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By E. Michael Blake

For many years, technetium-99m has
been the most widely used radioiso-
tope in nuclear medicine procedures.

as the most populous developed country in
the world, the United States uses nuclear
medicine to a greater extent than any other
country. (as of 2009, half of the nuclear
medicine procedures in the world were per-
formed here.) For many years, however, the
United States has depended on facilities in
other countries to provide Tc-99m, and a
combination of the dwindling reliability of

these suppliers and the short duration of the
isotope’s usefulness has forced health care
providers to wait for availability, seek other
sources, or put some patients’ procedures
on long-term deferral. With the federal gov-
ernment pursuing a dual mission to restore
production capability and decouple it from
the use of high-enriched uranium (hEU),
several organizations have begun initiatives
to create new production facilities for the

precursor to Tc-99m, molybdenum-99. as
part of that effort, they have also explored
new ways to produce the material and to
control the environmental impact of its pro-
duction.

if one were to take the goals of all of the
proposed new Mo-99 producers and add
them together, the United States could go
from making none of the stuff to making
about five times as much as is now used.
Upon closer examination, however, it be-
comes apparent that some of the proposed
facilities could stop short of their theoreti-
cal maximum productivity, and some would
be capable of producing a variety of ra-
dioisotopes in addition to Mo-99. One thing
that all of the approaches have in common
is the absence of hEU (in part because of
the National Nuclear Security administra-
tion’s offers of cost-shared funding for sys-
tems that don’t use it), although some ven-
tures try to get as much fissionable materi-
al involved as would be acceptable. With the
definition of low-enriched uranium (lEU)
set at anything below 20 percent U-235, the
candidates’ targets are usually referred to as
enriched in the range of 19.5 to 19.75 per-
cent. The NNSa seeks to minimize hEU
production and use worldwide, including in
the United States, in the hope of minimizing
the availability of weapons-grade material. 

The NNSa also considers the availabili-
ty of Tc-99m a national priority, and a quarter-
century of dependence on sources from
abroad has become especially dire in about
the past five years. The National Research
Universal (NRU) reactor at canada’s chalk
River laboratories in Ontario was found to
be unqualified for continued operation by
canada’s erstwhile regulatory agency, the
atomic Energy control board, but the reg-
ulator was overridden by Parliament and
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The uranium-235 fissions that produce this result are common enough that it is worthwhile
to extract Mo-99 from irradiated targets, but the vast majority of the fission products are
not the ones shown above. Tin-135 is cited in the scientific literature as the other product
in this fission; it is extremely unstable, with three beta-decays with half-lives shorter than 20
seconds, then further beta decays from iodine (half-life 6.585 hours) to xenon (9.1 hours)
to cesium (3 million years) to stable barium-135.

Molybdenum-99 from Uranium-235 fission

What may be the country’s most energetic new nuclear
development effort is entering the licensing phase.
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was kept operable. The NRU is scheduled
to close for good next year, however, and
the MaPlE-X reactors that were to replace
it were canceled. another source—the
high Flux Reactor at the European com-
munity’s Joint Research center in the
Netherlands—is, like the NRU, an old fa-
cility prone to unplanned outages. The iER
complex in belgium has production capa-
bility, but in limited quantities. Some new
capacity or productivity is expected soon
in australia and South africa, but proba-
bly in smaller quantities than the United
States usually needs, and this additional ca-
pacity would be available to both the host
countries’ domestic markets and other cus-
tomers worldwide.

as knowledgeable as the readers of Nu-
clear News are in the science and technolo-
gy of the atomic nucleus, the day-to-day
work of most readers relates to nuclear pow-
er rather than to nuclear medicine. For this
reason, we now present a summary of the
Mo-99/Tc-99m production process.

Getting the gamma rays
Traditionally, hEU has been the source

for medical Mo-99 through the placement
of small, readily removable amounts of
U-235 in a neutron-rich environment, such
as the core region of an operating reactor or
the path of neutrons generated from a tar-
get impacted by accelerator particles. Mo-99
is an unstable isotope, and from a nuclear
physics standpoint, what ultimately hap-
pens to this nucleus is two decays by emis-
sion of an electron (still known as a “beta
particle,” from the era in which there was
neither theory nor detection and analysis
equipment to determine what in fact it was).
This leaves a nucleus of ruthenium-99,
which is a stable isotope. it is what happens
during the decay process that gives Tc-99m,
one of the stages between Mo-99 and Ru-99,
its value in nuclear medicine.

The Mo-99 decay process involves the
emission of not only beta particles, but also
a gamma ray (photon) with an energy of
140,510 electron-volts. Gamma rays of this
energy provide especially useful images of
conditions inside the human body, in re-
gions such as the heart, brain, and kidneys.
Sometimes the gamma emission occurs be-
fore the first beta emission, and then the
beta emission produces Tc-99, which is not
able to provide worthwhile imagery. When
the first beta emission occurs before the
gamma emission, the result is Tc-99m, with
the suffix “m” indicating that it is still capa-
ble of emitting a gamma.

While decades of study have made it pos-
sible to identify radionuclides and predict
(in quantities of at least several atoms) what
they will do, and when, it is not yet possible
to control any of the decay process. The
Mo-99 nuclei that emit their gammas before
their betas cannot be prevented from doing
so, any more than post-gamma Tc-99 nuclei
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The diagrams may make these processes look simple and straightforward; in fact, the
processes work only under very limited conditions, and even then do not always produce
Mo-99 in very much quantity. In the first case, a nucleus of Mo-98 absorbs a neutron,
becoming Mo-99 and emitting a gamma ray. In the second case, Mo-100 receives enough
energy from an input gamma to lose a neutron and become Mo-99. In the third case,
neutron bombardment of Mo-100 can free two neutrons, leaving behind Mo-99. Not
shown: the theoretical, but not yet dependable, bombardment of zirconium-96 by an alpha
particle (helium-4 nucleus), to release Mo-99 and a neutron.
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Molybdenum-99 from activation
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can be encouraged to become Ru-99 more
quickly than at their existing pace, with a
half-life of 213,000 years. it has been possi-
ble to work effectively with the characteris-
tics of Mo-99 and Tc-99m, however, in part
because essentially all of the gammas will be
emitted fairly quickly. (Mo-99 has a half-life
of 66 hours, and the half-life of Tc-99m is six
hours, so one month after a sample of Mo-99
comes into existence, about 99.9 percent of
its gamma activity has been spent.) 

The process for making an imaging agent
involves the use of properties at a more
macroscopic level than the nuclear one. all
isotopes of technetium have the same chem-
ical behavior, which is also similar to that of
other elements in technetium’s column in
the periodic table (such as manganese).
First, the post-fission sample of what had
been U-235 is passed through a column of
acid alumina, which preferentially adsorbs
Mo-99 from the other substances. When a
normal saline solution is then passed
through the column of immobilized Mo-99,
the Tc-99 is eluted as TcO4

− ions. The TcO4
−

can then be bonded chemically to sub-
stances that will take the technetium (with
enough of it being Tc-99m and able to emit
gammas) where it is needed in the human
body—lipids to reach the heart, for instance.

The very long half-life of Tc-99 is a con-
cern where fission product quantities are
large (such as in the nuclear fuel cycle), but
the consensus belief is that in the quantity
used for a single patient in nuclear medi-
cine, there is little safety or environmental
concern from the Tc-99 beta decay to
Ru-99, and this material is not retained for
long in the human body. in general, the
dose needed to provide useful images is

considered acceptable, and, as noted above,
the gamma activity dwindles quickly.

The short half-lives of the gamma emit-
ters may be beneficial, but they also pose
challenges—especially if the material has to
travel for thousands of miles, in addition to
going through the separation, elution, and
bonding processes (which are generally tak-
en together to make an Mo-99/Tc-99m
“generator”).The short shelf-life of Tc-99m
has given rise to a specialized quantity to
describe what one gets from the generator,
the “six-day curie”—the dose that can be de-
livered six days after the Mo-99 has come
into existence. after six days, Mo-99 has al-
ready entered its third half-life (leaving less
than a quarter of the original substance un-
decayed) and its Tc-99m will have dwindled
even more rapidly. The processing steps of
elution, bonding to an imaging agent, and
delivery to the patient lead to inherent in-
efficiency (very few of the Tc-99m gammas
will ever produce images), which could be
alleviated somewhat for patients in this
country if the Mo-99 source were within
three or four hours of air travel time.

Why production stopped
What follows is not a tale of woe. anyone

who wants to attribute the end of Mo-99
production in the United States to a pre-
sumed decline in american initiative, inge-
nuity, science education, or gumption will
have to look elsewhere. Given the events and
the circumstances, the decisions that were
made do not appear to have been unreason-
able. The fact that production depended on
a single private company, rather than on a
broader range of suppliers or facilities at na-
tional laboratories, might indicate a lack of

vision among decision-makers, but specu-
lations along those lines would have to take
into account whether gamma imaging
would remain as it was, and whether Tc-99m
was expected to remain such a widely used
gamma source. it appears that the path of
least resistance was followed, and for sever-
al years there was no reason to second-guess
this choice.

Until the late 1980s, Mo-99 was produced
in the United States by cintichem, a divi-
sion of the research firm hoffman-laRoche
that is now no longer in the pharmaceuti-
cal business. The company operated a
5-MWt research reactor in Tuxedo, N.y. by
1989, it was determined that tritium from
the reactor had contaminated surface water
near the site. Operation was halted, and a
later risk-benefit study led to the conclusion
that continued operation could not be jus-
tified. This led to the decision to decom-
mission the reactor.

at the time that the Tuxedo reactor was
closed, the techniques for Mo-99 produc-
tion were limited. cyclotrons could be used
to make small amounts at a high cost, while
reactors could deliver the product at less ex-
pense, but without the reckoning of sub-
stantial externalities: hEU at the front end,
and a slew of fission products at the other.
Mo-99 was just one of many of those fission
products. Several of the other fission prod-
ucts from reactor-based production either
had scant commercial value or presented
management and disposal issues. With the
NRU in its prime, able to turn out large
quantities of Mo-99 dependably (and with it
being possible to think of all environmen-
tal considerations as canada’s problem), nu-
clear medicine providers in the United
States generally had little difficulty schedul-
ing Tc-99m procedures.

This doesn’t mean that the situation was
just accepted with a shrug. congress estab-
lished the isotope Production and Distrib-
ution Program in 1991, and the Depart-
ment of Energy tried a number of times
during the 1990s to reestablish domestic
production (including through purchase of
the cintichem process). One attempt end-
ed after a tritium leak at los alamos Na-
tional laboratory, and the effort to produce
Mo-99 essentially ended when it was con-
cluded that what could be done through a
DOE-supported project at Sandia Nation-
al laboratories would not be economically
competitive with existing sources, includ-
ing the NRU.

it also appeared that canada would have
no trouble maintaining the supply. in 1986,
design work had begun on the MaPlE proj-
ect, which ultimately included two reactors
intended specifically for isotope production.
at that time there was no reason to expect
what actually came to pass: atomic Energy
of canada limited and its pharmaceutical
partner, MDS-Nordion, abandoned the
project in 2008, before either new reactor
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Proton bombardment of Mo-100 can yield two neutrons and Tc-99m. This might seem like
a more efficient way to get to the isotope that will actually provide gamma images, but it
makes the process even more time-critical. Mo-99 has a 66-hour half-life to allow for
extraction and delivery. Tc-99m starts on its six-hour half-life as soon as it is emitted,
leaving very little time for the radioisotope to be extracted, bonded to a drug, and
positioned inside a patient. This is why, in some extraction systems, the technetium is
actually discarded in favor of the molybdenum.

Technetium-99 from activation
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could begin production, because of nuclear
safety concerns. by this time, the NRU had
become much less reliable, and even the Par-
liamentary edict for its continued operation
cannot make the NRU what it was before.  

Making it where it’s needed
and so, we have entered an era in which

the development of new capacity is encour-
aged, some ventures have started work (one
of which has made it to the point of a license
application), new techniques may make
production more environmentally benign,
and, despite the fact that it has remained a

staple of gamma imaging, Tc-99m has re-
cently come to be used less often than it had
been. Still, it is estimated that Tc-99m is
used in roughly 80 percent of nuclear med-
icine procedures, whereas that share was
once around 90 percent. contributing to the
decline in the use of Tc-99m are delayed or
canceled procedures because of supply out-
ages, the use of some alternatives (such as
thallium-201, which emits gamma rays in
the range of those from Tc-99m, has a half-
life of 73 hours, and decays by electron cap-
ture to stable mercury-201), and the devel-
opment of new techniques—or, as medical

professionals call them, “modalities”—that
have increased the range of work that can
be done in nuclear medicine.

What follows is probably not a compre-
hensive summary of every prospect for
Mo-99 production in the United States, be-
cause we have chosen to exercise some judg-
ment as to how feasible some of those
prospects are. Ventures that exist only as de-
clared intentions on websites, with no indi-
cation of broad expertise, substantial fund-
ing, or involvement with an established
pharmaceutical firm, are not included here.
(Not every venture included here has all of
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If the Mo-99 emits the beta without emitting the gamma, the result is the Tc-99m that medical professionals (and patients) want. If the
Mo-99 emits the gamma before emitting the beta, the result is the lower-energy Tc-99, which serves no medical purpose. With enough
technetium atoms in a sample, it is generally assumed that enough of them will be Tc-99m to provide a worthwhile gamma supply. As for
the final stage in the decay, Tc-99 has a half-life of 213,000 years. Technetium is not found in nature, and nuclear technology first produced
it in 1936. In the 78 years that technetium has been produced, therefore, almost none of it has settled into the stability of ruthenium-99.
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the above in place, but they all have at least
one of them.)

We must first acknowledge what may
have been the first project of the new era, al-
though it is not currently on track for li-
censing. The Babcock & Wilcox Company
announced in 2009 that it had formed a
partnership with the pharmaceutical firm
covidien, aimed at the licensing, construc-
tion, and operation of an aqueous reactor
for the production of Mo-99. in 2011, b&W
presented a paper at the 1st annual Molyb-
denum-99 Topical Meeting, held in Santa
Fe, N.M., declaring the successful demon-
stration of a proof-of-principle test loop.
b&W has held meetings with the Nuclear
Regulatory commission staff to prepare for
the submittal of a license application. There
has been no such submittal yet, however,
and since 2012, there have been no further
discussions. b&W has informed NN that
the project is “suspended on most technical
aspects, but we are continuing ongoing
analysis and discussions with the market-
place.” The aqueous reactor would be based
on a b&W 1950s version of the original
concept, which involves fission through
uranium salts dissolved in water. 
SHINE Medical Technologies has gone

the farthest in the NRc licensing process.
The company submitted a construction
permit application in two parts, and both
parts had completed the acceptance review
process last December. ShiNE’s project has
also been defined by the NRc as a produc-
tion and utilization facility, allowing for
two-step licensing, with an application for
an operating license to follow the decision
on the construction permit application.
The company intends to operate a facility
in Janesville, Wis., and to produce iodine-
125 and -131 and xenon-133, in addition to
Mo-99. 

ShiNE’s approach shows how innovation
has been proposed to alter the traditional
production process. Fission-product Mo-99
would be generated, but in an accelerator-
based system. ShiNE’s partner, Phoenix
Nuclear labs, has developed a system to ac-
celerate deuterons into tritium in a gas tar-
get, and the resulting fusion neutrons irra-
diate an lEU sulfate solution. according to
ShiNE, this allows for Mo-99 extraction
without the acid-column step and for the
reuse of the target solution.

On September 19, more than nine
months after docketing, the NRc staff took
ShiNE to the next step of the process by is-
suing a request for additional information
(Rai) on the company’s application. The
Rai is 106 pages long, and the NRc re-
quested a response within 30 days. Welcome
to nuclear licensing, ShiNE. (There had
been some earlier discussion of a draft Rai,
so ShiNE had some advance knowledge of
the content.)

To some extent, new production ven-
tures branch off from existing infrastruc-

ture, notably universities with research re-
actors or nuclear engineering programs.
One such starting point for Mo-99 ventures
has been the University of Wisconsin at
Madison, not far to the north of Janesville.
also nearby, south of Janesville in beloit,
NorthStar Medical Radioisotopes LLC
broke ground in July for a facility that
would support its work at the University of
Missouri Research Reactor (MURR) in co-
lumbia, Mo., where the company is devel-
oping a neutron capture process to gener-
ate Mo-99, but could also include a linear
accelerator intended to use one or both of
the most likely approaches for production
without fission: gamma-ray bombardment
of Mo-100, spurring neutron emission and
leaving Mo-99 behind, and neutron capture
of Mo-98, yielding Mo-99. The linac could
also produce other isotopes for which a de-
mand exists, such as actinium-225. 

Mo-98 and Mo-100 are both stable iso-
topes, and while both processes involve neu-
tron emission, NorthStar expects that they
can be licensed entirely through Wisconsin’s
agreement state program, rather than
through the NRc. The reactor/ fission ap-
proach, however, would be NRc-regulated.
NorthStar has received cost-shared funding
from the NNSa for both of its approaches. 

Taking on what may be the biggest regu-
latory challenge is Coquí Pharmaceuticals,
a Puerto Rico–based venture that would not
only produce reactor-based fission-product
Mo-99, but would do so in reactors that do
not yet exist, and therefore must be permit-
ted and licensed through the NRc. The
company has an arrangement with the Uni-
versity of Florida to use college-owned land
in alachua, Fla., to build a complex that
would include two open-pool reactors from
the argentine company iNVaP for the pro-
duction of Mo-99 and various other ra-
dioisotopes. 

Perhaps because this project needs its
own reactors, coquí has already had to de-
fer some of its licensing target dates. Origi-
nally aiming for the submittal of both con-
struction permit and operating license ap-
plications in March 2014, the company now
plans to deliver a preliminary safety analy-
sis report and environmental report to the
NRc in mid- to late 2015.

a recent entry comes from Niowave
Inc., based in lansing, Mich., which pro-
duces superconducting electron accelera-
tors. The process is another that would
send neutrons into a U-235 target to yield
fission-product Mo-99, but in this one, it
is an electron accelerator that is directed at
the targets. Niowave has stated an inten-
tion to submit an application to the NRc
by the end of this year to begin the first
phase of the licensing process, which
would be limited to the irradiation of ura-
nium metal targets and would not extend
to chemical separation or dissolution of
the targets. 

Perma-Fix Medical Corporation has de-
clared that it has demonstrated portions of
a proprietary process to make nonfission
production (neutrons into Mo-98) practical.
The company has not announced a sched-
ule for production, and the lack of fission
may allow it to forgo NRc licensing. at the
8th international conference on isotopes,
held august 24–28 in chicago, ill., the com-
pany’s chairman, lou centofanti, stated his
plans to apply to the Food and Drug ad-
ministration in the fourth quarter of this
year. he also stated that Perma-Fix has set
up a subsidiary in Europe; some of the dem-
onstration work has been done in Poland. 

in centofanti’s view, the problem with
production from Mo-98 has been the ad-
sorption of molybdenum. he said that 
Perma-Fix has developed a micro-porous
composite resin that can adsorb up to 70
percent of the molybdenum in a sample,
compared to about 2 percent from an acid-
alumina column.
Northwest Medical Isotopes (NWMi)

began as a venture of the Samaritan health
Services hospital system in Oregon, spurred
by the hospitals’ difficulty in obtaining Mo-
99/Tc-99m five years ago. (a similar moti-
vation led to the establishment of coquí.)
in another connection to an academic pro-
gram, NWMi would develop a facility in
corvallis, Ore., that would make use of a
production process developed by, and to be
employed in the reactor of, Oregon State
University. The company has had meetings
with the NRc in preparation for the sub-
mittal of a construction permit application.

Those appear to be the main players at this
stage, although the NRc has also received
letters of intent from GE hitachi Nuclear En-
ergy, Eden Radioisotopes, Flibe Energy, and
Precision Engineering consultants. if there
are other major contenders that would oper-
ate in the United States that we have not list-
ed here, we will surely be notified. While
many of the ventures above have set target
dates for the startup of Mo-99/Tc-99m de-
liveries, we have chosen not to mention these
dates because, in a fairly untested environ-
ment for licensing, the companies should
perhaps not be held to them.

also, while the prospects for Mo-99 pro-
duction that departs from reactors and ura-
nium may ultimately offer even more envi-
ronmental and nonproliferation benefits
than the switch from hEU to lEU, they
may not provide the kind of made-in-the-
USa assurance that is also sought in the
current campaign for new production.
Molybdenum has seven stable isotopes, and
while Mo-98 is the most abundant, it ac-
counts for less than a quarter of all natural
molybdenum. For the Mo-98 and Mo-100
processes to be worthwhile, the target ma-
terial needs to be enriched in those isotopes.
and at the moment, enriched Mo-98 and
Mo-100 are available from only one source:
Russia.




