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Uranium Power and Horizontal
Proliferation of Nuclear Weapons

The spread of nuclear weapons among
nations has been of long-time concern to
the industrial countries supplying nucle-
ar equipment for civilian purposes. An
increase in the number of states with
nuclear weapons (horizontal prolifera-
tion) presents different issues than the
growth of existing weapons stockpiles
(vertical proliferation). In the early years
of civilian applications, it generally was
assumed that the arcane and costly na-
ture of weapons technology and weap-
ons material production would limit nu-
clear weapons to the major industrial
powers. However, extensive efforts of
these powers to introduce the world’s
technologists to the nuclear science and
engineering useful for civilian applica-
tions also provided them the basic
knowledge for a future entry into the
military domain.

Early recognition by the major powers
that the technical barriers to horizontal
proliferation would decrease with time
led to international political arrange-
ments, such as the International Atomic
Energy Agency (IAEA) in 1957 and the
Treaty on the Non-Proliferation of Nu-
clear Weapons (NPT) in 1968, that were
designed to inhibit the spread of military
programs. A key assumption of these
arrangements was that, in return for ac-
tive support of civilian applications by
supplier states, the states without nucle-
ar weapons would abjure military pro-
grams. However, the growth of nuclear
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electric power and its technological in-
frastructure in some of the nonnuclear
weapons states during the past decade
has heightened concern about the ade-
quacy of the barriers to nuclear weapons
programs. In the United States, discus-
sion of the risks of horizontal pro-
liferation has tended to focus on techni-
cal issues—the adequacy of controls of
weapons-usable material, the possible
use of uranium power plants to produce
such material, and export measures by
supplier states to inhibit proliferation ca-
pability. It is time, in light of the experi-
ence of the past several decades, to
examine the effectiveness of this primary
technical focus and the role of nontech-
nical factors.

Because much of the relevant litera-
ture addresses only parts of this broad
issue, the American Nuclear Society
(ANS) appointed a special committee (/)
to attempt an overview. The committee
members had experience in both techni-
cal and international aspects of the sub-
ject. The committee did not attempt to
propose solutions; rather, its objective
was to assess present trends in the
worldwide expansion of light-water reac-
tors (LWR’s) and their supporting facili-
ties, the implication of these trends on
the potential connection between civilian
and military programs in the nonnuclear
weapons states, and the influence of the
policies of the major industrial suppliers,
particularly the United States. This arti-
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cle is based on the report of the ANS
special committee.

The principal question addressed is
whether a nonnuclear weapons state that
obtains commercial LWR’s for electric-
ity would be more likely to embark on a
nuclear weapons program than if it had
used only coal, gas, or oil. The states of
particular concern have limited re-
sources and military organizations, and
could not produce or militarily benefit
from a large arsenal of nuclear weapons
in the foreseeable future. So the issue is
their potential acquisition of a few nucle-
ar weapons in the next 20 to 30 years
through their use of commercial, urani-
um-fueled LWR power systems.

Nuclear weapons states have already
developed indigenous means of produc-
ing weapons material. Except for India,
which produced plutonium for its nucle-
ar explosive device with a heavy-water
research reactor, the major nuclear
weapons states now use plutonium pro-
duction systems dedicated to weapons
material. Some of the earliest natural
uranium reactors (moderated by graphite
or heavy water) were designed to be
dual-purpose, primarily producing pluto-
nium for weapons, with electricity as a
by-product. Subsequent improvements
in reactor technology, the advent of rela-
tively low cost slightly enriched urani-
um, and the large extension of fuel ele-
ment operating lifetimes made single-
purpose reactors for electricity produc-
tion a commercial goal. As a result of
these technological changes, the low-
cost electricity fuel cycle differs from
that best suited for production of weap-
ons-grade plutonium. Although commer-
cial nuclear power programs are now
generally independent of military pro-
grams, the early history demonstrated
that dual-purpose operation is technical-
ly possible, although with substantial in-
creases in electricity costs.

Chauncey Starr is vice chairman of the Electric
Power Research Institute, Palo Alto, California
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Framework of the ANS Study

The ANS study was based on many
salient points professionally addressed in
the past (2-5). The premises that provid-
ed the study’s framework are summa-
rized below.

1) The growth of uranium power will
continue in some fuel-poor developing
countries because of the cost of import-
ing fossil fuels and the security provided
by supply diversity. There are now about
300 power reactors producing about 200
gigawatts electric (GWe) (10 percent of
the world’s electric power) in 25 coun-
tries, of which seven are developing
countries. By 1986 there will be 400
power reactors producing 300 GWe in 30
countries, of which ten are developing
countries. Of the nonnuclear weapons
states, 14 now have operating uranium
power reactors. If their announced plans
are fulfilled, 25 nonnuclear weapons
states will have reactors by the year 2000
2.

2) There are two processes associated
with civilian electricity generation that
could, in principle, be modified to ex-
tract material suitable for nuclear weap-
ons production: the front-end process, in
which fresh, uranium-based fuel is en-
riched for power plant use, and the back-
end process, in which spent fuel is han-
dled after being withdrawn from the
plant. The power station, its fresh fuel
inventory, and its spent fuel in short-
term storage are not practical sources for
usable weapons material. Rather, it is
the potential manipulation of the sepa-
rate physical facilities used for the front
and back ends of the fuel cycle that
creates possible sources of weapons ma-
terial.

3) As the number of uranium plants
increases, there will be an increased
need for front- and back-end fuel cycle
facilities. These facilities can be physi-
cally separated from the power plants
since each facility usually can support
many power plants. Thus they may be
operated either nationally or internation-
ally to meet economic or political crite-
ria.

4) A system of safeguards (such as
IAEA inspection and verification) can
provide warning of a diversion of fission-
able material and thus deter the misuse
of civilian activities, but international
safeguards alone cannot prevent a nation
from acquiring a weapons potential.

5) Every commercial uranium power
reactor creates plutonium, which can be
separated from the spent fuel. Because
of the long fuel lifetime, the isotopic
quality of the product from present com-
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mercial power reactors will differ from
that desired for optimum weapons manu-
facture, performance, and use. In princi-
ple, with sophisticated design, nuclear
explosions can be produced even from
these poorer grades of material, although
such devices would have uncertain effec-
tiveness, low assurance of initial per-
formance, and substantial increase in
size. They would also require advanced
technology and fabrication skills to over-
come the difficulties created by high ra-
diation levels and to avoid low-yield
““fizzles.’’ There is no evidence that such

principle, might be accumulated to make
a single nuclear device. This possibility
is now being precluded by conversion
to lower enrichment (< 20 percent) de-
signs.

9) In the more advanced developing
countries, which have the technical re-
sources to produce a nuclear explosive
device, the foreign denial of technology,
fissionable material, or equipment may
make a weapons program more difficult
to achieve but cannot stop it, and may
challenge a nation’s pride to initiate a
symbolic weapons program.

Summary. Only a few nonnuclear weapons states with uranium-fueled power
plants have kept the weapons option open, and none has evidenced activities
intended for diverting fissionable material from its civilian system. Analysis of
alternative strategies shows that acquisition of nuclear weapons material would
probably depend on military production facilities rather than diversion. Horizontal
proliferation is primarily a political issue and is related only marginally to uranium
power development. Restrictions of the Nuclear Non-Proliferation Act on the supply of
equipment and fuel by the United States appear to have induced, in some nonnuclear
weapons states, the building of small-scale facilities that can be modified for
production of weapons material. More attention should be given to the international
political, economic, and military factors that persuade such states to abjure nuclear

weapons.

materials are used in any existing mili-
tary program.

6) The complications and uncertainties
that would be added to any nation’s
initial weapons program by the use of
spent LWR fuel as a source would al-
most always justify the investment of
resources, effort, and time to produce
weapons-grade plutonium from small-
scale systems dedicated to that purpose.
This is a crucial point and will be dis-
cussed more fully later.

7) The technical experience appropri-
ate for the design and operation of the
front and back ends of the uranium pow-
er fuel cycle is also applicable to military
activities. Even without the benefit of
experienced people, a new group may
eventually perform adequately, as the
technical literature is vast and readily
available.

8) Research reactors can be used to
provide spent fuel containing weapons-
grade plutonium at a very low rate, de-
pending on their power rating. In combi-
nation with laboratory-scale chemical
separation facilities and hot cells, weap-
ons-grade material can be produced.
There are now 350 research reactors in
about 50 countries, of which 25 are de-
veloping countries (2). Many of these
reactors are too small to produce signifi-
cant amounts of plutonium. However,
most of them have been supplied with
highly enriched uranium fuel, which, in

10) The technical capability to make a
nuclear weapon probably exists in 20 to
30 countries. However, in only six coun-
tries have those skills been used to make
nuclear explosive devices, and none
since India’s test (3).

11) Small-scale military facilities are
more appropriate for the production of a
limited number of weapons than .com-
mercial power facilities and do not need
to be economically operated or designed
to meet civilian requirements of perform-
ance, reliability, public safety, seismic
resistance, or maintenance. For exam-
ple, a military production reactor could
be fueled by natural uranium, moderated
by graphite or heavy water, operated at
low temperature and pressure, and even
air-cooled, thus simplifying design, con-
struction, and equipment requirements.

12) A national decision to acquire nu-
clear weapons is likely to be planned as a
deliberate multi-year program, and na-
tional options need to be considered on
that basis.

The Weapons Allure

It is apparent that many nations could
take advantage of technical knowledge
derived from their civilian nuclear power
activities to move into the military weap-
ons field. However, they are not visibly
doing so. Why not? Perhaps the histori-
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cal motivations of the major nuclear
powers to continually strengthen their
stockpiles are not representative of the
viewpoints, needs, or goals of develop-
ing countries. It may, therefore, be use-
ful to consider the attractiveness of nu-
clear weapons to such countries.

Possession of a few nuclear weapons
might be attractive to some nations as a
symbol of power and prestige. It might
be viewed as enhancing the image of
national achievement and self-determi-
nation, and it might create pride in the
nation’s ability to use high technology.
Nuclear weapons may be seen as a long-
term military investment because they
are viewed as unsurpassable by any fore-
seeable technology—a perception that
may be made obsolete by the continuing
improvements in conventional weapons.
Some may also view nuclear weapons as
an ultimate threat to potential aggressors
and an intimidating lever in international
negotiations. This last may be the princi-
pal motivation for countries that have
not signed the NPT and have kept open
the option to make weapons.

Most nations have not demonstrated
an interest in acquiring nuclear weapons,
as evidenced by the 113 nonnuclear
weapons states that have signed the
NPT. They presumably recognize the
doubtful military value of nuclear weap-
ons, perceive no potential threat to their
borders, or are under the military um-
brella of one of the superpowers. Some
have sought weapons-free regions, as in
the Tlatelolco Treaty for Latin America,
and most have urged a reduction in the
world’s nuclear armaments.

A few countries, however, have kept
the nuclear weapons option open, per-
haps because they doubt that the above
conditions adequately protect them.
There are concerns about the near-term
intentions of nations that have not rati-
fied the NPT, have not accepted ‘‘full-
scope’’ safeguards (all nuclear facilities),
have only limited IAEA safeguarding, or
are politically volatile, such as the coun-
tries of the Middle East, including Israel;
the countries of Southeast Asia, includ-
ing India and Pakistan; and Brazil, Ar-
gentina, Chile, and South Africa. All
these countries have publicly renounced
weapons activities, although India has
already exploded a ‘‘peaceful’’ nuclear
device.

National Security Options

Countries that have chosen to expand
uranium power plant capacity for elec-
tricity but not to add nuclear weapons to
their arsenal are probably motivated by
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economic aspects of national security
and not by lack of technical capability to
produce weapons material. The major
reason for acquiring uranium power
plants is that they benefit the peacetime
economy by providing electricity at a
lower cost than alternatives and by re-
ducing dependence on imported fossil
fuels. In 1981 in France uranium provid-
ed electricity at about two-thirds the cost
of coal-based electricity and one-third
the cost of oil-based electricity. Even an
oil-rich country may find economic ben-
efit in exporting oil and using uranium
domestically.

An equally important reason for using
uranium power is security of supply.
Fossil fuel plants have inventories that
usually are measured in weeks. Uranium
power plants operate for a long time
between fueling shutdowns (1 to 1%
years for replacement of one-third of the
fuel rods), so they are relatively insen-
sitive to sudden international distur-
bances. Some countries value energy
independence so highly that they plan to
build small-scale domestic enrichment
plants and spent fuel recycling facilities
even if they are commercially uneco-
nomic.

Unlike electricity generation, nuclear
weapons do not enhance a nation’s econ-
omy or the security of its energy supply.
They may be viewed by some countries
as contributing to their ultimate national
military security, but this is debatable.
Most limited regional wars do not pro-
vide an appropriate framework for the
use of nuclear weapons because of the
limited military objectives involved and
the high risk of overwhelming sanctions
from allied nations. Furthermore, unless
nuclear weapons are developed without
external knowledge, preemptive ac-
tions—both military and nonmilitary—
might be taken by threatened neighbor-
ing countries. However, as discussed
earlier, there are reasons other than mili-
tary ones for seeking nuclear weapons
capability, such as national pride, status,
and the ability to intimidate or to deter
perceived threats.

It appears, nevertheless, that many
countries consider nuclear weapons un-
desirable for reasons other than the tech-
nical difficulty of acquiring them. The
reasons may be economic, military, do-
mestic, or international. Furthermore,
the military value of nuclear weapons,
even to the superpowers, may be de-
creasing slowly because of advances in
conventional missiles. According to
Robert S. Cooper, director of the De-
fense ~Advanced Research Projects
Agency, ‘‘the next generation of ad-
vanced surveillance systems and preci-

sion-guided standoff weapons may pro-
vide a conventional military power so
formidable as to rival in the tactical
arena the deterrent effect nuclear weap-
ons have had on strategic war’’ (6).

In any event, there is no evidence for a
strong technological or military impera-
tive that preordains the proliferation of
nuclear weapons states. If, however,
some nation does choose to produce a
nuclear weapon, what influence will a
civilian uranium-fueled power program
have had on that decision?

Weapons Material Options

A nation desiring nuclear weapons has
a choice of strategies. For most nations,
the production of sufficient material, ei-
ther uranium-235 or plutonium-239, is a
matter of time and commitment. The
basic technologies are well known and
there are a number of possible produc-
tion routes (7), of which diversion from
the civilian power cycle is but one. Theo-
retically, LWR’s can be operated in a
short-cycle production mode. However,
commercial LWR systems involve in-
vestment of several billion dollars, de-
pending on the extent of indigenous fuel
cycle facilities included. Their electricity
output is usually a substantial portion of
the total generating capacity of a small
country. Any operating interference
caused by deviations from the optimum
generation cycle in order to produce
military quantities of low-burnup, weap-
ons-grade plutonium could result in
monthly shutdowns and weeks of plant
outages. The economic penalties are
large—about $10 million or more in fixed
charges alone for each unloading, plus
the differential cost of replacement pow-
er. Such deviations would be easy to
detect. In contrast, small-scale military
facilities can be built for about one-tenth
the cost of the civilian systems, can be
operated without disturbing civilian use,
have few economic constraints, and per-
mit much greater concealment. Thus the
military program has been, and is most
likely to be, the preferred course for a
nation seeking nuclear weapons materi-
al. For these reasons, concern over hori-
zontal proliferation surfaced in the Unit-
ed Nations in 1946, about a decade be-
fore the advent of civilian power plants.
The issue of horizontal proliferation
would exist even if all civilian programs
disappeared.

Any nonnuclear weapons nation em-
barking on a costly weapons production
and delivery system would wish as the
centerpiece of its efforts a weapon of
assured reliability and performance. As
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mentioned earlier, nuclear weapons
made from reactor-grade, isotopically
mixed plutonium will involve increased
fabrication and handling hazards, and its
performance will be uncertain (8-17). A
further serious handicap arises if a weap-
ons testing program is economically and
politically impractical. However; if a
nonnuclear weapons state is primarily
seeking international attention, without
regard to weapon effectiveness, then re-
actor-grade material might be adequate.

As an initial step to a national weapons
program, alternative strategies must be
weighed with regard to (i) availability of
knowledge, skills, technical infrastruc-
ture, and industrial resources; (ii) time
required for producing the first weapon;
(iii) effective management of a clandes-
tine project; (iv) probability of success;
(v) overall cost; and (vi) probability of
premature international disclosure of the
technical operations through procure-
ments and otherwise. If reliable weapons
performance and ease of fabrication are
sought, then one of the following strate-
gies may apply:

1) Enrichment of natural uranium to
produce highly enriched uranium-235 by
using any of the available téchnologies ini
new or existing facilities.

2) Production of weapons-grade pluto-
nium in new military facilities consisting
of a low-temperature natural uranium
reactor (graphite or heavy water) and a
small Purex-type chemical separation
plant.

3) Unloading selected low-burnup fuel
from existing civilian power or research
reactors by modification of their opera-
tion, and subsequent processing in a new
Purex-type plant. Such operating modifi-
cations would probably alert safeguard
inspectors and would generally be diffi-
cult to conceal from the facility’s operat-
ing staff.

If expectations for initial performance
are lower and more sophisticated fabri-
cation is feasible, then one of the follow-
ing applies:

1) Diversion of spent fuel from a civil-
ian reactor and separation of reactor-
grade plutonium in a new military Purex-
type plant. Safeguard inspectors, if pres-
ent, would be sensitive to such diversion
from the spent fuel inventory.

2) Diversion of reactor-grade plutoni-
um from a commeicial Purex-type plant
under international inspection, if such a
plant exists in the country (unlikely in a
small nation), with the obvious risk of
alerting the inspectors.

The actual choice of a strategy would
depend on the specific national re-
sources of skills, experience, industrial
infrastructure, existing facilities, avail-
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able time, and money and on the balanc-
ing of these factors with the political
risks of failure and international re-
sponse.

Finally, any national group responsi-
ble for the success of a military goal
would prefer high-quality weapons mate-
rial and urge a proof-testing program for
the first weapon design. If such a test
program were not politically acceptable,
there would be increased pressure for
high-quality weapons material to im-
prove the chances of having a usable first
weapon.

Today the options end here. However,
if use were made of suggested schemes
for adulterating plutonium to downgrade
its weapons usefulness or for strength-
ened security by design (hardening) of
civilian chemical separation plants and
other fuel cycle facilities, then diversion
of commercial fuel would probably be
the most arduous route to follow. Adul-
teration and hardening would not only
substantially increase the number or dif-
ficulty of the steps required to extract
usable weapons material, but would also
increase the likelihood of detecting di-
version activity. Neither adulteration
nor hardening is supported by the major
uranium fuel producers, as they add to
the cost and inconvenience of recycling
fuel.

Facing these facts, a nonnuclear weap-
ons state must consider that its natioral
allocation of technical and mansagement
skills, capital, military suppoit systems,
and political prestige domestically and
internationally are all at stake. The orga-
nization of such a program, involving
technical industry and military and civil-
ian bureaucracies, is a formidable task
for any country, especially if it must be
clandestine. Furthermore, inadvertent
exposure of the activity is much more
likely if the civilian power cycle is inter-
fered with to divert fuel. Thus the antici-
pated political repercussions from such a
disclosure might discourage a planned
diversion from the civilian cycle.

Theré can be circumstances in which
civilian facilities may make a military
program easier. Because commercial-
scale reprocessing of spent fuel is appro-
priate only for large uranium power sys-
tems, these will be justifiable in only a
few advanced industrial nations. Howev-
er, several developing nonnuclear weap-
ons nations are building, or plan to build,
small fuel reprocessing plants, presum-
ably to obtain experience or because
their costs of fuel handling and shipping,
waste disposal, administration, and
small facilities combine to make indige-
nous reprocessing (and plutonium recy-
cling) attractive compared to fresh fuel

purchases. Small reprocessing plants are
convertible to production of nuclear
weapons material, and safeguarding
these operations may be more important
than safeguarding large commercial
plants. An associated need is the safe-
guarding of spent reactor fuel in long-
term storage, which could be a plutoni-
uni resource for a diversion plan (/2).
Thus the availability ih a nonnuclear
weapons state of unsafeguarded small-
scale civilian power facilities might re-
duce the additional facilities needed for a
weapons capability.

Perspective on U.S. Policies

Concern during the 1970°s over the
technical possibility of plutonium diver-
sion from the reprocessing facilities of
uranium power systems deeply influ-
enced U.S. foreign policy. Many deci-
sion-makers favored uranium power but
also were concerned that civilian activi-
ties might provide an important route for
weapons material production. Others
wanted to shift the emphasis in foreign
policy to promoting nonnuclear re-
sources, particularly solar energy.

In 1978 Congress passed the Nuclear
Non-Proliferation Act (NNPA), which
established strict export policies with
respect to civilian uranium technology
and fuel (/3). The impact of the NNPA is
that the United States effectively main-
tains a privilege to unilaterally deny each
export, although in practice most ex-
ports are licensed without difficulty. The
complexity of the licensing process and
the opportunities it provides for political
intervention have reduced international
confidence in the predictability of the
outcomes. The forced renegotiation of
existing contracts required by the NNPA
deteriorated commercial relations that
were based on mutual confidence.

So the virtuous attempt to resist hori-
zontal proliferation through the NNPA
has created an image of the United
States as an unreliable and unpredictable
fuel supplier. The NNPA apparently has
stimulated other countries to plan or
create their own national fuel cycles,
including uranium enrichment and fuel
reprocessing facilities, for their national
security. The recent announcement of
Argentina on the start of its enrichment
plant (/4) and the activities of Pakistan
(15) are evidence of such a response.

The NNPA also symbolized the culmi-
nation of U.S. policy in the 1970’s to
discourage spent fuel réprocessing inter-
nationally as well as domestically. This
policy was thoroughly investigated in a
2-year international study (/6) and was
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rejected by the 52 national groups in-
volved. The NNPA has created uncer-
tainties over and obstacles to any repro-
cessing outside the United States of
spent fuel from U.S.-supplied reactors,
and effectively precludes the United
States from accepting the return of spent
fuel. Forced storage in foreign countries
of U.S.-supplied spent fuel may eventu-
ally increase the availability of weapons
material worldwide, since spent fuel as-
semblies have a large plutonium content
that becomes more accessible with in-
creasing storage time (/2). This accessi-
bility will encourage indigenous small-
scale plutonium reprocessing facilities to
recover the fuel.

In the United States commercial re-
processing is not now planned since sev-
eral facilities, including one very large
one, have recently been built but were
not licensed to operate. Even without
restrictions, however, reprocessing is
now economically unattractive in the
United States. A 30-year supply of low-
cost, enriched uranium fuel is assured
domestically for all the reactors that are
likely to be built in this century. The
constrained domestic programs have re-
duced U.S. capability to influence inter-
national weapons proliferation through
fuel cycle management. For example,
the absence of commercial fuel repro-
cessing facilities in the United States
prevents acceptance from other coun-
tries of spent fuel from U.S.-supplied
reactors for reprocessing. If this were
possible the separate plutonium might be
recycled, used in fast reactors, or placed
in an international plutonium storage
center. In this manner, both the ‘‘aged”’
spent fuel from other countries and the
separate plutonium would be under safe-
guarded control. The United States has
also lost control of enriched uranium fuel
supply. The U.S. export market share of
the world supply of enriched uranium
(excluding the Soviet Union) was virtual-
ly 100 percent through the early 1970’s.
This share started to decline in 1974, and
is now less than 35 percent.

In contrast to the primary U.S. policy
of technical denial, a review of the inter-
national developments of the past shows
that success in nonproliferation objec-
tives depends strongly on political mea-
sures. The technical focus of the NNPA
tends to divert attention from this funda-
mental lesson. This does not mean that
attention to technical safeguards mea-
sures is unwarranted. Such measures
provide a valuable deterrent, but techni-
cal denial by the United States as a
means of penalizing recalcitrant nations
is unlikely to be productive in the long
term with an expanding group of foreign
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suppliers offering equipment and tech-
nology for sale. The states that supply
fuel and reactors should recognize the
potential for using the positive values of
this growing international trade to sup-
port political incentives to achieve the
goal of nonproliferation.

Conclusion

This discussion has been limited to the
role of the LWR fueled by slightly en-
riched uranium in horizontal prolifera-
tion. Different considerations apply to
reactors fueled by natural uranium
(graphite- or heavy water-moderated) or
to reactors that use highly enriched ura-
nium. The article has not addressed ver-
tical proliferation, future nuclear power
systems (breeder and fusion), or many
aspects not central to actions that might
inhibit horizontal proliferation.

An intensified effort by the interna-
tional community to further strengthen
the economic and political factors that
reduce the perceivéd national security
value of weapons acquisition is desir-
able. The widespread commitment to the
NPT indicates the potential for removing
motivation for weapons acquisition, in
spite of the dissatisfaction with U.S.
policy expressed by many of the NPT
signatories.

If any nation plans to acquire nuclear
weapons for national security reasons, it
is more likely to build a military facility
than divert fissionable material from ci-
vilian power systems. The worldwide
expansion of uranium power reactors
has not been, and is not likely to be, &
determining factor in whether additional
nations choose to become nuclear weap-
ons states. Even in the absence of urani-
um power, the nuclear potential would
remain undiminished.

With so many developing countries
increasing their use of uranium power
plants, the attention of the supplier na-
tions should be focused on the plans of
the norinuclear weapons states for the
front and back ends of the fuel cycle.
Safeguarding by IAEA does substantial-
ly inhibit strategies based on diversion of
spent fuel from civilian power cycles
(17), and the IAEA task is made much
easier if a nonnuclear weapons state
does not have front- and back-end facili-
ties, as is usually the case now. There-
fore, to maintain separation of civilian
power from weapons programs world-
wide, an apolitical and economically at-
tractive international fuel system should
be established to provide nonnuclear
weapons states with the option of an
assured fresh fuel supply and to accept

from these states their spent fuel (as the
Soviets now do through their fuel leasing
arrangements). The sensitive elements of
the fuel cycle could thus be maintained
in controlled domains, and the need for
each nation to close the fuel cycle do-
mestically would be removed.

The NNPA expressed a balance of
objectives, but only a few have been
implemented (/8). The combination of
activities called for in the NNPA could
significantly reduce the risks of horizon-
tal proliferation. The unbalanced empha-
sis on controls and restrictions is per-
ceived by much of the Third World as
U.S abandonment of the spirit of the
NPT and ‘‘atoms for peace’ (15). A
provision of the NNPA calls for ‘‘an
assessment of whether any of the poli-
cies have on balance been counterpro-
ductive from the standpoint of prevent-
ing proliferation’” (/9). It seems to be
time for such an assessment.

Supply restrictions on the peaceful
uses of uranium power encourage uncon-
trolled and unsafeguarded national pro-
grams. Therefore the reactor-supplying
states should (i) assist the developing
countries in the efficient expansion and
management of their uranium power
plant capacity; (ii) provide an interna-
tionally controlled system for an assured
supply of fuel for these plants and for the
handling of spent fuel, as is the objective
of the IAEA committee on the assurance
of supply (3); and (iii) strengthen the
international safeguarding system to in-
hibit diversion of material from civilian
to military use. Because the horizontal
proliferation of nuclear weapons is pri-
marily a political issue, these policies
would substantially reduce its marginal
relation to uranium power development.
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Variations in the
Rotation of the Earth

W. E. Carter, D. S. Robertson, J. E. Pettey, B. D. Tapley
B. E. Schutz, R. J. Eanes, Miao Lufeng

As recently as a few decades ago, the
diurnal rotation of the earth served to
define the basic unit of time. Clocks
were adjusted to agree as closely as
possible with the length of day (LOD)
determined from observations of succes-
sive transits of stars across the meridians

suggested that the LOD in January actu-
ally exceeded the LOD in July by ap-
proximately 2 msec (/). A change in the
LOD of 1 msec represents a change in
the earth’s rate of rotation of approxi-
mately 1 part in 108, Detecting a change
in the rotation rate of a few parts in 10%

Abstract. Variations in the earth’s rotation (UTI) and length of day have been
tracked at the submillisecond level by astronomical radio interferometry and laser
ranging to the LAGEOS satellite. Three years of regular measurements reveal
complex patterns of variations including UTI fluctuations as large as 5 milliseconds
in a few weeks. Comparison of the observed changes in length of day with variations
in the global atmospheric angular momentum indicates that the dominant cause of
changes in the earth’s spin rate, on time scales from a week to several years, is the
exchange of angular momentum between the atmosphere and the mantle. The
unusually intense El Nifio of 1982-1983 was marked by a strong peak in the length of

day.

of optical astronomical observatories. In
1912 the Bureau International de I'Heure
(BIH) was founded at the Paris Observa-
tory to establish a ‘‘unified’’ time system
by publishing the offsets between the
radio time signals broadcast by various
observatories. As technology progressed
and clocks became ever more precise,
questions arose concerning the uniformi-
ty of the LOD. By 1936 the performance
of pendulum clocks had so advanced that
the director of the BIH, N. Stoyko,
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over periods of months with mechanical
clocks was a remarkable achievement.
As quartz crystal clocks became opera-
tional and were refined to achieve stabil-
ities of the order of parts in 10!! to 10'?, it
became obvious that the LOD varied in a
complex manner, with periodic compo-
nents at annual, semiannual, lunar-
monthly, and fortnightly periods and am-
plitudes of a few to several tenths of a
millisecond. There were also suggestions
of irregular variations in the LOD includ-
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ing sudden jumps on the scale of a milli-
second per day. Because only optical
(stellar) astrometric observations were
available, it was impossible at that time
to decide whether these apparent high-
frequency variations were real or the
result of observational errors.

With the development by 1955 of
atomic frequency standards having sta-
bilities of a few parts in 10" and suffi-
cient portability to allow accurate com-
parison of clocks at widely separated
observatories, man-made clocks finally
displaced the diurnal rotation of the
earth as the basic unit of time. At that
time the primary purpose of LOD obser-
vations changed from defining the funda-
mental time scale to monitoring the vari-
ations in the rotation of the earth for
applications in geodetic surveying, navi-
gation, and astrometry, and for basic
research in the dynamics of the earth.
For most applications it is generally the
change in the rotational orientation of
the earth over some time interval, that is,
the accumulated effect of variations in
the LOD, that is required. The rotational
orientation of the earth is referred to as
UTI.

Early attempts to identify the causes
of the observed variations in the LOD
were severely hampered by a lack of
basic data such as global meteorological
measurements. Nonetheless, it was gen-
erally accepted as early as 1960 that the
seasonal variations were caused primari-
ly by changes in wind patterns (/). A
study by Lambeck and Cazenave pub-
lished in 1973 showed the dominant ef-
fect to be the periodic exchange of angu-

W. E. Carter, D. S. Robertson, and J. E. Pettey
are with the National Geodetic Survey Charting and
Geodetic Services, National Ocean Service, Nation-
al Oceanic and Atmospheric Administration, Rock-
ville, Maryland 20852. B. D. Tapley, B. E. Schutz,
and R. J. Eanes are with the Center for Space
Research, Department of Aerospace Engineering
and Engineering Mechanics, University of Texas,
Austin 78712. Miao Lufeng is with the National
Bureau of Surveying and Mapping, Beijing, People’s
Republic of China.

957






