Banning the Production of
Highly Enriched Uranium

Frank von Hippel




Research Report No. 15
International Panel on Fissile Materials

Banning the Production of
Highly Enriched Uranium

Frank von Hippel

(9 2016 International Panel on Fissile Materials

This work is licensed under the Creative Commons Attribution-Noncommercial License
To view a copy of this license, visit www.creativecommons.org/licenses/by-nc/3.0

On the cover: The map shows the states that use highly enriched uranium fuel for naval propulsion reactors
and the locations of uranium enrichment plants.



Table of Contents

About the IPFM 1
Overview 2
HEU production and stocks 7
Non-weapon uses of HEU 10
Naval and icebreaker propulsion 10
Tritium - production and breeder reactors 12
Research reactors 14
Targets for medical radioisotope production 17
Converting away from HEU 19
Naval and icebreaker propulsion 19
Tritium -production and breeder reactors 26
Research reactors 26
Medical radioisotope production 34
Conclusion 36
Endnotes 37
About the author 50




Tables

1. HEU production and military stocks of the nuclear-armed states 8
2. Estimated annual HEU requirements for non-weapon uses 10
3. Naval nuclear propulsion programs as of 2015 10
4, HEU-fueled research reactors by region and type, 2015 16
5. High-power reactors accounting for most of research reactor HEU use 16
6. Status of transition from HEU to LEU 19
7. HEU-fueled reactors in nuclear-weapon states 29




Figures

1. History of the global HEU stockpile 7
2. USS Abraham Lincoln, a Nimitz-class United States aircraft carrier 11
3. Core of the High Flux Isotope Reactor, Oak Ridge National Laboratory 14
4, History of U.S. and Russian HEU exports for civilian purposes 15
5. Russian critical assembly at Obninsk 17
6. Quantities of U.S. HEU in spent naval fuel sent to Idaho for storage 21
7. Naval propulsion reactor with integrated steam generator 23
8. France’s LEU caramel fuel 24
9. Research reactor fuel plates 27
10. Number of countries with one kilogram or more HEU 28
11. First criticality of high-power HEU-fueled research reactors 30
12. Sandia Pulsed Reactor II 33
13. LEU and HEU targets for molybdenum-99 production 35




About the IPFM

The International Panel on Fissile Materials (IPFM) was founded in January 2006. It
is an independent group of arms-control and nonproliferation experts from sixteen
countries, including both nuclear weapon and non-nuclear weapon states.

The mission of the IPFM is to analyze the technical bases for practical and achievable
policy initiatives to secure, consolidate, and reduce stockpiles of highly enriched urani-
um and plutonium. These fissile materials are the key ingredients in nuclear weapons,
and their control is critical to nuclear disarmament, halting the proliferation of nuclear
weapons, and ensuring that terrorists do not acquire nuclear weapons.

Both military and civilian stocks of fissile materials have to be addressed. The nuclear
weapon states still have enough fissile materials in their weapon and naval fuel stock-
piles for tens of thousands of nuclear weapons. On the civilian side, enough plutonium
has been separated to make a similarly large number of weapons. Highly enriched ura-
nium fuel is used in about one hundred research reactors. The total amount used for
this purpose alone is sufficient to make hundreds of Hiroshima-type bombs, a design
potentially within the capabilities of terrorist groups.

The Panel is co-chaired by Alexander Glaser and Zia Mian of Princeton University
and Tatsujiro Suzuki of Nagasaki University. Its 30 members include nuclear experts
from Brazil, China, France, Germany, India, Iran, Japan, South Korea, Mexico, Nor-
way, Pakistan, Russia, South Africa, Sweden, the United Kingdom, and the United
States. Short biographies of the panel members can be found on the IPFM website,
www.fissilematerials.org.

IPFM research and reports are shared with international organizations, national gov-
ernments and nongovernmental groups. The reports are available on the IPFM website
and through the IPFM blog, www.fissilematerials.org/blog.

Princeton University’s Program on Science and Global Security provides administrative
and research support for the IPFM. IPFM is supported by grants to Princeton University
from the John D. and Catherine T. MacArthur Foundation of Chicago and the Carnegie
Corporation of New York.
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Overview

The earliest proposal for a nuclear weapon envisaged a fission chain reaction in ura-
nium that had been highly enriched in the rare isotope uranium-235. The nuclear
weapon used by the United States on August 6, 1945 to destroy the Japanese city of
Hiroshima contained about 60 kilograms of uranium enriched to about 80 percent ura-
nium-235. It was a simple gun-type assembly in which one piece of uranium metal was
fired at another to make a supercritical mass and generate a nuclear explosion. There
is no debate that today a terrorist group could potentially produce such a gun-type
assembly weapon if it had access to a sufficient amount of highly enriched uranium.

For the purposes of safeguarding against nuclear proliferation, uranium containing
20 percent or more uranium-235 is considered weapon useable by the International
Atomic Energy Agency (IAEA) and is formally defined as Highly Enriched Uranium
(HEU); uranium of lower enrichment is defined as Low Enriched Uranium (LEU). The
HEU actually used in modern nuclear weapons and in some nuclear reactors as fuel is
mostly more than 90 percent uranium-235 and often is called “weapon grade.” Ura-
nium enriched up to about 5 percent in uranium-235 is used as fuel in the most com-
mon type of nuclear power reactors. Since natural uranium contains only 0.7 percent
uranium-235, making HEU or LEU requires uranium enrichment technology able to
separate this uranium-235 from the much more abundant uranium-238 isotope. Gas
centrifuge technology for uranium enrichment is in use in 13 countries.

The global stockpile of HEU at the end of 2014 was about 1370 tons?*, sufficient for more
than 20,000 simple first-generation Hiroshima type weapons, or more than four times
as many modern nuclear weapons. More than 99 percent of this material was held by
the nuclear weapon states, mostly by Russia and the United States, with the United
Kingdom, France and China possessing most of the rest. Pakistan, India, Israel and
possibly North Korea hold smaller stockpiles — although still very significant in terms
of weapon equivalents. About 5 tons of HEU (90 percent equivalent) is in non-weapon
states, but most of this material was imported from the weapon states — primarily the
United States and Russia. Among the non-weapon states, only South Africa produced its
own HEU before 1991, when it had a nuclear-weapon program. In non-weapon states,
HEU is under IAEA safeguards.

HEU is used in nuclear weapons but also has several non-weapon uses, all of which
involve nuclear reactors. Ranked in order of the quantities of total HEU used annually,
the reactor uses of HEU are:

e Fuel for naval and icebreaker propulsion reactors,
e Fuel for tritium-production and breeder reactors,
¢ Fuel for research reactors, and

e Neutron “targets” for medical radioisotope production in reactors.

* All tons are metric tons.
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Since the late 1970s, there has been concern about the proliferation risk associated
with the widespread use of HEU to fuel civilian research reactors. Since the attacks on
the United States in September 2001, there also has been increased concern about the
relative ease with which terrorists could make an “improvised nuclear device” if they
gained access to several tens of kilograms of HEU.

In April 2010, leaders from 47 nations participated in the first Nuclear Security Sum-
mit, held in Washington DC with a view to increasing security of HEU and plutonium
stocks and minimizing the use of HEU where feasible. At the subsequent Nuclear Secu-
rity Summits — 2012 in South Korea and 2014 in the Netherlands — countries reported
on their progress in reducing HEU use.

Despite the Nuclear Security Summits and other efforts to minimize HEU use, as of
late 2015, there were over 150 nuclear-powered submarines and ships — more than
half belonging to the United States, that use HEU as fuel in their propulsion reactors.
There also were about 100 research reactors, half of them in Russia, and two tritium
production reactors and a breeder reactor, also in Russia, fueled with HEU. Finally, HEU
neutron “targets” were being used for medical radioisotope production in several coun-
tries. Altogether, the equivalent of about 7 tons of weapon-grade HEU are used for these
purposes annually, sufficient for about 100 first-generation gun-type nuclear weapons.

Given the broad consensus on the security benefits of minimizing HEU use, it is natu-
ral to ask whether it would be possible to phase out all non-weapon uses of HEU, and, if
s0, is there enough HEU in the existing global stockpile to supply non-weapon require-
ments during the transition period. As is explained in this report, it would be feasible
to end HEU production immediately.

An earlier IPFM report, Plutonium Separation in Nuclear Power Programs makes the case
that there is no economic or waste-management justification for continuing the separa-
tion of plutonium for non-weapon purposes.

Ending HEU production

The long sought after Fissile Material (Cutoff) Treaty or FM(C)T would ban the produc-
tion of HEU and plutonium for weapons. All five permanent members of the United
Nations Security Council (the P5: China, France, Russia, the United Kingdom and the
United States) are believed to have ended their production before or soon after the end
of the Cold War. Only Pakistan, and possibly India and North Korea, are producing
HEU for weapons today because they are still increasing the sizes of their nuclear-
weapon stockpiles.
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For countries with constant or declining nuclear-weapon stockpiles, there is no need to
make new HEU for weapons. Material recovered from retired weapons can be recycled
to make replacement warheads if desired. An FM(C)T would make the production halts
for weapons in the P5 countries verifiable and irreversible and would end the buildups
of weapon stocks in other nuclear-armed states.

A broader HEU production ban would prompt users of HEU for nuclear fuel and targets
to make plans for a shift to LEU fuel or to alternative technologies that do not involve
fission. A growing taboo on all HEU use also would help to accelerate a phase-out of its
non-consumptive uses in critical assemblies and in pulsed reactors.

Russia and the United States have huge stocks of HEU recovered from excess Cold War
warheads with which they could supply their own non-weapon needs and those of
most other countries for many decades. Russia is producing some HEU for reactor fuel
use, but this is a purely discretionary use of its excess enrichment capacity that could
easily be ended if Russia’s government deemed it politically important to join in a pro-
duction ban.

Therefore, apart from the challenge of persuading India, Pakistan and North Korea to
end their nuclear-weapon buildups, a ban on the production of HEU for any purpose
could be accommodated relatively easily for many decades.

Phasing out non-weapon uses of HEU

It should take at most a few decades to implement a policy to transition all current non-
weapon uses of HEU to LEU fuels or non-fission alternatives that would pose a much
reduced risk of fueling nuclear proliferation or of nuclear terrorism.

Naval reactor fuel

The transition from HEU that would take longest to complete would be for nuclear
naval propulsion in the United States, Russia, UK and India. France has already transi-
tioned its nuclear submarines and nuclear aircraft carrier, and Russia is transitioning its
nuclear-powered icebreakers to LEU fuel. It is believed that China always has used LEU
fuel in its nuclear submarines.

The United States navy fuels its propulsion reactors with weapon-grade HEU (enriched
to over 90 percent uranium-235). In 2014, however, the U.S. National Security Admin-
istration's Office of Naval Reactors suggested for the first time that it might be possible
over 20 to 25 years to develop LEU fuel for United States naval propulsion reactors. The
task is challenging because the United States has moved to lifetime cores in its nuclear
submarines. Congress has asked for a plan for the necessary research and development.
If the United States moved to LEU, so could the United Kingdom with which the United
States shares propulsion-reactor design information.
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Conversion to LEU fuel would be easier for Russia. Many of its later-generation naval
reactors use HEU enriched to less than 50 percent uranium-235 and its propulsion re-
actors are refueled every ten years or so. India, the only other state that uses HEU for
naval fuel, has received assistance from Russia in the design of its naval reactors and
presumably could shift to LEU fuel if Russia did.

Establishment of a new norm that all naval propulsion reactors be fueled by LEU would
help reduce a vulnerability of the nonproliferation regime. Brazil is the first non-weap-
on state that has started a serious program to develop a nuclear submarine. At this time,
it is using LEU fuel in its land-based prototype reactor but it has made clear that it feels
free to switch to HEU fuel if that would result in higher performance. In 2013, officials
in Iran suggested they might one day begin to produce HEU for future nuclear sub-
marines. Given concerns about access of international inspectors to sensitive military
technology, it would be difficult to verify the non-diversion of HEU from a naval fuel
cycle to weapons production.

Isotope-production and breeder reactors

Russia has two radioisotope-production reactors that are fueled with HEU. During the
Cold War, they were used primarily to produce tritium, a heavy isotope of hydrogen
with a 12-year half-life that is used in the triggers of nuclear explosives to produce a
burst of fusion neutrons to “boost” the power of the fission reactions. Given Russia’s
much reduced post-Cold War nuclear arsenal, these reactors today mostly produce ra-
dioisotopes for civilian purposes. Russia plans to replace them with a single reactor by
2023. Whether this reactor will be HEU or LEU-fueled has not been disclosed but there
is no technical reason why it could not be LEU-fueled. The United States and France
already have made this transition.

Russia also has fueled its prototype BN-600 breeder reactor with HEU since it began
operating in 1980. If commercialized, breeder reactors would be fueled with plutonium
but, until recently, Russia did not have a plutonium fuel production facility. The plan is
to continue to fuel the BN-600 with HEU until it retires in 2020 or 2025. The first core
of Russia’s new BN-800 reactor contains some HEU fuel but the plan is to transition
it to 100 percent plutonium fuel. Russia also has provided initial HEU fuel for China’s
Experimental Fast (breeder) Reactor but China plans to transition this reactor to plu-
tonium fuel.

Research reactors

Since 1978, about 65 HEU-fueled research reactors have been converted to LEU and
about 150 have been retired. Of the approximately 100 remaining HEU-fueled research
reactors, about half are in Russia. Worldwide, about 60 of these 100 reactors are critical
assemblies or pulsed reactors, all but a few of which could be retired with the rest con-
solidated into one or two high-security sites per country as the United States has done.
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Of the approximately 40 research reactors that operate at power, 10 are low-powered
reactors with lifetime cores that can be converted to LEU. Of the 27 high-powered reac-
tors, about half could be converted to LEU. Conversion of the other half is waiting on
new higher uranium-density fuel to be certified. The development of the new fuel has
been delayed by more than a decade. Most of these high-power research reactors are
around 50 years old, however, and it is possible that the reactors awaiting the new fuel
for conversion will be retired before they can be converted. Future research reactors can
be designed with LEU cores.

Medical radioisotope targets

The fission of uranium-235 in HEU “targets” in a nuclear reactor is used for industrial
medical radioisotope production in a handful of countries. This industry is already
transitioning to LEU targets. The transition could be virtually complete within the
next few years.

In summary, although there are challenges in a few cases, it appears that there are
paths forward to phasing out virtually all non-weapon use of HEU during the next
few decades. During the transition, the large Russian and United States stockpiles of
excess HEU could be used to meet the worldwide requirements for HEU for non-weapon
purposes. It is feasible therefore to consider going beyond the proposed Fissile Material
(Cutoff) Treaty ban on HEU production for weapons to establish a ban on the produc-
tion of HEU for any purpose.
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HEU production and stocks

In March 1940, in a memorandum to the British government, physicists Otto Frisch
and Rudolf Peierls at the University of Birmingham proposed that a mass of nearly pure
uranium-235 might be able to sustain an explosive nuclear fission chain and serve as
the basis of a “super-bomb.” "' They also observed that “effective methods for the sepa-
ration of isotopes have been developed recently” that could produce such highly en-
riched uranium. The major challenge for the British and later the United States nuclear
weapons program during World War II — and for similar programs since then interested
in making such a bomb - was to produce HEU from natural uranium, which contains
less than one percent uranium-235.

Figure 1 shows the history of the global HEU stockpile. During the Cold War, the Unit-
ed States and Soviet Union produced together about 2,300 tons of HEU — mostly for
weapons. The United Kingdom, France and China also produced HEU, but on a much
smaller scale — less than a combined 100 tons. Some HEU was used as fuel in reactors
and in nuclear-weapon tests.

HEU currently is being produced only by India, Pakistan, Russia and probably North
Korea. Russia’s HEU production is for non-weapon purposes. India’s HEU production is
at least in part for nuclear submarine fuel. Pakistan’s and any in North Korea’s would
be for nuclear weapons.”

South Africa produced HEU as part of its nuclear weapons program, but since it signed
the nuclear Non-Proliferation Treaty as a non-weapon state in 1991, the peaceful use of
that material has been subject to International Atomic Energy Agency (IAEA) monitor-
ing. No other non-weapon state has produced HEU.
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Figure 1. History of the global HEU stockpile. The figure shows estimates of the portion of the HEU stock-
pile in operational warheads and in warheads in the dismantlement queue.”’

Banning the Production of Highly Enriched Uranium 7



With the end of the Cold War, France, Russia, the United Kingdom and the United
States announced that they had ended production of HEU for weapons and called for
a global ban on the production of additional fissile materials for weapons — a Fissile
Material (Cutoff) Treaty.

In 1993, the United Nations General Assembly adopted by consensus a resolution in
support of:*

“a non-discriminatory, multilateral and internationally and ef-
fectively verifiable treaty banning the production of fissile mate-
rial for nuclear weapons or other nuclear explosive devices.”

At the end of the Cold War, Russia and the United States had stocks of HEU far in excess
of their foreseeable needs. As of the end of 2014, they had down-blended a combined
663 tons of HEU to make low-enriched uranium (LEU) for use in power-reactor fuel;
517 tons of this HEU was Russian and 146 tons belonged to the United States.’ Table 1
shows estimated HEU stockpiles available for military purposes as of the end of 2014,
i.e., not including stocks reserved for civilian purposes and HEU in spent reactor fuel.

Of the remaining global stockpile of about 1370 tons of HEU, about 300 tons are in ap-
proximately ten thousand operational warheads and associated working stocks.’ Since
HEU can be recycled efficiently from old into new weapons, unless the weapon stock-
piles grow again, little additional HEU will be needed for weapons.

Country HEU production Total HEU produced (tons)  Military HEU stocks, 2015 (tons)
United States 1945 -1992 752 395
Soviet Union/Russia | 1949 — 1350 —1600 530-770
UK 1954 —1962 9-13 ~12
France 1967 —1996 30-40 ~26
China 1964 —1987 17-25 ~18
Israel ? Small ~0.3?
Pakistan 1982 — continuing 2-4 ~3
India Early 1990s — continuing | 2 -4 =5
North Korea Since late 2000s ? ? ?
Total 2300 + 140 tons 1100 + 120 tons

Table 1.  HEU production and military stocks of the nuclear-armed states.’

France, the UK and the United States have decommissioned the gaseous-diffusion
plants (GDPs) in which they produced their HEU and today only have commercial
gas-centrifuge enrichment plants licensed to produce uranium enriched to less than
six percent. The plants in the United Kingdom and United States are owned by the
multinational, Urenco. Russia switched over to centrifuge enrichment while it was still
producing HEU for weapons. China has shifted mostly to gas centrifuge enrichment
but may still be operating one of its GDPs to enrich uranium for military reactor fuel.’
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Given its huge stock of excess Cold War HEU, Russia’s continuing production of HEU
for non-weapon purposes requires explanation. This production became public in 2012
when Russia’s nuclear fuel company, TVEL, announced plans to produce HEU for ice-
breaker, breeder and research reactor fuel.” One possible explanation is that, in the
absence of sufficient orders for LEU, TVEL may simply prefer to use its excess enrich-
ment capacity to satisfy its orders for HEU fuel rather than tapping into the national
stockpile.”

It has long been recognized that HEU is of special concern because, while there is
debate as to whether or not it would be possible for terrorists to master the implosion
design required for a plutonium-based nuclear explosive, there is no debate that a ter-
rorist group could potentially produce the gun-assembly design that is adequate for an
HEU bomb.

The United States Atomic Energy Commission Advisory Panel on Safeguarding Special
Nuclear Material reported in 1967 that there was a need for “minimum physical protec-
tion standards” and “safeguards programs should also be designed in recognition of
the problem of terrorist or criminal groups clandestinely acquiring nuclear weapons or
materials useful therein.”"

Indeed, Luis Alvarez, who participated in the United States wartime nuclear bomb proj-
ect, famously warned:"

“With modern weapons-grade uranium, the background neu-
tron rate is so low that terrorists, if they had such material, would
have a good chance of setting off a high-yield explosion simply
by dropping one half of the material onto the other half. Most
people seem unaware that if separated U-235 is at hand it’s a triv-
ial job to set off a nuclear explosion, whereas if only plutonium
is available, making it explode is the most difficult technical job
I know.”

Responding to the increased fears of nuclear terrorism after the attacks of September
2001, the Nuclear Security Summits in 2010, 2012 and 2014 sought to establish a prin-
ciple of increasing the security of HEU and separated plutonium and minimizing the
use of HEU. The 2010 Summit Communiqué declared that the leaders from 47 coun-
tries gathered in Washington DC:"

“Recognize that highly enriched uranium and separated pluto-
nium require special precautions and agree to promote measures
to secure, account for, and consolidate these materials, as appro-
priate; and encourage the conversion of reactors from highly en-
riched to low enriched uranium fuel and minimization of use of
highly enriched uranium, where technically and economically
feasible.”
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Non-weapon uses of HEU

HEU is used to fuel naval-propulsion, isotope-production, breeder and research reac-
tors, and in neutron targets for medical radioisotope production. The quantities con-
sumed annually for each of these purposes are estimated below. Table 2 summarizes
the results.

Requirements Estimated annual HEU use

Naval-reactor fuel 4 tons/year

Isotope-production reactor fuel 1 ton/year (until 2023)

Breeder-reactor fuel 1 ton/year (weapon-grade equivalent) until 2020 or 2025
Research reactor fuel 0.7 tons/year

Medical isotope production targets 0.04—0.05 tons/year

Total ~ 7 tons/year

Table 2. Estimated annual HEU requirements for non-weapon uses.

Naval and icebreaker propulsion

Naval propulsion accounts for the largest number of HEU-fueled reactors worldwide
and the largest annual use of HEU as fuel. Six nuclear-weapon states have nuclear-
powered naval vessels and Brazil, a non-weapon state, has a development program un-
derway (Table 3). Four of these seven: the United States, Russia, the United Kingdom
and India fuel their propulsion reactors with HEU.

All currently operating naval nuclear reactors are pressurized water reactors. Most
nuclear-powered vessels are submarines. Nuclear-powered aircraft carriers are central
elements of the United States Navy, however, and Russia has civilian nuclear-powered
icebreakers. The United States, Germany and Japan each built a single civilian nuclear
cargo ship but found they were not economically competitive."

Country Nuclear ships/submarines Fuel enrichment
HEU fueled
United States 10 aircraft carriers, 73 submarines'® 93.5% weapon-grade HEU'
United Kingdom | 11 submarines'” 93.5% weapon-grade HEU

(supplied by United States)™®

Russia 42 submarines, 7 research-submarines, 21-90+9% HEU?
2 cruisers, 6 icebreakers'’

India 2 submarines (1 leased from Russia)”' 21-45% HEU™

China 9 submarines” 5% LEU™

France 1 aircraft carrier,” 10 submarines” LEU (new submarine will be 6%)*’
Brazil Submarine under development Less than 20% LEU*®

Total 11 aircraft carriers, 153 submarines,

2 cruisers and 6 icebreakers

Table 3. Naval nuclear propulsion programs as of 2015.
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It is easy to understand the attractions of HEU as a naval fuel, especially for subma-
rines. Most of the energy released from uranium fuel in a pressurized water reactor is
from the fission of uranium-235. Weapon-grade HEU contains more than 90 percent
uranium-235 and therefore is the most concentrated form of uranium-235 available.
This makes it possible to reduce the volume of the fuel required to achieve criticality,
which makes smaller cores feasible. Also, for a given core size and power, more ura-
nium-235 in the core makes possible longer periods between refuelings.

The first naval propulsion reactor was built for the United States submarine Nautilus,
commissioned in 1954. Its core reportedly was fueled with 18-20 percent enriched
LEU.” The United States Navy quickly moved on to weapon-grade (greater than 90 per-
cent uranium-235) fuel, however. Ultimately, increases in the uranium density of the
tuel made possible lifetime cores in the new Virginia-class attack submarines (33-year
design life) and the planned new United States ballistic-missile submarines (42-year
design life).” The United States Ford-class nuclear-powered aircraft carriers, scheduled
for delivery starting in 2016, will still be refueled at the midpoints of their 50-year lives.

Figure 2. USS Abraham Lincoln, a Nimitz-class United States aircraft carrier. Each of the ten United States
Nimitz- class aircraft carriers is powered by two nuclear reactors fueled with weapon-grade uranium. Source:
U.S. Department of Defense.”

The United Kingdom, too, fuels its nuclear submarines with weapon-grade HEU, which,
since 1958, has been provided by the United States.”

Most of Russia’s propulsion reactors use uranium that is less than weapon-grade but
still HEU (i.e., enriched to 20 percent or more uranium-235) and therefore weapon-
usable. India’s submarine-propulsion reactor appears to have a similar design — perhaps
because of Russian design assistance.”

France fuels its naval propulsion reactors with LEU and China is believed to do so
as well.
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Brazil is the first non-weapon state to launch a serious nuclear-submarine program.
This has revived concerns about a “loophole” in the IAEA’s Comprehensive Safeguards
Agreement with non-weapon states. Under paragraph 14, a country can withdraw from
safeguards material for use in non-proscribed “non-peaceful activities.”** This loophole
was originally introduced by Italy and the Netherlands, which were interested at the
time in developing nuclear-powered ships and submarines respectively and were con-
cerned that international inspectors not get access to classified naval design informa-
tion.” It would be a particularly serious problem if the fuel were HEU and therefore di-
rectly weapon-useable. Brazil does not yet have nuclear submarines and its land-based
prototype reactor is fueled with LEU but it has not foreclosed a future choice of HEU if
that would be required to “optimize” the performance of a nuclear submarine.”

In 2013, during the confrontation over Iran’s nuclear program, the then head of Iran’s
Atomic Energy Organization suggested that Iran might require uranium enriched to 45-
56 percent uranium-235 for a nuclear submarine program.” This probably was a threat
of further escalation at a time when Iran already was making 19.75 percent enriched
uranium to fuel the Teheran Research Reactor. But it shows the vulnerability of the inter-
national nonproliferation regime to the non-proscribed, non-peaceful activities loophole
in the Nonproliferation Treaty. A ban on the production of HEU for any purpose would
close this loophole — at least for the potential diversion of this “direct use” nuclear mate-
rial, which, without further enrichment, could be used to make a nuclear explosive.

According to current projections, the 152 tons of excess weapon-grade uranium that the
United States committed for naval reactor fuel in 2005 will satisfy that need through
2064.” On this basis, the expected average rate of consumption of United States HEU
for naval reactors would be about 2.5 tons per year. This presumably includes the Unit-
ed Kingdom’s naval fuel requirements.

A projection for Russia’s HEU use for the next ten years estimates an average of 1.6 tons
of 90 percent HEU equivalent per year.” This includes the requirements for a nuclear
submarine rented to India. India plans to build a fleet of up to five ballistic-missile
submarines. For the next decade or so, however, India’s consumption will be less than
0.1 tons per year of 90 percent HEU equivalent."

In total then, the projected rate of use of HEU for naval reactors during the next decade
is about 4 tons per year (90 percent enriched equivalent).

Tritium—production and breeder reactors

The second largest annual non-weapon use of HEU is in reactors that are used to pro-
duce tritium for nuclear weapons in Russia and in breeder reactors in Russia and China.

Tritium is used to “boost” the fission chain reaction in nuclear weapons with a burst
of fusion neutrons. It is made mostly by neutron absorption in targets of lithium-6."
Tritium decays at a rate of 6 percent per year. Therefore, unless a warhead stockpile is
reduced at a faster rate, the tritium in warheads must be replenished by new production.
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The Russian and United States nuclear warhead stocks declined steeply at the end of
the Cold War but have plateaued since and their production of tritium has resumed.

Most tritium is produced by neutron absorption in lithium-6 in a reactor core. It also
is produced in heavy-water-moderated reactors by neutron capture on the deuterium.

Russia operates two HEU-fueled 1000-megawatt thermal (MW?t) reactors at the Mayak
Production Association in the Urals to produce tritium for weapons and radioisotopes for
industry. These reactors, which are much higher power than research reactors, are esti-
mated to use together about 1.1 tons of HEU fuel per year.”” Given that Russia’s nuclear-
warhead stockpile has declined by almost a factor of ten since the two reactors were built
around 1980, they must mostly be producing radioisotopes for other purposes today."

In 2015, Mayak announced that a single new dual-purpose, electric power and isotope-
production reactor will replace the two reactors by 2023.* No indication was given,
however, as to whether the new reactor will be fueled by HEU or LEU.

During the Cold War, the United States used the HEU-fueled production reactors at its
Savannah River Site to produce tritium for weapons until the last of those reactors was
shut down in 1989. Currently, the United States produces tritium using a single LEU-
fueled power reactor.” Since the United States and Russia have comparable numbers of
nuclear weapons, it seems reasonable that Russia also could use an LEU-fueled power
reactor to meet its tritium needs.

The United Kingdom produced tritium in its natural-uranium-fueled Chapelcross reac-
tors until they were shut down in 2004.* Between 1960 and 1979, the United Kingdom
also obtained tritium from the United States.” In the absence of a domestic source,*
this arrangement may have been renewed.

France had two 190 MWt HEU-fueled tritium-production reactors that were shut down
in 2009.” It appears likely that, in the future, France will produce its tritium using the
new LEU-fueled naval prototype reactor, RES, currently under construction.”

China and India could obtain tritium from the moderator of their heavy-water reac-
tors.” Israel probably produces its tritium in its Dimona production reactor.”” On 6 Jan-
uary 2016, North Korea claimed to have tested a thermonuclear weapon. This seems
doubtful but it is possible that it was a boosted fission explosion.

In the past, due to a lack of plutonium-fuel-fabrication capacity, Russia has fueled its
prototype plutonium-breeder reactors with HEU. The BN-600 ahas been fueled with an
estimated 3.7 tons of 21-26 percent enriched HEU fuel per year since it began operat-
ing in 1980 - equivalent in uranium-235 content to about 1 ton of weapon-grade HEU
per year.” This HEU consumption will continue until the BN-600 is retired, currently
projected for 2020 or 2025.* Russia plans to use plutonium fuel in its new BN-800 dem-
onstration breeder reactor, as does India in its new Prototype Fast Breeder Reactor and
China for future reloads of its Experimental Fast Reactor.
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Research reactors

The value of HEU as a research-reactor fuel lies in the fact that it allows for small cores.
This is beneficial to high-performance research reactors whose mission is to provide in-
tense sources of neutrons for research and radioisotope production. For a given power,
a smaller core produces a higher neutron flux (neutrons per second per square centime-
ter) in and around the core (Figure 3).

Fuel

Filler containng
burnable poison

Side plate .
— ~0.1 cm thick

Figure 3. Core of the High Flux Isotope Reactor, Oak Ridge National Laboratory. The core is about

0.6 meters long and 0.4 meters in diameter, about the same size as an automobile engine but generates

85 megawatts of heat, hundreds of times more than an automobile engine at peak output. The empty

space in the center is for samples requiring the highest intensity neutron flux. Cooling water flows between
171 curved fuel plates in the inner element and 369 in the outer element. The inset shows the complex
cross-section of one of the plates, which contains both uranium and a neutron absorber to reduce the rate
of heat production near the edges. Source: BWXT and U.S. National Academy of Sciences.”®

Russia and the United States account for about 97 percent of historical HEU produc-
tion.” During the 1950s and 1960s and, to a lesser extent thereafter, they each provided
HEU-fueled research reactors to their own nuclear research institutes and universities,
their allies, and also to other countries. Today, Russia and the United States still ac-
count for virtually all of the HEU supplied for research reactor fuel worldwide.” Figure
4 shows that United States exports of HEU for research and test reactor fuel, and targets
for radioisotope production averaged more than one ton (tens of weapon-equivalents)
per year during 1965-80. About half of this HEU was weapon-grade. Average United
States exports of HEU since 2000 have fallen to about 0.05 tons or about two weapon
equivalents per year.

Figure 4 also shows that Soviet and Russian exports outside the former Soviet Union
(fSU) have averaged about 0.1 ton per year — one tenth of United States exports at their
peak. As of the end of 2011, all the Soviet and Russian-provided HEU-fueled research
reactors outside the fSU either had been converted or shut down and Russia’s exports
to those countries had ended. Starting in 1998, however, Russia has exported HEU to
France and Germany, and to China to provide startup fuel for its experimental breeder
reactor.
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Figure 4. History of U.S. and Soviet/Russian HEU exports for civilian purposes.

The reduction in United States HEU exports is in part due to the decline in the global
population of research reactors™ and to Russia’s supplying HEU for West European re-
actors previously supplied exclusively by the United States. It is also due in significant
part to United States-led efforts to convert HEU-fueled research reactors to LEU fuel.

High-powered HEU-fueled reactors in the United States and Russia and Europe account
for the remaining demand for HEU research reactor fuel.

Table 4 provides an overview of the remaining global population of HEU-fueled re-
search reactors as of late 2015. A list of the reactors by country may be found on the
website of the International Panel on Fissile Materials.
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High-power Low-power Critical and

reactors reactors subcritical Pulsed reactors

(>30 kWt) (<30 kWt) assemblies
Russia 14 0 25(3) 14 (10) 53(13)
China 2 1 3(0)
EU 4 2(1) 4 2(2) 12 (3)
USA 6 0 6(5) 3(2) 15(7)
Others 3 8 4 1 16 (0)
Total 27 12(1) 40 (8) 20 (14) 99(23)

Table 4. HEU-fueled research reactors by region and type, 2015. The number of military reactors in each
category is shown in parentheses.*’

Only the high-power research reactors use a significant amount of HEU.” Most reactors
require about 2.8 grams of 90 percent enriched HEU per megawatt-day (MWt-day) of
operation. For some reactors, the requirement is known to be higher; i.e., the “burnup”
of the HEU fuel is less. This yields an estimate that the world’s HEU-fueled research
reactors require about 0.7 tons of HEU per year.”

Research reactors Power (MW¢t) Estimated HEU use Initial criticality
Operating

ATR, Idaho Falls, Idaho, U.S. 250 253 kg/year 1967
BOR-60, Dimitrovgrad, Russia 60 36 kg/year 1969
BR-2, Mol, Belgium 100 39 kg/year 1961
FRM II, Munich, Germany 20 33 kg/year 2004
HFIR, Oak Ridge, Tennessee, U.S. 85 66 kg/year 1965
MIR.M1, Dimitrovgrad, Russia 100 62 kg/year 1966
HFR, Grenoble, France 58 36 kg/year 1971
SM-3, Dimitrovgrad, Russia 100 70 kg/year 1961
Total 595 kg/year

PIK, Saint Petersburg, Russia® 100 2012
Jules Horowitz, Saint-Paul-lés-Durance, France 100 2020?

Table 5. High-power reactors accounting for most of research reactor HEU use. All but one of the operating
reactors are about 50 years old.

In 2015, about 90 percent of HEU use by research reactors was accounted for by 8 high-
power research reactors that each require more than 30 kg of HEU in fuel per year:
there are two such reactors in the United States, three in Europe and three in Russia.
Two new high-powered reactors, one in France and one in Russia are expected to be-
come operational soon (Table 5).
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Figure 5. Russian critical assembly at Obninsk. Used for mocking up the core of a large breeder reactor,
this assembly contains tens of thousands of lightly irradiated aluminum-clad disks of highly enriched

and depleted uranium and plutonium metal and oxide. The total inventory as of 2013 was reported to include
about nine tons of 36% and 90% enriched HEU. Source: Institute of Physics and Power Engineering,

inset: Alexander Glaser. **

Table 4 shows that approximately 60 of the remaining 100 HEU-fueled reactors are
critical assemblies (40) and pulsed reactors (20) — mostly in Russia. Such reactors fission
so little uranium-235 that they do not require refueling. They contain barely irradiated
HEU, however, which could be quickly converted to weapons use and is therefore of
great security concern (Figure 5).

Targets for medical radioisotope production

HEU also is used in the production of radioisotopes for medicine. By far the most im-
portant of these radioisotopes is molybdenum-99 (Mo-99, 66-hour half-life), a fission
product whose decay product, technicium-99m (Tc-99m, 6-hour half-life) is attached to
biochemical tracers for gamma-ray imaging of organ functions.” Mo0-99 is produced in
uranium “targets” introduced into or next to research reactor cores. After about a week,
Mo-99 production starts to be significantly offset by the decay rate of the accumulated
inventory in the targets.” The targets are then withdrawn and the Mo-99 extracted and
distributed to Tc-99m users as quickly as possible.
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Since the fissions that produce Mo-99 occur dominantly in uranium-235, HEU targets
have been preferred to minimize the amount of uranium from which the Mo-99 must
be chemically separated. As of 2007, 95 to 98 percent of M0-99 production worldwide
was in HEU targets and the use of HEU for this purpose was estimated at 40 to 50 kg per
year.” That is a reasonable estimate for 2015 as well.”

Most of the worldwide Mo-99 production is concentrated in a few places, Chalk River,
Canada; Mol, Belgium; Petten, the Netherlands; Pelindaba, South Africa; and Sydney
in Australia. The Chalk River facility is to close down in 2018. With government en-
couragement, a number of organizations are preparing to produce Mo-99 in the United
States, which accounts for about half of global demand. With increasing demand for
nuclear medical diagnostic applications in developing countries, production is likely to
commence in other countries as well.
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Converting away from HEU

Efforts to shift the non-weapon uses of HEU to LEU or to substitute technologies not
involving fission are underway and are at various stages of development. Table 6 pro-
vides a summary.

HEU use Stage of transition

Naval propulsion reactor fuel France and China use LEU fuel
New Russian nuclear icebreakers to use LEU fuel
R&D on LEU fuel being considered in the U.S.

Isotope production reactors Conversion feasible but no publicinformation on intent
Breeder reactor fuel New reactors will use plutonium fuel
Research reactor fuel Many reactors have converted or shut down.

Development of high-density LEU fuel needed by some high-power
research reactors has been delayed

Radioisotope production targets Transition underway

Table 6. Status of transition from HEU to LEU.

The status and prospects of these conversion efforts, and the specific challenges they
face, are discussed below.

Naval and icebreaker propulsion

The countries that have developed or are developing nuclear-powered submarines have
made different choices about the enrichment level of their naval fuel. France and prob-
ably also China are using LEU fuel in all their naval-propulsion reactors. There is there-
fore no question that it can be done. The United States, United Kingdom, Russia and
India, however, use HEU fuel.

Until recently, the United States nuclear navy has been resistant to considering LEU
fuel.” As is discussed below, space for at least a discussion of this topic has finally
opened up. If the United States switched, the United Kingdom, which depends upon
the United States for both naval nuclear technology and HEU, would be likely to switch
as well. Given that both countries have moved to lifetime cores for their submarines,
any LEU fuel that is developed would be used in new submarines. Aircraft carriers
could be converted, however, at their mid-life refueling.

There is no indication that Russia has thought about using LEU in its nuclear subma-
rines — as distinct from its new nuclear icebreakers, which are being designed to use
LEU fuel. If Russia shifted, India, which may be as dependent on Russia for its naval
reactor technology as the United Kingdom is on the United States, might also switch.

United States

As noted in the previous section, according to current United States Navy projections,
the 152 tons of excess weapons uranium that was committed for naval reactor fuel
in 2005 will be sufficient for projected Navy needs through 2064. This presumably
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includes the requirements of the United Kingdom’s nuclear submarines, which have
been fueled in large part with United States HEU since the United Kingdom stopped
producing HEU in 1962.” More excess United States weapons HEU could be commit-
ted to naval fuel if necessary, since the number of operational United States warheads
has declined from 8360 at the end of September 2005, the year the last United States
declaration of excess was made, to 4717 at the end of September 2014.” As of the end of
2014, the amount of weapon-grade HEU still available for weapons in the United States
was about 250 tons.”

In January 2014, after being asked by the House and Senate Armed Services Commit-
tees to provide an update on its views concerning the feasibility of shifting to LEU
fuel, the National Nuclear Security Administration's Office of Naval Reactors (ONR)
responded that:”

“recent work has shown that the potential exists to develop an
advanced fuel system that could increase uranium loading be-
yond what is practical today while meeting the rigorous perfor-
mance requirements for naval reactors. Success is not assured, but
an advanced fuel system might enable either a higher energy na-
val core using HEU fuel, or allow using LEU fuel with less impact
on reactor lifetime, size, and ship costs.”

With regard to the timeline and cost for the development of the new fuel, the report
stated:”

“The investment to develop a fuel technology and determine its
viability is estimated to be up to $2 billion over at least 10 to 15
years. At least another ten years beyond that would be needed to
deploy a nuclear reactor with this fuel.”

Two billion dollars to develop and test the LEU fuel over 10 to 15 years would average
$0.13 to $0.2 billion per year.

One reason for ONR’s new receptivity to the idea of LEU fuel may be that it needs a
project to fill in until a new reactor design is required. It currently has two ongoing
projects: design of the propulsion reactor for the new class of ballistic missile subma-
rines that are to replace the Ohio-class and refurbishing and refueling its land-based
Ohio prototype S8G reactor at the Knolls Atomic Power Laboratory in upstate New York.
In the absence of a new project, ONR’s R&D budget is projected to peak in fiscal year
2019 and then to decline as these two programs wind down.”

In fact, in its 2014 report to Congress, ONR stated that significant parts of its naval-
fuel-development capabilities could be lost without a new project:”

“Essential staff and facilities needed to develop an advanced fuel
system are in place and include unique resources such as the Ad-
vanced Test Reactor and other facilities within the Knolls Atomic
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Power Laboratory and the Bettis Atomic Power Laboratory. These
capabilities are currently being sustained by ongoing new design
work and design project funding. Once ongoing new ship design
work is complete, it will not be practical to sustain all of the Pro-
gram’s unique technology capabilities or develop an advanced
fuel system without other sources of funding. If these essential
capabilities are lost, then development of an advanced fuel sys-
tem will become impractical.”

The next new-design United States propulsion reactor probably will be for the replace-
ment to the Virginia-class attack submarine. The first submarine in that class, Virginia,
was commissioned in 2004. Given its 33-year design life, it will have to be replaced in
2037. In the absence of significant new improvements being proposed, however, it is
possible that the same reactor could be used for the replacement submarines.

We have been told that, while the new LEU fuel would have a significantly higher
uranium density than the current HEU fuel used by United States propulsion reactors,
if it were only 20 percent enriched, the amount of fission energy that could be extract-
ed from it per cubic centimeter would be less. In that case, LEU-fueled lifetime reac-
tor cores for submarines would either have to be larger than today or the submarines
would require mid-life refueling — something that the navy is reluctant to consider at
this point.
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Figure 6. Quantities of HEU in U.S. spent naval fuel sent to Idaho for storage. The spent fuel is stored at the
Naval Reactors Expended Core Facility in Idaho. All the peaks except thatin 1999 —2000 occur two years

after the year of completion of an aircraft carrier refueling. Taking the difference between the averages of the
peaks and the other years during 2005 — 15, when the effect of the mass post-Cold-War retirement of United
States attack submarines would have abated, gives an estimate that United States aircraft carriers collectively
accounted for about one third of the total HEU in the spent fuel during this period. Source: Annual letters from
the U.S. Navy to the Governor of Idaho, courtesy of Beatrice Brailsford of the Snake River Alliance, Idaho.”®
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We also have been told, however, that conversion of the existing large reactors of the
United States aircraft carriers to LEU might be feasible without increasing their refu-
eling frequency.” The reactors on the new Ford-class aircraft carriers will have to be
refueled at mid-life in any case. The first ship in this class, the Gerald Ford, is to be com-
missioned in March 2016 and would begin its mid-life overhaul and refueling 23 years
later, in 2039.”

Converting United States aircraft carriers to LEU would significantly reduce the United
States nuclear fleet’s use of HEU. Each United States aircraft carrier has two reactors
that are much more powerful than submarine propulsion reactors.” Figure 5 shows the
pattern of fuel discharges by the United States nuclear fleet over 20 years. All but one of
the peaks (1999 —2000) occurred two years after an aircraft carrier defueling.* Assum-
ing that the peaks above the average during 2005-15 represent the amount discharged
by the aircraft carrier reactors, they collectively discharged about 50 percent as much
HEU as the four times more numerous nuclear submarine reactors during this period.”

Congress responded to ONR'’s 2014 report in its appropriations for the fiscal year 2016
federal budget by designating:*

“$5,000,000 to start a technical program to develop and qual-
ify a low-enriched uranium (LEU) fuel system for naval reactor
cores [and] to provide to the Committees on Appropriations of
both Houses of Congress, not later than March 31, 2016, a re-
port that describes the key goals and milestones, timeline, and
annual budget requirements to develop a LEU fuel system for
naval reactor cores.”

United Kingdom

The United Kingdom depends upon the United States for naval nuclear technology. The
2014 amendment to the 1958 Agreement between the United Kingdom and the United
States for Cooperation on the Uses of Atomic Energy for Mutual Defense Purposes gives
a sense of the breadth of that dependence:*

“The Government of the United States may authorize...transfer
by sale to the...United Kingdom...submarine nuclear propul-
sion plants and parts thereof, including spare parts, replacement
cores, and fuel elements...and...information as is necessary for
the design, manufacture, and operation of submarine nuclear
propulsion plants.”

This recent amendment may have been necessary because of the mutual interest of
the United States and United Kingdom nuclear navies in sharing the design of the
new-generation United States reactors and their lifetime fuel so that the next class of
United Kingdom ballistic missile submarines too can have lifetime cores.* Because of
its dependence on the United States for naval reactor technology and fuel, if the United
States shifted to LEU fuel, the United Kingdom probably would also do so.
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France

Starting in the 1970s, France began to shift to LEU fuel in order to avoid incurring
the high cost of refurbishing its enrichment plant once the HEU requirements of its
weapons program were satisfied.”” In the new Suffern-class attack submarines, the first
of which is scheduled to enter into service in 2017, the level of enrichment will be
6 percent, the highest enrichment that France’s George Besse II commercial enrich-
ment plant is licensed to produce.* This is much lower than the 19.75 percent enrich-
ment used to convert research reactors and that is being discussed for United States
naval reactors.

The first French nuclear attack submarine Rubis (launched in 1979) was designed to
use LEU fuel despite the fact that it was tiny by United States standards: 2600 tons
submerged displacement vs. 6900 tons for the contemporary United States Los Angeles
(1979).” A number of design innovations were undertaken to achieve its compact nu-
clear propulsion system. One was to put the steam generator inside the reactor pressure
vessel. Another appears to have been to operate the control rods from the side rather
than the top (Figure 7).
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Figure 7. Naval propulsion reactor with integrated steam generator. In the vertical cross-section (left), it
will be seen that the stream generator is inside the reactor pressure vessel. This arrangement, pioneered

by France, is more compact than that used in United States nuclear submarines, where the steam generators
are separate units connected to the pressure vessel with pipes. The thick enclosure around the lower part

of the pressure vessel, which holds the core is the primary radiation shield. The thick barriers seen in the
horizontal cross-section (right) at the front and back ends of the compartment and on the side, where there
is a shielded passageway between the front and rear portions of the submarine, constitute the secondary
radiation shield. Note also that the mechanisms for raising and lowering the control rods in the core are
operated from the side rather than from above or below the reactor vessel, reducing the submarine diameter
required. Source: Adapted from Charles Fribourg.™
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Figure 8. France’s LEU “caramel” fuel. This high uranium density fuel was used to convert France’s
naval propulsion reactors to LEU. It is made of thin tablets of uranium oxide embedded in plates of
zirconium alloy metal.”

France developed a high-density “caramel” fuel as part of its transition to LEU fuel. The
fuel design was published because it also was used to convert France’s Osiris research re-
actor to LEU. The uranium-containing fuel “meat” of the Osiris fuel was made of square
tablets of UO,, separated by strips of zircaloy (zirconium alloy) (Figure 8). The resulting
average uranium density of the meat, including dividers, is 7 grams of uranium per
cubic centimeter.”

The planned refueling frequency of France’s next-generation Suffern-class attack sub-
marines is ten years, matched with the timing of the required safety inspections of the
nuclear reactor.” Theoretically, if the enrichment of the fuel were increased to 19.75
percent and the fuel “burn-up” per kilogram of uranium could be increased propor-
tionately, it would be possible to achieve a lifetime core. The reported burn-up achieved
with caramel fuel is only 50 MWt-days/kgU.” This is equivalent to the fission of 5 per-
cent of the uranium and similar to the burn-up achieved in the 4 — 5 percent enriched
UO:; fuel pellets used in light water power reactors.

Fuel meat capable of higher burn-up would be required to realize the potential benefits
of higher enrichment. The 19.75 percent enriched monolithic uranium metal alloy
meat of the fuel being developed to convert high-performance research reactors to LEU
fuel is designed to achieve a three times higher burn-up (see below).” This uranium
alloy might not be suitable for naval fuel, however. Naval reactors have higher operat-
ing temperatures than research reactors, and their fuel must be mechanically more
robust.”

Much of the reason for the 9-month refueling times of United States submarines is
that their hulls are cut open and welded shut again after the new fuel is installed. This
provides an additional incentive for developing lifetime cores. French nuclear subma-
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rines have refueling hatches, however. As a result it takes only about three months to
completely remove the reactor core and its reactivity control system, carry out visual
and ultrasound inspection of the pressure vessel and primary piping, and to load a
fresh core.”

Russia

The challenge of developing LEU fuel for naval reactors may be significantly less for
Russia than the United States.

Russia’s third-generation submarine reactors, which dominate the current fleet, have
zoned cores with enrichments ranging from 21 percent in the interior to 45 percent
uranium-235 at the periphery.” Converting to LEU fuel enriched to less than 20 per-
cent uranium-235 therefore would be a much smaller step than for United States and
United Kingdom naval cores.

In addition, Russia’s submarines are refueled about every ten years.” This too would
make their cores much easier to convert to LEU fuel than the United States and United
Kingdom lifetime cores.”

Finally, Russia has experience in developing LEU fuel for nuclear propulsion, including
as replacement for HEU fuel. Rosatom has already designed the reactors of its new float-
ing nuclear power plants and its new nuclear-powered icebreakers to use 19.75 percent
enriched LEU fuel.”

In the case of the floating power plant, this choice may reflect Rosatom’s interest in
selling floating power plants to other countries.'” There is a strong economic incentive,
however, to maximize the refueling interval for both the floating nuclear power plant
and the nuclear icebreakers. Economically, therefore, the shift to the new LEU fuel may
have been made possible by the fact that it has about the same useable energy content
per cubic centimeter as the 90-percent enriched fuel previously used.

The uranium density in the new fuel meat is about 6 grams/cc, twice that of the HEU
fuel currently used in the icebreakers. The maximum burnup of 153 MWt-days/kgU is
almost three times that of the French caramel fuel and of the fuel used in the current
generation of Russian icebreaker reactors.”” In this case, conversion to LEU fuel appar-
ently involved no loss in fuel longevity.'”
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Tritium — production and breeder reactors

As noted earlier, Russia's two tritium-production reactors together use about a ton an-
nually of HEU fuel and its breeder reactors use another ton (90 percent equivalent) per
year. There has been little attention to phasing out this HEU use but it would appear to
be straightforward.

With regard to Russia’s HEU use for tritium and isotope production, the open question
is whether or not the replacement production reactor planned for 2023 will be HEU or
LEU-fueled.

It appears that Russia’s use of HEU in its breeder reactors will continue until the BN-600
reactor is retired, which, in 2013, was projected for 2020 or 2025.'”

Research reactors

The conversion of HEU-fueled research reactors to LEU fuel has attracted the greatest
policy attention of any non-weapon use of HEU to date and there has been considerable
progress. The remaining hard cases involve about half of the approximately 30 high-
power research reactors that are still HEU-fueled and approximately sixty HEU-fueled
critical assemblies and pulsed reactors (Table 4).

The United States Reduced Enrichment Research and Test Reactor (RERTR) program
was launched in 1978, inspired in part by one of the few areas of agreement in the re-
port of the contemporaneous International Fuel Cycle Evaluation:'™

“Although it may not be technically possible in some research
reactors, decreasing the enrichment from 90% range as far as
reasonable toward 20% would be a worthwhile improvement in
proliferation resistance of research reactor fuels.”

Development of high-density LEU fuel

The objective of the United States RERTR program has been to develop LEU fuels to
replace existing HEU fuels. The Soviet Union launched a parallel program around 1980
with the initial objective of shifting the enrichment of its exported reactor fuels from
80 percent HEU to 36 percent HEU and then, in 1994, to 20 percent enriched LEU
fuel."”

In the absence of offsetting design changes, there is a neutron intensity penalty of 5 to
10 percent associated with shifting to LEU because of neutron absorption by the greatly
increased concentration of uranium-238 in the fuel.'” This is a relatively minor penalty
and can be more than offset with improved equipment in some important applica-
tions,'” but it adds to the natural resistance of reactor operators to change.
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In 1986, the United States Nuclear Regulatory Commission, which licenses all United
States civilian reactors except those owned by the U.S. Department of Energy, mandat-
ed that HEU-fueled research reactors must convert to LEU as soon as suitable LEU fuel
has been developed if federal funding to cover the expense of conversion is available.
It also announced that it would not license any new HEU-fueled research reactors.'”

In 1992, in the Schumer amendment to the Energy Policy Act, Congress extended the
pressure to foreign research reactor operators who use fuel made with United States
HEU. The Schumer amendment made it a requirement that the reactor operators com-
mit to converting to LEU as soon as suitable LEU fuel became available."” Russia ap-
pears to have adopted the same condition for continuing to provide HEU to the coun-
tries it supplied.

After the terrorist attacks of 11 September 2001, the United States Government became
more concerned about the possibility that terrorist organizations might acquire nucle-
ar-weapon materials. In 2004, the RERTR program became part of the Department of
Energy’s Global Threat Reduction Initiative and its funding increased greatly. "’

The goal for LEU fuel development has been, in effect, to dilute the uranium-235 in
research reactor fuel to 19.75 percent enrichment by adding uranium-238 without in-
creasing the volume of the fuel. This requires developing fuels with about five times
higher uranium density than the HEU fuels they are replacing. In theory, this should
be possible, since the pre-RERTR HEU fuel densities were less than 1.7 gramsU/cc,"
while the density of uranium metal is 19 grams/cc. But pure uranium metal is not a
suitable fuel."” The challenge therefore has been to find a high-density alloy or com-
pound of uranium with properties suitable for a reactor fuel (Figure 8).
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Figure 9. Research reactor fuel plates. The cross section on the left shows the typical meat of the fuel is
particles of a uranium-containing material dispersed in aluminum surrounded by an aluminum cladding.
In the highest-density LEU fuel currently under development, shown on the right, the meat is a thin foil of
uranium-molybdenum alloy. Source: U.S. National Academy of Sciences.""
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By 1989, a research-reactor fuel, whose meat was composed of a dispersion of U,Si,
particles in aluminum, had been developed with a density of 4.8 grams of uranium per
cubic centimeter. This has made it possible to convert many reactors. Specifically, by
the end of 2014, approximately 65 HEU-fueled research reactors had been converted to
LEU fuel."” In addition, about 150 HEU-fueled research reactors were retired during this
period."™ As a result of these conversions and retirements and a joint U.S.-Russian cam-
paign to repatriate fresh and irradiated HEU fuel that they had exported, HEU was re-
moved from 30 non-weapon states (Figure 10) and from many sites in the United States.
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Figure 10. Number of countries with one kilogram or more HEU. The rise followed President Eisenhower’s
1953 “Atoms for Peace” speech at the United Nations. The fall has been largely due to the U.S.-led efforts to
convert reactors to LEU fuel and to repatriate fresh and spent HEU fuel to Russia and the United States. This
effort started in 1978 but was given a much increased priority after the 11 September 2001 attacks on the
United States. The sudden increase by six states in 1991 was due to the disintegration of the Soviet Union. As
of the end of 2015, HEU had been cleaned out of thirty non-weapon states.'”

As of the end of 2015, eight of the remaining 27 countries with one kilogram or more
HEU (Argentina, Australia, India, Indonesia, Netherlands, Norway, Poland and South
Africa) do not have HEU-fueled reactors."® This leaves 19 countries with about 100
HEU-fueled research reactors between them. Seven of these countries had only min-
iature low-power reactors produced by China and Canada with about one kilogram of
HEU each in their long-lived cores. Replacement fuel has been developed and some of
these reactors are being converted."’

There are an additional eleven HEU-fueled research reactors in six non-weapon states:
Belarus (2), Belgium (2), Germany (1), Italy (1), Japan (3) and Kazakhstan (2). United
States sanctions following the controversial reelection of President Lukashenko in 2010
derailed negotiations over the replacement of Belarus’ HEU-fueled critical and subcriti-
cal facilities." Efforts to convert Kazakhstan'’s reactors are underway.”” The Belgian and
German reactors require the development of higher-density fuels.”” Studies are under-
way on the convertibility or replacement of the Japanese reactors.”” The fuel of Italy’s
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Tapiro fast neutron source, like most of the pulsed reactors to be discussed below, is
already made of maximum density uranium-molybdenum alloy." It therefore would
have to be replaced by an alternative neutron source.

The nine nuclear-weapon states collectively have about 80 HEU-fueled research reac-
tors. Russia alone has about 50 (Table 7).

Country Number of HEU fueled research reactors

Russia 52

United States 15

France 7

China 3 (2 miniature reactors being converted to LEU)
United Kingdom 1

Israel 1 (to be shutdown in 2018)"*°

Pakistan 1 miniature Chinese-designed reactor

North Korea 1

Table 7. HEU-fueled reactors in nuclear-weapon states.'*’

Some of the high-powered research reactors, including five in the United States and
four in Europe, are awaiting advanced high-density LEU fuel."”

Funding for the development of higher density fuels was suspended in the United States
from 1989 to 1995. The focus since that time has been on uranium metal alloyed with
up to 10 percent by weight molybdenum (U-Mo) to stabilize its crystalline structure."”®

The United States has focused its research and development effort on “monolithic” fuel
with a uranium density of about 15.5 gramsU/cc while Russia, South Korea and Europe
have focused on fuels with U-Mo particles dispersed in aluminum with a density up to
5.4, 8 and 8 gramsU/cc respectively.'”

The tests of the radiation resistance of the U-Mo alloy were successful and, in 2007, the
U.S. Department of Energy projected optimistically that:"*°

“the [RERTR] program will, by 2010, complete development of
new higher density LEU fuel and through FY 2012, complete the
conversion from HEU to LEU fuel of a cumulative 95 of the 129
[HEU-fueled] civilian research reactors (the remaining 34 reactor
conversions are planned for 2013 to 2018).”

When sample fuel elements were tested, however, irradiation caused weaknesses to
develop at the interfaces between the U-Mo fuel meat and aluminum cladding of the
monolithic fuel, and between the U-Mo particles and the aluminum matrix within
which they were embedded in the dispersion fuel. Fabrication of the monolithic fuel
also proved difficult. As of the end of 2015, the projected date for having monolithic
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fuel available for United States high-power reactors had slipped to around 2030."' The
European fuel developers have not made such projections but their radiation tests for
dispersion fuel currently extend through 2025."*

In view of this situation, a U.S. National Academy of Sciences study has proposed con-
sideration of a strategy in which United States and European research reactors would
be converted to lower HEU enrichments using the already licensed U.,Si, fuel and go to
LEU when higher-density fuels become available."” This strategy has already been ad-
opted for France’s still-under-construction Jules Horowitz reactor, which was designed
to use the U-Mo LEU dispersion fuel. Because of the delay in the availability of this fuel,
the reactor is to start operating with 27 percent enriched U,Si, fuel."
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Figure 11. First criticality of high-power HEU-fueled research reactors. Source: IAEA."”

By 2030, however, most of the reactors to be converted with these fuels are likely to
have retired or be close to retirement."” Figure 11 shows the dates of first criticalities
of the 27 HEU-fueled high-power reactors that were operational in 2015 (fourteen in
Russia, six in the United States, four in Europe and one each in Kazakhstan, Israel and
North Korea). By 2030, only 10 of these reactors will be less than 60 years old.
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Because of the norm that has developed against building HEU-fueled research reactors
since 1978, it is worth accounting for the three that had their first criticalities after
1984:

* Russia’s OR-M Reactor. Although the IAEA's Research Reactor Database (RRDB) shows
the first criticality of the OR-M was in 1988, this was a modification of an old reactor
on which construction began in 1950.

e Germany’s FRM II research reactor. Construction on the FRM II began in 1996 and it
went critical in 2004. Its designers caused a major scandal by designing a compact
HEU core using higher-density fuel developed for converting research reactors to
LEU." The benefits to the users of going against the international norm are unclear.
According the RRDB, the FRM II has only half the peak flux of France’s high-powered
High Flux Reactor, which had its first criticality in 1971.

* Russia’s PIK research reactor. According to the RRDB, construction of Russia’s PIK reac-
tor started in 1976, 46 years before the reactor went critical in 2012. The apparent
explanation of the long hiatus is that construction of the reactor was suspended after
the 1986 Chernobyl accident. It was redesigned and construction resumed in 2007.

One reason for the low rate of construction of new high-power research reactors is that,
in the United States, Europe and Japan, the research model in which every nuclear in-
stitute and research university has its own research reactor has largely been replaced. In
the new model a few well-equipped national or international centers have high-power
research reactors to which groups from many institutes can come to do their research.

A second reason is the rise of an alternative way of producing neutrons for research:
proton-accelerator-driven spallation neutron sources in which intense beams of high-
energy protons hit targets of heavy metal and “spall” neutrons off their nuclei.”* These
sources have the additional advantage for some types of experiments that the protons
can be accumulated in a storage ring before being directed at the target, making pos-
sible intense pulses. The United States, after designing a new high-powered HEU-fueled
research reactor to replace the Oak Ridge National Laboratory’s aging High Flux Isotope
Reactor (first criticality in 1965), decided in the 1990s to build a Spallation Neutron
Source (SNS) instead as a collaborative project between six national nuclear labora-
tories."”” The SNS came on line in 2007. A spallation neutron source has been built in
Japan. China and Europe (in Sweden) both have such sources under construction.

Research-reactor fuel supply

In 2005, the United States set aside 20 tons of HEU from excess Cold War warheads for
use to fuel research reactors until they can be converted — and space-based reactors if
interest in them revives."’ As of the end of September 2014, about 3 tons had been used
for both United States (2.3 tons) and United States-supplied foreign research reactors
(0.6 tons)."
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The United States has allocated an additional 23 tons of its excess Cold War HEU to be
blended down to 19.75 percent to fuel research reactors. As of 2012, it was supplying
annually about 1.5 tons of 19.75 percent LEU for U.S. and foreign research reactors."
That amount could be produced by blending 0.26 tons of 90 percent enriched uranium
down with 5 percent enriched uranium or by blending 0.32 tons with natural ura-
nium. In the future, if HEU for blend-down runs low, one portion of one enrichment
plant could satisfy the global demand for 19.75 percent uranium."

Russia has much more excess HEU than the United States (see Table 1) and is also sup-
plying both HEU fuel for reactors that are not yet converted and 19.75 percent LEU for
foreign reactors that have converted.

As the numbers in Tables 4 and 7 suggest, Russia has not given a high priority to con-
verting its own HEU-fueled research reactors or shutting down those that are underuti-
lized. As a result, as of 2015, about half the HEU-fueled research reactors remaining in
the world were in Russia.

In 2010, the United States government persuaded Russia to allow a joint conversion fea-
sibility assessment for six Russian HEU-fueled civilian research reactors. One solution
reactor was converted to LEU as a result."* Due to the deteriorating Russian-U.S. politi-
cal relationship after Russia’s incursions into Ukraine, the joint project was terminated
in 2014 before other conversions could be undertaken." The United States participants
concluded, however, that the other five Russian reactors that had been analyzed could
be converted with the tube-type U-Mo dispersion fuel with a 5.4 gramsU/cc meat
density that Russia had in advanced development."® Of the seven other Russian high-
powered research reactors, it was judged that two (IVV-2M and WWR-M) could be
converted with pin-type fuel using the same dispersion fuel meat. Four pressurized
higher-temperature research reactors (SM3, RPT-6, RBT-10 and PIK) would require the
development of a new type of fuel.”” The BOR-60 sodium-cooled fast-neutron materials
testing reactor, is expected to be shut down in 2020.

Critical assemblies and pulsed reactors

Critical assemblies are mostly mockups used to check criticality calculations for nuclear-
weapon components or reactor cores. When the reactors that they model are retired and
converted to LEU, the critical assemblies too can be shut down or converted. Increas-
ingly, however, they can be shut down in any case because high-resolution computer
simulations have made them obsolete. An international database of the results of critical-
ity experiments can be used to check or “benchmark” the accuracy of these computer
simulations."*

Today, the United States has six HEU-fueled critical assemblies. One is a mockup of the
core of the Advanced Test Reactor at the Idaho National Laboratory used to check the ef-
fect on its criticality of different arrangements of materials to be irradiated, and the other
five have been moved from Los Alamos National Laboratory to the high-security Device
Assembly Facility at the former Nevada Test Site (now the Nevada National Security Site)
to be used for training weapons designers and safeguards experts."’
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Figure 12. Sandia Pulsed Reactor II.
The two metal cylinders at the top
constituted the core. Samples were
irradiated in an axial hole in the center.
The reactor was made critical with
control rods and then shut itself down
as a result of increased neutron leakage
out of the metal due to the thermal
expansion caused by the release of
fission energy. The control rods then
would be positioned to assure that the
core remained subcritical when it
cooled. Source: Sandia National Labo-
ratory.”’

The core of a pulsed reactor is typically a cylinder of uranium-molybdenum alloy with
an axial hole in which samples are subject to intense bursts of fission neutrons (Fig-
ure 12). The primary purpose of military pulsed reactors (two thirds of pulsed reactors)
has been to test the radiation “hardness” of electronics subjected to a nearby nuclear
explosion. As of 2015, the United States had three remaining pulsed reactors:

e The U.S. Army'’s Fast Burst Reactor, which is to be replaced by an accelerator-driven
pulsed neutron source in order to save “security costs of several million dollars an-
nually.” "

* The multi-purpose Annular Core Research Reactor at the Sandia National Laboratory
in Albuquerque, whose core at the bottom of a tank of water contains 15 kilograms
of 35 percent enriched HEU."”

e The Transient Reactor Test Facility (TREAT) at the Idaho National Laboratory is to
be converted to LEU fuel.”™ TREAT is used to test the behavior of reactor fuel during
high-power transients.

The focus within the United States on retiring or consolidating HEU-fueled critical and
pulsed reactors has been in good part due to the costly security requirements that have
been imposed on nuclear materials in United States government-owned facilities since
the attacks of 11 September 2001.

Three major U.S. Department of Energy (DOE) sites have been cleaned out of HEU and
plutonium (defined as containing less than 1 kg of uranium-235 in HEU and 0.5 kg of
plutonium):"™*

e Sandia National Laboratory in New Mexico, where the fuel of the Sandia Pulsed Reac-
tor, containing about 225 kg weapon-grade uranium in slightly irradiated uranium-
molybdenum alloy, was removed to the Device Assembly Facility at the former Ne-
vada Test Site;'
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¢ Hanford, Washington, one of the nation’s two former military plutonium-production
sites, whose remaining stock of separated plutonium was transferred for disposal to
the Savannah River Site in South Carolina, DOE'’s other former military plutonium-

production site;"*’

e Lawrence Livermore National Laboratory in California, a nuclear-weapon laboratory,
whose special nuclear materials have been shipped to other sites."”

The National Nuclear Security Administration, which is responsible within DOE for the
nuclear weapons laboratories, estimated that the cleanout of special nuclear material
from Livermore’s high-security “Superblock” alone would result in saving it security
costs of $40 million per year."

Other countries have not increased their security requirements for unirradiated HEU or
plutonium to anywhere near the same degree. In 2014, concerned that Japan does not
arm the guards at its nuclear facilities, the United States obtained an agreement to ship
to the United States approximately 300 kg of unirradiated HEU and 330 kg of unirradi-
ated plutonium from Japan’s Fast Critical Assembly."”

Medical radioisotope production

Although the annual use of HEU for producing medical radioisotopes (mostly Mo-99) is
a relatively small 40 to 50 kilograms per year, only about 3 percent of the uranium-235
in the targets is fissioned. The remainder accumulates in waste from which HEU could
easily be recovered.

The United States accounts for about half the global market for Mo-99 — with tens of
millions of procedures per year.” It is not currently a Mo-99 producer, however. As of
2009, most of the global supply of M0-99 came from the irradiation of HEU targets at
five research reactors in Canada, Europe and South Africa.'”

As of 2009, the HEU used for Mo-99 production targets in four of these five reactors was
supplied by the United States. The exception was South Africa, which has its own stock
of HEU from its former nuclear weapons program.

Two smaller suppliers use LEU targets: Argentina since 2002, and Australia, which
plans to become a significant supplier.'* Other regional suppliers will most likely arise
in the future with the increasing global demand for medical radioisotopes.

Since 1986, the United States RERTR program at Argonne National Laboratory has been
developing LEU target designs (Figure 13) and promoting the use of these targets to
Mo-99 producers and helping them adapt their M0-99 recovery processes to LEU.'” In
2012, Congress passed the American Medical Isotopes Production Act (MIPA), which
included additional incentives and harnessed the market power of the United States
as a consumer of half of the global M0-99 supply to put pressure on the producers to
convert.'” Pressure also was exerted on the European producers in negotiations over
shipments of additional United States HEU for their targets."”
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Figure 13.  LEU (top) and HEU (bottom) targets for Molybdenum-99 production. These targets would produce
the same amount of Mo-99 under the same irradiation conditions. Part of the outer aluminum layer of the

LEU target (top) has been removed to show the nickel-coated LEU foil wrapped around an inner aluminum tube.
Both targets contain about 5 grams of uranium-235. The LEU enrichment is 19.75 percent. Source: JAEA."*®

In part at least because of this new pressure, the major producers finally appear to be
moving forward on conversion to LEU targets:'”

 South Africa announced in 2014 that it was “the first country in the world to success-
fully implement commercial scale LEU-based M0-99 and I-131 production”;"”

e In 2015, Mallinckrodt, which supplies 60 percent of the global M0-99 market (75
percent of the United States market) projected that it would complete conversion to
LEU targets in 2017; """

e The operators of Belgium'’s BR-2 reactor expect to begin industrial-scale production
of M0-99 from LEU targets in 2016-17.""

In Russia, a number of nuclear institutes are producing Mo-99 for the domestic market
and are also beginning to make small export deliveries, starting with Iran. Russia has
its own HEU supply but likely would be responsive to market incentives to shift to LEU
targets — for exports at least.”

It therefore appears that the shift away from HEU to LEU targets could be completed
within a few more years if there is continued pressure to do so.
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Conclusion

There is broad international support for a Fissile Material (Cutoff) Treaty which would
ban the production of HEU and plutonium for nuclear weapons. Such a treaty would,
however, leave open the possible production of HEU for non-weapon purposes such as
nuclear reactor fuel or radioactive isotope production. Such production of HEU carries
proliferation risks, since states may seek to divert for weapons the HEU that has been
produced or stockpiled for non-weapon purposes. HEU stocks also pose a risk of theft
for the purposes of nuclear terrorism, since a simple HEU-based gun-type weapon of
the kind used on Hiroshima is within the reach of non-state groups. Reducing these
risks from HEU requires a ban on the production of HEU for any purpose.

A road away from HEU-fueled nuclear reactors and the use of HEU targets for medical
isotope production is open. It is only necessary for governments to decide to take it.

The most difficult challenge is to design naval propulsion reactors to use LEU fuel.
France has done it already and it appears that China has always used LEU fuel. Russia
is designing its new nuclear-powered icebreakers to use LEU fuel and this experience
could help it convert its other nuclear vessels.

The United States has been the most reluctant to consider changing from HEU to LEU
naval fuel, and has made the technical challenge of doing so the most difficult by us-
ing dense HEU fuel to achieve lifetime cores for its nuclear submarines. The United
Kingdom has followed the United States down the same path. Recently, however, the
Department of Energy’s Office of Naval Reactors has reported to Congress, albeit with
great ambivalence, that it may be possible to develop an even denser fuel that could
make it feasible to shift to LEU naval fuel if that were desired. Congress has expressed
a tentative interest in the possibility.

Russia can end its use of HEU-fueled reactors to produce tritium. It is building a new
reactor to replace them. It has only to decide to design it to use LEU fuel, as has been
done in other countries. Russia also plans to retire its HEU-fueled BN-600 breeder reac-
tor within the next decade.

The effort to end the use of HEU fuel in research reactors has been underway for de-
cades. There are about one hundred HEU-fueled reactors left — mostly more than 50
years old. Some of these reactors can be converted to LEU and most of those that can-
not are obsolete and can be retired.

The transition to LEU targets for the production of medical radioisotopes is well under-
way and is likely to be virtually complete within the next few years.

In the meantime, even at current rates of use, there remains enough HEU from excess
Cold War nuclear warheads to satisfy non-weapon needs of HEU for a period on the
order of a century.

There is therefore no further need to produce HEU and an international agreement can
be pursued to ban its production for any purpose.
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