yearly sales projection consistent with its value.
3. The amount of target specified is available for purchase.

The “Reduction Factor” column quantitatively reflects the three conditions described above (see

Section 7 for further discussion of the market demand and sales projection). The results presented in
Table 2-3 are for five “Target Vehicle” types (LIV LIV, R3-H, R3 and Gas Line), which are described
in the table. The “Hydrided” case corresponds to using yttrium hydride pins as ¢  derating compound,
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which has been used successfully in the past to produce high activity levels of product isotopes when the
target isotopes have high epithermal cross sections.®®

The choice of target irradiation time is based on the product isotope’s half-life, on calculations of the
irradiation time that maximizes isot : production, and on operational factors such as avoiding
interference with the tritium production mission. For purposes of illustrating the production yields of the
30 isotopes being evaluated in this report, irradiation cycles of 10, 25, and 200 days were used to obtain
the results shown in Table 2-3.

Table 2-3 also provides specific activity results (“Product Isotope Specific Activity (Ci/g)”) for the
30 product isotopes. Even though these results do not account for “optimization” of target configura-
tions, very high levels of specific activity are achieved relative to “thermal” reactor systems.

An excellent check on the reaction rate parameters used in these calculations was made by a
comparison with calculations performed by Wootan et al.? using the MCNP computer code. These
comparisons are shown in Table 2-4, where our values (“BW Reaction Rates”) are directly compared to
the MCNP values for several isotopes. The five cases shown are not identical (the spectra used were not
identical), but they are close enough to show good agreement with both the perturbed spectrum (hydride)
and the unperturbed spectrum results (non-hydride).

(a) Mirzadeh, S., R. E. Schenter, A. P. Callahan, and F. F. (Russ) Knapp, Jr., Production Capabilities in
U.S. Nuclear Reactors for Medical Radioisotopes, ORNL/TM-12010, Nov. 1992.

(b) Jordheim, D. P., R. E. Schenter, et al., Computer Code for Calculation of Pu-238 Production,
Quality, and Impurity, Trans. Amer. Nuc. Soc., Vol. 423, pg. 63, 1991.

(c) Wootan, D. W, et al., unpublished calculations, Nov. 1997.
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occurring holmium is 100% Ho-165), and a high absorption cross-section. Ho-166 has a 26.8 hr half-life
and emits several beta particles.

Iodine-125

This isotope is primarily used as a diagnostic tool, but is also being evaluated for its therapeutic
value. It will be made at the FFTF via neutron capture of Xe-124 in a gas loop. This method will
produce very pure I-125. It has numerous medical applications.

Io ne 31

This isotope is in Phase III clinical trials for a number of medical procedures. Results with cell-
directed radiation therapy have been outstanding. One trial resulted in an overall survival rate of 93%
among otherwise terminal lymphoma patients, while another trial showed similar success in treating
myelo leukemia patients. Iodine-131 is also currently used to treat thyroid cancers, hyperthyroidism,
and Grave’s disease. Current supplies of this isotope 2 limited and shortages are already starting to
impact patient care. Once the FDA approves its routine use, the FFTF will be needed for production of
I-131. The FFTF would also make I-131 via neutron capture in tetlurium-130, as contrasted with the
currently available fission product iodine. This production pathway will allow the FFTF to provide
extremely high specific activities (~1.24E+5 Ci/g or 99.87% hot atoms) for this isotope. This, in turn,
will increase its effectiveness « matically over current fission product I-131 (generally <0.1% hot
atoms).

Iridium-192

This isotope has both important medical and industrial applications. Medically it is already being
used in brachytherapy procedures using Ir-192 needles that are placed next to the cancer for effective
treatment. It is a high-energy gamma emitter that has also been used in research trials for the treatment
of heart disease (restenosis). In FFTF Ir-192 can be produced at very high specific-activity levels, which
are required for effective medical applications. By optimizing target design to reduce self-shielding
effects, product quality can be maximized to a level not previously achieved in Ir-192 produced in other
reactors.

Lutetium-177
Lutetium-177 is expected to be an important isotope in the treatment of two major health
problems—heart disease and cancer. It is a high-energy beta emitter with properties that are ideal for use

in restenosis stents. It has a very large thermal and epithermal neutron cross-section. Consequently,
large quantities of this isotope can easily be produced in the FFTF using enriched targets of Lu-176.
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Palladium-103

Patients suffering from prostate cancer are being denied therapy because of the short supply of this
isotope. It is also undergoing clinic trials for a number of other cancers. The FFTF has vast production
potential for this isotope (~ 1.0E+05 Ci in just one irra  ation target assembly/yr).

Phosphorus-32

Phosphorus-32 is used for a number of applications, including the treatment of cancer-induced bone
pain and Polycythemia rubra vera, and most recently, for infusional brachytherapy treatment of various
cancers. At this time, the high cost « P-32 (~$48 )il 1Ci) is tending to reduce its use. Because of
flux tailoring capabilities, the FFTF can produce P-32 in large quantities at a relatively low cost.

Rhenium-186

This isotope requires a very high specific-activity for several applications. It is used for the
treatment of pain caused by metastatic bone cancer, which occurs in about 50% of all lung, prostate, and
breast cancer patients. It can also be used in cell-directed radiation therapy. The FFTF can produce
large quantities of this isotope with a high specific-activity not readily achieval :in other reactors.
Unfortunately, some radiopharmaceutical development companies (NeoRx) have had to discontinue their
research with Re-186 because, withc  the FFTF, they could not obtain this isotope at the required high
specific-activity from other sources.

Rhenium-188

Rhenium-188 is a candidate for several therapeutic n lical applications. It can be used in the
treatment of heart disease (restenosis), bone pain from metastatic cancer, breast cancer, lung cancer,
colorectal cancer, and ovarian cancer. It is the daughter of tungsten-188, which is a direct FFTF product
obtained by double neutron capture using a tungsten- 186 target. Because of its large epithermal flux
capability, FFTF can produce an ord of-magnitude higher specific activity of W-188 relative to typical
thermal reactors. Re-188 generators have been developed at Oak Ridge National Laboratory for both
cancer and heart disease applications.

Samarium-145
Ex 1sive earch has been performed at Brookhaven National Laboratory on the use of Sm-145 in
conjunction with I-127 to produce auger electrons fort!  :atment of brain cancer. In addition, new

uses for this isotope have been identi :d in the treatme  "eye cancer. One approach to Sm-145
production is to make the isotope in a stainless steel seed using a highly enriched Sm-144 target.
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Samarium-153

This isotope, along with strontium-89, tin-177m, and rhenium-186, is used for the palliation of
cancer-induced bone pain, treating brain cancer, and is also being considered for use in treating
leukemia. Since this isotope (under the brand name Quadramet) was just recently approved by the FDA
for bone pain relief, it currently has a growing market demand.

Scand m-47

Sc-47 is another beta-emitting isotope that has attractive properties for radioimmunotherapy. It has a
coordination chemistry that favors chelation attachment to antibodies, decays via two mid-range beta
particles, and emits a photon (159 keV) for imaging. Sc-47 is made by a high energy (n,p) reaction on
Ti-47, making the FFTF an ide: source of this isotope.

Strontium-85

This diagnostic isotope is used in medical applications associated with detection of bone lesions and
for brain scans. It can be very effectively produced in FFTF using highly enriched Sr-84 targets.

Strontium-89

This isotope is used for bone cancer pain relief. It has been approved for use by the FDA (under the
b d name Metastron), and the market demand should eventually be strong but is currently somewhat
low due to the high cost (~$2,000/4mCi dose). The U.S. supply of Sr-89 for this application comes from
foreign reactors (in Belgium).

Thorium-229

Bismuth-213, the granddaughter of thorium-229, is currently being used in Phase 1 human cancer
trials. These radioimmunotherapy trials are being performed at the Memorial Sloan Kettering Cancer
Center for the treatment of Acute Mylogenous Leukemia (AML), and preliminary results indicate
excellent therapeutic effectiveness of this alpha emitter. Production of Th-229 involves a triple neutron
capture process using radium-226 as a target isotope. It should be noted that there are a number of
organizations that are trying to dispose of their Ra-226 sources, which could be used as target material
for producing the major alpha emitters Ac-227, Th-228, and Th-229.

Yttrium-91
This isotope is a relatively long-lived beta emitter (half-life of 58.5 days). It is an excellent
candidate for cancer treatments using radioimmunotherapy. Carrier-free Y-91 can be produced by an

(n,p) reaction using a Zr-91 enriched target. FFTF is well-suited for producing large amounts of Y-91 by
this production pathway.

241






R3 target trains, which will occur on 10 and 25 day cycles, will only require a few hours. This procedure
will be done during non-peak staffing periods, and will thus have a minor impact on overall operations at
FFTF.
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3.0 Radioc :mical Processing

3.1 General Requirements

Processing of FFTF irradiated targets to recover medical grade medical isotopes produced under
current Good Manufacturing Practices (cGMP) can be broken down into distinct steps: receipt of
irradiated targets into a chemical separations facility (325 Building), chemical processing of the targets
(using hot cells, shielded glove boxes and appropriate open faced hoods), waste handling, analysis of the
products, recycle of some of the target materials, and shipment of the isotope products to customers
(Figure 3-1). Facility requirements for cGMP will be discussed in Section 4 of this document.

Each of the 30 medical isotope products evaluated for production at FFTF is unique (see Table 3-1).
Eighteen (18) of the targets produce an isotope of the same element and will not be separated, i.e.,
Cd-109 produced from a Cd-108 target. Twelve (12) target materials will produce different elements,
i.e., Cu-67 produced from a Zn-67 target; and will require chemical separation, both for separation of the
target material and unwanted impurities.

3.1.1 Same Target/Products Requiring No Separation

Thirteen (13) of the same target element/products do not require extensive chemical separation
(Table 3-2). However with experience, target purity and/or customer requirements may change,
requiring additional separation/purification.

A typical example of a product requiring no separation is Ho-165/Ho-166 (Figure 3-2). Medical
isotope target carriers will be unloaded from the cask into A-Cell where they will be separated and
prepared for transport from A-Cell to isotope processing stations. The target material will be removed
from the carrier and dissolved using HNO,, HCI or a combination of acids. The dissolved material will
be evaporated to near dryness to remove the acid. The resulting salt will be redissolved in dilute acid.
The product solution will be analyzed for chemical and radionuclide purity, and aliquots of the analyzed
product will be placed in appropriate containers and shipped to customers. Analytical techniques
available at the 325 Building where the radiochemical processing will be performed include:

1) inductively coupled plasma/atomic emission spectroscopy (ICP-AES), 2) gamma energy analysis
(GEA), 3) alpha energy analysis (AEA), and 4) counting equipment.

All liquid waste will be neutralized and captured on a solid absorbent as solid waste. Solid waste for
each product will range from 1 to 5 ft*/yr/product (excluding cladding hardware).
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Figure 3-2. Processing of target material where the isotope product (Ho-166) is
chemically identical to the target isotope (Ho-165).

3.3 Processing Target Materials Contai ng New Elements

Twelve (12) target materials will produce different product elements and will each require unique
chemical separations as shown in T. e 3-1. The steps will include: separation/purification of the
product isotope, retrieval of the original target material for possible reutilization, and disposal of the
residual wastes. Four examples of | cess separation will be discussed to show the diversity of the
separation methods. These examples are described below.

3.3.1 Ac-227 and Th-228/229 from Ra-226

Radium-226 is the only target that is radioactive before being irradiated in FFTF and is used to
produce two products: Ac-227 and Th-228/Th-229. Room 30A in the 325 Building will be used to
process the radium targets. The roc  will contain a high-level radiochemical cell, a leaded glove box,
and an open face hood, all connected to a radon capture facility. The radon capture facility (temperature
controlled charcoal filter) is required to prevent release of radon gas from the 325 Building while storing
the original target material and processing the irradiated targets.
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Figure 3-4. Electrochemical separation of Cu-67 product from Zn-67 target material.

1-2 minutes. This solution will be evaporated to near dryness to remove the strong acid. The dried
product will then be redissolved in an appropriate acid. The solution will be analyzed for chemical and
radionuclide purity, and aliquots of the final product placed in containers and shipped to customers.

The Zn*? contained in the spent electrochemical solution can be retrieved, converted back to zinc
oxide, and returned to FFTF for re-irradiation. If other unwanted metal ions are found in this solution,
the Zn*? will be purified by ion exchange prior to oxalate precipitation and calcination to the oxide.

All liquid wastes will be neutralized and captured on a solid absorbent as solid waste. Solid waste is
estimated at 10 ft*/yr (excluding cladding hardware).

3.3.3 Gd-153 from Eu and Sm

The capsule containing the irradiated Eu,0; target pellets will be transferred to “C” cell in the
325A Building’s radiochemical hot cells for dissolution and europium removal, followed by ion
exchange band displacement in a heavily shielded glove box in Room 603 at the 325A Building. The
pellets are removed by cutting open the capsule containing the irradiated europium oxide. The Eu,0;
pellets are dissolved with acid, greater than 99.9% of the Eu isotopes are removed by sulfate precipi-
tation of Eu(II), and ion exchange band displacement is used to separate 0.1% of the remaining Eu, along
with the Sm and Gd, into fractional purified bands (Figure 3-5). The final Gd-153 product will be
precipitated, dried, and heated to a high temper re to form Gd,0;.

Detailed steps in processing the Gd-153 include removal of the oxide pellets from the metal capsule
for dissolution in acetic acid. With argon sparging to prevent air oxidation, the solution will be contacted
with amalgamated zinc (Jones reductor) to reduce the Eu(III) to Eu(Il). A sulfate salt will be added to
precipitate the Eu(Il), separating it from Sm(III) and Gd(III).
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igure 3-5. Procedure for separation of Gd-153 product from europium target isotopes.

The resulting filtrate solution contains Gd, Sm and <0.1% of the Eu. This solution will be
transferred to a shielded glove box to separate/purify the Gd-153 using band-displacement cation
exchange chromatography. Ammonium-buffered chelating agents such as nitrilotriacetic acid (NTA) or
diethylenetriamine-pentaacetic acid (DTPA) are used to fractionate Gd/Sm/Eu using a zinc-loaded cation
exchange column.
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Detailed procedures for producing I-125 at FFTF are only at the conceptual stage. Once the system
is ready, the Xe-124 gas bottle valve will be opened. The rate of flow will be controlled by the flow
restrictors located downstream and upstream of the MOTA canister. Once the Xe-124 bottle is empty,
Kr gas will be valved in and used to push the Xe-124 first through the gas line and next through the
MOTA canister. Once the gas has been pushed through the downstream MOTA flow restrictor, the gas
flows through the Iodine Trap to the Cryotrap which will be maintained at a low temperature and result
in a low pressure (<107 torr). The Xe-124, transmuted Xe-125 and some Kr “pusher” gas will be
absorbed on the Cryotrap cold surface. The Cryotrap inlet valve is then closed and the Kr in the gas lines
will be evacuated to the Kr Cryopun

After about 2 days with the Xe-125 (17 hrs t 2) decaying to 1-125 (60 d t %), the Cryotrap
downstream valve will be opened and the Cryotrap warmed to first distill off the Xe-124 to the Xe
Cryopump, and then any Kr to the Kr Cryopump. The product I-125 remaining in the Cryotrap will then
be chemically reacted (caustic) and the product analyzed, processed, packaged and shipped.

No liquid wastes are :pected. Any liquid wastes will be neutralized and captured on a solid

absorbent as solid v te. Solidv e is estimated at 10 ft*/yr of silver-loaded zeolite (excluding
hardware remaining as solid waste at the termination of the project, 10-100 ft*).
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4.0 Fac) ties and Equipment for Isotope Production and Processing

This section describes facilities and equipment required to produce medical isotopes at FFTF. Scope
includes receipt of target materials, fabrication of isotope targets, handling of isotope target/carriers and
processing to recover isotope products.

Facilities, equipment and procedures will be designed to meet current Good Manufacturing Practices
(cGMP) for production of pharmaceutical-grade radioisotopes for clinical use as required in 21 CFR 210
and 211. This will require establishment of quality control procedures and methods to assure
traceability, product quality and purity from receipt of raw materials to shipment of final products.
Facilities and equipment will be designed and selected to provide microbiological control of air,
components containers, utensils and dilutions. Processing equipment will provide Class 100 chambers
inside of processing enclosures as required. Quality Control procedures will be established for product
sampling and testing to verify that all products meet sterility, pyrogen, chemical, and radionuclide
require ents, as well as release specifications and labeling. Procedures will include meeting appropriate
record documentation requirements to assure compliance with cGMP.

The following sections describe Target Fabrication and Isotope Processing facilities and
equipment that will be established to produce medical isotopes. Cold targets will be fabricated in the
- 306E Building. Radioactive and recycled targets will be fabricated in 325 Building. Isotope processing
will be performed in the 325 Building.

4.1 Target Fabrication

Both radioactive (hot) and non-radioactive (cold) target material will be used for the selected list of
radioisotopes to be produced at FFTF. In addition, capability will be needed to recycle some of the
target material due to its high procurement cost. Cold targets will be fabricated at the 306E Building and
hot and recycled targets will be fabricated at the 325 Building. The following sections describe locations
and infrastructure requirements for target fabrication.

4.1.1 Cold Target Fabrication - 306E

Cold (non-radioactive) targets will be fabricated in the 306E Building. This building has been used
to fabricate a variety of reactor components, fuel assemblies and radioisotope target assemblies in prior
years. Some of the fabrication equipment and Non Destructive Examination (NDE) equipment still exist
in this facility. Adequate space and secured storage is available. Figure 4-1 shows the planned
utilization of 306E for fabrication of cold isotope targets and gas tag capsules for this project.

Target materials will be fabricated into Long-Term Irradiation Vehicles (LIVs) and Short-Term

Irradiation Carrier Trains (see Section 2.3 for additional information). It is assumed that the LIV targets
will be fabricated as pencils for installation in standard 8 ft. long pins. Pencils will contain the target

4.1







part of receipt inspection, target metallic pencils, pins and carriers will undergo Ultrasonic Test (UT)
examinations in Room 163. New UT examination equipment will be purchased for this inspection. Prior
to use, all metallic parts will be cleaned in the SST Cleaning Room (Rm. 174).

4.1.1.2 Target Material Receipt
Target material received at the 306E Building will be moved to Room 162 for receipt inspection and
quality control invi  ory. Due to the value of target materials, they will be kept in locked storage in

Room 169 until they are ready to be used for target fabrication.

4.1.1.3 Target Material Forms

Target material will be received in the following forms: n ox : carbonate and gas. ! nples
will be d for analysis prior to fabrication o} A nventory |sample analysis, me ,
oxide and carbonate target materials will be stored in Room 169 until needed for target fa :at 1. Gas

target materials will either be loaded into capsules or sent to FFTF for use in the in-reactor gas loop.
4.1.1.4 Target Material Processing

Metal arget Material: It is assumed that metal target material will require no processing. Metal
target aterial will be procured in a form that can be installed directly into target capsules or pencils.

Oxide and Carbonate Target . iterial: It is assumed that all but two of the oxide/carbonate target
materials w  be purchased in a form that can be loaded directly into capsules or pencils without
additional processing or conditioning. The following two target materials will be pelletized: Cd-108
(target for Cd-109 production) and natural Eu-151/153 (target for Gd-153 production). Two pellet
fabrication lines will be set up in the south bay area of the 306E Building. The following equipment will
be required for each pellet fabrication line:

A. Pell Fabrication Line Equipment:
1. Receipt Glovebox - 4 ft, unshielded
This enclosure will be used for target material sampling, weighing and packaging in containers
for transport to other target fabrication stations. The following summarizes equipment and
process steps performed in this glovebox:
a. Sampling equipment

b. Weighing |uipment
c. Package target material for transport to next step
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2. Powder Conditioning Glovebox - 6 ft, unshielded

This enclosure will be used to blend, bind and sieve target material for pelletizing. The
following summarizes equipment and process steps performed in this glovebox:

a. V-Blender

b. Granulating Sieve

c. Add binder

d. Package target material for transport to next step

3. Pelletizing Glovebox - 6 ft, unshielded

This enclosure will be used to pelletize and sinter the target material. The following summarizes
equipment and process steps performed in this glovebox:

a. Pelletizer
b. CentaurI' 1ace for sinteri -
c. Package pellets for transport to nexts

4. Grinding Glovebox - 6 ft, unshielded

This enclosure will be used for final grinding « pellets. The following summarizes equipment
and process steps performec 1 this glovebox:

a. Centerless grinder
Grind pellets to final dimensions for installation in target carriers
c. Package pellets for transport to final assembly enclosures
4.1.1.5 Target Assembly Fabrication
As stated above, targets will be assembled in pencils for the LIV assemblies and in capsule/carriers
for use in the Rapid Radioisotope Retrieval system. Enclosures and equipn 1t required for each type of
tar; assembly are as follows:
A. LIV Pencil/Pin Target Assembly
1. Pencil Loading Glovebox - 4 ft, unshields
This enclosure will be used to load pellets from the pellet fabrication lines, metal target material

or oxit carbonate target mz ial into pencils. The following summarizes equipment and
process steps performed in this glovebox:
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a. Target material loaded into pencils
b. Pencils capped with temporary plug/cap
c. Pencils cleaned and prepared for move to LIV Pin Assembly and Closure Glovebox

2. LIV Pin Assembly and Closure Glovebox - 15 ft Glovebox, unshielded, He Atm

is enclosure will be used to perform final weld closures on pencils, install pencils in pins and
perform final weld closures on pins. It is assumed that this common glovebox can be used for
final assembly and closure of all LIV targets. This glovebox is existing and must be relocated
from its current location in the 308 Building to the 306E Building. The following summarizes
equipment and process steps performed in this glovebox:

Pencil closure welding station, Gas Tungsten Arc Welding (GTAW) and power supply
LIV pins assembled (] cils, spacers, springs, etc.)

LIV pin closure welding station, GTAW and power supply

Pins cleaned prior to removal from glovebox

o o

B. Capsule/Carrier Target Assembly

1.

Capsule Fabrication Glovebox - 4 ft, unshielded

This enclosure will be used to load metal target material, oxide/carbonate target material and gas
target material into capsules and sea e capsules. It is assumed this common glovebox can be
used to fill capsules for all types target materials. This will be accomplished either by thorough
clean-up between target fabrication campaigns or by replacement of fixtures and fi ng
equipment used inside the glovebox. The following summarizes equipment and process steps
performed in this glovebox:

Target material loaded into capsules

Capsules evacuated, backfilled with He and sealed

Capsule loaded into carriers

Carriers capped with temporary plug/cap

Carriers cleaned and prepared for move to Capsule/Carrier Assembly and Closure Glovebox

o a0 op

Capsule/Carrier Assembly and Closure Glovebox - 4 ft, unshielded, He Atm

This enclosure will be used to perform final closures on Capsule/Carriers. It is assumed that this
common glovebox can be used for final assembly and closure of all Capsule/Carrier targets.
This glovebox is existing and must be relocated from its current location in the 308 Building to
the 306E Building. The following summarizes equipment and process steps performed in this
glovebox:
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a. Capsule/Carriers with mechanical seals will be closed
Capsule/Carrier welding closure station, GTAW 1 power supply
c. Carriers cleaned prior to removal from glovebox

4.1.1.6 NDE and eak Test Area and Equipme

Following completion of welding closures, pencils, pins and carriers will undergo Radiographic
Testing (RT) and leak testing. The following new equipment will be purchased and added to the
compliment of existing NDE equipment in the 306E Building:

A. New in-motion RT System
B. Portable He Leak Detectors (2 ea)

4.1.1.7 Target Storage

Completed targets will be stored in Room 169 until shipment to FMEF. This room is a secured
vault.

4.1.1.8 Target Shipping

LIV Targets will be shipped to FMEF where they will be assembled into bundles. See Section 4.1.3
for LIV target assembly at FMEF. Capsule/Carrier Trains will be assembled and shipped to FFTF r
insertion into the reactor using the Rapid Radioisotope Retrieval Syst

4.1.1.9 General Equipment
In addition to the above, the following general equipment will be needed: Pin boxes, Carts, etc.
4.1.1.10 Gas Tag Fab Station

A gas tag fabrication station will be set up in Room 174-A. Gas tags were previously made in 306E
for use in FFTF when the reactor w  operating. Enclosures used for gas tag fabrication are existing and
must be relocated from the 308 Building to the 306E Building. The :nclosures will be refurbished and
instal |in Room 174-A. The following process equipment will be installed in the gas tag fabrication
room and enclosures:

New Laser Beam Weld System
Upgrade Electron Beam Welder
New Fixtures

New Gas g Rupture Fab Station

oow»
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A. Pellet Fabrication
1. Hot Cell, Room 30A

This enclosure will be used for fabrication of initial Ra-226 and recycled Ra-226 target pellets.
The following summarizes equipment and process steps performed in this hot cell:

Sampling Equipment

Weighing Equipment.

Muffle Furnace

Binder/Blend/Sieve

Small Pellet Pr

Small Grinder ton hine pellets to final dimensions
Pellets moved to Shielded glovebox through transfer port

® Mmoo Qa0 T

B. P :il Assembly and Cleaning
1. Shielded Glovebox, Room 30A

This enclosure will be used to install pellets in pencils, provide temporary caps, and clean pencils
prior to transfer to the Hot and Recycled Target Assembly and Closure Glovebox. The following
summarizes equipment and process steps performed in this glovebox:

a. Equipment to install pellets into pencils and install temporary caps
. Pencil cleaning equipment
c. Pencils loaded out to shielded pigs for transfer to the Hot and Recycled Target Assembly
and Closure Glovebox located in Rooms 31/31A.

4.1.2.5 Recycled Target Material Processing

It is assumed that all processing required for recycled targets will be performed in the isotope
processing enclosures. Following processing, the recycle target material will be loaded into either
capsules or pencils. Capsules will be evacuated, backfilled with He and sealed in the isotope processing
enclosures, loaded into carriers and provided with temporary caps. Pencils will be filled and provided »
with temporary caps. Capsule/carriers and pencils will be cleaned and loaded out into shielded
containers and moved to the Hot and Recycled Target Assembly and Closure Glovebox located in
Rooms 31/31A.
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4.1.2.6 Hot and Recycled Target Assembly Fabrication, Rooms 31/31A
A. LIV Pencil/Pin and Capsule/Carrier Target Assembly
1. Hot and Recycled Target Assembly and Closure Glovebox - 12 ft, shielded, He Atmosphere

It is assumed that one shielded final assembly and closure glovebox can be used to perform final
closures for hot and recycled capsule/carriers, pencils and pins. This enclosure will be installed

in Rooms 31/31A in the basement of 325 Building. Complete renovation of these rooms will be
required. The following summarizes equipment and process steps performed in this glovebox:

Capsule/Carriers with mechanical seals will be closed

Capsule/Carrier welding closure station, GTAW and power supply
Pencil closure welding  tion, GTAW and power supply

LIV pins assembled (pencils, spacers, springs, etc.)

LIV pin closure welding station - assume same station as used for pencils
Capsule/carriers ass  "led into carrier tr. °

Carrier trains and LIV pins cleaned prior to transfer to NDE glovebox

@ o a0 oW

4.1.2.7 NDE and Leak Test Enclosure and Equipment

It is assumed that hot and recycled targets that are to be re-inserted in the reactor for irradiation will
require the same level of Quality Control as cold targets fabricated in 306E. Therefore, the following
equipment will be required in Rooms 31/31A for final ex  nation and acceptance of hot and recycled
targets:

A. ot and Recycled Target NDE Glovebox - 12 ft, shielded

A separate shielded glovebox will be installed in-line with the Hot and Recycled Target Assembly
and Closure Glovebox. Separate transfer ports will be provided to allow fabricated components to be
moved from the Closure Glovebox to the NDE Glovebox for either leak testing or RT examination.
The following summarizes equipment and process steps performed in this glovebox:

1. Vacuum chamber for leak testing
2. Radiography System

3. He Leak Detectors

4,

Following NDE, pins and carrier trains are loaded into shielded shipping containers.
4.1.2.8 Hot and Recycled Target Storage

It is assumed completed Ra-226 and recycled targets will be stored in 325, Room 40C.
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4.1.2.9 Hot and Recycled Target Sh ping

Hot and recycled LIV pins will be shipped in shielded casks to FMEF or to the FFTF IEM Cell
where they will be inserted into a duct, nozzle and handling socket assembly. Hot and recycled
capsule/carrier trains will be loaded into a shielded isotope insertion/retrieval device that will be used to
transport capsule/carrier trains. This device will be designe to interface with the Rapid Radioisotope
Retrieval system.

4.1.3 arget Assemblyin MEF

Final assembly of the LIV targets will take place in the FMEF. The FMEF is an existing structure
adjacent to the FFTF which was specifically designed and constructed for reactor fuel element
construction and post-irradiation processing of spent driver fuel elements and test experiments. There
are six: 1 levels from 35 feet below 1de to 70 feet above grade. Much of the FMEF houses hot cells
intended for post-irradiation fuel and material examination work, but was never used based on
programmatic considerations. The FMEF provides space for fuel fabrication and storage activities;
tritiv  target and test pin fabrication and assembly; LIV target assembly; mechanical equipment for
heating ventilation and air conditioning; a battery and switchgear room; and a fully enclosed shipping
and receiving area. Both FFTF fuel fabrication and tritium target fabrication will occur in the FMEF.

The LIV and the tritium targets will have very similar requirements for the final assembly process of
combining the target pins into a complete | - _F core assembly. All the assembly steps and inspections
essent ly will be the same as used previously for fabricating FFTF driver fuel assemblies and test
article assemblies. Since only one to two LIV assemblies per year will be fabricated, the process stations
established for tritium target assembly will be utilized to as great an extent as possible. The specific
location for the assembly area has not yet been determined, but the FMEF has several suitable areas.

Some target pins handled will be radioactively hot, due either to the Radium-226 target material, or
from radioactive recycled target materials. Shielded gloveboxes will be provided for assembly of hot
LIV bundles.

4.1.3.1 LIV Pin Receipt

Target pins will be received in the FMEF truck and rail car handling area. The pins will be moved to
the target assembly area and placed on pin storage racks. Hot pins will be stored on separate racks in an
appropriately shielded area.

4.1.3.2 Wire Wrap
Cold target pins will be transported by a pin cart to the wire wrap station, where a small diameter

wire is spirally wound around the target pin and secured to each end cap with a weld. The wire wrap
machine for tritium target pins will be used for cold medical isotope target pins.
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A 12 ft shielded glovebox will be provided for wire wrapping hot pins. The following equipment
will be provided in the Hot Target Wire Wrap Glovebox:

Wire-wrap machine

GTAW welding equipment and power supplies
Miscellaneous fixtures

Shielded transfer port to mate up to Final Assembly Glovebox

Caow>

4.1.3.3 Pin Wire Wrap Inspection

Prior to wire wrapping, the pins will be inspected for straightness. After wire wrapping is
completed, pins will be visually inspected to assure wire-wrap welds are acceptable and gaps between
the wire-wrap and the clad tube are within specifications. These inspections will be performed on a
granite table for cold pins and inside the shielded Wire Wrap Glovebox for hot pins. Special fixtures
will be provided inside the shielded Wire Wrap Glovebox to permif * pection of hot pins for
straightness prior to wire-wrapping.

Following wire wrapping, cold target pins will be transported to the tritium and medical isotope
target final assembly area. Hot target pins will be moved to the shielded Hot LIV Final Assembly
Glovebox through the shielded transfer port connected to the Wire Wrap Glovebox.

4.1.3.4 Final Assembly

Final assembly is a multi-step process where target pins are ‘strip layered’ (assembled onto pin rails
to establish their proper geometric configuration), bundled and installed into the assembly duct. The
duct is then welded to the shield inlet assembly. Final inspections complete the process. Individual steps
of the process are summarized as follows:

Receipt Inspection

Weld duct to handling socket

Weld Inspection

Assemble pins into strip layers
Bundle pin assembly

Install assembly duct onto pin bundle
Weld duct to the shielded inlet nozzle
Inspect weld

Final 1spection/Release

FIOmMmYuOw >

Assembly of cold LIV targets wi utilize the same equipment being used for tritium target assembly.

4.12



A 15 ft shielded glovebox will be provided for final assembly of hot target pin bundles. The
following equipment will be provided in the shielded Hot LIV Final Assembly Glovebox:

Pin assembly fixtures

Welding System, GTAW and power supply

Transfer ports to insert shroud and end connections.

RT examination equipment

Following fabrication and inspection, bundles will be transferred into shielded casks and moved to
storage.

mo 0wy

4.1.3.5 Storage and Shipping

Completed targets will be stored in the FMEF until shipment to the FFTF for insertion into the
reactor.

4.2 Isotope Processing

Irradiated medical isotope targets will be transported from FFTF to the 325 Building for processing,
packaging, and shipment of the product isotopes to one of three designated medical isotope distribution
centers. Existing Hot Cells in 325A and 325B will be used and a group of ten laboratories in the
500 Corridor of 325 Building will be remodeled for isotope processing. Facility modifications will also
be made in the basement of 325 Building to accommodate radioactive target fabrication and processing
of isotopes obtained by irradiation of Ra-226. The following sections describe receipt of irradiated
targets, isotope processing, radioactive target fabrication, and final product quality control and
distribution facilities. Figure 4-3 shows the areas of the first floor of the 325 Building and 325A and
325B annexes that will be utilized for medical isotope processing and Figure 4-4 shows the areas of the
325 basement that will be used.

4.2.1 Irradiated Target Receipt

Following irradiation in the reactor, isotope targets/carriers will be transported to the 325 Building
for processing in approved shielded devices or casks. Devices or casks will be off-loaded in the
325A Truck Lock. An existing crane will be used to move the devices or casks into the cask handling
area where they will be mated to A-Cell for removal of targets/carriers. Medical isotope targets/carriers
will be unloaded from the cask into A-Cell where they will be separated and prepared for transport from
A-Cell to isotope processing stations.
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Room 30A. This project is relocating and installing the existing hot cell, existing radon storage
casks and existing gloveboxes, and providing all isotope processing equipment. Equipment will also
be installed in the Room 30A hot cell to make radioactive Ra-226 target material pellets. See the
Target Fabrication section for additional description of ilities to fabricate radioactive and recycled
targets.

325 Basement, Rooms 31/31A: These rooms will be remodeled for fabrication of radioactive and
recycled targets. See the Target Fabrication section for additional description of facilities to
fabricate radioactive and recycled targets.

325, Room 524: Room 524 will be remodeled to become the Reagent Prep Laboratory. All “cold”
aqueous solutions required for isotope processing will be prepared in this lab under controlled and
sterile conditions. Equipment will include fume hoods, biohazard laminar flow hoods, autoclaves
a; depyr  nation ovens.

325 Building Office ] ds: Existing change rooms will be modified to provide additional office
space for operating staff. The location for these modifications is shown in Figure 4-3 in the south
end of the building on the first floor. Other office space is available on the second floor of the
325 Building.

4.2.3 tope Packaging and Sh | g

ior to release for shipment to customers, all isotope products will undergo rigorous analytical and

quality control examination. Quality control implementation will begin with target material receipt and
continue through target fabrication and isotope ocessing. Final quality control measures will verify
product radionuclide and chemical purity and assure the product is sterile and pyrogen free. '

» 325, Room 419: Room 419 will be remodeled to become the Final Product Testing Laboratory.

Final isotope products will flow through this laboratory for sterility and pyrogen testing and for final
quality control inspection prior to shipment to customers. Equipment in this laboratory will include
fume hoods, biohazard laminar flow hoods, incubators, pyrogen test kits, particle counters and
microbial testing materials.

The following additional existing equipment and facilities will also be utilized for quality control:

325, Room 324: Existing chemical and radionuclide analytical equipment located in this room will
be used to characterize isotope products and assure product quality control.

325 Room 201: An existing glovebox and existing analytical equipment will be used in this room
to characterize isotope products and assure product quality control.
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0 C _erations ¢ pport

5.1 Staf 1g Requ ements

An increase in the number of personnel will be required to support a medical isotope production
mission. Each step of the process, medical isotope target fabrication, target insertion and retrieval in the
FFTF, and target processing, along with program administration and marketing functions, will require
qualified, trained and motivated staff members to ensure success. Estimates are provided below of the
numbers of personnel required for these functions, and how their duties might intérrelate with other job
functions in support of a tritium production mission.

5.1.1 Ta tFabrication and Assembly
5.1.1.1 Long-Term Irra ation Vi cle

Two designs of target insertion and retrieval systems will be fabricated for medical isotope
production: the Long-T¢  Irradiation Vehicle (LIV) system and the Rapid Radioisotope Retrieval (R3)
system. The LIV design is similar to that of the tritium production target in that it is a 12-foot long
assembly, consisting of target pins placed inside a stainless steel duct assembly. It is anticipated that
fabrication of the LIV will take place at the FMEF, since that is where the tritium targets and fuel will be
fabricated. Some assembly equipment can be used for fabrication of both the tritium targets and the
medical isotope targets. Likewise, itis icipated that the staff available for tritium target fabrication
will also be used for LIV fabrication since only two to three LIV assemblies per year need to be built.
This additional work scope will require that two full-time-equivalent (FTE) employees are added to the
FMEF staff.

5.1.1.2 Rapid Radioisotope Retrieval (R3) Assembly

The R3 targets will be fabricated either in the 306E Building or the 325 Building. It is anticipated
that two reactor core assembly positions will be outfitted with the R3 system, and that one R3 target will
operate on a 10-day irradiation cycle, with the other target on a 25-day irradiation cycle. This will
require a fabrication rate of about thirty-five R3 target vehicles per year. Each target vehicle will consist
of 30 to« capsules linked together to form a string about four feet long.

Al R3 targets « ing their initial irradiation cycle will use stable isotope materials, simplifying their .
handling requirements. However, the high cost of the stable isotope m: ials will necessitate that the
target material that does not get transmutated into the product isotope during irradiation, be separated
during chemical processing and recycled back into target material. This involves handling the target
materials in a manner appropriate to radioactive materials.
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5.1.3 T: xet Processing
5.1.3.1 LIV Processing

The LIV target pins will be received at the 325 Building loaded in a pin container inside a shipping
cask. ~ ¢ shipping cask will be removed by overhead crane from the tractor-trailer transport vehicle,
and mated up to the back of a hot cell. The target pins will be removed from the cask and pin container
by use of a remote manipulator. The target materials will then be removed fr  the cladding. It has not
yet been determined what means will be necessary to separate the target material from the cladding. In
experience with Gadolinium-153, Cobalt-60 and various other isotopes produced in FFTF assemblies,
the target pins readily dropped out of the cladding when they were opened. This may not always be the
case due to the differing physical properties of the various isotopes expected to be produced. Regardless,
the task wi  : performed by either mechanical or chemical means in a single hot cell involving the use
ofar >t nipu” or. Since processi - time is not critical for these long-lived product isotopes, it is
expected that each target pin ( approximately 19 target pins per LIV assembly) will be individually
disassembl¢ and the product isotope removed and placed in a shielded container for transfer to the
lo ic of the next processing step. The 325 Building ¢ :ntly has personnel who perform duties
similar to these. For ear LIV assembly processed, a staff of four people for about two hours will be
required to off-load the cask and mate it to the hot cell. A staff of three people for five shifts will be
required to open the transfer cask and portion the product isotopes into containers.

The containers of product isotopes will then be transferred within the 325 Building to the appropriate
processing station. Each product isotope will have a separate processing station to preclude cross-
contamination. The station will be either a hot cell with manipulator, shielded glove box or a fume hood
depending upon the radiation level of the batch of isotope to be processed. Chemical processing will
require two to three shifts per batch of isotope being processed, depending upon the complexity of the
process. Isotopes processed by ion-exchange procedures require a staff of five for four shifts, while
other isotopes require a staff of five for three shifts.

Preliminary estimates based on market analysis show that the LIV target can economically produce
10 different isotopes. These isotopes are used as a baseline to estimate staffing requirements, and are
outlined in Table 5-1. It is also anticipated that small quantities of ‘exotic’ isotopes with a small market
demand will be produced to support medical and scientific research. While each isotope is not
specifically analyzed, it is assumed that twenty processing campaigns per year of the ‘exotic’ isotopes
will be derived from LIV targets.

5.1.3.2 R3 Processii

The R3 targets will be received in the 325 Building in a manner similar to the LIV receipt. The
shipping cask will be removed by overhead crane from the tractor-trailer transport vehicle, and mated to
the back of a hot cell.  1e target capsule string will be removed from the cask by use of a remote
manip ator. Using a manipulator, the target capsules will then be opened and each product isotope will
be transferred into a separate container for transfer to the location of the next processing step.
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6. Costa 1S edule

6.1 Fac esan Equipment Costs

Detailed cost estimates of procurement and construction items required to initiate FFTF medical
isotope roduction are summarized in 11 tables contained in the Appendix. The following is a high-level
summary of the costs associated with laboratory facilities and equipment, descriptions of which are given
in Sections 2.3 and 4 of this report:

¢ Procurement $15,293,800
¢ Construction 7,449,300
e Er " ieerir - Design and Inspection 5,200,100
e T: Management 2,883,700
e Construction Management 893,900
e Permits 135,000
+ Reactor Hardware and Fabrication 19,012,300
» Operational Readiness Review 337,500

The total cost estimated in 1996 dollars is therefore $51,205,600. A 35% contingency has been
included in this cost estimate.

Prior to initiation of medical isot: : production at FFTF, target materials for the isotopes that will be
produced at the onset of operations must be purchased for the fabrication and functior  testing of targets
and radiation vehicles. Initial costs to purchase these materials are difficult to estimate because the price
of many of the materials that will be used as targets varies considerably with the isotopic purity and the
quantity that is purchased. Assuming a market penetration of at least 20% for the isotopes that are
expected to be produced at the onset of FFTF operations, the initial procurement costs for target
materials are expected to be in the range of $5 to $15 million (1996 dollars). Subsequent annual
procurement costs for FFTF target materials (described in Section 6.2) are expected to be lower because
many of the target materials will be retrieved ¢ ing radiochemical processing of the radiation products
and reutilized as targets for subsequent irradiations. '

6.2 ro ction and Operating Costs

Annual production and operating costs are estimated using the amounts determined for Operations
and Support from Chapter 5, together with costs estimated for target isotope materials and target
assembly hardware, as detailed below.
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+ The construction and testing of equipment, including the two R3 systems, and the upgrades of
laboratory facilities, will be carried out in FY 2000 and FY 2001 (work is scheduled to begin in the
second quarter of FY 2000 with completion by the end of the first quarter of FY 2002).

« Fabrication of isotope targets and verification of operational readiness for medical isotope
production will occur during the second and third quarters of FY 2002.
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7.0 1 : | t_orecast

There have been various market studies performed over the last decade. In general, the medical
isotope market has not experienced a rapid growth due primarily to the fact that key isotopes needed for
research, « nical trials, and eventual widespread medical applications are simply not available to the
medical community. This problem extends to several extremely promising therapeutic isotopes for the
treatment of cancer and other diseases. Without the FFTF, the capital investment associated with
obtaining these isotopes is cost-prohibitive. In effect, there is a potential for a very large market for
these isotopes, but since their availability is questionable and the initial capital investment is high, the
market >tential is not being realized. Development of the market for medical isotopes depends upon
their availability in smaller quantities to perform necessary clinical trials. Only when these trials are
completed, and the isotope is approved by the FDA for routine clinical use, can the market grow.

7.1 ec._:Stu s

Table 7-1 provides a brief comparison of recent studies on medical isotope needs that were
conducted by various groups. All of the studies predict growth of this industry in the upcoming years.
There is some variation in the predicted growth rates, which is the result of different modeling
assumptions, but there is clearly a consensus for growth. As more and more radiopharmaceuticals clear
through pre-clinical and human trials and eventually obtain FDA approval, growth rate predictions will
become better defined. The availability of the FFTF is essential for providing as many isotopes as
possible during these early clinical trials.

Frost and Sullivan has just completed the most detailed medical isotopes market study performed to
date. They have unmatched experience in performing analysis of health care markets and have
completed numerous studies related to radiopharmaceuticals during the last few years. Considering the
vast experience, their unique ability to draw on secondary resources, and the timeliness of their recent
study, the Frost and Sullivan data should be the most accurate representation available.

Frost and Sullivan estimate that the sales of diagnostic radiopharmaceutical agents is expected to
grow from $530 million in 1996 to about $17 billion in 2020. For therapeutic agents, which has a much
smaller share of the pharmaceutical market, the growth in demand was projected to grow at an even
faster pace. For therapeutic radiopharmaceuticals, sales revenues are expected to grow from $48 million
in 1996 to about $6 billion in 2020. Frost and Sullivan’s assumptions on the therapeutic market growth
are extremely conservative and assume that even in the year 2020, less than 0.5% of available patients in
the U.S. will receive therapeutic radiopharmaceuticals.
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7.2 F TFIl_a1 :t Potenti:

Challenges in estimating the exact size of the market potential for FFTF medical isotopes are
complex. There are over 40 major medical isotopes that can be produced in the FFTF. Possible
emergence of new therapeutic isotopes depends on their availability for clinical trials and their
availability in commercial quantities at the successful completion of these trials. Thus, it is vital to have
a facility that can produce a wide variety of isotopes, as well as a large quantity of them.

Frost and Sullivan estimated therapeutic market demand based on derived patient populations for
19 disease indications. When these disease indications and patient populations are matched with
possible isotopes for treatment along with their associated therapeutic doses, the demand forecast for
. hisotope can be estimated. A summary of these data, along with the annual isotope delivery capacity
for three in-core positions in the FFTF, is shown in Table 7-2.

Total costs and revenues for 20 isotopes are given in Table 7-3. This table provides summary
calculations based on capturing 20%, 50%, and 100% of the U.S. market (2002) for these isotopes. It is
assumed that operations costs will remain the same regardless of the production levels for these
20 isotopes, which is an assumption that requires further evaluation. Because of this assumption, the
annual net earnings shown in Table 7-3 should be regarded as conservative estimates.

The FFTF has certain production advantages (Section 2.1.4) that will help to leverage it into the
market mainstream. Considering these advantages, an initial market share of 20% of the 20 isotopes
listed in Table 7-2 is certainly achievable. The demand forecasts for any one particular isotope are
difficult to calculate, but there is a high confidence in the overall market profile portrayed by the
summary data.

The above data are based solely on using the FFTF to make medical isotopes which, with the
exception of Gd-153 and some percentage of I-125, are therapeutic isotopes. The analysis does not take
into account possible earnings generated by diagnostic, research, or commercial isotopes. Part of the
strategic recommendations in the recent Frost and Sullivan report were that the FFTF should not focus
solely on medical isotope production, but should also consider producing radioisotopes for other
applications. Frost and Sullivan indicated that there is significant potential for the FFTF to enter the
market as a supplier of non-medical radioisotopes. The intent of this specific report, however, has been
to look at the technical and economic feasibility of roducing medical isotopes at FFTF. Production of
non-medical radioisotopes would clearly improve the overall earning potential, but further studies are
required to evaluate the feasibility of producing these isotopes at FFTF.

Several anti-nuclear groups have argued that the FFTF is not needed for medical isotope production.
In general, it can be said that there is currently not a strong need for medical isotope production at FFTF.
However, there are clear instances in which there is a current shortage of medical isotopes. Clinical
trials eating lymphoma with Cu-67 at the University of California’s Davis Medical Center had to be
stopped because of the short supply of this isotope. Prostate cancer patients across the U.S. have been
unable to get badly needed therapy using Pd-103 because it is in critically short supply. Currently, the
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8.0 Con« 1sions

The analysis of technical and economic factors associated with the production of medical isotopes at
FFTF, coupled with independent projections by Frost and Sullivan, Inc.® of the market demand for these
isotopes during the first two decades of the 21st century, strongly support the feasibility of initiating a
dual FFTF tritium/medical isotopes mission. The results of studies described in this report demonstrate
that the FFTF, because of its high neutron flux and flux-tailoring capability, can serve an essential role
over a 20-30 year period of supplying medical isotopes that are either not available, or not available in
adequate quantities, from other U.S. sources. These isotopes include many of the beta and alpha emitters
that are expected to play an increasingly important role in the treatment of cancer and other life-
threatening or debilitating diseases such as brain disorders, heart disease and arthritis.

The technical feasibility of jointly producing at least 3(  :dical isotopes in - lel wittk e prim
FF 7 tritium production mission has been confirmed. In addition, it has been established that sufficient
capacity exists within the FFTF reactor core region to begin the production of 20 of these isotopes at the
onset of operations in year 2002. Using realistic estimates of the number of patients that would be
treated in the United States during the period 2002-2020, it has been concluded that: 1) sufficient
revenue will be generated by the sales of medical isotopes to cover the annual costs of production and
processing at the onset of FFTF operations in year 2002; 2) after 10 years of operation (i.e., in year
2012), it is projected that approximately 50-60% of the cost of operating FFTF can be subsidized from
the sale of medical isotopes; 3) by year 2015 to 2020 it is anticipated that FFTF can be operated in a full-
cost recovery mode as a major source of medical isotopes for both the U.S. and foreign markets.

An important element of the feasibility of producing medical isotopes at FFTF is the previous
demonstration of this capability during the decade of prior FFTF operations during the period 1982-1992.
In addition, the facilities used at that time are still available and can be upgraded in order to
accon date an expanded medical isotopes mission over the coming 20 to 30 year period. The cost of
performing these facility upgrades and fabricating state-of-the-art FFTF irradiation vehicles, which totals
approximately $50 million, is reasonable in the context of the large annual revenues that will result from
medical isotope sales beginning in year 2002. These sales revenues are expected to grow at an annual
rate of 7 to 15% on the basis of conclusions drawn from the Frost and Sullivan medical isotopes market
study. This study also verified previous market studies in finding that FFTF is fully capable of
producing large quantities of a variety of medical isotopes that will be needed to meet the U.S.
requirements over the coming 20-30 year period.

(a) 1 TF Medical Isotopes Market Study (2001-2020), Frost and Sullivan, Inc., Mountain View,
California; Pacific Northwest National Laboratory report no. PNNL-11774, Richland, Washington
(1997).
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In summary, the FFTF and associated staff and laboratory facilities at the Hanford Site are capable of
supporting a cost-effective program of medical isotope  >duction in parallel with a primary tritium
production mission. In view of the growing U.S. demand for therapeutic quantities of a wide variety of
reactor-produced isotopes, it is critical to move forward and capitalize on this unique opportunity to
establish FFTF as a major new U.S. supply of medical radioisotopes.
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Table A-2. (contd)

| Unit et Escalation ]I et+ [Contingency
Cost Element Juantity| Price Total Y% Escalation Escal U Contingency Total
SUBTOTAL CONSTRUCTION $3,229,500 $0 $3,229,500 51,130,325 | $4,359,825
SUBTOTAL 325 BLDG, 500 CORRIDOR $10,903,200 $0 $10,903,200 $3,816,120 | $14,719,32(
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T le A-7. (contd)

| Direct scalation irect+ Contingency
Cost ] nt Quantity | Unit Price Total % Escalation Escal % Contingency| T
Construction Waste Disposal 1 $20,000 $20,000 0% $(C $20,000 35% $7,000 | $27,000
RCT Support 1 $10,000 $10,000 0% $0 $10,000 35% $3,500 | $13,500
SUBTOTAL CONSTRUCTION $560,000 $¢C $560,000 $196 000 | $756,000
| SUBTOTAL 306E TARGET FAB $1,763,000 $C  $1,763,000 $617,050 |$2,380,050
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Table A-8. (contd)

Unit Direct Escalation ct+ Contingency
Cost Element Quantity | Price Total % Escalation al % Contingency Total

Install & Set up NDE & Leak Test 1 $25,000 $25,000 0% $0 $25,000 35% $8,750 | $33,750

Eqpt

Set up Package/Shipping Station 1 $25,000 $25,000 0% $0 $25,000 35% $8,750 | $33,750

Misc Mods to Storage Room 40C 1 $25,000 $25,000 0% $0 $25,000 35% $8,750 | $33,750

Construction Waste Disposal 1 $20,C $20,000 0% $C { 000 35% $7,000| $27,000

RCT Support 1 $10,C $10,000 0% $C $10,00C 35% $3,500] $13,500

SUBTOTAL CONSTRUCTION $525,000 $¢C o : $183,750 | $708,750
SUBTOTAL RECYCLE TARGET $1,285,000 $C —$] 0 $449,750 | $1,734,750

FAB
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Table A-10. (contd)

Direct Escalation Direct+ Contingency
Cost Element Quantity Unit Price Total % Escalat Escal % Contingency Total

TOTAL REACTOR HARDWARE | $13,190,700 513,190,700 $4,616,745 |$17,807,445
ISOTOPE CASKS

Design 1 $333.700 $333,700 0% $333,700 35% $116,795  $450,49¢

Fabrication & Assembly 3 ! 200 $375,600 0% $375,600 35% $131,460 | $507,06(

Cask Qualification 1 $183,200 $183,200 0% $0 $183,200 35% $64 0| $247,320
SUBTOTAL ISOTOPE CASKS $892,500 $0 $892,500 $312,375 | 1,204,875

JZTAL REACT( HDW & 114,083,200 $0 |$14,083,200 $4,929,120 [$19,012,320

JTOPE CASKS

[
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Table A-11. (contd)

Direct Escalation Direct+ | Contingency
Cost ement Quantity Unit Price Total Esc ion Escal Continpencv Total
RCT Support 1 $0 $0 $0 $0 50 $0
SUBTOTAL CONSTRUCTION $170,000 $0 $170,000 $59,500 | $229,500
SUBTOTAI. RECYCLE TARGET FAB $1,285,000 $1,285 000 $449,750 |$1,734,750
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Frost & Sullivan takes no responsibility for any incorrect information supplied to
us by manufacturers or users. Quantitative market information is based primarily
on interviews and therefore is subject to fluctuation.

Frost & Sullivanreports are limited publications containing valuable and
confidential market information.

© Copyright 1997 Frost & Sullivan
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CHAPTER 1: EXECUTIVE Supuaanv

The quantitative and qualitative analysis was conducted

in accordance with a research methodology developed by Frost &

Sullivan. Under this methodology, revenue forecasts were

determined based on the following factors:

2

2

2

Patient populations in targeted disease indications.

Acceptance and adoption of nuclear medicine as an
alternative or used in combination with other
modalities by the physician community.

Treatment costs in 1997.

Penetration rate achieved by nuclear medicine
products in the marketplace. The estimated
penetration rates are based on the impact of successful
deployment of key marketing and product position
strategies by the manufacturers and the nuclear
medicine community.

Quantification of awareness and increased referral
base established by various programs undertaken by
manufacturers and physician groups.

Strengths and weaknesses of competing modalities.

The study is divided into six chapters. These chapters

Chapter 1: Executive Summary

Chapter 2: Assessment of the U.S. Diagnostic
Radiopharmaceuticals Market (2001-2020)

Chapter 3: Assessment of the U.S. Therapeutic
Radiopharmaceuticals Market (2001-2020)

Chapter 4: Prof :s of Leading Market Participants
Chapter 5: FFTF Opportunity Analysis

Chapter 6: Strategic Recommendations
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FFTF MEDICcAL ISOTOPES MARKET STUDY (2001-2n2N)

Ci rrent Market Overview

Nuclear medicine is divided into two major areas:
diagnostics and therapeutics. The diagnostic side is mature,

while the therapeutic side of nuclear medicine is in its infancy.

Over 100 diagnostic radiophar aceutical products are
available. The largest number of these radiopharmaceuticals
have applications in cardiology, followed by oncology and
neurology. A few radiopharmaceuticals have applications in

other areas, such as infection imaging and nephrology.

Nuclear — dicine is used as a therapeutic m« ility to

treat three conditions:

¢ Thyroid cancer
¢ Hyperthyroidism

¢ Bone pain palliation

Polycythaemia vera is also treated with nuclear medicine

on a small scale.

On-going research trials throughout the United States are
investigating new radiopharmaceuticals for more than 35 other
potential diseases. Many of these new drugs are expected to
enter the marketplace by 2005. Table 1-1 lists some medical

isotopes in trial research programs in the United States.

Most participants in this study believe the future of
nuclear medicine resides in the growth potential of the emerging
therapeutics market. Respondents also believe that healthy
growth in nuclear diagnostics will contribute to market

expansion.

Frost & Sullivan - Confidential for Battelle Pacific Northwest National Laboratory 1 '4







FFTF Mrniral ISOTOPES MARKET STUDY (2001-2N20)

nuclear medicine diagnostics market is MDS Nordion, located
near Ottawa, Canada. Recently, Mallinckrodt received FDA
approval to sell the Mo-99 produced at the company's reactor in
Petten, the Netherlands, in the United States. Table 1-2
exhibits a selected list of medical isotopes commonly used in

nuclear medicine diagnostics.

Table 1

Diagnostic and Therapeutic Radiopharmaceuticals Market:
Selected Isotopes Commonly Used
in Nuclear Diagnostics (U.S.),

1997
Fowpe Appucation Source
TC-99M .. Cardiology Reactor
EE O Cardiology Accelerator
........................................................... Oncology Reactor
XE-133 .ttt Respiratory Reactor
IN-111 e e Neurology Accelerator
Ga-67 ... e Oncology Accelerator
[ 72 Oncology Reactor

Source: Frost & Sullivan

Table 1-3 presents Frost & Sullivan's est” ~ 1tes of the
percentage breakdown of diagnostic radiopharmaceutical

revenues by application.

There are only four therapeutic applications for
radioisotopes. Table 1-4 exhibits the medical isotopes used in
nuclear therapeutics and also the pi :entage breakdown of

therapeutic radiopharmaceutical revenues by application.
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CHAPTER 1° EXECUTIVE SUMMARY

Table 1-6

Diagnostic and T rapeutic Radiopharm: :uticals Market:
Radiopharmaceutical Companies (U.S.),

1997

Company Product Applications
Amersham Medi-Physics........cccccevernieniiierecnicenns Diagnostics, Therapeutics
Mallincrodt Medical.........cc.cooocriieicriiieeneernen, Diagnostics, Therapeutics
DUPONt MErCK.......cvriieceiiireerrcccre e Diagnostics

Bracco Diagnostics.......ccccceveveveiriiniiiccenecene e Diagnostics, Therapeutics
CIS US . ettt are s v Diagnostics, Therapeutics
10371 (o e 1-1 o TR USRS TRUURRRRIN Diagnostics, Therapeutics
Biomira, INC.....eeevrecereierceeec s Diagnostics, Therapeutics
Medco Research .........cccocovimiecivnnrccccrenecieninennne Diagnostics

Coulter Pharmaceuticals ..........ccccouveiivviirecicrenneane Diagnostics, ..ierapeutics
(07151 (o7 o ] G SRR Diagnostics

NEORX ...ttt sane e sae s Diagnostics
NEeOProbe........ooiccirireeeeer s Diagnostics

Diatide ....cccooceeeeirceicrren et e Diagnostics
ImmuNomMediCS .......covvecmreiereeeirceee e Diagnostics

Guilford Pharmaceutical ...........cccccovveeciceiecerennens Diagnostics

Source: Frost & Sullivan

Nuclear therapy provides effective pain relief from
metastatic bone pain and treating bone arrow disease. Itis

also successfully used for treatment of thyroid-related diseases.

Frost & Sullivan expects that nuclear medicine will
expand into other therapeutic areas. Currently, over 35 clinical
tric ; throughout the United States are researching the
potential of nuclear therapeutics. These trials are investigating
the use of a large number of isotopes in treating several
diseases. Some radiopharmaceutical companies are trying to
design "smart bullets” to deliver therapeutic
radiopharmaceutical drugs to disease sites without affecting
healthy tissue.

Frost & Sullivan - Confidential for Battelle Pacific Northwest National Laboratory 1 '9












CHAPTER 1: EXECUTIVE SUMMARY

initially focus on tritium production for defense needs, while
nuclear therapeutics research develops applications for more
radiopharmaceutical products. Opinion leaders interviewed for |
the study believe that the tritium mission is scheduled to end |
just as demand for medical isotope in the country (and the

world) is expec 1 to increase.

The plan is to then shift the FFTF reactor from tritium
production to medical isotope production. Battelle Pacific
Northwest is prc ot 2 the dual mission to obtain federal
funding to restart the FFTF reactor.

The dual mission for the FFTF concerns the nuclear
medicine community. This is a concern that the FFTF mission
should address. The nuclear medicine community would like to
have a reliable source for medical isotopes. Interviewees feel
that this national isotope resource should have no involvement

in national defense activities.

Respondents interviewed by Frost & Sullivan feel that the
DOE is not truly committed to satisfying the isotope needs of the
nuclear medicine community. Participants in this study fear
that the DOE is using medical isotopes to obtain federal funds to
restart the FFTF for defense purposes and that ultimately the
DOE will sacrifice medical isotopes and prolong production of
tritium at the FFTF reactor.

The FFTF reactor will likely continue to play a role in
national defense. The reactor will also be able to satisfy future
demand for medical isotopes. The FFTF mission should
demonstrate its commitment to dedicating the FFTF reactor to
supplying medical isotopes. Such a strategy would strengthen

support from the nuclear medicine community by assuring the
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Cuaoree 1- Fyerimiyg SUMMARY

Vancouver. This is ¢ ;o true of MDS Nordion's facility in
Belgium, which has speedy access to Brussels Internation:
Airport. In comparison, the FFTF facility would have to ship
isotopes from the Tri Cities airports through the Seattle or Salt
Lake City airports. his is likely to consume time and
resources, endangering the quality of the isotopes by the time

they are delivered to customers.

If the FFTF can build a packaging and transportation
system that is reliable, timely, and customer-satisfaction
oriented, it should be able to compete int : market. . .ost &
Sullivan considers this to be a very important issue which the
FFTF mission should not overlook.

During the summer of 1997, there was increasing press
coverage of radioactive contamination at the Hanford nuclear
facility. The news me a questioned the radioactive safety
record at Hanford, a concern that the FFTF mission should not

ignore.

Frost & Sullivan believes that enviro1 « tal
contamination is an issue that should be closely looked at by the
FFTF mission. Similar radioactive contamination issues have
already caused unscheduled shutdowns at both Brookhaven and
Los Alamos National Laboratories. The FFTF mission should
explain to the local community, as well as to regional critics,
that the reactor itself does not constitute a threat to the local

environment or to the Columbia River basin.
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CHAPTER 2: U.S. DiAGI 1 DICOUARMACEUTICALS M. (ET (2001-20z

processes, they provide a survey of the disease that anatomic

imaging often is unable to provide.

The cheapest imaging tool is an X-ray, which provides a
considerable amount of information. MRI and computed
tomogrophy (CT) are more expensive, yet they also provide
important anatomic information. Each of these modalities has

its own niche in the imaging ket.

Nuclear medicine uses radiopharmaceuticals to provide a
ore se1 tive: age. Inthecaseof: aill-cell h jcancer, for
example, using one injection of the diagnostic
radiopharmaceutical might make some of the currently used
five-stage tests for lung cancer detection unnecessary. This is
cost-effective because one nuclear medicine procedure has the
potential to save society thousands of dollars in unnecessary

diagnostic procedures.

Diagnostic radiopharmaceuticals, for example, can
differentiate between a growing tumor and scar tissue. Since
the modality images physiological function, it can tell if an
abnormality is living or not. If the abnormality is living,
nuclear imaging allows for early and prompt treatment. If the
scar tissue is dead, nuc 1w’ iging avoids unnecessary
procedures and expenses. Consequently, nuclear medicine

contributes to the cost-e :ctiveness of preventive edicine.

Nuclear physici: s interviewed by Frost & Sullivan
support these statements. They also deeply regret the fact that
nuclear medicine diagnostic imaging has failed to attract more
physicians and a loyal customer base. Respondents think that
the nuclear medicine community has not fully explained the
cost-effectiveness of this imaging modality to potential end-

users.
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( PTER2: U.S. DIAGNOSTIC ADIOPHARMACEUTICALS MARKET (2001-2n2m

Nuclear medicine procedures are not inexpensive.
Nuclear physicians a | industry experts re lily accept this
reality. Prices for nuclear medicine diagnostic procedures rar _ :
from $1500 to $6000. This compares to about $50 for an X-ray,

for example.

Observers of t1 nuclear medicine industry strongly
believe that the industry has failed to explain the difference
between apparent cost  he prices quoted above—and total
costs. R« ' cost is lowered by the fact that nuclear agingis
one of the most effective imaging modalities available to
healthcare. While an ultrasound can identify an abnormality
that is 15 mm in diameter, radiopharmaceuticals can image one
that is 5 mm in diameter. This is an impressive advantage,
particularly when trying to image minute abnormalities, such as

small-cell lung cancer.

Although the cost of a nuclear medicine procedure is high,
the precision and accuracy of the diagnosis far outweigh this
cost. Real price should not be deduced from the actual cost of
the procedure, but from the real benefits that the procedure
provides. The nuclear medicine industry as a whole, and
radiopharmaceutical companies in particular, should better
communicate the pharmacoeconomic benefits of nuclear

medicine diagnostics to potential end-users.

The cost conscious nature of managed care has been an
obstacle for the expansion of nuclear medicine. Healthcare in
the United States is in a period of long-term permanent
restructuring. Managed healthcare continues to evolve, and
reimbursement is in the process of changing as well. In this
atmosphere, nuclear medicine has found it hard to convince

managed healthcare of the modality's advantages.
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FFTF MEDICAL ISOTOPES MARKET STUDY (2001-2020)

medicine is failing to expand to meet the consumption levels
planned for by the radiopharmaceutical companies.
Overproduction may be fueling perception of a shrinking
market. Competing modalities are gaining ground, and the

market share of nuclear medicine diagnostic is falling.

Investments in education programs that focus on
increasing awareness and safety of nuclear medicine can
contribute to market growth and may thereby reduce the
problem of excess of capacity. If the client base can be

expanded, demand would rise to meet capacity.

Fear of Ra  "oactivity Keeps
Patients and Referring Phys’~ians at Bay

Another restraint that radiopharmaceuticals face is the
fear of radioactivity held by most patients. By their very nature,
radiopharmaceuticals carry the stigma of radiation. This poses
a concern among patients as well as among referring physicians.
Nuclear physicians, on the other hand, believe that this fear is
ungrounded. The amount of radiation to which a nuclear

medicine diagnostics patient is exposed is very small.

Additionally, radiopharmacies have been established to
handle the isotope for the preparation of the dose. Professional
handling of isotopes reduces the risk of radiation. The disposal
issue related to patients is not a major concern, since most of the
radioactive dose is excreted by the patient’s body in a controlled

environment and following federal guidelines.
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medicine industry. There are several sources of radioisotopes in
the United States, such as the Missouri University Research
Reactor, Brookhaven National Laboratory, and Oak Ridge
National Laboratory. Yet, for the most part, the United States
remains dependent on overseas sources for radioisotopes used in

nuclear medicine.

In the United States, most radiopharmaceuticals are used
for cardiology applications. This situation is likely to change in
the future as newer imaging agents and therapeutic
radiopharmaceuticals become avail: le. Several oncological
radiopharmaceuticals are about to enter the market, and it is

expected that these agents will boost sales.

Characteristics of the Worid Market

Nuclear medicine is underutilized in m y regions of the
world. While the United States makes up approxi: itely
percent of the world market, South America's share is a paltry
2.5 percent. Differences from country to country, particularly
within a region, are considerable. T: le 2-7 exhibits shares of
the world diagnostic radiopharmacer cal market by region in
1997.

The Pacific Rim has witnessed strong growth of nuclear
medicine. Japan, in particular has witnessed increasing use of
radiopharmaceuticals, such as DuPont's Neurolite and
Amersham's Ceretec, for brain imaging. Taiwan and Korea
have also experienced considerable g #th. China remains
underdeveloped in radiopharmaceuticals, mainly because of a
lack of incentives for compa s to enter this piracy-plagued
market. Companies are greatly concerned about the lack of

intellectual property protection for their formulations in China.
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Nonetheless, Europe is filled with possibilities. The
continent has an aging population, giving radiopharmaceuticals
for oncology a very positive outlook. Neuroscience is yet another
area of possible expansion. Cost-effectiveness is likelytc e a
major consideration in this region, particularly as the
population ages and healthcare budgets shrink.

The European radiopharmaceutical market is controlled
by four companies: Amersham, Mall ckrodt, DuPont Merck,
and CIS Biointernational. Amershe s Myoview has a strong
presence in cardiology. DuPont Merck has a strong presence in
Germany. Europe makes up 19.5 percent of the world market, or
about $220.4 million per annum. Growth in Europe is relatively
stronger than in North America, although not as strong as in
the Pacific Rim.

The main concern of the radiopharmaceutical companies
in South America is retaining their presence in the arketplace.
The region has tremendous potential, particularly in Brazil,
Argentina, Colombia, and Chile. Other countries, such as
Mexico, have been affected by financial problems. . :vertheless,

the prospects of the region are positive.

Radiopharmaceutical companies wishing to participate in
this developing market must adapt to it. As in some Pacific m
countries, the threat of patent infringement is a major concern
for global companies doing business in Latin America. In
several cases, local atomic agencies produce cheap
radiopharmaceuticals of disputable quality. These same
agencies routinely impose regulatory obstacles to protect their
market share and avoid competition from radiopha: ceutical

companies.
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Still, the region is witnessing an unparalleled process of
privatization. Privatization of the healthcare system is ongoing,
raising the hopes of ¢ panies such as Amersham, DuPont
Merck, Mallinckrodt, and CIS Biointernational. In Brazil,
DuPont's Cardiolite is tremendously popular.

The South American radiopharmaceutical market hovers
around $28.5 million, or 2.5 percent of the world market. The
market in this region is growing around 10 percent per annum,

in the judgment of the radiopharma: 1tical indus

In South America, radiopharmaceuticals are priced
differently than in the other three regions covered in this study.
Mainly because of economic reasons, radiopharmaceutical
companies cannot sell their products at the same prices as in the
other regions. Companies also face strong competition from
local atomic energy agencies that manufacture and distribution

of tracers.

The initial cost of the procedure hampers NMI's
expansion into less affluent healthcare markets. This is not to
say that nuclear medicine has no future in developing regions.
With the current transition to privatization, many countries,
particularly in South America, find nuclear medicine ati pting

imaging tool because of its cost-effectiveness.

Expansion is not away strategic actions are taken by
the industry. More emphasis should be placed on developing
new radiopharmaceuticals. In the developing world, with its
large number of potential patients and physician base, the goals
should be to raise public awareness of the benefits of nuclear

medicine and to educate physicians.
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ng Medical Isotopes in Nucle r Die no ‘ics

The quantities of radioisotopes used in

radiopharmaceuticals are very small. Some of the most

commonly used reactor isotopes include:

¢ Molybdenum-99: Used as a parent in the production

ition System

of technetium-99m, the most widely used isotope in
nuclear medicine.

Technetium-99m: Used in scintigraphy to image the
brain, lungs, liver, spleen, thyroid, kidney, bladder,
skeleton, blood pool and blood flow dynamics, bone
marrow, salivary a | lachrymal glands, infection, and
in several specialized medical studies.

Iodine-125: Used to evaluate glomerular filtration ate
of kidneys and to diagnose deep-vein thrombosis in the
leg. It is also widely used in radioimmunoassays and
as an X-ray source for bone- _ >nsity measurements.

Iodine-131: Widely used = ~ ctional imaging and
therapeutic applications for overactive and underactive
thyroid problems, carcinomas and their secondaries,
diagnosis of abnormal liver function, renal blood flow,
and urinary tract obstruction.

Distribution has become the most competitive element of

the radiopharmaceutical industry. An overwhelming number of

radiopharmaceutical doses are distributed by nuclear

pharmacies. A nuclear pharmacy, also known as a

radiopharmacy, is a highly specialized, licensed facility that

supplies the hospitals and related healthcare sites with

radiopharmaceuticals.

When a doctor orders a radiopharmaceutical, the

radiopharmacist compounds the drug and delivers it to the

hospital or clinic where a doctor administers it. Proximity to
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metropolitan areas is the key to being ¢ le to rapidly dispense

these time-sensitive products.

Radiopharmacies emerged in the United States in the
1970s to provide convenience to nuclear medicine physicians.
Initially, radiopharmacies were designed to provide nuclear
imaging centers and hospitals with the necessary services to
dispense doses, dispose of waste, and separate hospitals from
radiochemists and radiopharmacists. The concept became very
popular, and radiopharmacies were quickly established
throughout the United States. 11997, radiopharmacies
provide access to radiopharmaceuticals to over 90 ercent of the

patient population of the United States.

An extensive, we established network of
radiopharmacies is the primary competitive factor in the
distribution of radiopharmaceuticals. Syncor International
Corporation has established a network of over 120
radiopharmacies in the 'nited States, as well as 10 overseas.
Syncor dispensed over 6 million radiopharmaceutical doses in
1996, making it the industry leader in distribution. Syncor's
purchasing power is sm  1at it can dictate pricing agreements
to radiopharmaceutical companies for almost all tracers being

manufactured in 1997.

Syncor delivers prescriptions and bulk
radiopharmaceuticals to over 7,000 hospitals, clinics and
physicians' offices daily. The company not only provides
excellent access to radiopharmaceuticals, but also trains

radiopharmacists and recruits technologists.

Syncor also secures long-term customer relationships
through a computerized nuclear medicine management system

that has more than 1,300 customer installations. Syncor is well-
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positioned for future growth through the opening of additional ‘
locations. It is also positioned for healthcare reform through

high volume, low cost, and a large distribution network.

In February, 1994, Syncor entered into an agreement,
which the company calls a strategic alliance, with the DuPont
Merck Radiopharmaceutical Company. As a result, nearly 2,000
bulk radiopharmaceutical customers were transferred to Syncor.
This alliance is expected to contribute to the expansion of the
nuclear medicine market by providing more access to DuPont

Merck's r¢ ' )pharmaceuticals throu; better distribution.

Intl last few years, *— rsl M "'nckrodt
decided to compete with Syncor on distribution. Amersham has
established 28 radiopharmacies in the United States and one in
Canada. Mallinckrodt has established 36 radiopharmacies in
the United States and purchased another in London, England, ]
frc Amersham. Both companies are well-positioned to compete

with Syncor's network of radiopharmacies.

Mallinckrodt, DuPont Merck, Amersham and Syncor
distribute and market each other's products worldwide through

their radiopharmacies.

Seventy independent radiopha: acies operate in the ;
United States. Table 2-8 displays market shares of the leading ‘

radiopharmacy companies in the United States.
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Some companies, like DuPont Merck, have lost market
share mainly because other companies, suc  as Mallinckrodt,

have expanded their distribution networks.

In a stagnant market, industry leaders have decide  to
cooperate instead of ruthlessly undercutting each other's
positions. Several industry participants have expressed their
desire to continue, and possibly strengthen, their cdoperation.
This is more prevalent in markets that are too small for rivalry
and excessive competition. However, the radiopharmaceutical
companies have recognized that cooperation is also beneficial in

zets that are large enough for competition, such as the
United States.

In addition to the market leaders carrying proprietary
products in their portfolio, for example DuPont Merck's
Cardiolite, Amersham's Myoview, Mallinckrodt's OctreoScan,
each company also sells a wide array of Tc-99m
radiopharmaceuticals. It is very important to these companies
to continue to be able to sell each other's products. The three
above mentioned ¢~ 7anies firmly hold over 80 percent of the

U.S. radiopharmaceutical market.

Overview of Mark " Leaders

Amersham Medi-Physics

Amersha Medi-Physics gained an estimated
10 percentage points of market share over the past year through
its highly aggressive and bold acquisition of the
radiopharmaceutical division of Sorin Biomedica of . aly, its
acquisition of Nihon Medi-Physics, in ipan, and its

introduction of new products. Amersham joined with Sumitomo
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Chemical to urchase Nihon Medi-Physics, gaining almost
unchallenged control of the profitable Japanese

radiophar aceutical market.

These acquisitions have given the company a competitive
edge in the U.S. radiopharmaceutical market by reducing the
number of p ticipating companies. Consolidation of the mark«
has therefore given Amersham the opportunity to gain terrain
relative to its two major competitors, Mallinckrodt and DuPont
Merck.

Amersham's product line includes proprietary
radiopharmaceuticals such as Metastron for oncology, Ceretec
for1 1rology, and Myo :w for cardiology. It also includes
several other radiopharmaceuticals like thallium, gallium, and
Tc-99 generators. The comp: 7's product ne is well-positioned
in the market, and the price/performance ratio of Amersham's
main product Myoview makes it a top choice for end-users

worldwide.

Amersham’s distribution syste 1is secured by the
company’s twenty eight radiopharmacies, as well as by

agreements with Syncor and Mallinckrodt.

In July 1997, Amersham announced its decision to merge
with Nycomed ASA. The new company, which will be a
healthcare giant, will be known as Nycomed Amersham.

O | Y o

Mallinckrodt operates globally, with manufacturing and
distribution facilities in various countries. Approximately 40
percent of the company's sales are outside the United States.

Products are manufactured and marketed through a variety of
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subsidiaries, affiliates, and joint ventures. Nuclear  :dicine
products are sold in the United States through a geographically
organized sales group and a network of radiopharmacies.
Additionally, Mallinckrodt has agreements to distribute its
products through Amersham and Syncor radiopharmacies.

Mallinckrodt has introduced innovative
radiopharmaceuticals in recent years. In 1994, the FDA
authorized OctreoScan, a singular re opharmaceutical which
assists physicians in diagnosing and :termining the exte 1of
spread of cert—"~ cancers. Four years earlier, it had introduced
TechneScan, ~ * improved imaging of the kidneys and the renal

system.

Lastly, Mallinckrodt signed an agreement with
I nunomedics to market CEA-Scan in selected European
countries and North America. In July 1997, the FDA gave
Mallinckrodt approval to sell its Netherlands-produced
Molybdenum-99 in the United States.

In the spring of 1997, Mallinckrodt entered 1 »an
exclusive agreement to supply radiopharmaceuticals to the
1,800 hospitals and affiliates of Premier, Inc., the largest
healthcare alliance in the United States. The five-year
agre¢ nt, which was implemented / ril 1, includes a full
range of products and accessories used in NMI procedures. This
business coup surprised the industry, ‘hile at the same time
providing Mallinckrodt with increased profit potential in the
United States by expanding the company’s distribution system
and taking clients away from competitors.

Mallinckrodt has entered the radiopharmacy business

and now has 36 sites in the United States and one in England.
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corner. Recently, Amersham positioned Myoview to compete
with Cardiolite, but DuPont's tracer has a solid reputation and

firm grasp on the cardiac imaging market.
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_Current Nuc 2ar Medicine Therapies

These trials are using several isotopes to combat many

diseases, such as:
¢ Colorectal cancer
¢ Heart disease
¢ Rheumatoid arthritis

¢ Non-Hodgkin's lymphoma

In contrast to nuclear medicine diagnostics, an
established $1 billion worldwide market, nuclear medicine
therapeutics is mostly in development. Although a large
number of therapy trials using radioisotopes are in progress
around the country, the nuclear therapy modality is in its
developing stages. In fact, only four t :rapeutic isotopes for
four diseases have received FDA approval and are currently
used in the United States. A complete list of radioisotopes in

clinical trials in the United States is included in the appendix.

Nuclear medicine experienced sluggish market growth
during most of the 1990s. This results from cutbacks in
healthcare expenditure and from competition from other
imaging modalities. The nuclear medicine industry is pinning
its hopes on the development and expansion of nuclear therapy.
The successful development and introduction of nuclear
therapeutics is expected to expand the nuclear medicine

industry.

In 1997, only four radiopharmaceutical-based therapeutic
applications are commercialized in the United States. Table 3-1

exhibits the four disease indications, the respective isotopes, and
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Metastron, one of two therapeutic radiopharmaceutical products

approved by the FDA for bone pain palliation.

The other approved product is Cytogen's Quadramet,
which uses Sm-153. DuPont Merck has an agreem: t with
Cytogen to market and distribute Quadramet in the Unite
States. Several other radiopharmaceutical products for bone
pain palliation are awaiting FDA approval. These do not use
either Sr-89 or Sm-153. Instead, they use other radioisotopes,

such as:

¢ Tin-117

¢ Rhenii 186

¢ Phosphorus-32

¢ Radium-223

The fourth product in the marketplace is Mallinckrodt
Medical's P-32 Chromic Phosphate Colloid approved for the
treatment of Polycythemia rubra vera (a bone marrow disease
involving the overproduction of red blood cells). However, sales
of this product has been limited due to the low use of this

product for polycythemia rub: vera: there are other

established treatments available to the patient.

Developmental Activities

Many U.S. clinical trials are exploring new applications
for nuclear medicine therapy. A sample of these clinical trials is
shown in Table 3-2.
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Therapeutic Radioisotopes Under [ relopment

The United States is the center of current therapeutic
nuclear medicine research. Work is underway at research
institutions and medical centers, in radiopharmaceutical
companies, and at the National Institutes of Health (NIH).

Oncology is the field being rese ‘ched most actively by
the nuclear medicine industry. Prestigious research
institutions, such as the Fred Hutch son Cancer Research
Center and the Memorial Sloan-Kettering Cancer Center, are
playing a leading role in clinical trials. Projects are seeking the

re to

cancer. Table 3-2 lists selected projects.

Researchers are also developing drug delivery systems,
called "carriers," to transport isotopes ) disease sites. Such a
delivery system is commonly referred to as a "smart bullet.”
Developing a successful carrier has proven to be the st
challenging obstacle faced by nuclear therapy. While 1I-131, as
well as Sr-89 and Sm-153, are successfully attracted to rget

areas, that is not the case with other isotopes.

The main problem faced by nuclear therapy is delivering
a sufficient isotope dose to the disease site. Currently, a large
amount of the dose does not reach the target area because
biological processes in the human body act as obstacles. A
smart bullet would allow the optimum dose of the
radiopharmaceutical to reach the target site and directly treat

the disease.

Several radiopharmaceutical companies have developed
delivery systems to transport isotopes to disease sites. One of
these methods, called Cell-Directed Radiation Therapy or
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Table 3-5

Therapeutic Radiopharmaceuticals Market:
Therapeutic Radiopharmaceutical Products Expected
to Enter the Marke by the year 2000 (U.S.),

1997
Radiopharmaceutical Application CompaW T
Re-186 EDTMP ..........cc......... Bone pain palliation Mallinckrodt
Sn-117m DPTA ..o, Bone pain palliation Diatide
CC49 MAB.....coccrrrrerrennnn, Colorectal cancer Neoprobe
Therasphere ........cceeeiiennene Liver cancer MDS Nordion
BEXXAR .....ccciiiiireeececnncnne, Non-Hodgkin's lymphoma Coulter
Quadramet.......cccccceeevceercennn Bone pain palliation Cytogen
Biostent......cccoemvmiiiiiciiiiiienn, Restenosis NeoRX
AVICIIN ....oovreeeerreeceieeee Solid tumors " RX

Source: Frost & Sullivan

Frost & Sullivan shares this view. At least 90 nuclear
therapy trials are underway in the U ed States. These trials
are very promising and are likely to result in stronger market
growth by 2005.

The revenue forecast is based on the following factors:

¢ Incidence rates for the diseases for which n lear
therapy trials indicate likely success

o Market penetration rates for nuclear therapy within
each disease indication

& Average annual product cost per patient

Based on this analysis, Frost & Sullivan forecasts that
nuclear medicine therapy could become a $6 billion market in
2020. Table 3-6 forecasts U.S. revenues for nuclear medicine

therapeutics from 2001 to 2020.
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treating patients more quickly and effectively. Since most
nuclear medicine procedures can be performed on an outpatient

basis, there would be drastic reductio ;in treatment costs.

Cost-effectiveness and positive outcomes are the major
drivers for nuclear medicine therapeutics. Nuclear therapy

promises to improve patient care by:
¢ Reducing pain
¢ Improving quality of life

¢ Reducing overall costs

¢ Being done on outpatient basis

¢ Shortening treatment times

The economic aspects of nuclear therapy are positive. By
offering substantial savings and improving and extending lives,
nuclear therapy is likely to become the treatment of choice for

many diseases.

N :lear Therapy Uses Bigger
| >ses Than Nuclear Diagnostics

The goal of nuclear therapy is to use radioisotopes to
destroy diseased or cancerous tissue without destroying adjacent
healthy tissue. In therapy, a radioisotope is chosen for its high
affinity for the diseased tissue relative to healthy tissue.
Therapeutic radiation doses are higher than the am« nts used
for diagnostic imaging. Thus, an increased supply of isotopes
will be needed to sustain the demand that nuclear therapy is

expected to generate.

In 1997, the United States does > :oduce enough
1sotopes to satisfy growing demand expected to result from the

expansion of nuclear therapy. Increasing supplies of medical
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recognize that referring physicians are the primary source of
patients. Cooperation can lead to a growing patient population

and greater use of nuclear therapy.

Education and awareness are needed if nuclear therapy is
to develop and expand. The nuclear medicine industry, possibly
together with academic and professional associations such as
the Society of Nuclear Medicine, should continue its efforts to

better inform potential primary-care physicians.

Nuclear therapy has tt potential to promptly treat the
diseases ravaging our growing elderly population. As the
population of the United States ages, the need for effective and

reliable therapy becomes more pressing.

U.S. healthcare expenditures are staggering at $1 trillion
a year. Analysts expect that the aging of the population will
increase the proportion of Gross National Product devoted to
healthcare. The elderly population will see an unprecedented

expansion in the first decade of the next century.

As the number of retired Americans increases, working
people will probably have to contribute a growing proportion of
their income to the healthcare system and may feel over- |
burdened. Additionally, the possible bankruptcy of the Medicare
system by the end of this century increases the incentive to

develop cost-effective therapies.

Nuclear therapy can address many of these issues by

providing fast, painless, reliable, and cost-effective treatment.
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- analyzed the capability of several reactors for medical isotope
production, but has made :w decisions as to which ones should

produce which isotopes.

Of the many reactors awaiting a DOE decision on this

1ssue, most experts believe that the FFTF can produce the

purest and highest specific activity isotopes for nuclear therapy.
Other reactors may be less expensive to run, yet the reliability,
quality, and quantity of FFTF isotopes make this reactor the

best choice for isotope production.

Reactor-produced isotopes are being used in several
research trials around the nited States. Table3 =~ ~ Mitsa
sample of research institu )ns conducting early trials, along

with the diseases and isotopes with which they are working.

Ov v w of Research Progre ns

A number of research programs to identify isotopes with
potential uses in nuclear medicine therapy are underway. Frost
& Sullivan has contacted many of the nuclear physicians
involved in these research ‘ograms to discuss their progress,

obstacles, potential, and success rates. A list of selected

programs appears in Table 3-2.

At the Arlington Cancer Center, in Texas, Y-90 is being
tested to fight Hodgkin’s lymphoma. The therapy uses
monoclonal antibodies to transport the isotope to the disease
site. In comparison with chemotherapy and radiation, the
Arlington treatment has obt: 1ed very encouraging results,

achieving complete remission in some cases.

This isotope was chosen because it has the highest beta
energy and a half-life that is long enough to reach the tumor
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without necessitating hospitalization of the patient. Most
procedures are done on an outpatient basis. This therapy has
been expanded to include heart disease and rheumatoid
arthritis.

Emory University researchers are working to treat the
restenosis caused by angioplasty procedures. Restenosis
research initially used Ir-192, and eventually Y-90 with far
better results. This same treatment has been used at other
institutions. Y-¢ is [sobeing ied in radiopha ceuticals to
fight bone pain and ovarian cancer. Table 3-7 lists diseases

under clinical © al using Y-90.

.Jble 3-7

Therapeutic f liof naceuticals 1 »t:
sease Indications Under Cuinical Trials Using Y-90 (U.S.),
1997

Isotope _.sease Indication

YoO0 et ee e e e s nr e es e eanene Breast cancer
Small-cell lung cancer
Rheumatoid arthritis
Bladder cancer
Hodgkin's lymphoma
Non-Hodgkin's lymphoma
Heart disease/restenosis
Bone pain palliation
Ovarian cancer
Leukemia
Lymphoma
Gastrointestinal carcinoma
Brain tumors

Source: Frost & Sullivan

I-131 has been very successful in fighting thyroid cancer
and hyperthyroidism, yet it also has potential in treating other
disease. It is the most widely used isotope at the Fred
Hutchinson Cancer Research Center. I-131 is used in

combination with chemotherapy and gamma radiation
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treatments for leukemia. Monoclonal antibodies are used to
transport the isotope to cancerous cells after the cells have been
irradiated with external beam gamma rays. These treatment

programs produce very positive clinical results.

Other studies using I-131 have been conducted in —~ wny
institutions around the United States. At Duke University, it is
being treated to fight brain  mors and neuroendocrine tumors.
This therapy relies on an antibody developed at Duke which
transports the isotope directly into the tumor. This therapy
allows delivery of a very large dose of I-131, around 100 to 120
millicuries, to the tumor. Duke researchers are also studying
this method to attack other diffuse diseases by ac 'nistering
the dose systemically and allowing it to hit multiple areas in the
body. Duke is also looking at the alpha emitter Astatine-211

tagged to a1 inoclonal antibody to treat brain tumors.

Further therapy research using I-131 is being conducted
at Memorial Sloan-Kettering in New York. Research centers on
combating breast, colon, and head and neck cancer with
radiolabeled antibodies. This project is supported by Coulter
Pharmaceuticals. Some other research protocols at Memorial
Sloan-Kettering utilize Bi-213, an alpha emitter, to treat
leukemia and ovarian cancer. Table 3-8 exhibits some seases

under clinical trial using I-131.

At Cooper Hospital in New Jersey, most research seeks to
develop Infusional Brachytherapy. This technique allows
nuclear physicians to surgically insert the isotope into the
patient's body. Brachytherapy avoids losing most of the isotope
dose before it reaches the target area. In a recent trial for

] 1creatic cancer, over 60 percent of the patients retained 86 to

b
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100 percent of the infused P-32. Table 3-9 exhibits some of the
disease undergoing clinical trials with P-32.

Table 3-8

herapet ¢ Radiopharmaceuticals Market:
Disease Indications Unc ' Clinical Trials Using I-131 (U.S.),
1997

Isotope Disease Indication

1 PR Brain tumors
Breast cancer
Liver ca
Colorectal cancer
Melanoma
Hodgkin's lymphoma
Head and neck cancers
Leukemia
Neuroendocrine tumors
Hodgkin's lymphoma
Neuroblastoma

Source: Frost & Sullivan

Tab 3-9

Therapeutic adiopharmaceuticals Market:
Disea: Indications Under Clinical Trial Using P-32 (U.S.),

1997
Isotop~ Disease Indication
P32 Leukemia
Hemophilia

Bone pain palliation
Pancreatic cancer
Polycythemia

Head and neck tumors
Hepatocarcinomas

Source: Frost & Sullivan
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Pharmaceuticals, and is researching new therapeutic
and diagnostic agents

Distribution System

Distribution of these time-sensitive products will be a key
issue. Chapter 2 discusses distribution of diagnostic isotopes.
Therapeutic isotopes are likely to be distributed through the

same system.

d Side Overview

Availability of isotopes remains the main concern of many
of the nuclear medicine participants interviewed by Frost &
Sullivan. Nuclear therapy researchers obtain isotopes from a
wide variety of sources. MDS Nordion, a large isotope
manufacturing company, plays an instrumental role in
supplying Molybdenum-99 and other isotopes. Table 3-10
exhibits some of the isotopes offered by MDS Nordion.

Table 3-10

Therapeutic Radiopharmaceuticals Market:
MDS Nordion Reactor Produced Isotopes,

1997
O SO SO PURRR Canada
Cl-36....oeeoeeeeceeeeeeee st Canada
(07 L OO RUOP PRI Belgium
[T T Belgium
5125 e Canada
1 OO USROS Canada/Belgium
IF-182 e rcrer e Canada
MO-99 ...t Canada
NisB3 ...t ne s Canada
P32 s Belgium
X133t H ey |

Source: Frost & Sullivan

Isotope vountry of Origin N
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Research reactors around the United States also supply
isotopes. Brookhaven National Laboratory seems to be the most
reliable source for research isotopes. The Missouri University
Research Reactor also offers a wide selection of isotopes for
therapy, and has gained strong support among nuclear
physicians. Oak Ridge National Laboratory, Idaho;
Massachusetts Institute of Technology; and Georgia Institute of

Technology offer a smaller numbers of isotopes for research.

Some U.S. isotope needs are being met by foreign
reactors. During the MDS Nordion strike in late June, 1997,
reactors as far away as South Africa quickly mobilized in
preparation for supplying considerable quantities of Mo-99 to

the world market.

However, this is little consolation for nuclear physicians
involved in therapeutic research. Isotopes used in therapeutic
applications are considerably less common than Mo-99. Issues
concerning half-life, purity, high specific activity, and
transportation become very important. Some reactors in Russia
offer I-131, yet the quality of this product is debatable. Product
purity is essential in therapy. No contamination can be allowed
to enter the patient’s body as this could lead to treatment

complications.

These issues underline the need for a national policy to
support future demand for isotopes. Nuclear therapeutics is
forecast to expand considerably in the future. This expansion

cannot occur if there are not adequate supplies of isotopes.

Most of the research projects examined by Frost &
Sullivan are not expected to have a radiopharmaceutical product
on the market for seven to ten years. This time frame allows for

formulation of an isotope policy that will secure supplies when

Frost & Sullivan - Confidential for Battelle Pacific Northwest National Laboratory 3'33















FFTF MEDICAL ISOTOPES MARKET STUDY (2001-2020)

Although this descrip n of the competitive environment
mainly applies to nuclear diagnostics, it will most likely also
apply to the emerging nuclear therapy market. Already, two
companies offer different bone pain palliation therapies, while

most other competitors have products for thyroid gland diseases.

Among the radiopharmaceutical products awaiting FDA
approval are two agents designed for bone pain palliation that
will compete directly with the two radiopharmaceuticals
currently ava 1ble. Howeve , the number of patients receiving
radiopharmaceuticals has not increased, and demand has not

met the expectations of the suppliers.

If the patient population expands, that is, if nuclear
therapeutics is chosen more often, nuclear therapeutic products
may not face the :vel of competition currently-affecting nuclear

diagnostics products.

Radiopharmaceutical Manufacturers

..

I ng 15 Percent or More of the Market

Amersham Medi-Physics

Amersham is the world’s leading radiopharmaceutical
company. Founded in 1946, Amersham has 3,300 employees
wo: lwide and a strong presence in the United States,
Japanese, and European markets. Amersham has 28

radiopharmacies in the United States.

Metastron for bone pain palliation (Sr-89), had worldwide
sales in 1996 of $36 million. U.S. revenues from Metastron were
approximately $17 million. Until June, 1997, Metastron was
the only radiopharmaceutical for bone pain palliation offered in
the United States. Amersham also offers a thyroid disease
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obtained manufacturing and marketing rights in the United
States and Canada for Quadramet (Sm-153), Cytogen’s bone
pain palliation product. This new therapeutic
radiopharmaceutical has entered the market and will compete
directly with Amersham’s Metastron.

Others: Diatide, NeoRX, Co ter Pharmaceuticals, & Neoprobe

Diatide, NeoRX, Coulter Pharmaceuticals, and Neoprobe
are four relatively small, yet highly specialized, tect Hlogy
companies. Although none « these companies yet offers a
therapeutic radiopharmaceutical, they may have a future
market] ‘:sence. All reinvolved in m« »>clonal a1 >ody and

peptide nuclear therapeutic research.

Diatide has one therapeutic radiopharmaceutical, for the
pain of metastatic bone cancer, in the FDA pipeline: Tin-117m
DPTA. Diatide estimates that its product has the potential,
since it is expected to be less toxic than Metastron and
Quadramet, to be used in up to 250,000 procedures annual
worldwide. The company is discussing possible partnership
arrangements with several n or radiopharmaceutical
companies that would provide financial support and would

market the product to oncologists.

The company estimates that the average price per dose of
Tin-117m ..PTA will be around $2,000. Annual sales of this
product could amount to $50 million several years after approval

and introduction to the market.

Coulter Pharmaceutical, Inc. is an emerging
biotechnology company focused on developing proprietary cancer
therapeutics. The company : a leader in the development of a

novel class of products, radioimmuno-therapeutics, which are
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designed to combine the specificity of antibodies with the anti-

tumor effects of radiation.

Coulter seeks to link an B-1 antibody to I-131 as a
therapy for non-Hodgkin’s lymphoma (NHL). The B-1 therapy is
targeted to treat the low-grade and transformed low-grade NHL
patients. Statistics from the National Cancer Institute state
that there are approximately 270,000 people afflicted with NHL
in the United States.

..1e company estimates that approximately 140,000
patients have low-grade or transformed low-grade NHL in the
United States. Coulter also estimates that its therapy will be
priced at around $8 00 er dose, resulting in a market potential
of over $500 million annually in the United States.

NeoRX’s pre-targeting delivery system, licensed from
Stanford University, encompasses three steps. The first step
uses an antibody to deliver a protein receptor, streptavidin (SA),
to a specific location such as a tumor. SA is used to capture a

therapeutic molect :.

The second step removes antibody/SA from circulation
without removing it from the tumor. When more antibody/SA is
removed from the blood, fewer therapeutic molecules bind to it
in the blood, decreasing exposure of normal tissue such as bone
marrow. The third step is the delivery of therapeutic molecules
to those sites where - e antibody/SA has attached.

The goal of this treatment is to deliver high isotope doses
to the tumor sites with limited exposure of normal tissue.
Avicidin, NeoRX’s first product using this delivery system,
employs Y-90 as the therapeutic molecule. It is expected that
this pre-targeting system will allow Avicidin to deliver radiation
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Strategies

Companyw Strategy or Mission Statement

Amersham's mission statement is serving the peoples of
the world in healthcare, life science research and quality and

safety assurance in industry and the environment.

Industry-Specific Strategy

Amersham is a world leader in health science, providing
products and services for use in healthcare, life science research
and industrial quality and safety assurance. The company has a
soph icated international dist >ution network :rving
customers throughout the world. It also operates globally, with
research and development and manufacturing capabilities in
each of the world's principal economic regions of North America,

Europe and the Pacific Rim.

Amersham actively pursued the purchase of its
competitors in the key markets of Europe and the Pacific Rim.
This resulted in the acquisition of Sorin Diagnostics SpA, the
radiopharmaceufical business of Sorin Biomedica SpA of Italy in
late 1996. Amersham also acquired 50% of Nihon Medi-Physics,
in a joint partnership with Sumitomo Chemical Co. Ltd. This
particular acquisition has provided Amersham with an
overwhelming control, close to 65%, of the profitable

radiopharmaceutical market in Japan.

Amersham has also continued expanding its network of
radiopharmacies throughout North America. Today, the
company has 28 radiopharmacies in the United States and one
in Canada. It also has access to more than 100 other
radiopha: acies, thus providing its products with wider

distribution channels.
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focused on the research, development, and delivery of
pharmaceuticals to treat unmet medical needs in the fight
against heart disease, central nervous system disorders, cancer,
and HIV disease. Through scientific research and development,
the company has made considerable gifts to the discovery,

anticipation, and treatment of many illnesses.

Industry-Specific Strategy

DuPont Merck has made radical changes in its
organizational structure with a single goal in mind: meeting
customer needs. In 1994 DuPont Merck centralized its

h

Europi st s organization ™ wing: iries in Spain,
Germany, Italy, France and the United Kingdom, to pool their
resources, build on the synergies that exist between them and
respond to the changing m ‘ket situations caused by the

European Union.

In North America, DuPont Merck entered into a supply
and distribution alliance with their largest radiopharmaceutical
customer, Syncor International. This coalition has allowed
DuPont Merck access to Syncor's radiopharmacy network, which
includes over 120 locations in the United States and almo: one

dozen overseas.

DuPont Merck's radiopharmaceuticals tend to be centered
around the areas of cardiology and neurology. Consequently,
the company decided to research and develop agents with
applications in oncology. This is the newest area of expansion
for radiopharmaceuticals. One of the most promising agents for
oncological diagnosis is Miraluma, the first-ever nuclear
medicine test approved for breastim: 1 Miralt 1is
indicated for planar imaging as a second line diagnostic drug

¢ er mammography to assist in the evaluation of breast lesions
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in patients with an abnormal mammogram or a palpable breast

mass.

DuPont Merck plans to build on its radiopharmaceutical
leadership, find new markets, and invest in research and
development, as its strategy for market share growth. In the
last two years, DuPont Merck has lost market share to
Amersham, mainly due to this company's solid expansion efforts
in Europe and the Pacific Rim. Nevertheless, DuPont Merck
remains av. _ : ong competitor, with a healthy position in the

radiopha aceutical industry.

Partnerships and Alliances

Company Name

Description of Partnership

Syncor International

An alliance to provide Syncor with the distribution rights for DuPont
Merck's gamut of radiopharmaceuticals. Syncor has also signed
agreements with ot  radiopharmacies, Amersham and Mallinckrodt
for example, to distribute DuPont Merck's agents through them.

CYTOGEN Corporation DuPont Merck will manufacture and market Quadramet, a

radiopharmaceutical developed by CYTOGEN, to treat the severe
nain associated with cancers that have metastasized to the bone.
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business portfolio. The plan incorporates current and near-term
initiatives focused on performance improvement and value

enhancement over the next two to three years.

A Strategic Change Initiative undertaken in 1995
removed a complete layer of the organizatic eliminated
duplication and reduced costs. With the recent sale of the
Tastemaker flavors joint venture and the animal health
business, Mallinckrodt is focusing on its core businesses and is
positioned to provide resources to grow those businesses m« :

rapi Yy as industry consolidation continues.

Today, sales in healthcare represent 80 percent of
Mallinckrodt's business, with more than 90 percent of their
operating earnings coming from radiopharmaceuticals, medical
imaging and critical care products, and bulk and specialty

pharmaceuticals.

In the face of ¢ reme measures to reduce global
healthcare costs that have slowed volume growth and intensified
competition, Mallinckrodt has si_ ificantly increased sales
volume, particularly through agreements with group purchasing
organizations, such as Premier, Inc. These agreements solidify
long-term ma: 3t position and provide leverage in increased

volume.

In 1 ; Strategy

Mallinckrodt plans to expand its market share through an
active program in new markets and new geographic territories.
This will be done by adding new businesses and products
through the right acquisition. Stratc —cally matched
acquisitions provide synergies that contribute to growth, add

value to existing core businesses, and make good business sense.
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ry-Specific irategv

Syncor International is actively pursuing the
establishment of newer alliances with other
radiopharmaceutical companies besides DuPont Merck.
Consistent with the company's mission to be the premier
provider of radiopharmaceuticals, Syncor has signed several
distribution agreen 1ts with major suppliers. It has also signed
an agreement with Mallinckrodt Medical to distribute
ra >ospharmaceutic ° This agreement allows Mallinckrodt
access to DuPont M/ k's agents, while it allows Syncor to sell
Mallinckrodt's.

Additionally, Syncor is broadening its business base
beyond its core radic armacy operations. Through a joint
venture announced in 1997, the company plans on expanding its
presence in the medical imaging field. Syncor plans on
expanding its presence in the medical imaging field. Syncor
anticipates operating 10 open Magnetic Resonance Imagir
centers across the United States. Syncor also has decided to
enter the radiopharmaceutical manufacturing field with the

purchase of Golden Pharmaceuticals' Iodine-123 business.
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The Department of Energy (DOE) has not developed a
coherent, functioning, and effective medical isotope policy.
Every year, a smaller quantity of isotopes is produced in the
United States, while imports of reactor-produced isotopes are on
the rise. Frost & Sullivan considers this to be a major concern,
as it leaves U.S. nuclear medicine dependent on foreign
suppliers. The quality of some imported isotopes is a serious

concern.

No otl ° country in the world relies on nuclear medicine
as much as the United States does. In fact, the United States
makes up approximately 48 rcent of the world nuclear
medicine market. The United States is the world's leader in
radiopharmaceutical research and development. Yet, the
country relies on foreign reactors to supply approximately 90
percent of its isotope needs. The deper :nce on foreign isotope
sources concerns all of the participan’ ° terviewed by . .ost &
Sullivan.

MDS Nordion produces approximately 80 percent of the
Tc-99m used in the United £ ites. he company also offers
other reactor-produced isotopes with potential applications in

nuclear medicine therapy. Among those other isotopes are:
¢ Sr-89
¢ Sm-153
¢ 1-131
Table 5-1 exhibits the regional breakdown of the world

nuclear medicine market.
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These facilities are involved in low-level commercial
production. The three reactors have a satisfied client base,
particularly among nuclear researchers. Although currently
producing some commercial medical isotopes, the MURR, MAC,
GT, and MIT reactors lack the size and power required for

commercial production of exotic isotopes.

Leading DOE isotope production facilities have faced
dramatic cutbacks in their research and development budgets.
The totall 1get for BNL, forex: »ole,si a $25.0 illion
cutback from 1996 to 1997. ORNL and SNL have suffered
cutbacks of $54.71 llion and $42.6 million, respectively, in the
same time period. Such dramatic cutbacks indicate a weak U.S.
commitment to nuclear research. M y nuclear physicians
stated that due to such cutbacks, the country could be losing its

technological edge in nuclear me cine.

The FFTF may also face competition from another DOE
reactor with a similar dual mission. The Accelerator Production
of Tritium Facility (APT) ¢ the Savannah River site in South
Carolina is conducting feasib ty and marketing studies similar
to those ordered by the FFTF mission.

Supporters of the APT proposed that the highly versatile
linear accelerator that is planned for the Savannah River Site
may be suitable for the production of medical isotopes. AF
studies identified a long list of medical isotopes with
applications in nuclear medicine diagnostics and therapy. APT
argues that the facility will be able to supply the growing
demand of medical isotopes at the same time that demand is
expected to grow. . )»wever, this facility will require more than

$2 billion to construct, and will not be completed until 2010 or
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Diagnostic and Ther

ei FF1
1dic

1997

Isotone Candidates and Related [
ion( S.),

als Market:
jease

Isotope

Disease Indication

...........................................................

Ovarian cancer
Prostate cancer
Brain cancer

Prostate cancer
Lung cancer
Breast cancer
Colo ]
Melanoma
Ovarian cancer
Lymphoma

Heart disease

Lymphoma

Breast cancer
Colorectal cancer
Rheumatoid arthritis

Osteoporosis
Rheumatoid arthritis

Heart disease
Prostate cancer

Brain tumors

Breast cancer

Liver cancer

Colorectal cancer

Melanoma

Hodgkin's lymphoma

Head and neck cancers

Leukemia

Neuroendocrine tumors

Non-Hodgkin's lymphoma

Neuroblastoma

Thyroid cancer

Hyperthyroidism

Ovarian cancer

Pancreatic cancer
Continued on next page
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Table5-3(C 1 )

Isotope Diseasea Indiratinn

IP-192 ..ttt es e esamsr e Breast cancer
Prostate cancer
Ovarian cancer
Brain tumors
Restenosis (heart disease)
Uterine tumors

[T B [ 7 2SRRI Restenosis
Bone pain palliation
S Leukemia

Bone pain palliation
Pancreatic cancer
Polycythemia

Head and neck tumors
Hepatocarcinomas
Rheumatoid arthritis
Ovarian cancer

oo L 10 < TP Prostate cancer
Brain cancer
Breast cancer

Pt-195M ..ot eres e Radiolabel for chemotherapy

Ra-223.....ccoriricctinei e Bone pain palliation
Breast cancer
Lung cancer
Prostate cancer
Ovarian cancer
Colorectal cancer
Melanoma

Re-186......ccooveeieeererrreecerienrcerece e Prostate cancer
iyroid cancer

Colorectal cancer

Lung cancer

Breast cancer

Ovanan cancer

Bone pain palliation

Rheumatoid arthritis

Continued on next page
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ible 5-3 (Cont.) |
Isotope Disease Indication ' !
Re-188......oooeeierecciieic et s eneeenn Restenosis

Bone pain palliation
Thyroid cancer
Colorectal cancer
Lung cancer
Breast cancer
Ovarian cancer

SC47 oot e Bone pain palliation
SM-145 .t Optical cancer
SM-153 et Leuke 12

Bone pain palliation
Spinal cord tumors

SI-85...iieceectrreceee e rare e s st esrseneaens Bone pain palliation
Bone diseases

I8t e Bone pain paliiation
Prostate cancer
Bone metastases
Multiple myeloma

| £ = 1 L OO URUPTPONt Leukemia
Breast cancer
Lymphoma
Colorectal cancer
Hodgkins lymphoma
Non-Hodgkins lymphoma

Source: Frost & Sullivan

The multiple fi ctions that the FFTF can perform assure
its financial viability. If the DOE chose the FFTF for tritium
production, the reactor could undertake a dual misstt of
tritium production and medical isotope production. Built in the
1970s an in operation during the 1980s, the FFTF reactor still
has at least 22 years of life after restart. This means that the
reactor could be operating past 2020, thus playing an important

role in tritium and medical isotope production.

|
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of high specific activity and ideal neutron energy isoto s, they
expressed doubts concerning the variety of isotopes that the

reactor is capable of producing.

Many nuclear medicine participants have not been
informed of the variety of exotic isotopes that the reactor can
produce. The FFTF mission has prepare a list of 70 isotopes
that the reactor is capable of producing. This list should be
wide rdistribu 1in the industry, specifically among nu¢1<

physicians involved rapeutic research.

The efficiency of the packaging and transportation system
shot be addres: 1by the FFTF mission. The establishment of
an efficient packaging and transportation system is a key to the
successful distribution of medical isotopes. Such a system would
allow timely, reliable, and secure distribution. The FFTF lacks
a packaging facility. The reactor is also hindered by the absence

of a large airport in its vicinity.

The three Tri-Cities airports are small. Thus, the FFTF
would have to ship isotopes through either Seattle or Salt Lake
City. Respondents have expressed concern that shipping delays
caused by inadequate transportation facilities could seriously

reduce the potency of isotopes because of their short half lives.

MDS Nordion’s success has greatly depended on the
company’s ability to build an efficient transportation system.
Respondents are deeply concerned about the DOE’s
unwillingness to allow a private consortium to participate in
managing the FFTF. Both Amersham and Mallinckrodt have
tried to arrange participation, but the DOE has procrastinated

and done little to gain private-sector confidence.
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In a time of budgetary cutbacks, cooperation between the
private sector and the DOE should be encouraged. The DOE's
bureaucratic procedures are a challenge that the FFTF mission

should work to overcome.

Experts in the nuclear medicine industry are concerned
about the DOE's commitment to medical isotope pro 1ction.
The FFTF's previous missio was weapons production, which is
more critical to the DOE an the Department of Defense than
the production of medical isotopes. This meant that the FFTF's
main role was to support defense. A primary focus on national

defense is a « 1cern to many nucl ""cine participants.

Many nuclear physicians do not believe that the DOE will
ever end weapons production at the FFTF. They fear that
weapons production could displace medical isotope production,
making the FFTF an unreliable source of medical isotopes.
Additionally, the primary role of the FFTF as a defense
installation has negatively Yected the environmental

community's view of the reactor.

A large majority of respondents expressed hope that very
little: ium, and eventually none at all, would be produced at
the FFTF. Nuclear physicians were partic " irly adamant about
relying on a reactor where the Armed Forces would be able to
refocus the primary mission from medical isotope production to
weapons manufacture. This nuclear medicine community does
not accept this situation, nor does it understand why there has
to be defense involvement in the eventual operation of the
FFTF.

Frost & Sullivan recommends that the FFTF’s safety and
en -onmental record be shared with the general public. The

American public is becoming increasingly sensitive to the
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potential dangers of radiation contamination. Concerns over the
disposal of nuclear waste have fueled the environmental

movement.

The size of the FFTF may raise fears of contamination of
the Columbia River basin. This is a valid concern which must
be properly and openly addressed. The FFTF’s excellent safety
record demonstrates that although the reactor’s size might raise
environmental impact questions, it is a very safe facility.

T I dae Hnof lical )t '. F1.F ]

increase radiation in the area to dangerous levels.

A recent radioactive accident at the Hanford Plutonium
Reclamation Facility led to media discussion of environmental
issues. The May, 1997, accident brought major news coverage to
Hanford reporting the dangers of radioactive leaks. Frost &
Sullivan believes that the Hanford facility must be as safe as
possible for the FFTF to have a role in future medical isotope
production. Without safety issues being properly addressed, the
FFTF mission will have increasing difficulty gaining community
support for restarting the reactor.
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doubtful that the federal government will cor ' this entire cost
after tritium production is phased out. Thus, it is imperative for
the FFTF mission to find other ways to secure financial self-
sufficiency.

National laboratories are increasingly willing to reach
agreements with private-sector industry. This is beginning to
alleviate the budgetary problems faced by some U.S. national
laboratories. For example, corporations provided $27 million to
Sand  Nation iboratory (SNL)in ~196. SI'™ is expectit
private financ g to reach $35 million in 1997, and it could soar
to $100 million by the year 2000.

In comparison, the total corporate financing received by
SNL was $9 million five years ago. At Oak Ridge (ORNL),
which is managed by Lockheed Martin Corporation, the same
policy seems to be equally helpful. ORNL is actively pursuing
more corporate cooperation agreements to secure reliable

funding as federal dollars decrease.

MDS Nordion and the Canadian government have a
similar agreement. In fact, the funds to build the new reactors,
Maple I and II, were granted to MDS Nordion by the feder:

government of Canada.

A similar agreement covering the Tri-University Meson
Facility (TRIUMF) is in effect. This Canadian national lab is
located on the campus of the University of British Columbia and
1s operated by three local universities. It is supported by the
National Research Council of Canada, which grants TRIUMF
$C 30 million a year. TRIU] F operates a large cyclotron and

produces a variety of radioisotopes.
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M lear herapy 2 ¢ th( S.), 1997
Rl'smse Indication Radioisotope
Bone Pair alliation.......cc.cccceuvvvierereinenennnns Sr-89, £ 153, Sn-117m, Re-186, Ra-223, P-32, Sc-47
Bladder Cancer........ccccceeeeeirecniriesieeeieneeenee. Ta-182
Brain TUMON ....cceeeeiiccceceieeerererereeeeeeeer b Cf-252, Sm-153, Y-90, Au-198, Ir-192, I-131
Breast Cancer........cooooeveeeeeiirecciinie e Re-186, Y-90, Y-91, Ir-192, Re-188, P-32
Cervical Cancer........ccccvevecvieineeniereeeneneenenn Cf-252
Colon CanCer........ccovcvmreereenurenieriirereeeeernens Y-91
Colorectal TUMOTIS ......cevvveeriiieriieee e Y-90, Cu-64
Gastrointestinal Adenocarcinoma.................. Y-90
Heart Disease.........ccccevvreveuciiiiniiinice s ee s Ir-192, P-32, Lu-177
Hemophilia.......ccccoeeciriieiieireniiiecrneee e Dy-165, Ho-166, P-32
Hodgkin's Disease..........ccoccevvrivrvivenccereininnnns Y-90, Y-91, |-131
Hyperthyroidism..........ccocevvciiniricioneerccrnnnceens 1-131
Leukemia.....cccooeeceerereeeicscenennneeneeseserenesneans Y-90, Y-91, |-131, P-32, Sm-153, In-111, Bi-213
Liver CancCer ........covvcecerceerircrcceeee e vee s e cenaenes I-131, Y-90
LyMPhOmMa.....ccccveveecrereerreirrerrescresecctineesenens 1-131, Y-90, Y-91
Melanoma.......cccceeieeeeiee e Cf-252, 1-131
Multiple Myeloma..........cccceemeeccieiicincneeennnen, Sr-89
Non-Hodgkin's Disease .........c.cccovverenveeercnennne 1-131, Y-90, Y-91
Optical TUMOTS ......ccccvereeereeeeerieieccereee e, Sm-145, P-32
Ovarian CanCer .......ceeeeeeiveeceieriecieee e eereans Re-188, Ir-192, Y-90, Au-198, P-32

(Continued on next page)
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Table A-1 (Cont.)

Disease Indication Radioisotope

Pancreatic CancCer ..........cccoccevvveeeeeececreneceennns P-32

Polycythaemia Rubra Vera.........cccccccceerueeneee pP-32 _

Prostate Cancer..........ccccoevvvivvrnreeeneiereeeeenacns Re-186, I-125, Ir-192, Pd-103, I-131, Au-198, Sr-89, P-32

Pulmonary Fibrosis........ccccccvvevneriecioencincnnne Ga-64

Rheumatoid Arthritis .........c.coovevvcerincriceesreninns P-32, Dy-165, Ho-166, Re-186, Sm-153, Er-169, Au-199,
W-188, Y-90

Small-Cell Lung Cancer.........ccccecccemmiriennennas Y-90, Y-91

Thyroid Cancer .........cccovenierecrenneceerevencnnnn. 1-131, Re-188, 1-125

Uterine CanCer.......ccccccceeveeeeercveeeneenerereeesaenes ir-192, P-32'

Source. . . ost and Sullivan, 1997
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