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Summary
All commonly used medical radioisotopes can be produced without using nuclear reactors or
enriching uranium, or can be replaced with other isotopes that can be produced without a fission
reaction, or by alternative technologies.
Reactors not using natural uranium fuel require uranium enrichment, therefore justifying
enrichment facilities that can be used for the production of weapons-usable highly enriched
uranium (HEU). All reactors also produce weapons-usable plutonium as a byproduct of normal
operation, although those using natural uranium fuel produce the most.
These reactors and enrichment facilities are not necessary for medical isotope production.
Particle accelerators currently produce many medical isotopes. This report shows that all
commonly used medical isotopes currently produced in reactors can be produced in accelerators,
or replaced with accelerator-produced isotopes or alternative technologies. None of the
accelerator options discussed herein would involve significant proliferation risk.
The extensive literature on production alternatives for the world’s most widely used medical
isotope, technetium-99m, makes possible an analysis of the cost and security aspects of these
alternatives. While there is a good deal of uncertainty associated with cost data, since
commercial accelerator production of Mo-99/Tc-99m has not yet commenced, the data suggest
that accelerator production has the potential to be cheaper than reactor production, and at the
very least will not prove prohibitively expensive.
For commonly used isotopes other than technetium-99m, a detailed cost estimate for accelerator
production is beyond the scope of this paper. Nevertheless, it is clear that such alternatives are
feasible. It seems unlikely that in the aggregate these alternatives would be prohibitively
expensive. More R&D would support a full transition to commercial supply of isotopes other
than Tc-99m using accelerator-based processes. Targeted investments in R&D for commercial
production of the other isotopes, through contracts by NIH or DOE, could have substantial
impact on the commercial availability of accelerator-produced medical isotopes, both in the US
and abroad.
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Introduction
Medical radioisotopes have been used for decades for both diagnostic and therapeutic purposes.
For diagnostic use, a radioactive isotope is attached to a bio-active molecule that allows the
radiologist to map out disease or body function using radiation detectors located outside of the
patient’s body. This powerful technique enables physicians to look for numerous types of
disease in a non-invasive manner. Applications include heart disease, cancer identification, and
bone fractures. For therapeutic use, radioisotopes provide radiation therapy to either malignant
or benign tumors and provide curative or palliative therapy. Radiation therapy is a powerful
technique that preferentially destroys cancer cells at a higher rate than healthy, non-cancerous
cells. Therapeutic isotopes are often used for cancers of the prostate, the breast, the head, the
neck, and the thyroid. Therapeutic isotopes can also be used to provide palliative relief for
painful metastatic bone cancer.
Historically, medical isotopes were supplied by separation out of spent uranium fuel, or by
exposure of target materials, in some cases including highly enriched uranium, to the neutron
flux in a nuclear reactor. In the past, this approach was convenient: medical isotope
manufacturers could easily “piggy-back” on the existing capital investment of a nuclear reactor
and focus on the isotope chemistry itself. In addition, alternatives to reactor production,
including electron or ion accelerators, or spallation neutron sources were expensive. However,
the advent of very short-lived positron emitting diagnostic isotopes has created a market for
hospital-based ion accelerators, and thus accelerator technology is far less expensive and more
capable than in the past. Accelerator technology is now a viable alternative for medical isotope
production [95, 97].
For a new source of supply of medical isotopes, accelerators offer several advantages over
nuclear reactors. Accelerators present far less of a safety risk to operators or the public nearby.
They generate minimal high-level nuclear waste and only modest quantities of low-level waste
as a byproduct of medical isotope production. They also require substantially less capital
investment than a typical reactor. Most pertinently for this report, accelerators that could be used
for medical isotope production present minimal proliferation risk – they do not use any uranium,
enriched or otherwise, and, except for very large and dedicated accelerator/reactor combinations
called accelerator-driven systems, they are incapable of creating bomb-scale quantities of
plutonium. The advantages of accelerator production have come to be recognized by isotope
suppliers in the US and Canada. After the Mo-99 supply shortage in 2009, commercial operators
in both countries have plans to grow capacity by building accelerators, not reactors.
In this report, we have analyzed the accelerator based production mechanisms in detail for the
most commonly used therapeutic and diagnostic isotopes as listed by the medical literature and
the IAEA. We find that all of these isotopes can be created, on medical need scales, by
accelerators using charged particle reactions, photonuclear reactions or small-scale spallation
neutron sources. None of these approaches presents a proliferation risk. In addition, we have
prepared a first-order cost estimate for the non-reactor based production of Tc-99m, the most
commonly used medical isotope. Accelerator production mechanisms of less commonly used
isotopes are also discussed.
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Proliferation Risk of Reactor-Based Medical Isotope Production
Construction and operation of nuclear reactors can pose a serious international security risk.
Understanding why this is the case requires an understanding of how nuclear power and nuclear
weapons work.
Uranium found in nature is a mix of two isotopes, U-238 and U-235. U-235 is the isotope useful
for both nuclear weapons and nuclear power, as it is fissile – if hit by a neutron, it breaks apart
(fissions) into lighter elements (fission products), releasing energy and more neutrons in the
process. These neutrons can cause other U-235 atoms to fission, creating a sustained chain
reaction if a “critical mass” of U-235 is available. Such chain reactions are the basis of both
nuclear power and nuclear weapons. U-238 is not fissile1 itself, but it is fertile – it can absorb a
neutron to form fissile plutonium-239, which also can be used for both nuclear power and
weapons.
U-235 makes up less than 1% of natural uranium. Most nuclear reactors, and all uranium-based
nuclear weapons, require uranium with a higher fraction of U-235 in order to sustain a chain
reaction (some reactors can use natural uranium). This material is produced in a process called
enrichment, wherein undesired U-238 is removed in a “tails” stream, leaving a “product” with a
higher fraction of U-235. Uranium is categorized internationally by the fraction of U-235 in the
material, as shown in Table 1.
Type of Uranium
U-235 fraction
Depleted Uranium (DU)
<0.711%
Natural Uranium (NU)
0.711%
Low Enriched Uranium (LEU)
0.711 < 20%
Highly Enriched Uranium (HEU)
20%-100%
Table 1. Uranium categories.
Uranium-based weapons require HEU. They almost always use uranium enriched above 90%,
sometimes referred to as weapon grade [1], although they can be made of less enriched material.
Most reactors require enriched fuel. For power reactors, this is usually LEU with about 3-5%
U-235. Research reactors used for isotope production generally use higher enrichments, often
19.75% LEU, or even HEU. Additionally, production of some medical isotopes, such as Mo-99,
use enriched uranium targets, which are often enriched above 90%.
Non-trivial quantities of reactor fuel or target material enriched to weapon grade are obviously a
security risk, as this material is directly usable in nuclear weapons. However, it is sometimes
forgotten that lower enrichment levels also pose a security risk, as they can be used to justify
possession of non-trivial enrichment capacity. The same centrifuges used to produce 3.5% LEU
for power reactors can be used to produce 90% HEU for bombs. And the higher the enrichment
level for fuel, the less work it takes to enrich it further to weapons-usable material. This is why
1

U-238 is fissionable, in that neutrons of high enough energy can cause it to fission, releasing energy. However, the
neutrons released by U-238 fission are of too low energy to trigger further U-238 fissions.
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there has been so much international concern about Iran’s production of 19.75% LEU – it is not
weapons-usable, but it takes relatively little work to enrich it to weapons grade. It should
therefore be stressed that the security issues associated with medical isotope production are not
confined to HEU alone.
Additionally, all uranium-fueled reactors produce fissile plutonium as a byproduct of normal
operation.2 Reactors with natural uranium fuel are particularly efficient at plutonium production,
largely negating the nonproliferation advantage of not involving enrichment facilities. Iran’s
IR-40 reactor, which it claims is meant for medical isotope production, would use natural
uranium fuel and would be capable of producing roughly 10 kg of plutonium annually – more
than enough for a bomb [2].
In view of the serious national and international security concerns that Iran’s uranium
enrichment program and plans for nuclear reactors have raised, this paper considers ways of
providing medical radioisotopes without the use of nuclear reactors or uranium enrichment.
Proliferation Risk of Accelerator Based Isotope Production
Since the dawn of the nuclear age, physicists have recognized that particle accelerators can be
used to fabricate Pu-239 [3]. In fact, for several decades, numerous countries pursued an
accelerator-based Pu-239 production program. Despite advances in accelerator technology, the
costs of creating large quantities of Pu-239 with an accelerator remain prohibitive. Nevertheless,
small quantities of Pu-239 could be created by modifying particle accelerators that are initially
intended for medical use, whether for isotope production or direct particle therapy. However,
except in the case of the possible production of Pu-239 by large specially engineered
accelerator/reactor combination called accelerator-driven systems, accelerator-produced
quantities of Pu-239 are too small to present a proliferation risk.
Pu-239 is created when U-238 captures a neutron. Although most easily made in a reactor,
neutrons for U-238 capture can also be created with an accelerator, either through a chargedparticle type reaction or a spallation-type reaction. Accelerator-produced neutrons are typically
very energetic. In order to be captured by U-238, the neutrons must be suitably moderated.
Efficient clandestine moderation is difficult because it requires material with low absorption
cross sections, typically heavy water, deuterated plastic or reactor-grade graphite, i.e. carbon
with a very low boron content. These materials are controlled and difficult to obtain. In
addition, neutrons will be lost to absorption on other materials in the reactor. Nevertheless, one
can place an upper bound on accelerator production of Pu-239 by assuming that all neutrons
created by the accelerator are captured by U-238. With this assumption, the neutron flux
required to fabricate 10 kg of Pu-239 is easy to calculate. 10 kg of Pu-239 contains 2.5 × 1025
atoms of Pu. To fabricate 10 kg in a year, with a machine that has an 80% up time, one needs a
flux of approximately 1018 neutrons per second.
2

Plutonium that is less than about 94% Pu-239 by mass has sometimes been referred to as reactor grade, as long
irradiations in power reactors breeds more of the heavy isotopes beyond Pu-239. Reactor-grade plutonium is
generally considered less desirable for use in weapons, as these heavier plutonium isotopes add radioactivity that
requires shielding and heat dissipation, and neutrons from spontaneous fission that can cause the chain reaction to
start prematurely. Nevertheless, reactor-grade plutonium can be used in nuclear weapons [89].
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Pu-239 can also be created by directly bombarding a U-238 target with an energetic proton
beam, eliminating the need for efficient neutron moderation [98]. A 20 ton depleted uranium
target, bombarded with 150 MeV protons at a power of 240 kW (representing a current of
1.6 mA), could provide 10 kg of Pu-239 in 80 machine-years.
Accelerator neutron production can be greatly increased by engineering a sub-critical assembly
of natural uranium around the accelerator beam target, i.e., an accelerator-driven neutron source
or accelerator-reactor combination. The exact multiplication factor depends on the geometric
details of the uranium and moderator. A DOE study determined that a simple, natural uranium
and light-water moderated sub-critical assembly could amplify the neutron output of an
accelerator neutron source by a factor between 8 and 40 [4]. The report estimates that the U-238
capture rate would be between 3 and 16 times greater than the accelerator-only neutron
production rate. For the purposes of analysis here, we assume that a subcritical assembly could
amplify the Pu-239 production rate by a factor of 20. Thus, using a sub-critical assembly, one
needs a neutron flux of 5 × 1016 n/sec to create 10 kg of Pu-239 per year.
There are several barriers to the clandestine use of a sub-critical assembly. First, diversion of
uranium for such a purpose would almost certainly violate the host country’s NPT obligations
and violate IAEA safeguards. Under IAEA agreement IFCIRC/153 part 37(b), a state is
obligated to have inventory control on a total quantity of natural uranium greater than 10 tons in
the state [5]. An eight cubic foot sub-critical assembly of natural uranium, capable of
multiplying neutron capture by a factor of 13, requires 250 tons of natural uranium. Thus, in
order to construct such an assembly a proliferator would have to divert from inventory 25 times
the IAEA inventory exemption of natural uranium. In addition, according the IAEA Safeguards
Manual SMI3.1.2, a state is obliged to provide the IAEA with design information about any
facility that will contain nuclear material, preferably prior to the introduction of this material.
An analysis of how the IAEA would be involved with an accelerator-driven system in Belgium is
presented in IAEA report IAEA-CN-184/308 [6].
More importantly, a sub-critical assembly would involve substantial engineering and site
modification that may be easily discovered. A sub-critical assembly must be cooled, and the
radiation output (including gammas, neutrons, and radioactive gases) would be quite different
than that from a facility dedicated to medical use. The ability of a determined actor to
clandestinely redirect a medical facility to Pu-239 production using a sub-critical assembly
would depend on the exact type of facility, the geography, and the technical sophistication of the
actor but would likely be very difficult.
In the US, medical accelerators are commonly used to provide electron therapy, x-ray therapy,
and proton or other ion therapy [95]. Accelerators are also used to create isotopes for both
imaging and therapy. Infrequently, accelerators are used to provide neutron therapy. The best
way to make medical isotopes using medical accelerator technology is likely to use
commercially available 30 MeV medical cyclotrons. These machines, already used in hospitals
worldwide to create short-lived diagnostic medical isotopes, can create longer lived species
through charged-particle reactions by bombarding suitable targets with protons, deuterons or
alpha particles, or by creating neutrons that are in turn captured or drive a n,p reaction. To make
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Pu-239, these machines would be used in the neutron-creation mode. At 30 MeV, the greatest
neutron yield is created by bombarding beryllium targets with deuteron ions (protons have a 25%
smaller yield) [7, 8]. In these targets, neutrons are created by both a p,n reaction and also by
spallation. The neutron yield is approximately 0.03 neutrons/deuteron. These machines can
operate at a current of up to 2 mA, generating a flux of 3.7 × 1014 n/sec. The creation of 10 kg of
Pu-239 would require at least 3,000 machine-years.
As we show later in this report, many such 30 MeV cyclotrons would be required to meet a
country’s total medical isotope need. For short-lived isotopes, a distributed production scheme
may be very cost-effective as it minimizes the time between production and patient treatment.
For longer-lived therapeutic isotopes, a single dedicated accelerator facility that provides a large
neutron flux may be prudent [94, 101]. Such a facility would be similar to the spallation neutron
source (SNS) at Oak Ridge National Laboratory but with vastly lower neutron fluxes. For
example, a 150 MeV machine operating at 240 kW (1.6 mA) could create 1016 n/s and would
likely meet a small country’s need for neutrons for medical isotopes. Such a machine would
require at least 100 machine-years to make 10 kg of Pu-239.
Other medical accelerators could be re-engineered to create Pu-239, although at very low rates.
Electron accelerators are unfeasible. A 10 MeV electron accelerator, used for whole body skin
irradiation, typically operates at 100 μA currents [9]. If such an electron beam was directed at a
uranium target, a neutron flux of 2.5 × 109 n/sec would be created, requiring 400 million
machine-years. A dedicated 4 MeV ion accelerator neutron source could create a flux of 1.5 ×
1014 n/sec, which would require at least 7,000 machine-years to fabricate 10 kg of Pu-239
[10, 11, 35]. 250 MeV ion accelerators used for proton therapy are not suitable for neutron
production. Their low current, typically 10 nA, would create 3 × 1011 neutrons/sec and would
require 3 million machine-years to fabricate 10 kg of Pu-239 [12]. Neutron generators for
commercial use are also available and could, in principle, be used for production of very small
quantities of Pu-239 and are thus a useful point of comparison. These generators typically use
either a D-D or D-T fusion reaction. Thermo-scientific sells a neutron generator, the D-711, that
can create a flux of 1010 n/sec and would require 100 million machine-years to fabricate 10 kg of
Pu-239.

Machine/Accelerator
Dedicated U-238 target
(150 MeV, 240 kW)
Dedicated spallation source
(150 MeV, 240 kW)
30 MeV, 2 mA cyclotron
4 MeV neutron therapy
250 MeV proton therapy
Thermo Scientific D-711

Neutron flux
(n/sec)

Minimum MachineYears to produce 10
kg Pu-239

Minimum Machine Years
with sub-critical assembly
to produce 10 kg Pu-239.

N/A

80

N/A

1 × 1016

100

5

3.7 × 1014

3,000

150

1.5 × 10

14

7,000

3,500

3 × 10

11

3 million

150,000

1010

100 million

5 million

Table 2. Proliferation potential of accelerator-based isotope production technologies.
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For comparison, a typical 1000 MWe PWR produces about 330 kg of plutonium per year – or 10
kg per 0.03 machine years [13].
Commonly Used Medical Isotope Overview
Typically, diagnostic isotopes have a short half-life and emit x-rays with an energy greater than
100 keV either directly or through positron annihilation. These x-rays are easy to identify
outside of the body and give minimal radiation dose to the patient. Each diagnostic scan
typically involves a small quantity of the radio-isotope. Table 3 lists the commonly used
diagnostic medical isotopes. Almost all diagnostic isotopes are presently created with cyclotrons
[96]. Tc-99m, which emits a 140 keV gamma ray is the most commonly used diagnostic isotope
and is the only diagnostic isotope produced in a reactor. It is also typically made using a HEU
target. We have not included reactor produced Xe-133 because it can be functionally replaced
by Xe-127 which is diagnostically superior.
Two types of diagnostic scans use medical radioisotopes. In a Single Photon Emission
Computed Tomography (SPECT) scan, a x-ray emitting radioisotope is introduced into the
patient, by injection, ingestion, or inhalation. The high-energy x-rays are captured by gamma
cameras which provide a three-dimensional image. In Positron Emission Tomography (PET)
scans, a positron emitting isotope is introduced into the patient. Annihilation of the positron with
electrons in the patient create characteristic 511 keV gamma-rays which are subsequently
captured by gamma cameras.
Isotope
Tc-99m
I-123
Ga-67
Th-201
In-111
Xe-127
Co-57
C-11
N-13
O-15
F-18
Ga-68
Ru-82

Medical Use Half-life Typical Production Method
SPECT
6 hr
reactor
SPECT
13.2 hr
cyclotron
SPECT
78.3 hr
cyclotron
SPECT
73.1 hr
cyclotron
SPECT
2.8 d
cyclotron
SPECT
36 d
cyclotron
SPECT
272 d
cyclotron
PET
20 min
cyclotron
PET
10 min
cyclotron
PET
2 min
cyclotron
PET
110 min
cyclotron
PET
68 min
Ge-68 via cyclotron
PET
1.3 min
Sr-82 via cyclotron

Table 3. Medical isotopes commonly used for diagnostic imaging [14].
Therapeutic isotopes can have a long or short half-life. These isotopes are either injected,
ingested or implanted into a patient and typically emit low-energy or short-penetrating radiation
so that the therapy is targeted to the diseased tissue. Quantities used for each treatment are
typically much greater than those used for diagnostic scans. Table 4 summarizes the commonly
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used therapeutic isotopes. Except for Pd-103, all the commonly used isotopes for therapy are
created in reactors.
Isotope

Medical Use

P-32
Sr-89
Y-90
Pd-103
I-125
I-131
Sm-153
Re-186
Re-188
Ir-192

Cystic Brain Tumors
Metastatic Bone Cancer
Liver Cancer
Prostate Cancer
Prostate Cancer
Thyroid Disease/Cancer
Metastatic Bone Cancer
Metastatic Bone Cancer
Metastatic Bone Cancer
High Dose Rate Brachytherapy (Breast,
Head, Neck, Lung Cancer).

Half-life
14 d
50 d
2.7 d
17 d
60 d
8d
1.9 d
3.7 d
17 h
74 d

Typical Production
Mechanism
Reactor
Reactor
Reactor
Cyclotron
Reactor
Reactor
Reactor
Reactor
Reactor
Reactor

Table 4. Medical isotopes commonly used for therapy [15].
Alternative Production Mechanisms to Reactor-Made, Commonly Used Medical Isotopes
Here we present alternatives for producing the most common medical isotopes without using
uranium or nuclear reactors. We have analyzed each reactor-made isotope listed in Tables
3 and 4. For most isotopes we have identified possible production reactions using either a
1014 n / cm2 / sec neutron flux, provided by either a 30 MeV cyclotron or a dedicated spallation
neutron source3, or a charged particle reaction assuming a beam current of 500 μA. For Mo-99,
we have also considered a photo-nuclear reaction process. For each reaction, we estimate the
annual production rate, assuming an 80% up-time.
These estimates should be viewed as preliminary. In particular, for neutron targets, we did not
consider neutron transport through the targets, nor did we consider loss of neutron flux due to the
requirements of moderation. For charged-particle targets, we did not consider the details of
target design. For some targets, the resultant yield from thick targets is published. For others,
we have estimated the yield from published cross sections and assume that all reactions occur
within the range of the charged particle in the target. Except for Mo-99/Tc-99m, no
consideration was made for isotope loss due to radiochemistry processing. Only a cursory
analysis was applied to the specific activity requirements. In some cases, the specific activity
may be a limiting factor.
For those isotopes where demand figures are not readily available, we estimate the annual
demand for each isotope by assuming that a reasonable (10-30%) fraction of the indicated
disease (see Table 5) is treated with radiotherapy. Other diseases have not been considered. We
use US demand as a proxy for worldwide demand. Typical demand in a 100 million person
country is calculated by dividing US demand by a factor of three. This is likely a very
3

An average thermal neutron flux of 1014 n/cm2/sec is now routinely achieved at the Swiss Spallation Neutron
Source [99].
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conservative over-estimate for most isotopes. For example, the US consumes more than half of
all Mo-99 produced worldwide. The demand estimates in table 5 do not take into account losses
due to decay during transport and other logistical steps, which may be important for short-half
life isotopes.

Maximum
US
Activity per Treatments
Isotope
Procedure
per year
Mo-99
15-30 mCi 20,000,000
/Tc-99m
(Tc-99m)
Ir-192
10 Ci
400,000
I-131
30 - 200 mCi
200,000
Re-188
90 mCi
100,000
Sm-153
70 mCi
100,000
Re-186
40 mCi
100,000
Y-90
140 mCi
10,000
I-125
50 mCi
10,000
Sr-89
4 mCi
100,000
P-32
0.5 mCi
<10,000

Maximum
US
Demand
(Ci)
1,500,000
(Mo-99)
14,000
11,000
9,000
7,000
4,000
1,300
500
400
<5

Demand
in a 108
person
country
(Ci)
480,000
(Mo-99)
4459
3503
3,000
2,300
1,300
414
170
130
<3

Annual
production in a
10 14 n/cm2/sec
flux (Ci)
N/A—See text
300
3400
N/A
8,000
7,000
7,000
1600
400
15

Annual
production in
a 500 μA
target (Ci)
35,000
(Tc-99m)
100
500
1,000
100
2,100
2,800
122
N/A
1800

Table 5. Estimated accelerator based capability to produce medical isotopes that are
presently made with reactors. Tc-99m can be most efficiently made through a photonuclear reaction. Two targets could make 130,000 Ci of Mo-99/ year [21].
Molybdenum-99/Technetium-99m
Technetium-99m is the world's most widely used medical radioisotope – it is used in 80% of
nuclear medicine procedures, about 30 million procedures annually [16]. At present, most
Tc-99m is provided by a Mo-99 “generator” which decays via beta emission into Tc-99m with a
half-life of 66 hrs. Mo-99 is typically created as a product of U-235 fission in enriched U-235
targets exposed to a neutron flux. Annual global demand for Mo-99 is approximately 500,000
“6-day” Ci, which corresponds to about 2.3 million Ci. It decays to stable Tc-99g (ground) with
a half life of 6 hours, emitting a 140 keV gamma ray. This energy range is very well suited to
gamma cameras, making Tc-99m a workhorse radiotracer isotope [17]. Tc-99m is injected into
the patient as part of a SPECT scan. The isotope is incorporated into many different chemical
compounds for different imaging procedures, each tailored to concentrate the radioisotope in
different types of tissue. These compounds are prepared in “kits” shipped to hospitals, which
contain all the necessary chemicals for formulating the desired radiopharmaceutical (see Table
6).
Mo-99 is a product of the fission of uranium-235. It is generally produced by irradiating
dedicated uranium targets (usually HEU, but sometimes LEU) in a research reactor. These
dedicated targets are designed to be dissolved quickly, allowing chemical processing of the
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Mo-99 also to be carried out quickly – Mo-99’s 66 hour half life puts a premium on speed
throughout the process. In 2009, roughly 40-50 kg of HEU [17], most of it enriched to more than
90% [18], was consumed in targets annually on a global basis – enough to make at least one
nuclear weapon.4
Progress has been made in shifting to LEU production, spurred on by a recent $10/dose US
subsidy of non-HEU production through Medicare payments [19]. Progress reported at Argonne
National Laboratory’s 2013 Mo-99 topical meeting in Chicago was substantial – all current
international producers are on track to convert to Low Enriched Uranium (LEU) for both targets
and reactor fuel by 2015, and all new international producers outside of Russia are using LEU
from the outset.

Table 6. A list of Tc-99m procedures [17].
Production alternatives
Mo-99 can be produced by means other than uranium targets. Mo-99 can be created by a
photonuclear reaction on Mo-100 or Tc-99m can be created directly by proton bombardment of
Mo-100. These methods can likely produce Tc-99m at a lower cost than reactors using HEU
targets.
Photo-Nuclear Method
The photo-nuclear method uses an electron beam impinging on a metal target to produce
bremsstrahlung gamma rays, which in turn hit a molybdenum target, producing Mo-99 by
4

The IAEA defines a “Significant Quantity” as “the approximate amount of nuclear material for which the
possibility of manufacturing a nuclear explosive device cannot be excluded,” For U-235, this consists of any mass of
HEU containing more than 25 kilos of U-235 [20].
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causing Mo-100 to expel a neutron. This method can use either natural molybdenum targets
(which contain 9.6% Mo-100), or targets enriched in Mo-100. The latter is substantially less
expensive, as the molybdenum production in a given target is more than ten times greater.
According to a report from the IAEA, a photonuclear production facility that operates a 50 MeV
electron beam at 100 kW on two enriched 100-Mo targets could produce 1.3 × 105 Ci / year of
Mo-99 [21]. NorthStar Medical Radioisotopes, LLC plans to build a facility in Wisconsin with
16 linacs (14 of which would generally be operational, irradiating targets in pairs), which will be
capable of meeting at least half of US demand annually [88]. This facility will operate on a
commercial basis, and the company believes it can turn a profit despite competition from reactor
producers, who are supported by subsidies.
The best data available suggest that the overall cost per patient dose of Tc-99m5 would be about
$5.35 with enriched targets, or about $43.40 with natural molybdenum targets. Meeting current
global demand would cost $160 million or $1.3 billion for enriched and natural targets,
respectively. These figures should be treated with a good deal of caution, and are essentially
zero-order estimates. Efforts have been made to quantify the costs associated with the process,
however data are approximate, as commercial-scale accelerator production has not yet
commenced.
Nonetheless, it appears reasonable to say that Mo-99 production with enriched Mo-100 targets is
unlikely to be much more expensive than reactor produced Mo-99, which costs about $15.15 per
dose, or about $460 million to meet current global demand.6 Using natural molybdenum targets
is likely to be substantially more expensive than reactor production of Mo-99, but even this cost
may not be prohibitive. If the estimates above are correct, the additional cost per dose is still only
about one eighth of the overall procedure cost – $340 in 2010 [16].
p,2n reaction
The charged particle method would produce Tc-99m directly by hitting Mo-100 with a proton,
and causing the nucleus to expel two neutrons. Molybdenum enriched in Mo-100 is required –
the use of natural molybdenum not only decreases yield but contaminates the product.7
Production could be carried out either in a dedicated technetium-producing cyclotron, or in one
also used to produce isotopes for PET scans. The latter option offers some efficiency
advantages: PET cyclotrons are usually idle during night hours because PET isotopes have such
short half lives that the vast majority of material produced overnight would decay before the start
of the working day. Technetium’s relatively long half life (6 hours) would allow it to be
economically produced during otherwise idle hours. One expects a production rate of 35,000 Ci
per year with an 18 MeV proton beam at 500 μA [22].

5

Calculation described in detail in Appendix A.
Calculation described in detail in Appendix A. Note that this is the overall production cost – the sale price is lower,
due to subsidies.
7
Nuclear reactions with other molybdenum isotopes produce other technetium isotopes which are useless for
imaging, but substantially increase the patient’s absorbed radiation dose, so that [22] concluded that “contaminants
produced in the proton-induced reaction on the natural molybdenum target will preclude its use in nuclear
medicine.”
6
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This approach has drawn some industrial interest in Canada. Major cyclotron manufacturer
Advanced Cyclotron Systems Inc. (ASCI) of British Columbia has shown particular interest in
this process. It has partnered with the University of Alberta and the Centre Hospitalier
Universitaire de Sherbrooke (CHUS) by supplying TR 19 cyclotrons to produce small quantities
of Tc-99m for proof-of-concept imaging studies. In October 2012 it introduced the TR 24
cyclotron, the first designed with commercial production of Tc-99m in mind, and delivered the
first unit to CHUS [23]. This 24 MeV 500 µA cyclotron is a dual-use PET/SPECT isotope
producer, capable of producing Tc-99m, as well as the PET isotopes C-11, N-13, O-15, F-18, I124, Cu-64, and Ge-68 and other SPECT isotopes including I-123, In-111, Ga-67 and Co-57
[24, 25].
A dedicated cyclotron could produce one dose of Tc-99m for about $18.25; while production on
a multipurpose PET machine during night hours would cost about $11.50 per dose8 (see Table
7). Cost data here must also be considered highly uncertain, even more than for the photoneutron process. Not only has commercial cyclotron production not commenced, the supply
chain is substantially different than that of reactor-produced molybdenum, adding further
uncertainty. However, it seems that production on multipurpose machines is unlikely to be
prohibitively more expensive than reactor production.

Reactor
Photo-Nuclear (enriched targets)
Photo-Nuclear (natural targets)
Dedicated Cyclotron
Multipurpose Cyclotron

Cost per dose:
$15.15
$5.35
$43.40
$18.25
$11.50

Potential market share:
100%
100%
100%
50%
25%

Total Cost
(millions):
$462
$161
$1,302
$272
$86

Table 7. Estimated Tc-99m production costs for different production methods.
Potential proliferation impact
The potential proliferation risk associated with accelerator technetium production is minimal.
While accelerators could be turned into neutron sources, which could in turn be used to irradiate
U-238 to breed plutonium, and centrifuges used to enrich Mo-100 for targets could conceivably
be turned to enriching uranium, this would result in very tiny global production capability,
particularly compared with research or power reactors.9
The proliferation capability of 30 MeV accelerators has been described above. A photo-nuclear
Mo-100 facility could be clandestinely redirected to fabricate Pu-239, but, would be very
inefficient. At 50 MeV, the neutron yield on a uranium target is 0.024 neutrons per electron so
that a 100 kW facility could generate a neutron flux of 3×1014 neutrons per sec. This technology
would require 3000 machine-years to fabricate 10 kg of Pu-239. Producing enough fissile
material for a weapon with a single state’s technetium infrastructure would take centuries, and
8

Cost calculation detailed in Appendix A. Some sources have reported lower figures, e.g. $7.80-$8.10 per dose for
multipurpose cyclotrons in [86].
9
Appendix B has detailed calculations of the proliferation capability associated with this infrastructure.
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would involve activities that could not be plausibly explained as part of medical isotope
production. Even in the absence of formal safeguards on these facilities, such long-term illicit
operation would be likely detected.
Both the photo-nuclear and cyclotron methods would also spread isotope production around to a
larger number of facilities than the current system of a small number of reactors. This avoids the
single points of failure inherent in the current system, wherein problems at a single facility can
cause global supply shortages, such as those that occurred when Canada’s NRU reactor went
offline unexpectedly in 2007 and 2009-2010 [18].
Alternatives to Tc-99m use in medicine
Positron Emission Tomography (PET) scans can substitute for Tc-99m procedures in some
applications. 27% of respondents in a 2011 OECD Nuclear Energy Agency survey expected 25%
or more of Tc-99m medical procedures to be displaced by alternative technologies by 2030 [26].
Most of this displacement is expected to come from PET scans. These use shorter-lived
cyclotron-produced10 isotopes (see Table 8) that decay via positron emission, producing gammas
with higher energies than those emitted by Tc-99m. These are often diagnostically superior to
SPECT scans, and for some procedures, deposit in the patient a lower radiation dose than a Tc99m scan. They are, however, significantly more expensive. PET scans cost $983 per
procedure,11 or almost three times as expensive as the average SPECT procedure ($340).
Furthermore, the short half-life of PET isotopes means that they must either be produced on site
or from a nearby external supplier. This limits growth in the use of PET to densely populated
areas representing markets large enough to justify cyclotron construction.
This suggests that PET is unlikely to completely supplant SPECT in the near term. Nevertheless,
growth in the number of PET procedures has the potential to reduce demand for Tc-99m and
other SPECT isotopes.
Isotope
Half-life Energy (MeV)
Fluorine-18 109.7 min
0.635
Carbon-11
20.4 min
0.96
Nitrogen-13 9.96 min
1.19
Oxygen-15
2.07 min
1.72
Table 8. A list of the most common PET isotopes.
Iridium-192
Ir-192 is used for high-dose rate brachytherapy as part of an “after-loader.” In this treatment
methodology, catheters are placed in the patient that go through the tumor or tumor bed. The
radioactive source is then automatically positioned in the tumor by a machine, the so-called
10

Since PET isotopes decay by positron emission, they are “proton-rich,” and therefore are more easily produced via
proton activation (in cyclotrons) than neutron activation (in reactors).
11
Taken from Medicare reimbursement rates reported in [90], and adjusted to 2010 dollars.
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after-loader, that positions the sources within the catheter. Common indications include prostate,
breast, head, neck and soft tissue sarcomas. Each after-loader contains one Ir-192 source with an
activity of 10 Ci. There are approximately 350 after loaders in the US, and each Ir-192 source is
replaced four times per year, so that there is a total US need of 14,000 Ci per year [27].
Ir-192 sources are typically fabricated by exposing natural iridium wire to a neutron flux [47].
Each after-loader source is typically a cylinder with a diameter of 0.034 cm and a length of 0.25
cm. Ir-191 has an absorption cross section of 954 barns and represents 37% of natural iridium.
If exposed to a neutron flux of 1014 n/cm2/sec, a natural iridium after-loader source will be
exposed to a neutron rate of 8.5 × 1011 neutron/sec. It will likely absorb almost all of these
neutrons so that Ir-192 will be generated at a rate of approximately 2.5 micro-Ci per sec. (This
estimate ignores the small contribution of Ir-193 capture). Considering the half-life, exposure
for 120 days would be required to activate such a cylinder to 10 Ci. However, the sources are so
small that each such machine could likely irradiate 100 sources per cm2 per 120 days giving a
total annual yield of 300 Ir-192 sources.
Ir-192 can also be produced with an accelerator via the Os-192(d,n)Ir-192 reaction. Tarkayi
estimate a production rate on an enriched osmium target of 0.013 Ci/hr at 500 μA, so that 10 Ci
could be produced in 30 days [28]. Assuming an 80% uptime, that corresponds to an annual
production rate of 100 Ci per osmium target.
Iodine-131
I-131 is used to treat both thyroid cancer and benign hyperthyroid disease. Treatment for thyroid
cancer typically requires 200 mCi, while treatment for benign disease typically requires 30 mCi
[29]. I-131 treatment is not prescribed for every case of thyroid disease, however, an estimate of
the incident of both cancer and hyperthyroidism can place an upper bound on I-131 demand. In
the US, thyroid cancer presents in about 45,000 patients per year [30]. Hyperthyroidism presents
with an incidence of 0.04% of women and 0.01% of men per year so that in the US one expects
75,000 cases per year [75]. Thus, one would expect a maximum US demand of 11,000 Ci of I131 per year.
I-131 is typically created by neutron capture on Te-130, creating Te-131 which subsequently
beta-decays to I-131 with a 25 min half-life [47]. Exposing a full mole of unenriched TeO2 (i.e.
34% Te-130) to a neutron flux of 1014 neutrons/sec will create 3,400 Ci of I-131 per year. I-131
can also be produced via charged particle reactions. In fact, the first production was
accomplished with the Berekely Cyclotron in the late 1930’s. An accelerator production facility
would use the reaction Te-130(d,p)Te-131 which subsequently decays to I-131 and the Te130(d,n)I-131 reaction, which has a cross section ten times smaller [31]. An enriched target
would be necessary to prevent contamination with other Iodine isotopes [32]. At a beam current
of 500 μA, one would expect an annual production rate per target of 500 Ci / year.
Rhenium-188
Re-188 is used for palliative care of metastatic bone disease, i.e., cancer that has metastasized
into a patient’s skeletal system [33]. In the US, approximately 280,000 patients are thought to
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need care for metastatic bone disease [34]. Only a fraction of these patients are likely to be
prescribed radio-therapy for bone pain, and of those, only another fraction will choose Re-188.
Here we assume that the bone pain therapy market will be equally divided between the four
available isotopes. Thus, if 100,000 patients are treated with radio-therapy, only 25,000 would
choose Re-188. A typical patient can be treated up to four times per year so that at a maximum
one would expect 100,000 annual Re-188 treatments. The average prescription dose is 90 mCi
so that one expects a maximum US demand of 9,000 Ci/year.
Re-188 is typically provided by a W-188 generator that is created by neutron capture in a reactor.
Re-188 can also be produced via the d,p reaction on Re-187. A 12 MeV, 500 μA deuteron beam
will create 1,000 Ci/year [31].
Samarium-153
Sm-153 is also used for palliative bone therapy [53]. The typical prescription dose is 1 mCi /kg
so that the average 70 kg patient needs 70 mCi, up to 4 times per year [93]. If 25,000 patients
per year were treated with Sm-153, the total US demand would be 7,000 Ci.
Sm-153 can be produced via neutron capture on enriched Sm-152 oxide or via an alpha, n
reaction on enriched Nd-150. The neutron absorption cross section is very large so that a Sm153 target will likely absorb all impinging neutrons and could in principle create 1,000 Ci/day
when exposed to a 1014 n/sec flux. However, the specific activity requirement for this product is
very high, at 104 Ci/g. Seven days exposure is typically required to reach 104 Ci/g [36]. A 20
mg target could provide 8,000 Ci/year. Production via Nd-150(alpha,n)Sm-153 could produce
100 Ci/year [37, 38]. Given the different chemistries of the target and Sm-153, the specific
activity of Sm is likely not a limiting factor in this process.
Re-186
Re-186 is also used for bone-pain palliative care [33]. The average prescription does is 40 mCi
so that if 25,000 patients per year were treated with Re-186 one expects a maximum US demand
of 4,000 Ci/year.
Re-186 can be produced in a neutron flux via neutron capture on enriched Re-185. In a flux of
1014 n/sec, one expects to produce 24 Ci/day in a 0.1 g target, which corresponds to 7,000
Ci/year [47]. Re-186 can also be produced via proton bombardment on W-186. Experimental
measurements suggest that one can create 2,100 Ci/year by bombarding a 20 MeV 500 μA
deuteron beam on an enriched W-186 target [39, 40, 49].
Y-90
Y-90 is most commonly used as a form of palliative care for unresectable liver cancer [41].
30,000 patients per year present with liver cancer in the US [42], but only a fraction of those are
likely to use Y-90 therapy. The typically dose is approximately 0.14 Ci [43]. If 10,000 patients
per year choose Y-90 therapy, the maximum annual US demand is 1,300 Ci/year.

Nuclear Medicine without Nuclear Reactors or Uranium Enrichment 17
Historically, Y-90 has been produced as a decay product of Sr-90, which itself is a fission
product from uranium targets. However, Y-90 can be created by neutron capture on Y-89, with a
cross section of 1.3 barns. Exposing a 5 g target to 1014 n/sec would create 7,000 Ci/year, more
than enough to meet US demand. Y-90 can also be created via the d,p reaction on Y-89 [44].
The d, p reaction for a 20 MeV beam at 500 μA will create 2,800 Ci/year. However, this process
would also create Sr and Zr isotopes; clever chemistry would be required to separate the Y-90.
Iodine-125
I-125 is used as the therapeutic isotope in low-dose rate brachytherapy devices. Most I-125 is
used to treat prostate cancer. Each I-125 prostate cancer treatment requires on average
50 mCi [45]. In the US, about 200,000 men develop prostate cancer per year and 10,000 of them
will be treated with I-125 therapy [46]. The US demand for I-125 brachytherapy is thus about
500 Ci per year.
I-125 is typically made by neutron capture on Xe-124 that subsequently decays to I-125. A
neutron flux of 1014 neutrons/cm2/sec can create 46 Ci per year at 80% uptime with natural
Xenon or 1,600 Ci/year with enriched Xe-124 [47]. I-125 can also be produced by the reaction
125
Te(p, n)125I, at an estimated rate of 122 Ci/year with a 30 MeV cyclotron at 500 μA [48].
Sr-89
Sr-89 is also used for palliative care of metastatic bone disease [33]. A typical treatment requires
4 mCi and can be delivered up to four times a year. If 25,000 patients were treated with Sr-89
four times per year than the total US demand would be approximately 400 Ci.
Sr-89 can be made by neutron capture on Sr-88. For this treatment modality, specific activity is
likely critical to achieve therapeutic effect. Metastron, the commercial version of Sr-98, has a
specific activity of 0.16 Ci/g. To reach this activity with neutron capture on a mole of natural Sr
would require 10 days of exposure to a 1014 n/cm2/sec flux. This exposure time would create 14
Ci of Sr-89 so that 400 Ci could be produced per year assuming an 80% uptime. Production via
a d,p reaction on Y-89 using a 500 micro-Amp, 20 MeV beam will be 1000 times slower than the
neutron capture reaction and thus unfeasible for commercial use [44].
P-32
In the past, P-32 was used for types of ovarian cancer, blood disease and metastatic bone cancer.
Today, it is mostly a niche isotope used for a certain type of cystic brain tumor called cystic
craniopharyngiomas [50]. Each treatment requires on average 0.5 mCi of P-32 [51]. A total of
20,000 patients present with brain cancer in the US per year. Only a very small fraction of these
patients will likely need P-32 therapy. 10,000 per year is a very conservative upper bound.
P-32 is typically made by exposing natural sulfur containing 95% S-32 to a fast neutron flux. A
1014 n/cm2/sec fast flux impinging on a 250 g target will make 15 Ci / year. Although early
supplies of P-32 were created with the Berkley cyclotron [52], a charged particle reaction for P-
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32 production has not been investigated for a very long time. A d,2p reaction on S-32 could
create 1,800 Ci/year [44].

Alternative Production Mechanisms to Reactor-Made, Infrequently Used Medical Isotopes
Actinium-225
Actinium-225 is an alpha emitter with a 10 day half life. It is used for targeted alpha therapy
(TAT). A decay product, bismuth-213, is also a therapeutic alpha emitter. The dominant
production method is indirect, involving neutron activation of thorium-232, producing U-233.
The decay chain of U-233 produces Ac-225 (via two alpha decays and one beta). U-233 is a
weapons-usable fissile isotope with a bare-sphere critical mass of about 15 kg, as opposed to 10
kg for Pu-239 and about 47 kg for U-235 [54].
Ac-225 can be produced in cyclotrons or linacs, both with a Ra-226 target. Proton cyclotrons
would make use of the reaction Ra-226 (p,2n). Linacs would use brehmsstrahlung gammas to
produce Ra-225 via the reaction Ra-226 (γ,n), which would decay to Ac-225 with a 15 day half
life. Both of these reactions not only avoid fission but also production of the fissile U-233.
Americium-241
Americium-241 is an alpha emitter with a 432 year half life. It has some medical use in
cardiovascular imaging and osteoporosis detection [55], though its main use is in well logging
for hydrocarbon exploration, where it serves as a neutron source when alloyed with beryllium
[56]. Am-241 is itself fissile, with a critical mass of roughly 60 kg though its use in weapons has
never been seriously pursued [57].
It is produced by the decay of Pu-241 (with a half life of 14 years), which in turn is produced in
reactors by three successive neutron captures on U-238 – a process that involves production of
fissile Pu-239. It can also be produced more directly by bombarding U-238 with alpha particles,
yielding Pu-241 via (α,n) reactions, which decays to Am-241 [58], though this would involve
some co-production of Pu-239 as well with free neutrons. However, the viability of this approach
for large-scale production is unknown, and it would still produce Pu-241 – a fissile isotope with
a 13 kilogram critical mass [54].
Global production of americium totals a few kilograms per year [58]. However, only a small
minority of this production is for medical uses, and Am-241 is not considered a key therapeutic
or diagnostic isotope.
Californium-252
Californium-252 decays by alpha emission (97% of the time) and spontaneous fission (3%) with
a half life of 2.6 years. The spontaneous fission decay mode makes Cf-252 attractive for medical
and industrial purposes, as it gives off 3.75 neutrons per fission [59], making it a very intense
neutron source. This makes it particularly useful for neutron brachytherapy, where radioactive
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sources are placed adjacent to the area to be treated (either internally or externally). However,
external neutron brachytherapy is not commonly prescribed.
Production overview and alternatives
Cf-252 is produced by successive neutron capture starting with U-238, which must absorb 14
neutrons without fissioning to yield Cf-252 [56]. This is generally performed in stages – instead
of U-238 capturing 14 neutrons in one target, U-238 will be irradiated to produce Plutonium and
Americium, which will be processed and irradiated to produce curium, which is irradiated to
produce californium. Cf-252 is itself fissile, with a very low bare sphere critical mass of about
6 kg [54]. Producing Cf-252 from U-238 involves the production of many intermediate isotopes,
and substantial losses to fission – producing a single atom of Cf-252 requires breeding at least
300 atoms of Pu-239 (see Fig. 1).

Figure 1. A diagram of californium production [60].
However, the overall production of Cf-252 is small enough to make these quantities manageable
from a proliferation standpoint. Global production was only about 275 mg in 2008 [56]. Starting
with U-238 targets, breeding this amount of californium would involve the production of on the
order of 100 g of Pu-239 annually. Furthermore, only a very small minority of this production
could be justified for medical demand. Therefore, while production in spallation neutron sources
would involve breeding plutonium, the quantities would be minimal. Plutonium production could
be avoided altogether by using targets of americium-241, produced by alpha bombardment of U238 as described above. This would also decrease the losses to fission in the process, as well as
the required neutron flux [60].
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Alternative technologies
For neutron therapy, Cf-252 can be replaced by small accelerator neutron sources, which can be
placed near a tumor just as isotope brachytherapy sources would be. This method provides
advantages in customizing neutron energy to the needs of the particular procedure [61].
Cesium-131
Cesium-131 decays by electron capture with a 9.7 day half life. It is primarily produced by
neutron activation of barium-131, and is used for brachytherapy [71]. It can be produced in
cyclotrons by proton activation of Xe-131 [72].
Cesium-137
Cesium-137 is a beta and gamma emitter with a half life of 30.2 years. Historically, it was used
as a source of high-energy x-rays for both external x-ray therapy and internal high-dose-rate
brachytherapy. However, the large x-ray energies and the security hassle of handling large
quantities of Cs-137 disfavor the use of this isotope for medical applications. Most Cs-137
medical sources have been replaced by Ir-192 or electron accelerator x-ray sources.
Large sources are still used for equipment sterilization [62], and for food irradiation. The use of
Cs-137, particularly in larger sources like those used in food irradiation, has become a security
issue in the United States, aside from any concerns relating to the fuel cycle, due to the
possibility that a cesium source could be used for radiological dispersal devices, so-called “dirty
bombs.” While such concerns have been articulated about many long-lived isotopes, cesium is
of particular concern because it is usually in the chemical form of cesium chloride, which is
soluble in water and easily dispersible [63].
Alternative technologies
Electron accelerators can also serve as medical sterilizers, either operating as gamma sources, or
by using their electron beams directly.
Chromium-51
Chromium-51 is a gamma emitter with a 28 day half life used to label red blood cells and
quantify gastro-intestinal protein loss. Cyclotron-produced indium-111 may be a more efficient
blood labeler [73, 74]. I-111’s 2.8 day half life allows it to be produced by idle cyclotrons during
night hours with minimal overnight decay loss.
Cobalt-60
Cobalt-60 is a gamma emitter with a 5.27 year half life. It has been used for external beam
radiotherapy, brachytherapy, equipment sterilization and food irradiation. As with Cs-137, there
are concerns that larger sources might be used in radiological dispersal devices. Although in the
past Co-60 was commonly used for radio-surgery (the GammaKnife), modern stereotactic radiosurgery devices, such as the CyberKnife, use 6 MeV electron accelerators to create
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bremstraulung x-rays. Brachytherapy Co-60 sources have been replaced by Ir-192. Electron
accelerator gamma sources may also be cost-competitive in food irradiation.
Copper-64
Copper-64 is a positron emitter with a half life of 12.7 hours, used in PET. Although it is usually
produced in reactors by neutron activation of Cu-63 [47], it can be produced in cyclotrons by
multiple reactions, most commonly proton activation of nickel-64 via a (p,n) reaction [69]. The
energy range is such that Cu-64 can be produced in PET/SPECT cyclotrons, and the half life is
long enough that it can be produced during night hours without too much loss to decay.
Europium-155
Europium-155 is a beta emitter with a 4.73 year half life, used for osteoporosis detection.
Though a fission product, it is most often produced by neutron activation of samarium-154 [64],
which could be carried out with accelerator-produced neutrons.
Iodine-132
Iodine-132 is a little-used radioiodine isotope, formed by the decay of the fission product
tellurium-132. It undergoes beta and gamma decay with a half life of 2.3 hours. It can be
produced by alpha bombardment of natural tellurium [32].
Lutetium-177
Lutetium-177 is a beta and gamma emitter with a 6.7 day half life. It is used for simultaneous
imaging and therapy of tumors. It is produced by neutron activation of natural or enriched
lutetium-176 targets. Deuteron bombardment of ytterbium-176 targets can produce high specific
activity Lu-177. This has the additional advantage of avoiding the undesirable contaminant Lu177m, which increases patient dose without contributing to imaging resolution [76].
Manganese-54
Manganese-54 decays by electron capture with a half life of 312 days, and is used as a
radiotracer [77]. Although it is often produced in reactors by neutron activation of iron-54 via an
(n,p) reaction, production by deuteron bombardment of chromium-53 via a (d,n) reaction is an
established alternative [64].
Niobium-95
Niobium-95 undergoes beta decay with a 35 day half life, and has some applications in imaging
[55]. Although a fission product, it can be produced by neutron activation of zirconium-94,
producing Zr-95 which decays to Nb-95 [64].
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Ruthenium-106
Ruthenium-106 is a beta emitter with a 374 day half life, used to provide high-energy
(3.54 MeV) beta particles for brachytherapy. It is usually applied in surface plaques, which
irradiate tissue close to the surface of the skin. Ru-106 is rarely used. Surface brachytherapy is
now most commonly performed with either high-dose rate Ir-192 sources [102] or electronic
x-ray sources.
Selenium-75
Selenium-75 decays by electron capture with a 120 day half life. It is used in the form of selenomethionine to study the production of digestive enzymes. It can be produced by irradiating
natural bromine with protons in the 60 MeV range [78].
Tellurium-129m
Tellurium-129m is a beta and gamma emitter with a 33.6 day half life. Although a fission
product, it can be produced by neutron activation of Te-128 [66], which could be carried out with
accelerator neutrons, albeit with a lower specific activity.
Xenon-133
Xenon-133 is a beta and gamma emitter with a 5.25 day half life used for pulmonary ventilation
studies. Its international medical role has diminished and it is no longer used in the United States.
Xe-133 can be replaced with Xe-127, which offers superior resolution, reduced patient dose, and
a longer shelf life (36.4 days) [67]. Xe-127 is produced in cyclotrons by activating natural iodine
with 10-20 MeV protons [69]. As with I-123, this energy range is compatible with PET/Tc
cyclotrons, which can produce long-lived Xe-127 during night hours when they would otherwise
be idle.
Ytterbium-169
Yb-169 decays by electron capture with a 32 day half life. It is used for cerebrospinal fluid
studies in the brain. It can be produced in a cyclotron by activating natural thulium with 30 MeV
protons [92]. This could be done in a PET/Tc-99m cyclotron during night hours.
Yttrium-91
Y-91 is a beta emitter with a 58.5 day half life, used in brachytherapy. Although a fission
product, creation by a n,p reaction on Zr-91 is a feasible alternative [70].
Additional Isotopes that could be created via neutron capture at a small-scale spallation
neutron source
All isotopes currently produced in reactors by neutron activation of non-fissile, non-fertile
targets can be produced without fission or fissionable targets by irradiating targets with neutrons
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from small-scale spallation neutron sources. Spallation sources can produce these isotopes with a
specific activity equal to or greater than that of reactor production, as they have the ability to
match or exceed the neutron flux densities of reactor sources. Isotopes with modest medical use
that can be created through neutron capture are listed in Table 9.
Arsenic-73
Calcium-45
Carbon-14
Chlorine-36
Cobalt-58
Copper-63
Copper-67
Dysprosium-165
Erbium-169
Gadolinium-153

Gold-198
Holmium-166
Holmium-166m
Iron-59
Nickel-63
Osmium-191
Osmium-194
Palladium-109
Phosphorous-33
Platinum-195m

Potassium-42
Radium-223
Radium-224
Samarium-145
Scandium-46
Scandium-47
Silver-111
Sodium-24
Sulphur-35
Tantalum-182

Tellurium-123m
Tellurium-125m
Terbium-160
Thorium-227
Thulium-170
Tin-113
Tin-117m

Table 9. A list of other isotopes that have potential medical use and that can be created
with a small spallation neutron source.
Conclusion and Discussion
Accelerators can supplant reactors entirely in nuclear medicine. For technetium-99m, switching
to accelerator production may reduce costs – at the very worst, it will not significantly increase
them compared to procedure costs. And the necessary accelerator infrastructure, if diverted to
fissile material production, would be able to produce only very small quantities of weaponsusable fissile material.
Furthermore, this infrastructure would be spread out globally, so that in any one state only a
fraction of the total amount of fissile material could be produced. This suggests, as discussed,
that the proliferation risk of accelerators is very small when compared to the uranium enrichment
and plutonium production inherent in operating reactors for medical isotope production.
Quantification of the costs of infrastructure needed to produce or replace isotopes other than Mo99/Tc-99m is beyond the scope of this report. The financial costs and proliferation risks of
producing these other isotopes may exceed those associated with Tc-99m, despite the fact that
the latter is used in a majority of medical isotope procedures. Nevertheless, it is clear that
accelerator alternatives are possible, and it seems likely that their implementation would have a
significant security benefit. The fissile material production capability of these accelerators would
be less than that of the reactors they replace. Fissile material production could only occur as a
result of dedicated activities that could not be explained away as part of normal medical isotope
production (namely, uranium enrichment and neutron bombardment of uranium), as opposed to
the uranium enrichment and continuous plutonium production associated with normal reactor
operations.
The question of how these accelerator options might be implemented is an important one. A
detailed discussion of the topic is outside the scope of this paper, but a few observations can be
made.
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First, global implementation of accelerator production would undermine a potential proliferator’s
justification for reactors. Accelerator options implemented on a global scale would obviate the
use of nuclear medicine as a justification for proliferation-sensitive infrastructure.
Second, subsidies have often impacted the economics of reactor produced radioisotopes.
Regardless of the role of subsidies, capital costs will have to be incurred to build the required
accelerator infrastructure. However, it should be noted that the same issue applies to reactor
production, as many current isotope-producing reactors are very old.
A final suggestion can be made with respect to technology development of accelerator-based
isotope production facilities. The US federal government has a strong track record of promoting
and funding the development of commercial-scale production facilities of medical isotopes. For
example, NorthStar’s development of the photo-nuclear Mo-99 production process was funded
under contract from the NNSA [91]. For all commonly used medical isotopes, the analysis
performed here has demonstrated that accelerator-based production is feasible. More R&D
would support a full transition commercial supply of isotopes other than Tc-99m using
accelerator-based processes. Targeted investments in R&D for commercial production of such
isotopes, through contracts by NIH or DOE could have substantial impact on the commercial
availability of accelerator-produced medical isotopes, both in the US and abroad.
Appendix A – Cost calculations for technetium
Reactors
Mo-99 and Tc-99m production is often measured in “six-day curies,” which equals the activity
of Mo-99 scaled to source strength after six days of decay in transit. Global demand is
approximately 500,000 six-day curies annually amounting to 30 million doses [79]. This
suggests a six-day curie can provide about 60 doses. The production cost per six-day curie is at
least $910 for a research reactor [16], implying a cost per dose of about $15.15. Note that this
refers to the cost of production and includes capital costs, not the sale price, which is typically
lower due to subsidy.
Photo-Nuclear Process via Linacs
Quantifying the costs of the linear accelerator process requires some comparison of the linac and
reactor supply chains. In the current reactor production scheme, reactor-origin Mo-99 is
distributed in disposable “technetium generators.” These are alumina columns with adsorbed
molybdate, where technetium in the form of pertechnate is periodically removed by application
of saline solution, a process referred to as “elution,” or, less formally, “milking.” This is
performed either at hospitals themselves, or at distributor facilities known as radiopharmacies,
which ship prepared medical products to hospitals (see Fig. 2).
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Figure 2. The reactor-based Mo-99 supply chain [80].
Linac-produced Mo-99 has a very low specific activity, as the Mo-99 product cannot be
chemically separated from the Mo-100 target. This makes typical technetium generators
impractical for linac produced Mo-99. However, a new technetium generator technology has
been developed that passes a molybdenum solution over a column which adsorbs any
technetium, which is then eluted. This approach allows reusable generators, as opposed to the
disposable ones used by the current system. Molybdenum product needs only to be prepared in
alkaline solutions rather than adsorbed, which saves generator manufacturing costs and saves the
roughly 18 hours needed to manufacture a traditional technetium generator. These generators
also have elution efficiencies of over 95%, compared to an industry average of about 80% [88].
These advantages allow about 43% more technetium to be extracted from a six-day Ci of linac
Mo-99 than a six-day Ci of reactor origin Mo-99 under the current system. Therefore, one
six-day curie of linac Mo-99 should be considered equivalent to about 85 doses as opposed to 60
for a six-day curie of reactor material.
Cost estimates were based on a notional Canadian linac facility described in [81]. This facility
would have two 100 kW linacs and on-site processing facilities. It would output two targets each
containing 180 Ci of Mo-99 at the end of bombardment (EOB), five days a week. With a
processing time of 6 hours, and a processing efficiency of 98%,12 this translates into 20,700
six-day curies annually. Taking into account the efficiency advantages described above, this
single facility, with two linacs, would provide about 1.76 million doses annually, or about 5.9%
of current global demand.

12

Over 98% of the Mo-100 in targets can be recovered [100]. This means that overall molybdenum losses
throughout the process are less than two percent. Therefore, Mo-99 losses prior to processing must be less than two
percent.
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The facility would have capital costs of $20.7 million and annual operations and maintenance
costs of $5.73 million, excepting Mo-100 but including shipping. The facility would require an
initial supply of 900 g of Mo-100,13 and at 98% recycling efficiency,14 additional supplies of
160 g/year would be needed. At $500/g,15 total costs including Mo-100 would therefore be
$21.15 million capital and $5.8 million for operations and maintenance, or $7.17 million total
equivalent annual cost.16 The 17 such facilities required to meet current global demand would
cost about $122 million annually
Counting generator costs, estimated as $1.25 per dose [81], this works out to a cost of about
$5.35 per dose, or about 35% the cost of reactor production.
If isotopic enrichment on any scale were unavailable, then cyclotron production can be
eschewed, and linacs can produce Mo-99 using natural molybdenum targets, albeit at substantial
costs in yield and specific activity. This would cut yield and specific activity by a factor of about
ten compared to the use of enriched targets.
Using natural molybdenum would have a large impact on the price of the Mo-99 product.
Natural molybdenum is only 9.6% Mo-100, so yield would be cut by a factor of 10.4. 177
facilities of the type described in [81], using 354 linacs, would be required. Taking into account
savings from not having to enrich molybdenum for targets, and assuming that generator costs per
Ci are unaffected by the lower specific activity, this would increase prices by about $38.05, to
about $43.40. This is nearly three times the price of reactor origin material, but still only about
an eighth of the procedure cost.
p,n Production via Cyclotrons
The cyclotron and reactor supply chains were compared by constructing a model of a typical
generator’s output. Transit times at each stage of the process were taken from Table 10 (which
applies to the current reactor system). When ranges are given, the mean value is assumed.

13

Targets are 15 g. Recycling turnaround time is stated as 40 days. At five days a week, at most 30 bombardments
would be carried out during this time. Hence, an initial supply of 900 g would be required to provide 40 days worth
of target material.
14
A speculative recycling efficiency of 96% is given in [81], however, subsequent research [100] has demonstrated
efficiencies of over 98%. The latter figure is therefore used.
15
Small quantities cost roughly $2000/gram, while kilogram quantities cost about $500/gram [81]. Given that global
implementation of accelerator production would drive demand into the kilogram quantities, the latter figure is used.
16
Assuming 5% interest and a payback time of 30 years for infrastructure.
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Table 10. Transit times for individual steps of reactor-based Mo-99 production [17].
It was assumed that 21 hours elapse between the end of processing and the end of generator
preparation (9 in shipping, 12 in generator preparation). During this time technetium is not
accumulating usefully. Another 12 hours elapse in transit between the generator facility and the
hospital or radiopharmacy, at which point the generator is eluted immediately. The generator is
then eluted at alternate intervals of 6 and 18 hours, or roughly at 8 AM and 2 PM, to provide
pertechnate product during working hours. It is disposed of after ten days.
These figures suggest that about 20% of the Mo-99 mass decays en route before generator
preparation, and another 5.7% is disposed of after ten days. Of the 74% that decays between
generator preparation and disposal, almost half – 37% of the total – is available for elution, the
rest decaying to Tc-99g between the elution intervals (particularly the 18 hour overnight
interval). Assuming an average elution efficiency of 80% for generators currently on the
market,17 and the fact that 13.5% of Mo-99 decays directly into Tc-99g, about 28% of the mass
of Mo-99 available at the end of processing is delivered as Tc-99m output from generators.
This suggests that in order to replace a six-day curie of Mo-99, with a mass of 9.46 µg, a
technetium-producing cyclotron must deliver about 2.81 µg of Tc-99m to a hospital. To produce
a single dose of 25 mCi (with a mass of about 4.7 ng), a cyclotron must deliver 41 ng (see
Table 11 for masses of common units). This provides a base of comparison for calculating the
effective production capability of a cyclotron.
Common Quantity of
Tc-99m measurement
1 Ci of Mo-99
Six-day curie Mo-99
1 Ci of Tc-99m
Dose Tc-99m (25 mCi)

Mass
2.08 µg
9.46 µg
189 ng
4.73 ng

Table 11. Conversion factors for
different quantities of Tc-99m
treatment.

17

[17] gives a range of 70-90% as standard.
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The two cyclotron scenarios were considered as follows:
1) A dedicated Tc-99m cyclotron that carries out two six-hour bombardments daily,
timed so that processed material will arrive at hospitals and radiopharmacies at the
start of the day. The time between end of bombardment (EOB) and product deliveries
will be taken as 4 hours, on the assumption that cyclotrons are only supplying large
metropolitan areas.18 Since this is a dedicated facility, technetium prices must include
capital costs. Since these would be practical in any reasonably-sized urban area with
good transportation infrastructure, their potential market share was assumed to be
50%.
2) A multi-purpose cyclotron that produces Tc-99m in one six-hour bombardment in the
early morning. In order to leave time for a two hour F-18 bombardment timed around
the start of the day, the bombardment is considered to take place two hours earlier
than in the dedicated Tc-99m cyclotron case, increasing the interval between EOB
and delivery to six hours. Since technetium production is not interfering with PET
production, capital costs are not included in technetium prices. Variable operations
and maintenance costs associated with Tc-99m production are considered to be 50%
those of the dedicated facility described above, as it is bombarding samples for half as
much time. Since these would only be practical in markets where PET demand was
already substantial, their potential market share was assumed to be 25%.
The cyclotron in question was assumed to be a 1200 µA, 30 MeV TR 30, as this has a known
cost of $12.3 million [82]. 30 MeV is an effective energy range for Tc-99m production, with a
yield about 10% higher than at 24 MeV, about 22 Ci/mAh [83], so considering a 30 MeV
cyclotron is a reasonable approximation for the use of lower energy machines.
ACSI estimates associated facility costs for a TR 30 facility of $10 million [84]. The on-site
processing facilities would have capital costs of $450,000, with annual operating costs of
$250,000 [85]. Other operational costs were conservatively estimated at approximately
$1 million annually, based on the estimated costs for a 70 MeV, 2 mA cyclotron described in
[82].
Target mass is difficult to estimate, and has not been described in the literature for accelerators
of this energy and current. It would be subject to many technical considerations, not least of
which would be cooling. A rough estimate of molybdenum consumption can be made by
comparison with target masses reported for lower energy accelerators. [86] gave a target mass of
1.24 g for a 22 MeV protons being degraded to 10 MeV at 300 µA. Holding the deposited beam
power per unit mass constant, a target for a 30 MeV, 1.2 mA proton beam would need to be
about 8.3 g. This will serve as a rough estimate.
Recycling of the Mo-100 in targets would have to wait until the target radioactivity had decayed
enough to make it safe to handle. 40 days was assumed to be sufficient, meaning that a 40 day

18

Processing can be carried out in under 90 minutes [86]. Due to the use of even shorter lived PET isotopes,
infrastructure exists for shipping product to end users on time scales short enough for this to be feasible.
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initial supply would be necessary to allow operations during this period. A recycling efficiency
of 90% was taken as typical [86].
Assuming an 80% capacity factor and a processing efficiency of 85% [87], a single dedicated
facility could deliver about 6.7 mg – 165,000 doses or 0.55% of current global demand – of Tc99m to hospitals and radiopharmacies annually, while a single multipurpose facility could
deliver 2.7 mg – 65,000 doses or 0.22% of current global demand.
Assuming a hardware lifetime of 30 years, and interest on capital costs of 5%, the annual costs
for the dedicated facility come to $3 million, and those for the multipurpose facility to $750,000.
Meeting 50% of current demand with dedicated cyclotrons would require 91 machines, costing
$272 million annually. Meeting 25% of demand with multipurpose machines would require 115
machines and cost $86 million annually. Cost per dose would be $18.25 and $11.50 for the
dedicated and multipurpose facilities, respectively. This suggests a substantial economic
advantage to multipurpose facilities.
Appendix B – Fissile material production and technetium infrastructure
All of the methods discussed in this paper for producing Mo-99/Tc-99m need to be evaluated
against the risk they pose for proliferation. Molybdenum-enriching centrifuges can be turned to
uranium enrichment, and accelerators could be used as neutron sources to irradiate natural or
depleted uranium. These risks, however, appear to be minimal.
Molybdenum Enrichment
Most proposed accelerator or neutron activation processes call for the use of enriched
molybdenum targets to increase production yield. Currently, Mo-100 enrichment is carried out
with centrifuges, primarily by URENCO and at the Krasnoyarsk Electrochemical Plant. Thus a
continued need for enriched molybdenum points to a continued availability of some enrichment
capacity for medical needs.
However, the material flows are not substantial, particularly since most schemes utilizing
enriched material make heavy use of target recycling. The enrichment infrastructure needed to
meet global target demand would be too small to produce weapons on any practical time scale.
17 facilities like those described in [81], each employing two linacs, producing Mo-99 in
quantities sufficient to meet current global demand would require approximately 2.7 kg of Mo100 per year. Assuming targets require 99% Mo-100, this would require about 31 SWU per
kilogram of product19 or 84 SWU to meet global demand. Enriching U-235 from 0.711% to 90%
requires at least 162 SWU per kilogram,20 so this infrastructure would be capable of producing
about 0.5 kg of HEU annually, or about one significant quantity every 45 years.
19

This assumes that the discarded “tails” are only about 1% Mo-100, or, in other words, that 90% of the Mo-100 is
concentrated in the product. If this is relaxed to about 3%, the work needed drops to 22 SWU/kg.
20
This assumes tails of 0.45% U-235. While consistent with current Iranian practice, it is much more wasteful of
UF6 than the 0.2-0.3% used by most international suppliers. At 0.25% tails, enriching one kilogram of 90% U-235
requires about 208 SWU.
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Cyclotron Mo-100 demand is more substantial. With targets of 8.3 g, and 90% recycling
efficiency, net Mo-100 consumption would be about 475 g/year for a dedicated cyclotron, or 240
g/year for a multipurpose one. 91 dedicated machines meeting 50% of global demand would
need about 43 kg annually, while 115 multipurpose machines meeting 25% of demand would
require about 27 kg. This would require enrichment infrastructure capable of producing roughly
8 or 5 kg of weapon grade uranium annually, respectively.
However, this would still require global molybdenum enrichment infrastructure to be turned to
HEU production for several years to acquire a weapon.
A quick comparison with reactors is illustrative – see Table 12. An average 1000 MWe PWR
uses fuel enriched to 3.75%, and consumes 21.5 tons of LEU annually [13]. This would require
about 80,000 SWU – enough to produce about 500 kg of 90% HEU annually.21

Linac (enriched)
Linac (natural)
Dedicated Cyclotron
Multipurpose Cyclotron
Typical Power Reactor (1000
MWe PWR)

Potential
market
share

Dedicated
machines
needed

Mo-100
needed
(kg/year)

100%
100%
50%
25%

34
354
91
0

2.72
0
43.4
27.4

HEU that could be
produced by required
enrichment facilities
(kg/year)*
0.5
0
8.2
5.1

N/A

N/A

0

500

Table 12. HEU production capacity implied by Mo enrichment capability. Natural
uranium is assumed as the feed stock.

21

Assuming both fuel and weapons material have tails of 0.45%, and that bomb material is enriched from natural
feed, rather than fuel stockpiles.
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