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Affairs at Princeton University. His articles focus broadly on the technical basis for new nuclear disarmament and
nonproliferation initiatives, including: deep cuts in the nuclear arsenals, taking U.S. and Russian missiles off hair-
trigger alert, banning the production of fissile materials for weapons, and assisting Russia in down-sizing its nuclear
weapon production complex.

In December 1993, the U.N. General Assembly
adopted, without dissent, a resolution calling for the
negotiation of a fissile material production cut-off

treaty (FMCT). In this resolution, the FMCT was de-
scribed as a “non-discriminatory, multilateral and inter-
national and effectively verifiable treaty banning the
production of fissile material (highly enriched uranium
or plutonium) for nuclear weapons or other nuclear ex-
plosive devices.”2  The 2000 Review Conference of the
parties to the Treaty on the Non-Proliferation of Nuclear
Weapons (NPT) called for the completion of negotia-
tions on the FMCT within five years.3  The FMCT would
serve as a key building block in the nuclear weapons non-
proliferation and disarmament regime by putting a cap
on the stocks of fissile material available for nuclear
weapons. These stocks could then be reduced by veri-
fied, irreversible disposition.

However, the FMCT, as currently envisioned, has a
potential loophole because it would permit the contin-
ued production of weapon-usable fissile material for use
in military reactors. It would therefore leave open a po-
tential diversion route whereby countries could produce
or acquire weapon-usable fissile material and remove it
from international safeguards under the pretext that it
was to be used in military reactor fuel. However, they
could then use some or all of it to make nuclear weap-
ons. Investigations by the International Atomic Energy
Agency (IAEA) to verify the declared use of the mate-
rial could easily be thwarted by claims of military se-
crecy concerning the design of reactor fuel and reactor
operations. Brazil may have planned such a subterfuge
during the 1980s when its navy developed the capabil-
ity to produce highly enriched uranium (HEU), nomi-
nally for submarine reactors, but probably for a nuclear
weapon option as well.4
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Currently, the United States and the United Kingdom
use “weapon-grade” uranium containing more than 93
percent uranium-235 (U-235) to fuel their naval reac-
tors, and Russia uses HEU containing more than the 20
percent U-235, defined by international agreement to be
the threshold for direct weapons-usability.5  France has
fueled some of its submarines with HEU but has decided
to shift to low-enriched uranium (LEU) containing less
than 20 percent U-235. China reportedly uses LEU fuel.
In the past, both the United States and the Soviet Union
built HEU-fueled nuclear reactors for other military pur-
poses.6

In this essay, we propose that the ban in the FMCT be
extended to the production of weapon-usable fissile ma-
terial for any military use, including naval reactors.
Those countries currently using HEU in military reac-
tors could fuel their reactors during a several-decades-
long transition period with HEU recovered from excess
nuclear warheads. Follow-on generations of nuclear-
powered submarines and ships could be designed to use
LEU. Any countries joining the nuclear navy “club”
would design their propulsion reactors to use LEU—as
India and Brazil currently plan to do.7  There appears to
be no significant interest in other types of military
nuclear reactors today. However, if military interest were
to revive, LEU fuel could be used in land-based reac-
tors just as in naval reactors. Our hope would be that
orbiting military reactors could be banned.8

An additional reason to shift naval reactors from HEU
to LEU would be to reduce the danger of theft of HEU
fuel. Theft has been a serious issue since 1993, when
reports began of thefts of small quantities of Russian
submarine fuel containing HEU.9  For a nation or terror-
ist group interested in a nuclear weapon “option,” it is
far easier to produce a reliable nuclear weapon from
HEU than from plutonium.10

THE NPT LOOPHOLE

There is already a military reactor loophole in the
NPT. Article III.1 provides that:

Each non-nuclear weapon state party to the
Treaty undertakes to accept safeguards, as set
forth in an agreement to be negotiated and con-
cluded with the International Atomic Energy
Agency…for the exclusive purpose of verifi-
cation of the fulfillment of its obligations as-
sumed under this Treaty with a view to

preventing diversion…from peaceful uses to
nuclear weapons or other explosive devices.

By omission, the NPT therefore allows withdrawal of
fissile material from international safeguards for use in
military reactor fuel. The historical reason was an inter-
est in naval nuclear propulsion among some non-nuclear
weapon states at the time the NPT was negotiated.11  This
loophole has been a concern within the nonproliferation
community,12  and various approaches to dealing with it
have been proposed.13

The IAEA, which has the task of verifying that non-
weapon state parties to the NPT are not diverting fissile
materials to weapons use, has already anticipated the
possibility that a country might request the withdrawal
of some of its fissile materials from under international
safeguards. Its model safeguards agreement for non-
weapons states contains a section titled “Non-applica-
tion of safeguards to nuclear material to be used in
non-peaceful activities.” The only explicit requirement
on a state withdrawing fissile materials from interna-
tional safeguards is that it undertake the political com-
mitment:

[t]hat during the period of non-application of
safeguards the nuclear material will not be
used for the production of nuclear weapons or
other nuclear explosive devices [and that]
safeguards…shall again apply as soon as the
nuclear material is reintroduced into a peace-
ful nuclear activity. 14

The IAEA seems to have conceded any leverage in ne-
gotiations over verification of non-weapon use by agree-
ing in the same section to be barred from acquiring any
“classified knowledge of the military activity or related
to the use of the nuclear material therein.”

Most countries that operate nuclear navies do not plan
to ever reintroduce into peaceful nuclear activity the fis-
sile material remaining in spent naval reactor fuel. U.S.,
British, and French spent naval reactor fuel is being
stored pending the availability of final disposal in a geo-
logical repository. It will therefore remain indefinitely
in a military form whose design is considered highly
classified. Currently, Russia is reprocessing spent naval
reactor fuel in order to recycle the recovered uranium in
power reactor fuel. However, it may well discontinue
doing so.

Thus the NPT appears to allow any non-nuclear
weapon state to launch a military nuclear reactor pro-
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gram and fuel it with weapon-usable uranium removed
from under international safeguards, while blocking any
effective international effort to verify that no material
has been diverted to weapons use. The FMCT, as cur-
rently conceived, would propagate the same problem to
the weapons states as well (see Figure 1).15

 It would not be possible to close completely the NPT
loophole by preventing its duplication in the FMCT.
Countries could still shift fissile material produced be-
fore the FMCT came into force from safeguarded civil
uses to unsafeguarded military uses. Existing civilian
stocks of HEU are small (about 20 tons16 ) in compari-
son with military stocks, however, and could be reduced
further as HEU-fueled research reactors are either con-
verted to LEU or shut down. Although hundreds of tons
of excess military HEU are being transferred by Russia
and the United States to civilian use, virtually all of this
HEU is being blended down to LEU for use in power-
reactor fuel.

The United States has an explicit policy “to seek to
minimize the civil use of highly enriched uranium” and
to “eliminate where possible the accumulation of highly
enriched uranium or plutonium.”17 However, to our
knowledge, the only time that the possibility of shifting
naval reactors to LEU has been raised officially within

the U.S. government was in 1994 when the Congress re-
quested a study of the feasibility of converting U.S. na-
val reactors to LEU fuel.18   The resulting report by the
Office of Naval Nuclear Propulsion (ONNP) flatly re-
jected LEU: “The use of LEU for cores in the US nuclear
powered warships offers no technical advantage to the
Navy, provides no significant nonproliferation advan-
tage, and is detrimental from environmental and cost per-
spectives.”19

Nevertheless, because of the availability of a huge sup-
ply of HEU from weapons made excess by the end of
the Cold War, the U.S. government has not produced
HEU for naval reactor fuel or any other purpose since
1991 and has no plans to do so in the foreseeable fu-
ture.20  Russia is in a similar situation.21 The United King-
dom is as well because it depends upon the United States
for its HEU supply.22

Therefore, if the United States, United Kingdom, and
Russia decided to join the other nations already using
LEU fuel in their naval reactors in a formal commitment
not to produce HEU for military reactors, their large
stocks of excess HEU would allow them to make a sev-
eral-decades-long transition to LEU fuel. In the longer
term, if disarmament reduces military stockpiles of fis-
sile materials to much lower levels, an FMCT ban on

Figure 1: IAEA Safeguards on Naval Fuel Cycles under Current Draft of the FMCT
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HEU production for any military purpose would become
an invaluable barrier to clandestine nuclear weapon pro-
duction by nuclear weapon states as well as proliferant
states.

NAVAL REACTOR FUEL ENRICHMENT AND
CONSUMPTION

The world’s nuclear fleet currently contains about 170
submarines and ships, including six icebreakers and an
Arctic transport operated by Russia. This is about half
the size of the nuclear-powered fleet deployed at the end
of the Cold War (see Figure 2 and Table 1).

All nuclear submarines, except those built by Russia,
are powered by single reactors; most Russian submarines
have two reactors. The United States, Russia, and France
also have nuclear-powered surface ships in their fleets,
most of which are powered by two reactors each. Al-
though, in the past, both the United States and Soviet
Union experimented with liquid-metal-cooled reactors,
all naval reactors in use today are of the pressurized-

water reactor (PWR) type. Publicly reported enrichments
of naval reactor fuel vary from weapon-grade (93 per-
cent U-235 and above) for the United States23  and Brit-
ain, to five percent U-235 for China (see Table 2).

The United States

All U.S. submarines are nuclear-powered. Nine out
of its 12 aircraft carriers are nuclear-powered and two
additional nuclear-powered aircraft carriers are under
construction. The United States has abandoned nuclear
power for other surface ships.24  There has been a steady
increase in core lifetime, from the original core of the
first U.S. nuclear-powered submarine, the Nautilus,
which lasted for about two years, to the cores for the new
Virginia-class attack submarines, which are designed to
last for the submarine’s entire 33-year design life.25  Cur-
rent cores in the Nimitz-class aircraft carrier, Los An-
geles-class attack submarine, and Ohio-class ballistic
missile submarine last an average of about 20 years. Ef-
forts are continuing to develop lifetime cores for new
aircraft carriers (50 years) and the next-generation bal-
listic missile submarine (40 years).26

Figure 2: Evolution of the World’s Nuclear Submarine Fleets

Sources: Oleg Bukharin and Joshua Handler, “Russian Nuclear-powered Submarine Decommissioning,” Science & Global Security 5
(1995), p. 248; BAE Systems, Evolution of the United States Navy Submarine Forces, 1900-2000, December 1, 1999; Jane’s Fighting
Ships 1996-1997 (London: Jane’s Yearbooks, 1997); A.D. Baker III, The Naval Institute Guide to Combat Fleets of the World 2000-
2001 (Annapolis, MD: Naval Institute Press, 2000), pp. 918-925.
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Countries Attack and cruise missile
submarines (SSN & SSGN)

Ballistic missile
submarines (SSBN)

Surface vessels

United
States

Class Number +
under
construction

Class Number
+ under
construction

Class Number

Virginia 0+4 Aircraft Carriers

Seawolf 2+1 Ohio 18 CVN-77 0+0

Los Angeles 51 Nimitz 8+1

Sturgeon 2 Enterprise 1

Total 55+5 18 9+1

Russia Severodvinsk 0+1 Borey 0+1 Missile Cruisers

Akula-I 7+1 Delta-IV 7 Kirov 3

Akula-II 1+2 Delta-III 5 Ice breakers
(not military)

Sierra-II 2 Typhoon 4 Taimyr 2

Sierra-I 1 Sevmorput
(Arctic
transport)

1

Victor-III 8 Arktika 4+1

Oscar SSGN 9+2

Total 28+6 16+1 10+1

United
Kingdom

Astute 0+1 Vanguard 4

Trafalgar 7

Swiftsure 5

Total 12+1 4+0

France Rubis 6 Triomphant 2+1 Aircraft carrier

Redoutable 2 Charles de
Gaulle

0+1

Total 6 4+1

China Project 093 0+1 Project 094 0+1

Han 5 Xia 1

Total 5+1 1+1

Global Totals 106+13 43+3 19+3

Table 1: World Nuclear-Powered Vessels, 2000

Sources: A.D. Baker III, The Naval Institute Guide to Combat Fleets of the World 2000-2001 (Annapolis, MD: Na-
val Institute Press, 2000), pp. 918-925; Cristina Chuen, Russia: Active Nuclear Submarines, NIS Nuclear Profiles
database, Center for Nonproliferation Studies, Monterey Institute for International Studies, <http://cns.miis.edu>.
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Country Reactor type and
modela

Thermal power,
shaft horsepower (shp)

per reactorb

Fuel enrichment
(percent U-235)

Reactors per
vessel

Vessel type and name of
first in class c

Displacement
(tons)d

United States PWR/S6G 130 MW, 35,000 shp 97.3% 1 SSN-688 Los Angeles 6,927
PWR/S8G 220 MW, 60,000 shp 97.3% 1 SSBN-726~743 Ohio 18,750
PWR/S9G 40,000 shp 1 SSN-774 Virginia 7,700
PWR/S6W 220 MW, 57,000 shp 97.3% 1 SSN-21 Seawolf 9,137
PWR/A2W 120 MW, 35,000 shp 97.3% 8 CVN-65 Enterprise 93,970 full

PWR/A4W 140,000 shp 97.3% 2 CVN-68~77 Nimitz 91,487-102,000
PWR/A5W 140,000 shp 97.3% 2 CVN-78, CVNX

Russia PWR/VM-4, OK-300 75 MW, 31,000 shp 21% 2 SSN-Victor III 6,300
PWR/VM-4-2, OK-
700A

90 MW, 30,000 shp 21% 2 SSBN-Delta III
SSBN-Delta IV

13,250
13,500

PWR/OK-650a 190 MW, 47,5000 shp 21%-45% 1 SSN-Sierra-I 8,100

PWR/VM-5, OK-650W 190 MW, 50,000 shp 21%-45% 2 SSBN-Typhoon 26,500
PWR/VM-5, OK-650B 190 MW, 50,000 shp 21%-45% 2

1
1
2

SSGN-Oscar I/II
SSN-Akula
SSN-Sierra-II
SSBN-Borey

17,000/18,300
9,100
9,100
17,000

PWR/OK-650KPM 200 MW 1 SSN/SSGN-Severodvinsk 11,800
PWR/KN-3 150 MW 55%~90% 2 CGN-Kirov cruiser 24,300 full
PWR/KLT-40 135 MW Up to 90% 2 Arktika icebreaker 23,460 full
PWR/KLT-40 135 MW Up to 90% 1

1
Sevmorput auxiliary ship
Taimyr icebreaker 23,500 full

United
Kingdom

PWR//PWR-1 70 MW, 15,000 shp 97.3% 1 SSN-Trafalgar 5,208

PWR//PWR-2 130 MW, 27,500 shp 97.3% 1 SSBN-Vanguard 15,900
France PWR/SNLE 16,000 shp Up to 90% 1 SSBN-Le L’Indomptable 8,920

PWR/SNLE-NG /K-15 150 MW, 41,500 shp Up to 90% 1
2

SSBN-Le Triomphant
CVN-Charles de Gaulle

14,335
40,550 full

PWR/SNA72 48 MW, 9,500 shp 7% 1 SSN-Le Rubis 2,670
China PWR 58 MW 3%~5% 1 SSBN-Xia 6,500

PWR 58 MW 3%~5% 1 SSN-Han 5,550
India PWR about 190 MW 20%
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During the 1980s, the U.S. Navy ordered four to five
metric tons of U-235 in HEU per year.27  However, the
size of the US nuclear submarine fleet has declined from
139 in 1990 to 73 (18 ballistic missile submarines and
55 attack submarines) in 2000 and the number of naval
propulsion reactors has decreased to 97. Given that im-
proved uranium efficiency is likely to have contributed
to the greater longevity of the new reactors, the annual
requirement for American nuclear submarines today is
probably very roughly two tons U-235.28   For a nomi-
nal core life of 20 years, this would imply an average of
five cores per year containing about 400 kilograms (kg)
of U-235 each.

A number of authors estimate that the total stockpile
of U-235 in U.S. HEU at the end of the Cold War was
approximately 600 tons.29  This total has since been re-
duced by 174 tons of HEU (almost all lower than
weapon-grade) being declared excess to military needs.
However, much of the weapon-grade uranium recovered
from excess nuclear weapons is being placed in a reserve
for future naval reactor use.30   As a result, the United
States has enough HEU stockpiled to fuel its nuclear
ships at the current rate for “many decades.”31

Russia

Most of Russia’s nuclear submarines, four of its six
nuclear-powered icebreakers, and its three nuclear-pow-
ered cruisers each have two reactors (see Table 2). The
fuel used in Russia’s first two generations of naval re-
actors was 21-percent enriched but some of the fuel in
third-generation reactors is as much as 45-percent en-
riched. The enrichment of icebreaker fuel is up to 90
percent. The amount of U-235 in each reactor core has
increased from 50 kg in the first generation to 70 kg in
the second generation, to 115 kg in the third generation
as the power of the reactors increased.32   The reactors
require refueling every seven to 10 years.33

The Soviet Union had about 197 nuclear submarines
in 1990. Russia inherited this large fleet but did not need
and could not support so many nuclear vessels.  As a
result, by 2000, Russia had reduced its nuclear fleet to
about 44 operational nuclear submarines (19 attack sub-
marines, 16 ballistic missile submarines, and nine cruise
missile submarines), three missile cruisers, six icebreak-
ers, and one Arctic transport with a total of about 91 re-
actors (see Table 1). The missile cruisers are likely to
be reduced soon, and the number of nuclear submarines

is expected to decline still further.34  Assuming an aver-
age core life of eight years and an initial charge of about
115 kg U-235, the average annual requirement of U-235
of the Russian nuclear fleet would be about 1.3 tons. This
is less than the estimate for the U.S. Navy, but, except
for the icebreakers, Russia’s nuclear ships spend rela-
tively little time at sea.

Very roughly, Russia has 1,000 tons of weapon-grade
HEU in its stockpile.35  Although 500 tons are commit-
ted for blend-down to LEU and sale to the United States,
Russia’s remaining excess is likely to remain sufficient
to meet its naval reactor requirements for many decades.

United Kingdom

British submarines are fueled with weapon-grade
uranium.36 The refueling interval for the new Vanguard-
class ballistic missile submarine is anticipated to be eight
to nine years.37  The reactor core for the new generation
Astute-class attack submarine is designed to last the 25
to 30 year design-life of the submarines.38

According to current plans, Britain is expected to de-
ploy fewer than its current 16 nuclear submarines in
2010. We assume that British nuclear submarines use
about half as much U-235 per year as U.S. submarines
because of their smaller size, lower power, and the
shorter distances traveled. The fuel requirements of the
British nuclear fleet would then be about 0.16 tons of
U-235 per year. Britain has declared its total stockpile
of HEU as 21.9 tons.39  As with the United States and
Russia, post-Cold War downsizing of the U.K. nuclear
stockpile has made a significant fraction of this HEU
available for naval reactor fuel.  In case of need, Britain
could also continue to buy HEU from the much larger
U.S. stockpile.

France

Different classes and generations of French subma-
rines use different fuel enrichments. The first three of
France’s first-generation (1970s) Redoutable-class bal-
listic missile submarines were reportedly fueled by LEU.
However, the fourth and fifth ballistic missile subma-
rines in this series were shifted to HEU.  France’s first
generation of attack submarines, the Rubis class, and a
second generation of ballistic missile submarines, the
Triomphante class, returned to LEU fuel (see below).
In the wake of France’s decision to end the production
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of HEU, its intention appears to be to stay with LEU en-
riched to less than 10 percent.40

Based on its current plans, in 2015 France is expected
to have the same number of nuclear-powered submarines
as it has in January 2001: four ballistic-missile subma-
rines and six attack submarines—plus one nuclear-pow-
ered aircraft carrier.41

CHINA

Chinese naval reactors reportedly use LEU fuel en-
riched to five percent.42  In 2010, China is expected to
deploy one or two ballistic missile nuclear submarines
and five or six nuclear-powered attack submarines.43

HEU VS. LEU IN NAVAL REACTOR FUEL

The details of naval reactor design are closely held
military secrets. However, France has published dia-
grams of the internal layout of the LEU-fueled Rubis-
class attack submarine44  and of the prototype of the
reactor that powers it (see Figure 3a). The Norwegian
government has also made public some basic data it re-
ceived about the HEU-fueled reactor of a compact Rus-
sian icebreaker. Finally, a considerable amount of
experience has been accumulated in converting compact
research reactors from HEU to LEU.

Submarine reactors must be compact, both because
of the limited space available on submarines and because
of weight constraints.  The reactors and their associated
coolant loop are surrounded by massive quantities of
material to shield crew members from the penetrating
neutron and gamma radiation emitted by the core and
from the primary coolant (see Figure 3b).45

There is also an incentive to pack as much U-235 as
possible into naval-reactor cores in order to maximize
the time between refuelings. Refueling a nuclear sub-
marine is costly and time consuming. For U.S. and Rus-
sian submarines, it involves cutting through the
submarine hull and removing the core. France’s Rubis-
class submarines, however, have large hatches that re-
duce the time required for refueling from years to
months.46

The cumulative amount of energy that can be ex-
tracted from a naval reactor core depends upon two fac-
tors:

• Quantity of U-235 in the core. The fission of one
gram of U-235 releases about one Megawatt-day

(MWd) of thermal energy.  The thermal energy is con-
verted into mechanical energy using a steam turbine.
The overall efficiency of conversion of thermal to me-
chanical energy is about 20 percent.47

• Fractional Burn-up. The “burn-up” of fuel is usu-
ally measured in terms of the cumulative number of
MWd generated per kg of uranium originally in the
fuel. Below, in order to compare HEU and LEU fuel,
we will quote burn-up in terms of MWd per kg of U-
235 originally in the fuel.  If all the U-235 were com-
pletely fissioned and no other fissile material were
generated and fissioned, the burnup would be 940
Megawatt-days per kilogram of U-235 fissioned
[MWd/(kg-U-235)].48

Claims from the US Office of Naval Nuclear
Propulsion (ONNP)

In his 1995 report to the U.S. Congress, the Director
of the Office of Naval Nuclear Propulsion (ONNP) as-
serted that:

[U.S.] Naval reactor cores have evolved in
compactness to the point where the maximum
amount of uranium is packed into the small-
est volume, and the only way to make more
volume available for uranium would be to re-
move cladding, structure or coolant. In other
words, no more uranium could be packed into
a modern long-lived core without degrading
the structural integrity or cooling of the fuel
elements.49

Assuming this constraint, he reported results for two
alternative approaches for using 20-percent enriched ura-
nium in nuclear-propulsion-reactor cores:

1. Keep the size of the cores fixed and replace the
weapon-grade uranium with an equal amount of LEU.
This would reduce the amount of U-235 in the cores
by a factor of 4.7. According to the ONNP report, such
a reduction would reduce the core life for the Virginia-
class submarine from 33 to 7.5 years, and, for Trident-
class submarines and Nimitz-class aircraft carriers
equipped with 45-year cores, to 14 and 10.4 years re-
spectively.
2. Increase the volume and hence the amount of ura-
nium until the same core life can be achieved with
LEU. The ONNP report states that the volume of the
core would have to be increased by approximately a
factor of three. This is less than the ratio of 4.7 be-
tween the amount of 20-percent LEU and weapon-
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Figure 3a: Integrated Reactor and Steam Generator in France's Rubis Nuclear-Powered Submarine
Source: Adapted from Thomas Lynch, “Canadian Acquisition Program (CASAP), Nuclear Propulsion,”
Wings Magazine (April 1988), p. 64-68 (with permission from Wings Magazine).

Figure 3b: Separate Reactor and Steam-Generator in U.S. Nuclear Submarines
Source: Director, Naval Nuclear Propulsion, Report on Use of Low Enriched Uranium in Naval
Nuclear Propulsion, 1995, p. 5.
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grade uranium containing 93 percent U-235 because
some of the uranium-238 (U-238) added to the fuel
would be converted by neutron absorption to fissile
plutonium fuel. Also, the larger reactor would have
the same power as the smaller reactor and therefore
would not require proportionally more cooling.

Below, we will use the approximate relationship found
in the ONNP analysis between core volume and core
life.50  However, it holds only if, as the ONNP assumed,
the design of the fuel is not changed when shifting from
weapon-grade uranium to LEU.

The ONNP report explained the compounding effect
of a three-times larger core on the size of the vessel as
follows:

…the sizes and weights of the reactor vessel,
pressurizer,[51] and other primary plant com-
ponents must be increased to accommodate the
larger core. This in turn increases the size and
weight of the reactor compartment and the
amount of shielding needed to protect the
crew. Consequently, the ship’s volume must
be increased to add buoyancy to compensate
for the increase in reactor compartment and
shielding size and weight.52

In a design study for the new Virginia-class attack
submarine, which has a submerged displacement of
7,700 tons, it was found that the ultimate result of a three-
fold increase in core size would be an increase in the
displacement of the submarine by 12 percent. Thus, as-
suming that the original core contained about 0.4 tons
of weapon-grade uranium, the addition of about two tons
of U-238 to dilute the U-235 down to LEU would, ac-
cording to the ONNP report, have a compounding ef-
fect that would increase the weight of the submarine by
1,000 tons!  The effects on the larger ballistic missile
submarine and aircraft carrier were less dramatic.53

 The principal reason for the large effect on the size
of the attack submarine was apparently an increase in
the diameter of the hull by about one meter (about three
feet) to about 11.4 meters to accommodate the larger re-
actor.54   However, the French have shown that it is pos-
sible, with an integrated design which places the steam
generator inside the reactor pressure vessel (see Figure
3a), to build a 48-MWt nuclear power plant with a 10-
year core life into the 7.6-meter-diameter hull of the
2,700-ton-displacement Rubis attack submarine.  This
not only makes the system more compact but it elimi-

nates the need for the heavy shielding around the exter-
nal steam generators shown for U.S. naval reactors in
Figure 3b.  It seems likely that, with a more creative ap-
proach, the U.S. Navy could manage to accommodate a
larger core in the Virginia without significantly increas-
ing its size.

The ONNP report was careful not to reveal the actual
sizes of the cores of U.S. naval-propulsion reactors.
However, two other sources suggest that they are remark-
ably small. The first is design calculations carried out in
an MIT nuclear-engineering thesis in 1990.  The second
is information that has recently become available about
the design of the compact core of a Russian nuclear-
powered icebreaker.

Alternative Design Calculations

In 1990, Thomas Ippolito Jr. wrote a nuclear-engineer-
ing thesis in which he used public information about na-
val nuclear reactors and about different types of
research-reactor fuel to develop notional designs for 50-
MW HEU and LEU cores for the French Rubis-class
attack submarine. He designed the cores to have lifetimes
of 10 or 20 years if the reactor operated with a typical
average output of one-sixth of full power.55

The fuel design Ippolito selected for the LEU-fueled
reactor was the “caramel” fuel developed by France. The
fuel is made of flat squares of uranium-dioxide (UO2)
ceramic imbedded in a zirconium-alloy grid.56  This fuel
“meat” is covered top and bottom with thin layers of zir-
conium alloy (see Figure 4). Caramel fuel is able to con-
tain the pressure buildup from fission-product gases up
to a fission fraction of at least six percent of the total
uranium.57  For 20-percent enriched uranium, this would
correspond to the fission of 30 percent of the U-235.

For weapon-grade fuel, a much higher percentage of
uranium fission must be achieved if there is to be any
benefit from the high enrichment. Ippolito therefore as-
sumed a design in which small UO2 spheres with diam-
eters of about 0.1 millimeters are imbedded in a solid
zirconium matrix. Such ceramic-metal or “cermet” fuel,
containing 21-percent UO2 by volume, has been shown
to be able to contain fission gases up to a 70-percent
uranium fission fraction.58

Using these fuels, Ippolito determined the minimum
core sizes for refueling intervals of 20 years that could
be achieved with 20-percent enriched caramel fuel and
97.3-percent enriched cermet fuel. He found the volume
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of the LEU core was 1.7 to 2.5 times larger than that of
the weapon-grade uranium core. This factor is less than
estimated in the ONNP report in part because the ONNP
assumed that the same fuel design would be used for
LEU as for weapon-grade uranium fuels. Ippolito, in con-
trast, followed the French approach and used a different
type of fuel with a higher uranium density for the LEU
core.59  For a cylindrical core geometry, Ippolito found
that the height and diameter of the LEU core were only
1.08 and 0.88 meters respectively.

There is as yet no public information available about
the power of the reactor in the Virginia. But the reactor
in the slightly smaller (6,900-ton displacement) Los An-
geles submarine has a power of 130 MWt—2.6 times
larger than the Rubis-class core modeled by Ippolito. We
therefore scale up the volume of his reactor by a factor
of 2.6 to give the 130 MWt power output and then scale
up the volume by an additional factor of (1.65)0.75 to get
from his core life of 20 years to a core life of 33 years.
The result is a core with height and diameter of 1.7 and
1.4 meters respectively—still small in comparison with
the reactor compartment of the Los Angeles, which has
an outside diameter of 10 meters, a length of 13 meters,
and a weight of 1,680 tons.60

A Russian Ice-Breaker Core

Confirmation of the likely small size of submarine
cores is provided by information about the core of the
Russian ice-breaker-class container ship Sevmorput,
which was built during 1984-88. The Sevmorput is based,
along with six other nuclear-powered icebreakers, in
Murmansk, Russia, not far from the Norwegian border.61

In 1990, prior to a visit by the Sevmorput to the Norwe-
gian port of Tromsø, the Norwegian government was
supplied with a safety report that states that the ship has
a single KLT-40 reactor with a thermal power of 135
MWt, about the same as the reactor on a U.S. Los An-
geles-class attack submarine. The height and diameter
of the Sevmorput core were given as 1.0 and 1.2 meters
respectively. The mass of contained U-235 was given at
150.7 kg. Additional information about the core design
was provided.62

On the basis of this information and a private com-
munication that the fuel “meat” was made up of a ura-
nium-zirconium alloy with a uranium density of 4.5
grams per cubic centimeter (g-U/cc), a group of Norwe-
gian reactor experts developed a notional core design

containing about 11,600 thin fuel rods with a radius of
0.29 cm, each containing 12.9 grams of U-235. The fuel
cladding was assumed to be 0.06 centimeters (cm) of
zirconium alloy, making the radius of the fuel “meat”
0.23 cm. It was assumed that the fuel rods were in the
form of hollow cylinders. For uranium enriched to 90
percent, the inside radius of the hollow cylinder was
found to be 0.21 cm. 63

This design contains enough unused volume inside the
fuel rods to make it possible to increase the uranium load-
ing of the fuel by up to a factor of 5.8. This is more than
the factor of 4.5 required to reduce the enrichment of
the uranium from 90 percent to 20 percent while hold-
ing the amount of U-235 in each fuel element constant.
This design would make it feasible to maintain the core
life with LEU fuel.64   Indeed, a 1994 Russian proposal
to use a KLT-40 reactor to power desalination and barge-
mounted nuclear power plants for use in remote areas
assumed 8.5- to 10-percent enriched fuel.65  However, a
recent critique of a project to actually build such a power
plant for the Siberian Arctic port of Pevec states that the
fuel would have an enrichment of 60 percent.66  Recent
discussions also confirmed that Russian reactor design-
ers are still interested in converting a future version of
this floating power plant to LEU fuel.67

The typical operating life of the Sevmorput reactor be-
tween refuelings was given in the safety report as about
1.14 full power years.68   It is not clear whether this is
determined by the fuel life or scheduling convenience.
The model developed by the Norwegian experts has suf-
ficient reactivity to operate for 1.9 years at full power.
For a submarine reactor operating at an average of one-
sixth of full power, the corresponding refueling interval
would be about seven or 11 years.

These refueling intervals are considerably shorter than
the 33 years projected for the reactor core of the U.S.
Virginia. Scaling up the volume by a factor of 30.75 or
4.70.75 to achieve such a lifetime would give cores with
heights of 1.3 or 1.5 meters and diameters of 1.6 or 1.8
meters. These volumes are up to 50 percent larger than
those calculated by Ippolito.69  This difference may re-
sult in part from the lower uranium density in the
Sevmorput fuel meat: 4.5 versus 8.7 grams per cubic cen-
timeter (gm/cc) in the caramel fuel assumed by Ippolito.
Nevertheless, once again these scaled-up cores are quite
small in comparison to the size of the Los Angeles reac-
tor compartment.  Thus the claims of the Office of Na-
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val Nuclear Propulsion about the large displacement in-
creases that would be necessary if LEU were used in-
stead of weapon-grade uranium in future U.S. attack
submarines appear questionable.

ADVANCED NON-NUCLEAR PROPULSION
FOR SUBMARINES

Nuclear propulsion is being abandoned for surface
ships other than for U.S. and French aircraft carriers and
Russian icebreakers. For aircraft carriers, a detailed
Greenpeace study,70  subsequently confirmed by a U.S.
General Accounting Office study,71  showed that nuclear-
powered aircraft carriers are more costly and have no
measurable performance superiority over their oil-pow-
ered counterparts in actual operations.

In contrast, the advantages of nuclear propulsion for
submarines seem obvious. They can travel for months
at high speed without surfacing. However, few countries
need such a capability. As a result, some countries have
decided against nuclear submarines because of the high
costs and safety and environmental concerns.  For their
needs—primarily anti-submarine and anti-ship missions
in coastal seas—diesel-electric submarines are adequate.

Diesel-electric submarines operate on battery power
while submerged and on diesel power for propulsion and
battery recharging while snorkeling or on the surface.
The United States and Britain are the only countries that
do not have such submarines. Forty-two other countries
do.72   Britain, China, Germany, France, the Netherlands,
Russia, and Sweden export diesel submarines.73

Diesel submarines can operate at high speed on bat-
tery power—but only for a few hours. They can operate
at low speed on battery power for several days. Under
these circumstances, they are quieter than nuclear sub-
marines. They can travel thousands of miles to a deploy-
ment area on the surface or snorkeling.74

During the past decade, new types of “air-indepen-
dent propulsion” (AIP) submarines have been developed
to provide greater underwater endurance at low speed.
This involves storing liquid oxygen in the submarine and
using it to burn fuel in a closed-cycle diesel, turbine, or
Stirling engine, or to react with hydrogen in a fuel cell.
Reportedly, AIP can extend underwater operations at low
speed to more than two weeks.75  At a speed of five knots,
such a submarine could travel 2,400 miles in 20 days
without snorkeling.

17.1 mm

UO2
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Figure 4:  In the High Uranium-Density LEU “Caramel” Fuel Used in French
Nuclear Submarines, Platelets of UO2 Are Embedded in Zirconium Alloy
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Most countries should find adequate for their attack
submarines the triple combination of diesel power for
higher-speed, long-distance surface or snorkel travel;
battery power for short high speed underwater spurts;
and the new generation of AIP for prolonged, slow,
stealthy cruises. As for the strategic deterrent mission,
before the development of nuclear-powered ballistic mis-
sile submarines, the Soviet Union used diesel subma-
rines as missile-launch platforms. Beginning in 1956,
variants of the Golf-class submarine were equipped with
two and then three nuclear-armed ballistic missiles
each.76

China still uses a Golf-class submarine as a test plat-
form for underwater launches of ballistic missiles. This
submarine launched the 1,700-km-range JL-1 ballistic
missile in 1982 and is expected to be the test platform
for the successor missile JL-2, a variant of the new 8,000-
km-range DF-31 intercontinental ballistic missile.77

It is possible that, in a future era of small arsenals and
long-range ballistic missiles, countries could shift their
submarine-launched ballistic missiles to AIP subma-
rines. In the early 1980s, the United States considered
such a basing option for the 10-warhead MX missile.
Because of its long range, the MX could reach Soviet
targets from U.S. coastal waters. According to one pro-
posal, a small (3,300-ton submerged) diesel submarine
could carry four 100-ton MX missiles in steel capsules
strapped into hollows on its upper deck. The launch of a
MX missile would have been accomplished by releas-
ing one of these capsules, which would rise to the sur-
face to float vertically with one end out of the water.
That end of the capsule would then be blown off and the
MX launched out of the canister. The submarines were
estimated to cost perhaps one-fifth as much and have
crews one-fourth as large as the 19,000-ton-displacement
Trident submarines, which carry 24 submarine-launched
ballistic missiles each.78

If this solution were viable for the MX, it would cer-
tainly be viable for the smaller U.S. and Russian sub-
marine-launched ballistic missiles, which also have long
enough ranges to reach the other country from their home
coastal waters.  The missiles on British and French sub-
marines also have enough range to reach Russia from
European coastal waters.  With the deployment of the
JL-2 missile, China could reach the United States from
near-coastal waters.79

CONCLUSIONS

The FMCT could close the door to new HEU produc-
tion for any military purpose. This would make it pos-
sible to begin closing the naval reactor loophole in the
NPT. Since HEU use in civilian land-based reactors is
being phased out,80  it is likely that the production of HEU
would end worldwide. Thus, the IAEA could verify
FMCT compliance at declared enrichment plants sim-
ply by confirming that they were not producing HEU.

During the transition to LEU fuel—or to non-nuclear
submarines and ships—U.S., Russian and British naval
reactors designed to use HEU could be fueled from ex-
cess nuclear weapons.  In the longer term, future naval
reactors could be fueled with LEU without significantly
increasing the size of nuclear submarines, reducing their
power, or giving up the goal of lifetime cores. If, on the
other hand, the FMCT is adopted as currently conceived
and permits the production of HEU for naval reactor fuel,
verification would become virtually impossible in na-
tions using HEU for such purposes. In that case, IAEA
inspectors would be forbidden by military secrecy to
verify the use of the HEU.

In the meantime, the fraction of ships and submarines
that are nuclear-powered is likely to continue to decrease.
Nuclear-powered ships are costly and require a huge
dedicated support infrastructure. As the current situation
in Russia shows, when a country loses the ability to sup-
port the technology, serious environmental problems can
result. For countries that do not send their fleets across
oceans, nuclear propulsion is unnecessary. Non-nuclear
propulsion is improving and is adequate for most mis-
sions—even for submarines carrying ballistic missiles,
if the missiles have a long enough range to allow the
submarines to be kept in home waters.
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