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International Control of Tritium
o Prevent Horizontal
Proliferation and to Foster
Nuclear Disarmament

Martin B. Kalinowski?2 and Lars C. Colschent

In this paper, an approach to control tritium systematically on the international level
is proposed. The first goal is to prevent the military use of tritium in states other than
the five recognized nuclear weapons states. An “International Tritium Control System”
(ITCS) would control all civilian facilities producing or handling tritium. The second
goal is to restrict the availability of fresh tritium supplies for nuclear weapons pro-
grams as a means to avoid vertical proliferation in states that possess nuclear weap-
ons, and as a step towards complete nuclear disarmament. This can be achieved by
including tritium in a future weapons-usable materials production cutoff agreement
and the approach proposed here is called an “Integrated Cutoff” (ICO). The simulta-
neous implementation of the ITCS and ICO aims at avoiding any new discrimination
against non-nuclear weapon states.

This paper will discuss the possible political and technical modalities to achieve
both goals. The rules and decision making procedures are outlined for both control
approaches and the implications for the nuclear non-proliferation regime are shown.
Various control tasks are derived from a comprehensive analysis covering all diversion
paths which can yield more than one gram of tritium within one year.

In the appendix to this paper, the impact of a tritium shortage on the U.S. nuclear
arsenal is illuminated. The extreme case of complete elimination of all tritivm would
result in large yield reductions of the arsenal.
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b. Diplom-Politologe. interdisciplinary Research Group in Science, Technology
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RATIONALE FOR STRENGTHENED INTERNATIONAL
CONTROL OF TRITIUM

The control of tritium clearly has important connections to nuclear prolifera-
tion, both “horizontal” to states that do not possess nuclear weapons, and “ver-
tical” to declared and de-facto nuclear weapons states. Measures that are
designed to control tritium, therefore, must be considered an integral part of
the nuclear non-proliferation regime, which consists of a variety of formal and
informal instruments on the multilateral, bilateral, as well as national levels.!
The instruments address different groups of actors and require different sets of

obligations.?

The underlying principle of the nuclear non-proliferation regime has been
recognized almost worldwide. It states that nuclear weapons, because of their
unique destructive capability, are a source of instability in the international
system, if they are proliferated. The states within this regime have reached a
consensus neither to proliferate vertically nor horizontally. These two norms
of nuclear non-proliferation have been embedded especially within the corner-
stone of the regime, the NPT. The following paragraphs show the role of the
dual-use material tritium for nuclear arsenals and how if has been dealt
within the nonreactive framework of the nuclear non-proliferation regime.

Tritium has strategic significance in nuclear arsenals because warheads
can be smaller and lighter with the same yield, or small weapons with yields
of more than 100 kilotons can be built without managing the explosion of ther-
monuclear weapons (see below in paragraph on military significance). Tritium
is known or thought to be used in the nuclear weapons programs of eight
declared and de-facto nuclear weapons states.?

Although tritium is not essential for a nuclear explosive, there are a num-
ber of established as well as novel arguments speaking in favor of interna-
tional control to prevent its production and use for military purposes. At the
time when the NPT was negotiated, the nuclear weapons uses and related
dangers of tritium were not fully realized by all the negotiating parties, prima-
rily because the information was still kept classified. Also there was no civil-
ian source of tritium and the gradually growing demand for civilian
applications was fed exclusively from military production.*

In 1986 and 1987, the German company NTG illegally exported tritium
and tritium handling facilities and China also sent tritium to Pakistan. As a
consequence of these illegal exports, the German Federal Court of Law stated
in its sentence that tritium is, in any case, considered a weapon of war
(“Kriegswaffe”). This is irrespective of its quantity and whether in a given case
the tritium supplied is actually foreseen to be used directly for a nuclear
weapon.’
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This transfer demonstrates not only the significance of tritium for prolifer-
ating states, but also signifies the need for a tighter control of tritium for non-
proliferation reasons. This is a daunting challenge. Increasing technological
opportunities to produce tritium are being built up worldwide and a consider-
able increase of civilian uses in the context of fusion research seems likely in
the foreseeable future.®

This growing surplus of tritium from civilian sources means that more tri-
tium will be around for a potential diversion from civilian to nuclear weapons
purposes. At the same time, the military production reactors in some of the
recognized nuclear weapon states are either aging or already shut down with
no military production alternatives immediately available. Hence, the supply
of tritium to these states from other possible civilian sources could become a
new matter of concern. These developments further blur the line between mil-
itary and civilian production and uses of the dual use material tritium, and
provide additional arguments in favor of comprehensive and systematic tri-
tium controls. Although the growing civilian production and use of tritium
makes its control a challenging undertaking, this does not itself imply that tri-
tium control measures pose insurmountable verification problems. Indeed,
while worldwide civilian plutonium quantities exceed total military stocks by
a factor of four, this does not prevent them from being put under IAEA safe-
guards. In the case of tritium, the ratio of civilian to military stocks is the
other way around (1 to 4, or perhaps 1 to 7).

Regarding the uncontrolled spread of tritium to states without a recog-
nized nuclear weapons status, it would be a tempting approach to expand the
international safeguards, carried out by the IAEA for nuclear materials, to
also cover tritium.8In addition, the IAEA has a lot of expertise regarding tri-
tium.? Such control procedures would make it more difficult for a state with a
secret nuclear weapon program to divert tritium and move on to more sophis-
ticated weapons designs.1°

Although the necessity and desirability of controlling tritium has become
evident, only three instruments on the international level within the nuclear
non-proliferation regime deal with the control of tritium.!

All three aim at preventing the spread of tritium to states other than the
five recognized nuclear weapon states. They all embody only a very limited
approach and are neither coordinated, nor do they complement each other. On
the other hand, no measures have been taken to avoid or reduce the use of tri-
tium within the recognized nuclear weapon states as an approach to halting or
reversing vertical proliferation.12 _

This may change in the future. In 1988, it was suggested, primarily within
North American scientific circles, to use the tritium decay as a forcing function

133



134 Kalinowski and Colschen

to reduce nuclear arsenals in the United States and former U.S.S.R. at a rate
of at least 5.5 percent per year (the decay rate of tritium).”*An even more radi-
cal suggestion is the elimination of tritium from the entire nuclear arsenal
including the supply pipelines in order to significantly reduce the total yield of
the remaining arsenals.!4
Although such proposals sound straightforward, it is unlikely that such
_ technically-induced mechanisms could be politically acceptable. Consequeni;ly,
the proposals have never reached the agenda of policy makers in the United
States or elsewhere. A more realistic approach is centered around the cutoff
idea. It would basically consist of an agreement on the verified cutoff of fission-
able materials production which would be expanded to include a tritium pro-
duction cutoff (see section “the integrated cutoff”).’® The developments in
recent years have proven that international control of tritium is politically
desirable and feasible. The challenge is to develop a set of coherent rules and
procedures against the proliferation of tritium which can be viewed by all
states involved as beneficial and politically acceptable.

CURRENT TRITIUM CONTROLS

Levels of Control

Facility Level

Tritium inventory control and accounting procedures are well established at
the facility level (see figure 1). The left half of the plane represents military
tritium facilities and activities. These controls are primarily brought about by
radiation protection considerations as opposed to international safeguards.
The authorities on the national level typically interact with the responsible
authorities on the facility level to implement the safety regulations, because
specific technical features of the respective facilities have usually to be taken
into account. Specialists (scientists and technicians) working on the facility
level are often advisers to the national legislators. Hence, both levels are
interwoven.

National Level

Many states have national regulations requiring licences for possession, pro-
duction, sale and export of tritium exceeding a certain quantity. Most states
involved in production, trade, and uses of tritium, adhere to regulations
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Figure 1: Current situation of tritium control on facility, national, and international levels.
The left half of the plane represents military tritium facilities and activities, the right side
stands for the civilian realm. Overlapping areas demonstrate qualitatively the fraction of
activities and facilities which are affected by the respective control procedures. The pro-
portions of the various areas do not reflect relative importance or quantities.

National level, military: Tritiumn production and handling are controlled. Information
on the control procedures is classified. National level, civilian: (a) Radiation profection
measures are required by national law and implemented on the facility level. (b)
National export control legisiation. International level, military: None.

International level, civilian (@) NSG and CoCom are fora of limited membership.
Regulations agreed upon here have to be implemented within the national level and
then become part of the export control legisiation. (b) The control procedures agreed
upon in the Canadian European exchange of letters are carried out by Euratom. The
agency is controlling tritium directly on the facility level in their member states

agreed upon on the international level (see below) and are obligated to imple-
ment those regulations within their respective national export control legisla-
tions. However, there are wide disparities in national regulations of
accounting for and control of tritium, and in the requlrements for export
licences and verification of end-use.®

As an example, table 1 illustrates in ascending order the broad range of
national limits of licence free export which covers more than 9 orders of mag-
nitude.?’

Some countries do not even have any regulations regarding tritium, and
others have only very weak regulations. These deficits open the door for prolif-
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eraters, since they could take advantage of the state with the weakest control
laws or procedures in place.

International Level

No instrument to control horizontal non-proliferation applies exclusively or
directly to tritium. The first attempt of international coordination of national
export control policies regarding tritium can be traced back to 1986 and was
made within the Coordinating Committee on Multilateral Export Controls
(CoCom).8

The limited success, according to a study published in 1991, can be seen
from table 1. Seven CoCom member states adhered to the guidelines regard-
ing the limit for licence free export of tritium and were joined by South Africa.
Four member states (Australia, Canada, Japan, and the USA) kept different
licence limits.?®

The future of the CoCom export control policy is unclear, since the original
body (CoCom) ceased to exist after 45 years following the March 1994 meeting
in the Hague. Its successor is not yet in place. However, until this process is
concluded, CoCom member states will maintain export controls unilaterally

Secondly, in September, 1990, the 4th review conference of the parties to
the NPT recognized that tritium is relevant to proliferation of nuclear weap-
ons although this was not identified in NPT Article II1.2, and, therefore, called
for “early consultations among states to ensure that their supply and export
controls are appropriately coordinated.”™

No subsequent activities were initiated directly on this level, but because
of the apparent deficiencies regarding tritium control, this material was
included in the new dual-use list which has been adopted at the meeting of
adherents to the Nuclear Suppliers Guidelines (NSG) in April 1992 at War-
saw.?2 These new guidelines cover not only tritium, tritium compounds, and
mixtures, but also tritium facilities or plants and components. The maximum
quantity of tritium which is exempted from these guidelines in any chemical
or physical from is 1500 GBq, only slightly less than the former CoCom limit.
Furthermore, a “notification-of-denial™® mechanism has been established
within the NSG, as well as periodical consultations among the states about
the accomplished exports.

But the NSG as well as the former CoCom measures have to be imple-
mented by the respective national legislations to come into force. Further-
more, the respective practices to enforce legislation on the national level
cannot be considered equally effective; as the case of illegal tritium transfers
from Germany to Pakistan indicates. Other major shortcomings of NSG and
CoCom are that they do not involve verification of end-use and they are dis-
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Table 1: Maximum amount of tritium free of licence requirement for export from
different countries, Colschen/Kalinowski/Vydra (1991)%
20—

Country Total GBq

Argentina, Austria, Japan, Malaysia, Switzerland 0

Mexico 0.0002

Finland 0.0037

Indonesia 0.0050 i
Philippines 0.0370 !
USA 370.0000 ¢ i
Nuclear Suppilier’s Guidelines, "Dual Use List” (1992) 1,500.0000 l
Belgium, France, Germany, ltaly, Netherlands, Norway, ’
South Africa, UK, CoCom (1986) 3,700.0000

Canada 37,000.0000

Sweden (this is approximately 1 gram) 370.,000.0000

CSFR (until 1993), Hungary, Romania no limit

criminatory because of their selective membership. The CoCom replacement
will, although probably somewhat broadened in its membership, contain the
same deficits.

New initiatives for International Controls

The United States and Tritium Control

The U.S. Department of Energy (DOE) regards the measures agreed on in the
NSG in 1992 as sufficient to deter horizontal proliferation of tritium. But a
comprehensive control system that would limit its ability to produce tritium
for nuclear weapons is perceived by the DOE as politically unacceptable. On
the other hand, the Department of State's (DOS) Offices of Non-Proliferation
and Export Control regard the NSG agreement as a good start to put tritium
control on the international level, although they do not specify any particular
steps which might be aimed at such an internationalization.®

The current position of the Clinton Administration on the non-prolifera-
tion of tritium appears to continue the above mentioned DOE position.
Although the United States is not producing tritium for nuclear weapons at
the moment, it intends to maintain the technical and legal capabilities to
resume production if such a step should be considered necessary in the future
(see section on military production below).2¢

Given this United States policy, the only conceivable measures to contain
vertical proliferation seem to be unilateral ones, e.g., a non-binding, and
reversible production cutoff. But with the nuclear disarmament process con-
tinuing, such a position could be challenged if a coherent concept was pre-
sented and debated at an international forum.




138 Kalinowski and Colschen

The Middle East and Tritium Control

On a related issue, the United States has made diplomatic efforts to encourage
the Israeli government to close its nuclear weapons complex at Dimona as a
step to the eventual establishment of a regional nuclear-weapons-free zone in
the Middle East, but has not succeeded so far.?” Such a step would basically
mean a freeze both on Israel's fissile material production for weapons and its
tritium production for nuclear weapons purposes, since Dimona is the only
source of tritium.

Moreover, a UN-study on the possibilities of a nuclear-weapons-free zone
in the Middle East initiated by UN-resolution 43/65 of December 7, 1988 and
presented by the UN Secretary General to the UN General Assembly also calls
for safeguarding or closing Dimona.28

This document mentions tritium production and stockpiling as examples
for activities that could be declared to the IAEA by the states of the region and
controlled by an informal system of inspections by invitation as confidence
building measures.?® It is evident that such a proposal would apply to Israel
only, since Israel is the only state in the region that is likely involved in any
tritium production and stockpiling for nuclear weapons purposes. Israel, like
any other state with nuclear weapons, has so far refused to give up any sover-
eignty regarding the control of its nuclear weapons program to foreign or
international authorities.

Canada and Tritium Control

Canada has become the largest civilian producer of tritium worldwide having
21 heavy water reactors with a total capacity of 14,900 GW,. These reactors
produce up to 3.5 kg tritium per year. ¥ Canadian tritium extraction capabili-
ties of approximately 2.5 kilograms per year are provided and operated by the
company Ontario Hydro at its Tritium Recovery.Plant (TRP) at Darlington
since 1987. Therefore, the Canadian activities regarding the non-proliferation
of tritium are of great importance. Ontario Hydro has a near-monopoly as a
supplier of tritium from civilian sources. According to the original estimations
from 1988 made by Donald Anderson, Director of Ontario Hydro's New Busi-
ness Ventures Division (the marketing arm of its technology and isotope
sales), the sale of those 2.5 kilograms of tritium could be worth $30 million
annually.®

This estimation was based primarily on expectations regarding advances
in fusion research, since those 2.5 kilograms are about six times as much tri-
tium as the whole world market presently demands. Indeed far fewer than 2.5
kilograms of tritium per year are currently separated by Ontario Hydro so far.
From 1988 to June, 1993, only 5.7 kilograms have been extracted at Darling-
ton.32
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This low extraction figure was mainly due to a long shutdown forced by
various operating problems shortly after start-up of the extraction plant.
Information on exports of tritium are regarded as commercially confidential
and therefore publicly not available. Ontario Hydro and the Canadian Govern-
ment are very much aware of the political ramifications of tritium sales, espe-
cially as far as the dangers of nuclear proliferation are concerned.**

The two relevant federal instruments to control exports are the “Export/
Import Permits Act” and the “Atomic Energy Control Act.” The principle of the
Canadian “tritium non-proliferation policy” is to guarantee that Ontario
Hydro's tritium is used for peaceful purposes only. To realize this foreign pol-
icy objective, Canada, an adherent to the NSG, has established extensive
export control legislation. The Atomic Energy Control Board (AECB), which is
the responsible authority, regards this legislation to be much stricter than
required by the international agreements.*

For example, Canadian legislation forbids tritium sales to nuclear weap-
ons programs of the five recognized nuclear weapons states. The NSG, by con-
trast, has no comparable restrictions. In addition, for the export of tritium,
Canadian legislation requires in most cases a specification of the end use of
any tritium export.3®

However, it is also true that Canada has a threshold level for the require-
ment of export licenses ten times larger than that recommended by CoCom
(see table 1). More important, the Government of Canada and Euratom have
secured an agreement on the supply of tritium and tritium related equipment,
as well as on the control of its use. In May, 1991 the extension of the coopera-
tion agreement between Euratom and Canada was finalized,*® amending an
agreement between Canada and Euratom signed on October 6, 1959 and cov-
ering the field of fusion research and development.®’

Canada does not demand “safeguards” from. Euratom and purposely
avoids the use of that term. Rather, the agreement makes Euratom the super-
vising agency authorized to establish control procedures for tritium shipments
from Canada to Euratom member states, to verify the inventory at the receiv-
ing facility as long as the tritium is supposed to remain there, and to make
sure that the tritium is not re-transferred beyond the territories in which the
Euratom Treaty is applied without prior written consent of the Government of
Canada.

The purchases of tritium by the Kernforschungszentrum Karlsruhe (KfK;
200 grams within the next ten years), Joint European Torus (JET; 90 grams to
be delivered from 1994 to 1996), and the European Tritium Handling Experi-
mental Laboratory (ETHEL; 100 grams) are expected to be the precedents for
these new control procedures.
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Summary of Current Tritium Control Measures

Although tritium control has already tightened, a coherent international
strategy has yet to be devised.® NSG and CoCom efforts are both based on a
policy of technology denial and are discriminatory in nature. Even in combina-
tion with the national export controls and the limited control functions carried
out by Euratom, the controls do not constitute an effective and systematic con-
trol effort to hinder effectively the spread of tritium to clandestine weapon
programs, or to regulate the tritium production of the recognized nuclear
weapon states.

POTENTIAL USES OF TRITIUM

Civilian Use of Tritium

Tritium is the radioactive, super-heavy isotope of hydrogen and was discov-
ered in 1934. The development of commercial applications of tritium was
intensified in the early 1960’s, primarily because excess amounts of tritium
were made available by the U.S. Atomic Energy Commission (USAEC). One
hundred grams were made available in 1959 and subsequently sold by the
Oak Ridge National Laboratory (ORNL) for peaceful applications. In compari-
son 4.1 grams of tritium had been sold in 1958, and only 1.3 grams in the
period between 1948 to 1957.4

At the end of the 1960’s, the worldwide consumption of tritium for civilian
purposes was about 20 grams per year increasing to 100 grams per year in the
mid 1970%s, basically for luminous paints and self-powered lights (“beta-
lights”).#'In 1979, the commercial consumption of tritium peaked at some 800
grams, but in 1980 it dropped markedly back to about 100 grams per year
because safety regulations were tightened due to concern about radiation
problems. Since then, tritium demands increased again to about 400 grams
per year at the beginning of the 1990’s. Demands for fusion research consti-
tuted about 10 percent of this. International trade in the 1980’s averaged little
more than 220 grams per year.

Only 4 out of 21 large commercial tritium manufacturing and trading
facilities are in non-nuclear weapons states (Canada, Germany, and Switzer-
land). Nearly all of the civilian demand was satisfied by supplies from the
ORNL sales office. Its price fluctuated widely in the 1980’s between $13,000
and $26,000 per gram. It is conceivable:that China, United Kingdom, Francet
and Russia*would be able to export several tens of grams of tritium each year
mainly from military production. In the late 1980’s, Ontario Hydro appeared
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as the first competitor of tritium from civilian sources and broke the US-
monopoly. The main importing countries are the United Kingdom, Japan, and
Switzerland. The stated uses are basically for self-powered lights and lumi-
nous paint.

The following industrial applications are given as examples and are
arranged in order of decreasing requirements:

¢ Runway landing lights for remote airfields (50 to 100 milligrams each);

¢ Radioluminous colors (up to some 100 milligrams per manufacturing
charge);

¢ “EXIT” signs (up to 10 milligrams each);

¢ Timepieces, instrument display illumination, signs and indicators, various
other special applications (ug-quantities each);

There are also some applications in research:
¢ Fusion energy research (presently worldwide a few hundred grams);

¢ Nuclear physics, especially for 14 MeV neutron sources (up to 500 milli-
grams each);

¢ Biological, medical, chemical, and geological research, especially as tracer
(pg-quantities).

Military Use
There are various military applications of tritium having nothing to do with
nuclear weapons. These are primarily dual-use applications, mostly using tri-
tium as self-powered light sources for conventional weapons systems or mili-
tary runway landing lights. However, what is of interest here is the use of
tritium for nuclear weapons. Tritium itself is neither sufficient to produce
nuclear weapons, nor is it a necessary component to design a simple nuclear
warhead. However, tritium is believed to be a component of most nuclear
weapons currently in the stockpile of all nuclear weapons states. Its primary
purpose is to increase (“boost”) the explosive yield of a given amount of fission-
able material. The use of tritium in nuclear weapons, therefore, means a verti-
cal proliferation process from first generation fission devices to more
sophisticated boosted or thermonuclear weapons.

The following list gives the different uses and estimated quantities of tri-
tium in nuclear warheads:*
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Boosted fission weapon and boosted primaries in thermonuclear weapons
( 2_3 g) 47
In the center of the nuclear explosion, a few grams of tritium fuse with deute-
rium. The released neutrons induce further fissions thereby increasing the
efficiency of the fissionable core and, if present, of the surrounding fertile
tamper material. As a result, the yield can be multiplied by a factor of 2 to
10.48

As a consequence, boosted fission weapons can achieve explosive yields up
to 400 kilotons,* but would still have relatively low yield to weight ratios.
Thermonuclear weapons with boosted primaries can have high yield-to-weight
ratios allowing high-yield (400-500 kilotons) warheads to be light enough
(100-400 kilograms) to fit into long-range missiles with multiple warheads, as
well as torpedoes and artillery shells. The reduced amount of fissile material
is easier to compress and, therefore, results in a more reliable nuclear yield.
Boosting is believed to be applied in most of the small fission weapons and in
all triggers of thermodynamic weapons in the current U.S. nuclear arsenal
(see appendix).

Selectable yield (2-3 g)

This is a special feature used for some boosted warheads. Their yield can be
selected by inserting no tritium at all or capsules with all or a fraction of the
total content of 2-3 grams.

Neutron bomb (10-30 g)

Tritium is used in enhanced radiation weapons (neutron bombs) in a similar
way as in boosted fission weapons but care is taken that a higher fraction of
the 14 MeV neutrons from fusion escape before they induce further fissions.
Therefore these weapons have a comparatively low yield (about 1 kiloton TNT)
and a large flux of high-energy neutrons.

Neutron generator (0.1 milligram)

The nuclear fission chain reaction is started with an electrostatic neutron gen-
erator in which deuteron ions are bombarded on a metal (e.g., zirconium) trit-
ide target.

Most information about the military uses of tritium is classified. There-
fore, all quantities are educated guesses which have been neither declared nor
denied by officials. The strategic significance of tritium on the nuclear arsenal
is to guarantee a high total yield or high yield-weight ratio. Without tritium,
the total yield of many or most thermonuclear weapons (of current design)
would be lower by two orders of magnitude (see appendix).
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Relations Between Civilian and

Military Productions and Applications

Tritium has various military (nuclear and non-nuclear weapons related), as
well as civilian (industrial and scientific) applications.’® The latter have
always lagged behind military applications and were partly enabled or trig-
gered by the availability of tritium from military production. The tritium pro-
duced in military facilities is neither technically, nor politically confined to
military uses. Neither the quantity of tritium nor its mode of production,
chemical state, physical condition or degree of purity determines or indicates
its intended military or civilian use. Since it is impossible to differentiate
physically between “military tritium” and “civilian tritium,” the respective
social-technological environment has to be taken inte account if a judgment is
required.

Since physical barriers can never be completely tight, the most efficient
way to prevent the diversion of tritium for military purposes, besides binding
and verified political commitments, is to minimize any production and appli-
cation. In fact, for most civilian applications, other pure beta emitters like car-
bon-14, nickel-63, or thallium-204 could be used alternatively.

MILITARY TRITIUM PRODUCTION FACILITIES AND INVENTORIES

Recognized Nuclear Weapons States
In general, information on military tritium preduction facilities and capacities
are held secret. Some information is available from open literature and is
summarized in table 2.5

In April, 1988, the K-reactor, which was the last United States source for
military tritium and which was exclusively dedicated to tritium production,
was shut down and no fresh tritium has since been produced for the U.S.
nuclear arsenal. In August, 1988, the United States decided that all remaining
production reactors would have to undergo significant upgrading for safety
reasons before they could be restarted. The United States spent $2.345 billion
between fiscal years 1989 and 1992 trying to restart tritium production in the
K-reactor without success. In September, 1992, then DOE Secretary James
D. Watson said that the United States could recycle enough tritium from dis-
mantled warheads to supply a reduced U.S. nuclear arsenal until the year
2012. According to an announcement by the present DOE Secretary, Hazel
O'Leary, in March of 1993, the K-reactor would not be restarted, but instead
would be placed on “cold-standby.” This decision is reversible 52
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The program to design a new production reactor (NPR) has been officially
stopped by the Clinton Administration. However, in June 1993, O'Leary
declared that a new production source for tritium should begin its operation in
2008. To meet this date, construction of a NPR would have to begin by the end
of this century. Alternatively, construction of a proton linear accelerator which
could also be used to produce tritium, would have to start by the year 2002. By
then, some scientists hope to have developed the technology to produce tritium
with an accelerator. As a matter of fact, in contrast to the NPR, research in
accelerator breeding of tritium continues, although at a modest pace.3

The U.S. military tritium inventory at the end of 1993 can be estimated at
(70+25) kilograms.® The current operational U.S. stockpile consists of some
9,250 strategic and tactical warheads and bombs and will be reduced accord-
ing to START II to some 4,450 by the year 2003.%

The tritium inventory for the post-START II arsenal will be about 9 to 13
kilograms. In 2005, through radioactive decay, the remaining tritium stockpile
would be roughly 25 to 50 kilograms. Depending on which combination of fig-
ures describes reality correctly, the year in which the U.S. tritium stocks decay
below the demand may be as early as 2016 or as late as 2035.5¢ If a stockpile of
1,000 warheads is considered sufficient, existing tritium stocks could last until
2043 or even 2062.

The tritium producing reactors of other countries are likely to face a simi-
lar fate to that of U.S. reactors. Most of them have been in operation for 25 to
35 years (see table 2). Russia has already shut down 11 of its 14 plutonium
production reactors and has pledged in the Gore-Chernomyrdin-Agreement,
concluded in June 1994, to phase out the operation of the remaining three
reactors by the year 2000 (see below). One source reports that two additional
light water reactors are dedicated to the production of tritium and other iso-
topes.57

In 1989, Soviet officials said that their country would have a continuing
requirement for two to three tritium production reactors.’8 Although no official
declaration regarding tritium production has been made, this estimate has
certainly changed due to the continuation of the nuclear disarmament process
in Russia, especially the unilateral declarations by Yeltsin and the signing of
START Il in 1993. The current annual production of tritium in Russia can be
assumed to be between zero and a few kilograms. One educated estimate
arrived at a decay-corrected cumulative stock of 66 kilograms at the end of
1991.% The decay-corrected worldwide military inventory of tritium can be
estimated at about (140130) kilograms at the end of 1993 (see table ).

After the demise of the USSR, Ukraine had inherited some 1800 strategic
warheads. Assuming an average tritium content of 2.5 grams per warhead,




Table 2: Military production facilities for plutonium and tritium.
b ]

Country
China?

France

india

Israel

Russia

K"

Facilities

Second Ministry of Machine Building industry
Entirely new (arger) production line

Marcoule, G1 (40 MW, G2 (250 MW/y,), G3 (250 MW )¢
Celestin I/ll, 250 MW 4, heavy water reactors®
Accelerator based production

Cirus (BARC), 40 MW, heavy water reactor
Dhruva (BARC), 100 rf?w,,, heavy water reactor

Negev Nuclear Research Center Dimona, IRR-2 (150 MW 49

Ozersk (former Chelyabinsk-65)

5 graphite-moderated water-cooled reactors (total = 65665 MWy
« heavy water reactor, ~50 MW

*2 light water reactors, ~1000 M%rn each

Seversk (former Tomsk-7)
«5 graphite-moderated water cooled reactors, ~2000 MWy, each

Zheleznogorsk (former Krasnoyarsk-26),
«3 underground graphite-moderated reactors, ~2000 MW 4, each

Windscale, two 115 MWy, reactors
Calder Hall, four 220 M\l*y7 Magnox reactors
Chapelcross, four 220 MW, Magnox reactors

Years of Operation
or Tritium Production

since 1968
since 1979

since 1956. '59, 60, until 1992
since 1967, 68
under consideration

since 1960
since 1988

since 1963

first since 1948,

all shut down by end of ‘90
~1950 until late 1980°s

still operational

since early 1960°s, 3 shut
down by end of 1992, last 2
to be shut down by 2000
since 1957, 61, '64, 2 shut
down in 1992, last one to
be shut down by 2000

shut down
since 1956, '58
since 1958, ‘60

Production
Capacity for
Tritium (g/y)°

?
?

only Pu
2 x 600°®

120
300

500

iittie!

58
~4000%

only Pu (?)'
only Pu™
only Pu

only Pu
4 x 200°

GVl ueyosioD pup pismouloy
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Table 2: Military production facilities for plutonium and tritium. (Continued)

L. ___________________________________________________________________________________________________________________]

Country  Facilities Years of Operation Production

USAP Hanford (Washington), nine reactors, includin? 1952-1988 moincl?/ Pu
sN-reactor, 4800 MWy, graphite-moderated, light water cooled short period ~1967 6250
Savannah River Piant (South Caroling), five reactors, including shut down mainly Pu’
eK-reactor, 2400 MW, heavy water cooled and moderated 19563-1988 6300-11500
New reactor or accelerator based production facility under consideration ?

Total > 23 Facilities Operating, 28 Shut Down, and 2 New Under Consideration ~7000

a. Figures are a very crude estimate of the maximum production rate without simuttaneous Pu production if running at full capacity and totally dedicated to tritium production, in

"pVPOIITET g~

some cases to simultaneous power production.

See JPRS (1988).

See Cochran et al. ( 1%7)61 Tritium breeding from lithium-6 started before 1962. After compietion of the two Celestin reactors G1, G2. and G3 were used for plutonium produc-
tion only. See CEA (1962), p. 1290.82

See Hugony et al. (1973)%% and Barilot (1991).64

Alternatively 45 kilograms Pu could be produced according to Gsponer (1964),65 The actual tritium production may be for less. probably by one order of magnitude. In fact in
1980 these two reactors were modified to produce plutonium and less fitium Barrilot (1991),

See Albright/Zamora 1989).57 Both reactors are unsafeguarded and it is not clear, whether they are used as production reactors.

Upgraded from 24 to 150 MW in 1969, see The Arms Controt Reporter 13,5 (1993) 453.E.1.

See Cochran/Norris (1993), pp. 45475 and the Arms Control Reporter 12,4 (1993) 611.E-0.4.

There was no major tritium production at these facilities. Sometimes tritium was produced in control rods. See NRDC (1989).69

Value is given in a CIA study which was made in the mid-1950°s and is quoted in Cochran et al. ( 1989)0, Reactor is presumably converted 10 one of the LWR's.

These two reactors are used for the production of tritium, Pu-238 and other isctopes. They are only mentioned in Cochran/Norris (1993), p. 51.

Tritiumn production is not known.

Tritium has never been produced here. The remaining reactor is simutaneously used for power generation,

$ee Cochran et al. (1987).72

Dual Purpose Magnox reactors producing electricity and Pu or H-3. Actual tritium production is probably lower by at least one order of magnitude.

$ee Cochvon et al. (1967).7

With simuttaneous production of power and 815 kilograms of plutonium. Rogheb (1‘781)474

Tritium was produced mainly in C-, loter in K-reactor. The restart for the latter was scheduled several times but never successtul. In 1993 it was decided to keep the reactor per-
manently shut down,
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the total tritium inventory of these weapons can be estimated at about 4.1
kilograms. Having used those weapons as a bargaining chip, Ukraine has
started to transfer them to Russia for dismantlement. In fact, the first three
shipments of 60 warheads each have already arrived in Russia. Since all dedi-
cated production reactors for plutonium and tritium are located on the terri-
tory of Russia, there are no tritium production facilities in the Ukraine.
Therefore, if the political situation in Ukraine should change and nuclear
weapons are kept in Ukraine, the supply of tritium could become an issue.
Moreover, since the proliferation issue regarding tritium has neither been
dealt with in the Lisbon Protocol nor in the trilateral agreement between Rus-
sia, the United States, and Ukraine, the whereabouts of the tritium of the
warheads to be transferred to Russia remains unclear. Ukrainian authorities
or criminal groups with access to the warheads could take the tritium out of
the warheads, a technically simple procedure, and sell it to states with nuclear
weapons or weapons’ ambitions. On the other hand, Russia could reuse the tri-
tium of the warheads if they were transferred completely by Ukraine for its
own nuclear arsenal.

States with Undeclared Nuclear Weapon Programs

There are indications that most countries which are suspected of having
developed nuclear weapon capabilities have also engaged in acquiring tritium
and tritium technology to enhance these capabilities. The following states are
suspected of using or having used tritium within their undeclared weapon pro-
grams;

Pakistan

Between 1985 and 1987, the West German company Neue Technologien
GmbH illegally exported 0.8 grams of tritium as well as some tritium technol-
ogy to Pakistan, which had requested in total 100 grams. Also in 1986, Paki-
stan reportedly received tritium from China.”™

India

India may be using its research reactors Dhruva and Cirus to breed tritium
from lithium-6 (see table 2), but it definitely intends to remove tritium from
heavy water which was tritiated during normal operation in the CANDU type
reactors.”

Israel

Alternatively to the production of plutonium, Israel could produce up to 500
grams per year of tritium in its research reactor at Dimona (see table 2). Tri-
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tium production for nuclear weapons does not appear to be a problem for
Israel, since it reportedly exported secretly some 30 grams of tritium to South
Africa during 1977 and 1978 in exchange for 500 to 600 tons of yellowcake. ™

Iraq and South Africa

Two other states were involved in tritium activities for nuclear weapons pur-
poses, but can no longer be considered a matter of concern in this regard.

Iraq undertook research on lithium-6 enrichment and maintained a facil-
ity which was able to process approximately 0.5 to 1 kilogram of natural lith-
ium per year.” However, the Iraqi nuclear weapon program was stopped
during the second Gulf War, then nearly eliminated by the subsequent
UNSCOM inspections and today is still under international supervision.

The Republic of South Africa’s armament corporation Armscor built six
primitive, tritiumless “gun-type” nuclear devices during the 1980’s. There are
several strong indications that South Africa also intended to build more
sophisticated nuclear weapons. South Africa had pilot projects for the produc-
tion of tritium and lithium.It undertook theoretical studies to boost the yield
of gun-type weapons from less than 18 to roughly 100 kilotons, and it admit-
tedly received some 30 grams of tritium from Israel (see above) as well as
more tritium from unspecified “overseas suppliers.™®

Apparently, the tritium of Israeli origin was never used by Armscor within
the weapons program and with about a third of the imported tritium lost to
natural decay, the Atomic Energy Commission (AEC) of South Africa decided
to convert the remainder to peaceful purposes, i.e., radioluminescent safety
signs in the mid-1980’s.#! In anticipation of the loss of political power, the
white South African Government officially cancelled its nuclear weapon pro-
gram in late 1989. However, provided the date and the quantity of the tritium
supply are correct and without any use or export of the tritium, there would
still be some 10 grams of tritium left in the country today. Therefore, it is nec-
essary for the new South African Government to account for a civilian use or
remaining stock.

DIVERSION PATH ANALYSIS

Diversion means the clandestine production of tritium or its illegal removal
from existing stocks. In nature, tritium occurs only at concentrations which
are far too low to make its extraction practically achievable. One reason for
this is its comparatively rapid radioactive decay with a half-life of 12.26 years,
i.e., a given quantity of tritium decreases at a rate of about 5.5 percent annu-
ally.
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Since there are no exploitable natural sources, tritium has to be produced
artificially by a nuclear reaction. Significant quantities can only be achieved
by a high neutron flux as can be found in nuclear reactors or, potentially, accel-
erators. Tritium can be produced with different degrees of dedication. It is pro-
duced inadvertently as a by-product in the operation of all nuclear reactors, it
can be produced deliberately without affecting the normal operation of the
used facility, and it can be produced in a reactor or accelerator designed and
operated as a dedicated tritium production facility. Only diversion paths by
which more than one gram per year can be acquired are considered in this
analysis.

A classification of nine facility types which are relevant for tritium con-
trols is given in table 6. In figure 2, possible paths of tritium from production
to disposal are broken down into principal steps at facilities of these types.

According to the different raw-materials, four main paths for production of
tritium can be distinguished. These are deliberately breeding of tritium from
lithium-6 or helium-3, and inadvertent production of tritium as a by-product
by ternary fission in nuclear fuel or through neutron capture in heavy water.
Possible implementations of these production paths are outlined below.s2

The production rate is estimated for various scenarios and summarized in
table .

Lithium-6 path using the nuclear reaction
Li-6 + n > T + He-4

Prior to irradiation of targets containing lithium-6 in a nuclear reactor, the
lithium ore has to be mined and milled; lithium is converted to LiCl, and
transformed into metal by electrolysis. The enrichment in lithium-6 is most
commonly done by a process which uses large amounts of mercury.®

Targets are produced as aluminium alloy or ceramic material. After irradi-
ation, the tritium is extracted in a vacuum oven, purified chemically and sepa-
rated from the other hydrogen isotopes. It requires special handling and
storage facilities due to its radioactivity and mobility. Different varieties of
this path can be distinguished by the specific mode of operating the reactor
and inserting targets into its core.

Case of unreported tritium breeding with lithium targets

¢ Construct directly or convert an existing reactor to a dedicated production
reactor and make use of fuel/lithium assemblies specially designed for tri-
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Lithium-6 Path Fuel Rod Path i Heavy Water Path Helium-3 Path

Target of:Loop "
. -Production™: . 3
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Figure 2: Flow of tritium through facility types from production to disposal. This linear
model is only an ideal showing the main pathways. Several other connections are
possible especially from various steps directly to waste storages. Numbers in brack-
ets refer to the facility type which are relevant for tritium safeguards as given in
table B.1. The upper part shows the four main production paths. in the part below
the neutron source, each process step within a box and each transfer between
facilities offers opportunities for illegal removal, encounters losses to the environ-
ment as well as due to radicactive decay, causes hold-ups, and generates triti-
ated waste.

tium production. Relative production rates can be derived from estimates
of the performance of military production reactors as given in table 2.
They range from 1000 to 5000 g/(GW,, ).

¢ Breed tritium in a power reactor without affecting its normal operation.
Estimates of tritium production by LWR’s are about 100 grams (GW,-y)!
and 200 g (GW,,)' at CANDU type reactors if higher than normal
enriched uranium fuel would be used.®



International Control of Tritium

Table 3: Relative rates for production of tritium in a fission reactor
—

Path Mode (9/(GWmy))
Lithium-6 dedicated production reactor 1000-5000
LMFBR, lithium coolant instead of sodium 10009
LWR or CANDU with Li-targets, without affecting normal operation 30-70P
PWR, with 600 to 900 target rods in free control rod guide tubes 30°¢
PWR, burnable poison rods containing Li-6 instead of B or Gd 2-27d
Any reactor, inadvertent production due to ~0.05 ppm U-6 in fuel 0.003-0.3
Fuel Rod inadvertent production by ternary fission 0.5-1.0
Heavy Water inadvertent production by neutron capture in heavy water 50-80
moderator and coolant
Helium-3 experimental reactor loop, NRX reactor at CRNL 4.3°
research reactor, rapid power excursion experiments <5t
HIGR, inadvertently produced tritium in the helium coolant 0.06-0.239

a~paoUp

See Rogheb (1987).85

See CFFIP (1988).86

Derived from data given in Lu/Zhu/Todosow (1988).87

See Benedict/Pigford/Levi (1981)® for the lower and Ragheb (1981)89 for the upper value.
Derived fiom data given in Osborne (1979).90

See Sokolski (1982),71

See Philips/Easterty (1980).92

¢

Replace boron-burnable poisons rods (BPR) with lithium BPR’s. In the
USA such BPR are under development which contain LiAlOy/Zr instead of
boron. The production rate in a one GW, reactor is estimated at 80 grams
per year,” and 6 grams per year by another reference™

Replace single fuel or control rods with lithium-6 or insert breeding rods
in empty grid spaces in a LWR. A maximum of about two grams of tri-
tium can be bred within one year, if only one fuel rod in a PWR fuel assem-
bly is replaced by a rod filled with as much lithium-6 as technically
achievable, i.e., 0.1 g cm® within a volume of some 200 cm®. Such a high
yield per rod couldn't be achieved if several hundred target rods were in
the reactor core at the same time. In a 1 GW, PWR, 600-900 target rods
inserted in free control rod guide tubes could be used to produce annually
100 grams tritium.% Insertion of lithium targets in unused fuel positions,
particular on the periphery of the reactor or in empty regions outside the
reactor core (if available) would result in lower production rates.

Use lithium coolant instead of sodium in a LMFBR, which could give a
production rate of 1,000 g/(GWth-y).%
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Case of breeding in excess of reported quantities

¢ This set of diversion paths will be relevant if a limited production for mili-
tary purposes or for the initial inventory of a first fusion power reactor will
be permitted and verified. The current worldwide production of tritium in
fusion materials research can be estimated to be less than 0.5 grams per
year.

_ Fuel Rod Path Based on Ternary Fission
y i One tritium atom is produced in roughly 10,000 fission reactions as a third fis-
sion product (ternary fission). Depending on the reactor type and fuel, some
1.6 to 3.1 g/(GWe-y) tritium are produced.?” Most of it remains in the fuel rods.
Release estimates from rods with zircaloy claddings range from 0.013 percent
to 1.0 percent® unless the fuel is reprocessed or specially treated with heat.
Within the fuel rod, the tritium is distributed in the cladding (5-15 percent),
in the gas plenum (0-10 percent), and the rest in the fuel matrices.®®
The fraction of tritium that is released in the aqueous or gaseous phase
i depends on the design and operation of the reprocessing plant as well as on
the fuel type. Without decay correction, the tritium content of each ton of
spent fuel from a LWR is about 0.062 —0.097 grams of tritium for burnups of
30 40 GWth d/t.10
Allowing for decay after a cooling time of some 150 days and for some tri-
tium remaining in wastes, the fraction of tritium available for release or
recovering can be estimated to be 80 percent of the total tritium produced, i.e.,
0.05 -0.08 g/t. From this, it follows that in a reprocessing plant for LWR fuel
with a yearly capacity of 12.5 t (almost two orders of magnitude smaller than
the typical size of a large commercial reprocessing plant), a maximum of one
gram tritium is recoverable. '
Several diversion modes can be imagined:

¢ At a reprocessing facility, tritium-bearing off-gases could be collected to
extract tritium which would be in contrast to common practice.

¢ At a reprocessing facility tritium-bearing aqueous effluents could be col-
lected to extract tritium which would also be in contrast to common prac-
tice.

¢ Unreprocessed spent fuel could be heated to extract the tritium. It is tech-
nically feasible to extract tritium from spent fuel without reprocessing.’®!
The cladding of the fuel rods has to be opened and the fuel to be heated in
an oven either in a vacuum or with an inert sweeping gas. A typical fuel
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Table 4: Summary of tritium production and inventories, 1993

Facility Type by Numbers as in Table B.1  Annual Production/Throughput Rate (kg/y) Cumulative Production/Stored Inventory (kg),

/Main Production or Flow Path (Decay Corrected)
i: Inadvertent ¢: Collected  Potential i: tnadvertent  ¢: Collected  Still
d: Deliberate r: Released Production d: Deliberate 1. Released Extractable
t: Throughput s: Stored
inventory
1a,b/Ternary Fission i0.45 r<0.01 - i3.2-8.8 1 0.03-0.09 2-7
1a.b/Lithium do - 10-70 -
1b.d/Heavy Water 13.0-4.4 r<0.2 - =20 r=2 =13
1c.d/Ternary Fission i10.002-0004 r<10% — — - —
1c.d/Uthium d<05 10-20
le USA/Lithium do° - - . d70+ 25° c 68 + 25° ~0.7
le USA/Heavy Water do - - ’ il2 ¢ 0.05-0.1 ~1-2
le Russia/Lithium d0-3.4 c0-3.4 4d d 66° c 65! ~0.5
1e Others9/Lithium d<025 c<0.25 7h d256 c255 ~0.05
1f 1 GW, fusion reactor, self-sustaining - 180 - - -
Tritiurmn Breeding (fiction)/Lithium
3/Storage - 101 - s 13 -
4/plit to Release and Waste'! 10.20-0.33 ri-1.4
5/Storage - 10.1-0.3 - - s0.5-2 -
6/Extraction - 12005 - - §6.2+£02 -
7/Storage - 10.03-0.05 - 5 0.4-0.6 -

8/Manufacturing - t10.3-04 - s 0.05-0.1 -~
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Table 4: Summary of tritium production and inventories, 1993 (Continued)
L - - -~ "]
Facility Type by Numbers as in Table B.1  Annual Production/Throughput Rate (kg/y) Cumulative Production/Stored Inventory (kg),

/Main Production or Flow Path (Decay Corrected)
Environment/Nuclear Explosions - - i 300-3000 1 30-300 -
Environment/Natural Production 10.1-0.4 - --- i1.5-6.7 - -

Total 2-8.6 450-3000

The last tritium producing reactor at Savannah River Plant was shut down in April 1988.

Production rate and stockpite estimates of (Cochran et al. (1987)l 02 gre extrapolated to end of 1993,

c. Total amount currently in the nuclear stockpiles and production pipeline. At least 1 percent of the produced quantity is lost to the environment, and about 1 percent is expected
to be in radioactive wostes.

d. Seetable 2.

e. Production rate and stockpile estimates of (Cochran/Norris (1993)103 gre extrapolated to end of 1993 assuming annual production of 3.4 kg. There is not much sense in estimat-
ing the error of these figures because they are educoted guesses.

f. Some 3 to § kg of this inventory has been with the nuciear warheads which remained on the teritory of the Ukraine at the end of 1993 and some 3 to 4 kg in Kazakhstan. There
was some tritium in Belorussia, foo.

Q. This includes the other nuclear weapon states China, France, and U.K. as well as the de-facto nuclear weapon states India, Israel, and Pakistan.

h. See tabie 2.

I See stored inventory in facility type 5 (storage)

oo
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assembly of a PWR has e.g. 236 fuel rods each of which contains 2.3 kilo-
grams uranium. From the figures given above, it follows that one signifi-
cant quantity of tritium can be collected from some 25 spent PWR fuel
assemblies.

Heavy Water Path Based on the Nuclear Reaction

D+n—>T+y

Tritium is produced inadvertently in the moderator and coolant of a heavy
water reactor during normal reactor operation through capture of a neutron
by deuterium. Depending on the reactor type, the »nroduction rate via the
heavy water path is 50 to 80 g/(GWt-y). A moderator of a typical CANDU has
290 tones of heavy water. At equilibrium it would contain about 2.4 TBg/kilo-
grams (total content: 7 x 108 TBaq, i.e., 2 kilograms). Various scenarios for the
illegal removal of this tritium can be imagined. For example:

¢ Permanent displacement of tritiated heavy water in the heavy water reac-
tor with pure heavy water in order to cheat any measuring device for tri-
tium concentration.

¢ Unreported detritiation of tritiated heavy water from uncontrolled
sources.

¢ Diversion of tritium from the storage of extracted tritium at the heavy
water detritiating facility combined with manipulating the inventory mea-
surement so as to pretend a larger physical inventory which matches with
the book inventory. '

Helium-3 path using the nuclear reaction

He-3+n->T+H

The advantage of helium-3 as raw-material for tritium production is its very
high neutron cross-section (5327 barns for thermal neutrons). Since it is a gas,
targets cannot be made with high density but on-line extraction of tritium
from circulation helium-3 gas in a loop system can be realized.

¢ Helium-3 can be circulated through an additional system of pipes and
pumps within the reactor core or to a gas separation system and back. The
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gas can either be released after a certain period of time to extract tritium
or otherwise the gas could be processed in a continuous manner. A study
made for CANDU reactors showed that direct activation of helium-3, con-
tained in a closed loop would have a half-life (time required to convert half
of the helium-3 inventory) of about 11 days. Thus, it would be essentially
complete within a few weeks without any significant loss.* Another study
was made on an experimental reactor loop of the NRX reactor at Chalk
River Nuclear Laboratory (CRNL) in Canada.!* The neutron flux reaching
fuel elements was controlled by introducing helium-3 into a stainless steel
coil in the annular space around the fuel. The expanded volume of the
helium-3 system is 15 liters (2 grams). The production rate of tritium was
50 MBq/s when the reactor power and the helium pressure are both maxi-
mum (1 MPa). At a capacity factor of 100 percent, this experiment would
produce 4.3 grams per year.

¢ After a rapid-power-excursion experiment with helium-3, the released gas
can be collected to extract tritium. A neutron-absorbing gas like helium-3,
withdrawn or inserted at a readily controllable rate, can provide the vari-
able shielding needed to produce a well-characterized flux excursion at the
location of the fuel pin under investigation. At the end of the experiment,
the tritium produced can be collected. From a little under one gram to sev-
eral grams a year could be produced in the course of routine ramp tests.!%

¢ In a high temperature gas cooled reactor, the inadvertently-produced tri-
tium in the helium coolant can be extracted. For a helium-3 content of 0.2
ppm the production rate may range from 0.06 to 0.23 g/(GWth-y) depend-
ing on the percentage of helium in the core (4-20 percent).” The produc-
tion rate can be enlarged significantly by enriching the coolant in helium-
3.

lilegal Removail of Tritium from Existing Stocks

Once tritium is available in any chemical and physical form there are numer-
ous ways to illegally remove it for weapons purposes. In the following analysis
they are summarized in two different categories. One is the removal from stor-
ages or handling processes of pure tritium, the other is the recovery of aban-
doned tritium. For most of these paths, the maximum divertable quantity
depends on the total amount of tritium available and the relative accuracy of
accountancy and inventory verification (see section on verification below).
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Illegal removal from stored or handled tritium (facility types 6 to 8, see
table 6), e.g.,

¢ Non-reported transfer of tritium out of a “material balance area” (MBA);
¢ Partial discharge of storages during transport;

¢ Overstate tritium content of waste;

¢ Claim release to the environment;

¢ Put only part (e.g., 80 percent) of declared quantity of tritium into self-
powered paint or other products;

¢ Divert accumulated “hidden inventory;”

¢ Collect and purify all tritium which is produced in a research fusion reac-
tor. 1074 grams per year are produced by Deuterium-Deuterium Fusion in
Tokamak experiments at an average level of 101® DD/shot and 10% deute-
rium shots per year.1

Unreported recovering of abandoned tritium (especially facility types 4 to 6),
eg.,

¢ Clandestine recovery and purification of tritium from waste. The contribu-
tion of waste to the unaccounted tritium at a tritium bulk handling facility
can be expected to be small because the total waste per year is typically in
the order of 1 percent of the inventory. The only exceptions are reprocess-
ing plants which have large portions of tritium in the waste streams (in
case of PUREX, some 20 percent).

¢ Clandestine recovery and purification of tritium from aqueous or gaseous
effluents. The contribution of effluents to the unaccounted tritium at a tri-
tium bulk handling facility can be expected to be small, because the total
emissions per year are typically achieved to be less than 1 percent of the
total inventory. The only exceptions are reprocessing plants which have
large portions of tritium in aqueous effluents (in case of PUREX, some 80
percent).

¢ Clandestine recovery and purification of tritium from consumer products.
The main difficulty of this approach is the clandestine collection of enough
abandoned products. Remote airfield runway lights contain most tritium
per unit (0.05-0.1 gram) but most other products contain much less (up to
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0.01 gram). The useful life of a tritium gas-filled light source is from 8 to
10 years. After this time, a substantial fraction of their original charge will
have decayed due to the tritium half-life of 12.3 years. The remainder is
available for recovery and reuse. At least 20 runway lights or more than
200 large “Exit” signs need be collected to obtain one gram of tritium.

Summary of Diversion Path Analysis

The most efficient and economic way to produce tritium is the lithium path.
This path is used in all recognized nuclear weapon states. He-3 targets are
considered for future accelerator-based breeding systems. But this option,
although technically feasible, is not currently followed on a significant scale.
Canada is the largest producer of tritium for civilian purposes. It has the
capacity to extract yearly up to 2.5 kilograms of tritium from the heavy water
moderator and coolant of 21 CANDU power reactors (see above). From this
diversion path analysis, it is obvious that a nuclear reactor can be regarded as
the bottle-neck for today’s tritium production.

Control measures could, therefore, likewise be confined to nuclear reac-
tors, possibly supplemented by measures at fuel fabrication plants and other
facilities with significant inventories or throughputs of tritium. Large com-
mercial reprocessing plants with a throughput of more than 12.5 tones heavy
metal per year, as well as detritiation plants, constitute a significant diversion
potential because they can have a large annual throughput of tritium (up to
100 grams and 2.5 kilograms, respectively), but their total number worldwide
is low (see table 6) and the recovery of diverted tritium from water or solid
waste is extremely difficult to achieve clandestinely.

To assess the proliferation risk posed by various stocks of tritium in differ-
ent facilities, it is of interest to develop a picture of flows and inventories of tri-
tium at various places. Table 4 presents a survey of the world total tritium
production rates (inadvertent, deliberate, potential) and inventories in differ-
ent facility types and in nature. The facility types and numbers worldwide are
given in table 6. The distribution of tritium inventories (in countries with
more than one gram per year) over the globe are depicted in figure 3.

TWO APPROACHES FOR INTERNATIONAL TRITIUM CONTROL

There are several possibilities to control tritium on the international level.1®
In this section, two selected approaches are outlined. The focus is put on goals,
rules, decision-making procedures (especially verification) and the most
important dimensions of regime change. From this, the feasibility of the pro-
posed tritium controls is assessed.®
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annual civil production of tritium annual military inventory
and annual imports changes of tritium
(non-linear scale) {non-linear scale)

Figure 3: World map of tritium inventory changes. Due to the relatively rapid decay
of tritium the dynamic of inventory changes is more important than absolute inven-
tories. In the civilian sector inventory increases are larger than decreases, whereas
this is the other way around in the military sector. For the latter, inventory decreases
due to radioactive decay are shown since these data are better known than pro-
duction rates. Numbers indicate grams per year. '

The first approach is an expanded version of the much discussed verified
cutoff for fissile materials. It includes a cutoff of the production of tritium for
military purposes in addition to the production of plutonium and highly
enriched uranium (HEU), and is, therefore, called “integrated cutoff” (ICO).
The second approach envisages control of all civilian tritium production and
handling facilities to make sure that no tritium is diverted for any nuclear
weapon programs, and is named the “international tritium control system”
(ITCS). The ICO is targeted at all declared and undeclared nuclear weapon
states, the ITCS addresses all states.
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The nuclear non-proliferation regime and the concept of “diffuse reciprocity:”

The history of the nuclear non-proliferation regime has shown that no existing
instrument encompasses concrete rules and procedures for both dimensions
(vertical and horizontal) of nuclear non-proliferation despite the fact that the
i interrelatedness between them is recognized in many instruments on the nor-
mative level. This led to the creation of a regime with instruments dealing
i with vertical and horizontal non-proliferation separately, as far as the level of
w' specific rules and procedures is concerned (see table 5).1! This concept of “dif-
i fuse reciprocity” between vertical and horizontal non-proliferation efforts
L evolved mainly in the early 1960’s and is intended to reflect an “overall bal-
ance.”"2 Especially the NPT shows this interrelatedness. It addresses horizon-
tal proliferation specifically in terms of concrete rules and procedures. On the
other hand, the NPT only defines the norm to reverse vertical proliferation
and to work towards complete nuclear disarmament. But neither specific rules
or procedures, nor a fixed schedule are laid down in this treaty in this regard.
All the recognized nuclear weapon states had to do was to show the required
“good faith” (Article VI) in arms control and disarmament negotiations.

A single international tritium control system that encompasses rules and
procedures for both dimensions of nuclear proliferation would, therefore, be
unprecedented. In order to find politically acceptable solutions regarding the
international control of tritium the existing structure of the regime constitutes
the basis on which all following considerations are made. Taking this qualified
distinction between both dimensions of non-proliferation into account two pro-
posals to control tritium will be presented (see table 5).

The implementation of both control systems would result in adding and
changing certain rules and procedures within the regime, but its normative
framework would remain the same. Current rules and procedures are not
replaced but expanded to be able to include the control of tritium.13

Moreover, it is envisaged that both tritium control instruments would be
implemented simultaneously. This is a vital requirement because an ICO
without a control of civilian facilities, which is done in the ITCS, would leave a
potential verification loophole. An ITCS, therefore, is not only a useful mea-
sure against the horizontal proliferation of tritium, but also constitutes an
important compliment of the ICO. However, in case the ICO is implemented
without the ITCS, verification may go beyond what is described in this paper
to safeguard civilian stocks and facilities as well.
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Tritium in a Fissile Material Production Cutoff

Background

In the 1960’s, the USA made several proposals for a cutoff of fissionable
weapon material production, namely plutonium and highly enriched uranium
(HEU). At that time, such a cutoff was always refused by the USSR. In the
1980’s, this was just the other way round. On June 15, 1982, Soviet Foreign
Minister A. Gromyko suggested a cessation of production of fissionable materi-
als as a useful initial stage for a comprehensive nuclear disarmament
progress.

Encouraged by the recent progress in nuclear weapon reductions (INF,
START I and II, and unilateral withdrawal of tactical and other nuclear weap-
ons), proposals for deeper reductions and even for a nuclear-weapon-free world
are under discussion. In this context, the cutoff proposal is back on the politi-
cal agenda. The end of the “cold war” provides a political climate which seems
to be more favorable than ever before to agree on such a cutoff.

On September 27, 1993, U.S. President Bill Clinton put forward a compre-
hensive approach to deal with fissile material, including the proposal for a
“multilateral convention prohibiting the production of highly-enriched ura-
nium or plutonium for nuclear explosives purposes or outside of international
safeguards.” In October 1993, Russia followed suit in proposing negotiations
on this issue at the Conference on Disarmament (CD).!# In November
1993,the First Committee of the CD for the first time in 15 years passed the
draft resolution on banning the production of fissile materials for weapons by
consensus. The United Nations General Assembly (UNGA) adopted accord-
ingly Resolution 48/75L calling for negotiation on this issue in December 1993.
The mandate for the CD to negotiate a cutoff agreement finally became effec-
tive in early 1995. 4

While Clinton's proposal identified HEU and plutonium as the fissile
materials to be restricted, both UN resolutions did not specify the substances
to be covered leaving open the possibility of restricting tritium production as
well. However, tritium was scarcely mentioned in the discussions. The United
States and Russia started detailed talks on fissile materials in May 1994. On
June 23, 1994, Al Gore and Viktor Chernomyrden signed an agreement on the
shutdown of Russia’s three remaining production reactors by the year 2000. In
return, the United States agreed not to restart its own shutdown production
reactors and to help the Russians to find alternatives for generating the heat
and electricity still provided by the Russian reactors. The agreement did not
mention tritium. In its Annex, a list of plutonium production reactors is given
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Table §: The position of both proposals for internationdl tritium control agreements
within the main instruments of the nuclear non-proliferation regime.

Vertical Non-Proliferation Horizontal Non-Proliferation
CoCom (1949)
IAEA (1957)
Euratom (1957)
PTBT (1963)
Treaty of Tlatelolco (1967)
NPT (1970)
SALT I (1972)
TIBT (1974) NSG (1974; Dual Use-List in 1992)
PNET (1976)
SALT Il (1979)

Treaty of Rarotonga (1985)
INF (1987)
START | (1991)
START 1l (1993)

ICO (suggested in this paper) ITCS (suggested in this paper)

Plus UN Disarmament Machinery:® Plus National Export Controls
+UN Special Session on Disarmament (partially derived from CoCom and
(UNSSOD) |-l (1978, 1982, 1988) NSG agreements)

eConference on Disarmament (CD)
«UN Disarmament Commission (UNDC) Plus UN Disarmament Machinery:

eSecurity Council (SC) «Security Council (sanction mechanisms)
eGeneral Assembly (GA; Regular sGeneral Assembly

Session, First Committee, Several Ad Hoc

Committees)

a. For details see Department for Disarmament Affairs Q198 115

which makes no mention of the shutdown K-reactor at the Savannah River
Plant and of the two still operating light water reactors at Ozersk, named
Lyudmila and Ruslan, each with a capacity of about 1000 MWth which are
used to produce tritium and special isotopes, e.g. Pu-238. This constitutes a
severe loophole with respect to verifying compliance with this agreement
because they can serve as plutonium production reactors as well. In principal,
all tritium production reactors can easily be used for plutonium production as
well.

The possibilities to exchange the fertile materials lithium and uranium
depend on the configuration of the core and the design of the fuel and target
elements. Besides exchanging the target materials, a slight re-configuration of
the core might be necessary. Such a procedure could be straightforward where
target elements are separated from fuel elements. Where fuel and target
material are integrated in the same elements, a substitution of a tritium
breeding target to one that breeds plutonium could be costly. But there is no
physical reason that impedes such substitution.
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Figure 4: Effects on tritium proliferation paths by the implementation of the proposals “inte-
grated cutoff® and the “international tritium control system.” Solid line: Allowed trittum
transfer paths. Dashed line: Tritium transfer paths foreclosed by both proposals for an inter-
national tritium control, ICO and ITCS.

In fact, the K-reactor, which is nearly identical to the plutonium produc-
tion reactors L, P, R, and C at Savannah River Plant, has been used since 1983
for several years for the production of supergrade plutonium (3 percent in Pu-
240).18 The mission of this reactor was changed to tritium production after the
shutdown in 1986 of the C-reactor which was dedicated to tritium production.
Co-production of plutonium and tritium has been current practice. All U.S.
production reactors have been shutdown since 1988. Plans to restart the K-
reactor have been abandoned and the construction of a new production facility
will probably not be started before the year 2000 (see above).

If under a “cutoff” agreement military tritium production reactors contin-
ued to operate, and if the production reactor uses HEU as driver fuel, this
would cause additional complications for safeguarding military HEU stocks.
However, it is very unlikely that a HEU production cutoff would be under-
mined because neither the United States nor Russia currently has HEU con-
suming production reactors under operation, and because there is enough
HEU in the military stocks from dismantled nuclear weapons as well as from
reprocessed submarine fuel to run such a reactor if needed. .
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The Impact of Military Tritium Production on the Verifiability of a Fissile
Material Production Cutoff

To some extent, verification of a fissile material cutoff agreement,'” could be
based on remote sensing.!!® The parties to such an agreement would exchange
the relevant data on their tritium production facilities, especially the location
of production reactors. The operational status (operating, standby, cold
standby, dismantled) of the declared military production facility could be veri-
fied by remote sensing using national technical means or by a future interna-
tional satellite verification agency, possibly under IAEA or UN auspices. If the
reactors were shutdown, the non-production of tritium can simply be verified
by observing the absence of heat generation which indicates the inactivity of
the production reactors. It is well known from various studies that the techno-
logical capabilities have progressed sufficiently and that this verification is
feasible.!® Reliance on remote fusing as a method of verification alone would
allow states to avoid inspections that could involve unwarranted intrusion and
proliferation risks.

However, if tritium production continued under a verified fissile material
cutoff agreement, the non-production of plutonium in the tritium production
facilities would have to be verified. This is because tritium and plutonium pro-
duction are in competition with each other in consuming neutrons generated
in the production reactor (or accelerator). Such a verification task would be
much more intrusive than verification of an integrated cutoff which included
tritium and it would provide insight into the tritium production rates.

To begin with, all activities of tritium production would have to be
declared. Even without access to the tritium production facility, first indica-
tions for illegal plutonium production could be seen from the reactor operating
cycles. The reactor would have to be shut down for reloading fuel and targets.
In order to get supergrade plutonium, targets are typically irradiated for 30
days, and a period of 60 days is used for weapon-grade plutonium (6 percent in
Pu-240). Tritium production typically requires longer production cycles of
some 200 days. After such a long cycle, the quality of the isotope composition
of plutonium would not be satisfactory for the standards of a nuclear weapon
state.

More adequate verification requires access to the production reactor and
intrusive control measures have to be performed. Inspections are required at
least during the phase of reloading the core. All fresh fuel and target elements
have to be non destructively checked against natural or depleted uranium
which is the raw material used for plutonium breeding. This can be achieved
by determining the uranium content and enrichment using neutron coinci-
dence counters. Any such targets would have to be safeguarded by contain-



International Control of Tritium 165

ment and surveillance so as to verify that they are not reprocessed to extract
plutonium. All fuel and target elements will be tagged to be identified again at
the next shutdown.

During operating cycles the presence of inspectors would not be required.
The charge and discharge machine as well as the access to fuel and target
positions in the reactor core would be sealed. Video cameras would be installed
to survey the relevant areas inside the reactor building. Seals and video tapes
would be examined at regular time intervals to verify that no changes of the
reactor core have occurred in the meantime.

In order to verify that neutrons are used for tritium production and not at
all for plutonium production, inspectors will have to have sufficient informa-
tion to assess the rate of tritium production. This information has always been
considered highly sensitive to the national security in all nuclear weapon
states.

All in all, it is clear that the verification of a cutoff would be much easier
and less intrusive if tritium was included in such an agreement. Moreover, a
potential diversion path for plutonium would be closed.

Characteristics of an “Integrated Cutoff” (ICO)

The goal of the ICO is the non-availability of fresh tritium supplies for nuclear
weapon programs as a means to inhibit vertical proliferation in states that
possess nuclear weapons or weapons capability, and to pave the way towards
complete nuclear disarmament, i.e., the denuclearization of those states. Only
the recognized and de-facto nuclear weapon states are the potential member
states of the ICO. The goal of the ICO is compatible with the principles and
norms on which the entire nuclear non-proliferation regime is based. As a
matter of fact, the normative framework of the regime would be reinforced by
the implementation of an ICO.
The four tritium-related key rules of the ICO are the following: 20

¢ No tritium will be produced for nuclear weapon purposes.

¢ All military facilities for the production of tritium are shut down and kept
on a status which is comparable for both states. The status proposed here
is called “cold standby.”2! This status must be verifiable.

¢ No new facilities for the production of tritium will be constructed or devel-
oped including new tritium production technologies such as, the accelera-
tor-technology.

¢ No civilian facilities will be converted to military facilities or made use of
for military purposes, and no tritium produced in civilian facilities will be
transferred to military uses.
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The main advantages of an ICO in comparison to a “fissile material cutoff”
are:

¢ Compared to the “cutoff” proposal, the ICO would constitute a stronger
commitment by the nuclear weapons states towards complete nuclear dis-
armament and is more suited tuv satisfy those demands by non-nucléar
weapon states. Thus, although the proposed ICO would regulate tritium
within the dimension of vertical non-proliferation, it contains also some
significant repercussions for horizontal non-proliferation. Tritium consti-
tutes an indispensable material for a sophisticated nuclear weapon pro-
gram which aims at a nuclear arsenal based on second generation nuclear
weapons. Since the maintenance of such a arsenal calls for a tritium sup-
ply on a continuous basis, whereas plutonium and HEU, once produced,
last almost indefinitely, the ICO would add pressure to implement START
I and II on schedule and eventually to negotiate cuts beyond START II
that would not be evoked by a mere “cutoff.”?2 These cuts will be accompa-
nied by changes in related military doctrines and strategies.

¢ If the START-implementation proceeds as planned, there will be no need
to resume tritium production in both nuclear superpowers for more than
20 years.'?® Therefore, any possible asymmetries regarding the impact of
tritium shortages on the nuclear arsenal of the United States and Russia
will be irrelevant for this period of time.124

¢ Verification of this “zero-approach” would be easier and less intrusive (see
above). There would also be substantial cost-savings effects on two levels
accompanying an ICO. Firstly, there are the costs to maintain and possi-
bly even to build new tritium production reactors.'? Secondly, there would
be additional costs involved to verify a “cutoff,” that would be absent
within the ICQO (see above).

The ICO could either last for a specific period of time or be concluded as a
permanent treaty. In case of an unlimited treaty, the parties should have the
opportunity to exit the ICO. An exit clause should take into account that it
takes some time to restart a reactor which is on “cold standby” and further
time until fresh tritium is available for nuclear weapon purposes. Therefore,
the period after the declaration to exit could be relatively short; maybe three
or six months. In the case of a limited approach, it could be agreed to hold a
conference after the stipulated time has expired to decide on an extension of
the ICO. The treaty would start out at the bilateral level between the United
States and Russia and could last at least until the year 2010.1% This date
seems particularly suitable because both nuclear superpowers would have to
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resume tritium production not before 2016 to maintain their arsenals at the
level agreed upon in START II and because six years is sufficient to construct
a new production facility or restart a reactor on “cold standby.”

The year 2010 would then be the most suitable time to hold the above
mentioned extension conference. Any decision to extend the treaty would very
much depend on the progress of the nuclear disarmament process, i.e.,
whether it has gone beyond START II by then. Also, an extension at that time
could be combined with the inclusion of other recognized nuclear weapon
states into this treaty (see below). If they cannot agree on an extension, the
parties to the treaty are allowed to start constructing new facilities for the
production of tritium or restart their facilities kept on “cold standby.” Here the
above-mentioned comparable status of the reactors, i.e., “cold standby,” comes
into play since the taking up of tritium production could put one side on a dis-
advantage if it can restart the reactor faster than the other.'”

Depending on the duration of such a treaty, review conferences could be
held periodically, since it could be necessary to make political or technical
amendments or clarify interpretations of specific terms. Another reason lies in
the three-step-approach taken in this treaty (see section on “Dimensions of
Regime Change”). Review conferences could be the forum to decide on taking
the second and third step respectively. Also, future parties to the treaty could
be granted an observer status before becoming a full member. In case of a lim-
ited treaty, a review conference could be held before any decision is taken on
an extension of the ICO.

Verification of an Integrated Cutoff

The technical aspects of verification of an ICO are discussed in Appendix B. In
general, the parties to the treaty would declare an end to their tritium produc-
tion for nuclear weapons, and would exchange the relevant data (operating
characteristics, time of closure, technical data of the state of the facilities,
etc.). The status (“cold standby”) of the production facilities could be verified
by remote sensing technologies (see above) and on-site inspections. The detec-
tion of possible clandestine production facilities is a sensitive issue within
such an agreement. Since it is a rule not to build any new production facilities,
there is a need to verify such a commitment. To some degree, existing space
and airborne remote sensing activities are capable to detect clandestine facili-
ties,128

In some cases, pulsed discharges of krypton-85 as indicator for clandestine
plutonium separation could be observed from precipitation studies at dis-
tances of several hundred kilometers.!? By following air trajectories, it might
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be possible to trace plumes back to suspected sources at distances of several
hundred kilometers. The same is true for tritium production. Since tritium is
a very mobile gas it is not possible to completely contain it. Tritium production
and handling involves several processes during which a loss or a leakage of
tritium cannot be avoided. Hence, tritium emissions can be used as an indica-
tion for clandestine tritium production and handling facilities.

Assuming a containment performance of one part per thousand per year,
tritium facilities with inventories larger than 0.01 TBq could be detected from
total tritium emissions measured at the stack. This is more than 4 orders of
magnitude less than the significant quantity (one gram).* Such a detection
could then trigger further on-site inspections to scrutinize the alleged illegal
activities.

Safeguards on civilian tritium production facilities would be required, in
addition, to ensure that there is no transfer of tritium to military purposes.
With no military tritium production, the nuclear weapon states party to the
treaty will, after some time due to tritium's decay, be in the same situation as
the non-nuclear weapon states with respect to tritium. Therefore, tritium-con-
trol, if the ICO was successfully implemented, has to face the problem of diver-
sion of tritium from civilian facilities to military purposes. This is covered in
the ITCS approach put forward in this paper. If it is not simultaneously imple-
mented, verification at civilian facilities may be foreseen within the ICO.

Dimensions of Regime Change Discussed for ICO

Regimes may vary over time or across the various regulated issues in several
ways. Regarding the changes within the nuclear non-proliferation regime due
to the inclusion of tritium control, the variables strength, organizational form,
and scope are especially interesting when the effects of the ITCS and ICO on
the regime are considered.!®

A new agreement covering an additional issue like tritium would only be
useful if it strengthens the nuclear non-proliferation regime. Organizational
form refers primarily to the degree of institutionalization and requirements of
an administrative apparatus. Scope refers to the range of issues a regime
covers. The strength of the regime is measured by the degree of compliance.
Therefore, a widening of the scope does not per se strengthen an international
regime because states may not adhere to the agreed obligations. In fact, an
additional regulated issue like tritium control might even weaken a regime if
the parties to the treaty do not comply as set down in the respective agree-
ment.

Furthermore, although any detection of rule violation indicates a weaker
degree of compliance, its occurrence would not constitute already sufficient

*  See Appendix B.
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prove that a tritium control system must be considered a weak control instru-
ment. Only if a systemic violation of rules occurs, the strength of the control
instrument must be severely questioned.

For the ICO, several alternatives are possible for the organizational
framework of the agreed rules. Here, a three-step approach is envisaged. The
first phase involves the United States and Russia only. The ICO therefore
starts out on a bilateral level. The more the nuclear arsenals of both states
approach the level of the other recognized nuclear weapon states, the more
they would eventually call on France, China, and the United Kingdom to par-
ticipate in this process (second step), taking it onto the multilateral level. In a
third step, the de-facto nuclear weapon states, India, Pakistan, and Israel, as
well as any other state as appropriate, might be brought into this treaty.!s!

Even if this third step of the ICO was implemented, no new states would
be brought into the nuclear non-proliferation regime. However, some states
which are currently only at the periphery of this regime (Israel, India, Paki-
stan) would be tied closer to it. Since most current “cutoff” proposals only
include both nuclear superpowers or all five recognized nuclear weapon states,
the proposed ICO with its three-step-approach envisages a larger membership
in comparison to the “cutoff.” The main reasons for this approach lies in the
unequal sizes of nuclear arsenals the respective states possess, as well as the
different status of their programs. Although the outlined approach seems the
logical solution to gradually increase the ICO membership, the treaty should
be open to accession to any nuclear weapon state at any time.

The verification would probably remain on the bilateral level, as long as
the parties to the ICO are the United States and Russia only. An international
verifying body becomes especially recommendable once the membership is
extended beyond the bilateral level and the other three recognized states
become parties to the treaty. Since the first stage involves the United States
and Russia only, a considerable amount of time will be “bought” for the devel-
opment of international control procedures.!3

The issues covered by a regime define the scope of a regime in terms of
function. A “cutoff” for the production of plutonium and HEU alone, which is
currently on the political agenda, would widen the scope of the nuclear non-
proliferation regime. The inclusion of tritium, i.e., an ICO, would mean a wid-
ening of the scope of the current “cutoff” proposals under discussion, and of the
entire nuclear non-proliferation regime.

The strength of a regime is measured by the degree of compliance of its
parties/adherents. Although the parties to the ICO would formally and legally
binding state their political will to comply, governments and national interests
might change and “cheating” remains a problem. Another problem would be
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possible diversion activities by subgovernmental groups. Therefore, technical
measures of verification will be necessary.

The International Tritium Control System (ITCS)

Characteristics of ITCS

This approach to tritium control deals with the dimension of horizontal prolif-
eration. All states of the international system are envisaged as members of
such an international agreement on a non-discriminatory basis, since it covers
all civilian facilities producing or handling tritium worldwide.!s

The reason for an ITCS is that all tritium originally produced or handled
in civilian facilities can also be used for nuclear weapon purposes which is due
to the ambivalent nature of this material. The goal of the ITCS is to detect and
deter illegal diversions of tritium from civilian facilities for military purposes.

The four rules of this tritium control system are:

¢ No tritium produced in civilian facilities will be made available to any
nuclear explosion purposes anywhere.!34

¢ No tritium will be exported to states not party to the treaty. 1%

¢ States party to the treaty may acquire tritium by import or indigenous
production for civilian purposes provided they carry out accountancy mea-
sures, report the data (including technical data of the state of the facili-
ties, declaration of production capacities and actual production, important
especially for HWR and related extraction facilities, declaration of present
tritium stocks, accountancy records) to the supervising international
agency, and accept inspections of all their tritium facilities and stocks (for
the verification details see below). '

¢ If the accumulated amount or annual throughput of tritium (including
imports and indigenous production) in a state party to the treaty exceeds
the military significant quantity of one gram, the tritium will be subject to
inspection. This includes the verification of the end use of the exported tri-
tium.

The treaty could last for a specific period or be concluded infinitely. As
with the ICO, if an unlimited treaty was concluded, the parties should have
the opportunity to exit the ITCS. In case the ITCS would be concluded for a
limited period, an extension conference could already be envisaged in the
treaty.

Depending on the duration of such a treaty, review conferences could be
held periodically since it could be necessary to make political or technical
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amendments or clarify interpretations of specific terms or words. Moreover, if
the ITCS was of limited duration, an assessment of its achievements should be
made before a decision about the possible extension is taken.

Verification of ITCS

The discussion on the technical aspects of safeguards in Appendix B clearly
shows that the ITCS can be verified. The facilities of the parties to the treaty,
in which tritium is deliberately or inadvertently produced or otherwise exis-
tent (including industrial or scientific facilities with an inventory or annual
throughput of more than one gram of tritium), will be inspected. As a precon-
dition, an efficient national system of tritium accountancy has to be in place
and all activities have to be declared. Most of the affected facilities are identi-
cal to those already inspected by the IAEA. If the IAEA inspected those facili-
ties, they would have to perform only few additional tasks (for the technical
aspects of verification see Appendix B).

Since the verification tasks of the ITCS are comparable to those carried
out by the IAEA for plutonium and HEU, as indicated above, it seems worth
while considering such a “tritium-mandate” for the IAEA. The IAEA is the
only international organization within the regime that carries out verification
tasks worldwide and without regional restrictions like Euratom or OPANAL.
In fact, if the NPT was amended to cover tritium, the IAEA would automati-
cally become the responsible verification agency.

The verification tasks regarding tritium are compatible with the princi-
ples and norms of the IAEA Statute. According to Article IIL5 of the IAEA
Statute, the Agency is authorized: “To establish and administer safeguards
designed to ensure that special fissionable and other materials, services,
equipment, facilities, and information ... are not used in such a way as to fur-
ther any military purpose” (emphasis added). However, such an inclusion
would necessitate an amendment of the model agreement INFCIRC/153 from
1971 or a new mode] agreement could be drawn up between the states party to
the ITCS and the IAEA. The latter could be done by using the structure of
INFCIRC/153 and applying it specifically to tritium. Then, all rights for the
IAEA as the verifying agency for plutonium and HEU would apply to tritium
likewise, including the right for “special inspections” (INFCIRC/153, para-
graph 73).

If the IAEA was not the verifying agency, a new instrument would have to
be created to perform these tasks. However, the creation of a new interna-
tional agency with a “tritium control mandate” would be difficult in terms of
costs and political acceptability. Since there does not seem to be a high politi-
cal acceptance for a separate verification agency solely for tritium, % the
IAEA seems to be the “natural” solution.
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Dimensions of Regime Change Discussed for ITCS

There are several alternatives for the organizational framework of the agreed
rules. The ITCS could be considered as a treaty in its own right. Alternatively,
it could be part of an existing regime instrument which, for that matter, would
have to be amended. There are a lot of similarities regarding the control of
nuclear materials carried out by the IAEA and the control of tritium, as pro-
posed in the ITCS. It can easily be concluded from the scenario outlined above
that the NPT could be the treaty to control tritium. Decision procedures for a
possible amendment of the NPT are in place (Article VIII). The amendment
could be accomplished by changing the text of the treaty or by adding a proto-
col. The NPT encompasses all the elements which are necessary to control tri-
tium on the international level, but it has a lot of deficiencies.!*’

So, if tritium control is included into the NPT, all its problems and limita-
tions will be inherited as well. However, an opening of the NPT would proba-
bly bring up numerous proposals by the parties to change this treaty. In such a
difficult bargaining situation without a real prospect of a settlement, the nego-
tiating parties typically fall back on the original agreement without any
changes being made. This could eventually bar the NPT from covering any
form of tritium control. Therefore, it will be a matter of prudent negotiating by
the parties proposing the ITCS within the NPT framework to deal with this
problems. Alternatively, an additional protocol to the NPT could be concluded.
Signature and ratification of a protocol can be made separately by individual
NPT member states which has the advantage of keeping the NPT in force, and
not making the existence of the entire treaty, which then would include tri-
tium, dependent on an often lengthy ratification process. However, such a pro-
tocol would still be treated by the parties as an opening up of the NPT since a
protocol has to be regarded as an integral part of a treaty.

Alternatively, a separate international agreement, modelled after the
INFCIRC/153 and especially designed to control tritium, might be an ade-
quate solution. But no matter how the ITCS will be organized, the continu-
ance of the NPT or the replacement by an equivalent agreement is a condition
sine qua non to achieve the proclaimed goal of a tritium control system since it
makes no sense to control tritium but not Plutonium and HEU.

Within this dimension of horizontal proliferation, the scope of the regime
in terms of function would be widened since a new material would be added to
the materials currently controlled. Within the issue of export controls, the
scope would also be widened in terms of function since it requires the control
of end use, if the recipient state accumulates more than one gram of tritium.
Moreover, the ITCS requirement of “fullscope safeguards” goes beyond the
wording of the NPT, and could, therefore, complicate an inclusion into the
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NPT. However, “fullscope safeguards” have already become common non-pro-
liferation policy in most of the major states exporting nuclear weapon related
materials and technology. Therefore, “fullscope safeguard” could be agreed on
in an additional protocol to the NPT and then apply to plutonium, HEU and
tritium likewise.

It can be expected that a state that has accepted the NPT and its underly-
ing principle of nuclear non-proliferation would also accept additional tritium
controls. Therefore, the strength of the NPT would not suffer as far as compli-
ance of the parties is concerned in case the ITCS would be made a part of the
NPT. In fact, since some of the rules of the ITCS are tighter than the NPT
rules (see above), the NPT could profit from the ITCS because there could be a
spill-over effect if the ITCS rules can prove their effectiveness in terms of com-
pliance. In any case, verification has to be used to detect and deter “cheating,”
in this case illegal diversion of tritium from existing civilian stocks.

The Relationship Between ICO and ITCS

Although the implementation of just one instrument (ICO or ITCS) would
already tighten the nuclear non-proliferation regime, it is recommended in
this paper to implement both interrelated instruments simultaneously and on
equal terms in order to achieve a tritium control which is more balanced and
less discriminatory in its horizontal as well as vertical dimension. Otherwise,
verification loopholes would be left. If both were implemented, “fresh tritium”
would only be produced in civilian facilities and used for civilian purposes.
Existing military stockpiles would not be replenished and decay within a few
decades (see above). If the ITCS was implemented alone, the discriminatory
nature of the entire regime would be reinforced because once again the
nuclear weapon states would be treated less strictly. On the other hand, if the
ICO was implemented alone, the necessity to control tritium within the civil-
ian sector would become even more obvious and the demand for an ITCS
would become stronger so as to make sure that no nuclear weapon state could
clandestinely acquire tritium from civilian sources.

The ITCS, especially if it was made a part of the NPT, could theoretically
be merged with the ICO. It could then constitute a comprehensive control sys-
tem encompassing tritium, plutonium and HEU and dealing with horizontal
and vertical proliferation together. Such a control system could be verified
entirely by the IAEA, providing this organization obtained the mandate to
routinely control military facilities for the non-production of all three nuclear
Wweapon materials. However, such an approach would dissolve the distinction
b‘etween instruments dealing directly with horizontal and vertical prolifera-
tion, i.e., the concept of diffuse reciprocity (see above), on which the entire
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nuclear non-proliferation regime has been based so far. This can only be done
under the premises that the discriminatory nature of this regime would be
perceived as politically unacceptable and the international community is pre-
pared to change this situation.

CONCLUSIONS

The political and technical analysis in this paper argues that an international
control of tritium is desirable and feasible. This is in contrast to a widespread
perception that tritium controls would not be of high importance and would
pose a disproportionate burden on the countries and facilities under inspec-
tion.

Though it is true that tritium is not a necessary material for first genera-
tion nuclear weapons, its importance to de-facto nuclear weapon states aiming
at vertical proliferation has been increasingly acknowledged on the interna-
tional level. Even the potential roles of tritium in the nuclear disarmament
process has been under discussion, although without any practical conse-
quences so far. But these perceptions have created a demand for some kind of
international tritium control and its inclusion in the nuclear non-proliferation
regime.

Consequently, some instruments against horizontal proliferation took tri-
tium control onto the international level (CoCom between 1986 and 1994,
NSG since 1992 and exchange of letters between Canada and Euratom since
1991) to complement existing measures on the national level (export control
and radiation protection legislation). Thus, the issue of tritium control is
proven to be regime capable. However, these control instruments represent
only a modest, discriminatory, and insufficient degree of control against the
horizontal proliferation of tritium. '

Moreover, nothing is in place to avoid or reduce the use of tritium in sup-
port of vertical proliferation, although tritium represents a crucial ingredient
in sophisticated nuclear arsenals because they allow warheads to be made
smaller and lighter while retaining the same yield.

The political assessment presented here concludes that the scope of the
nuclear non-proliferation regime would be widened in a meaningful way
through tritium control which would provide the regime with two additional
control instruments and thereby tighten the nuclear non-proliferation regime
as a whole. It appears to be the right time to move towards such a more sys-
tematic international tritium control.
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The paper argues that the expected burdens and difficulties in verification
of tritium control are based on misconceptions. Taking into account the exist-
ing tritium stocks and sources as well as the conservative assumptions on ver-
ification goals (significant quantity as low as one gram), verification of non-
diversion is technically feasible at reasonable costs and there are no funda-
mental problems regarding the introduction of verification procedures.

In this paper, a comprehensive, systematic, and eventually non-discrimi-
natory approach towards tritium control on the international level is outlined
and analyzed encompassing measures against horizontal as well as vertical
proliferation. It is aimed at the eventual elimination of any nuclear weapon
uses of tritium and the control of actual and potential civilian tritium produc-
tion facilities and tritium inventories. Following the structure of the nuclear
non-proliferation regime, two different sets of obligations to achieve the pro-
claimed goals are proposed depending on the nuclear weapon-status of states.

As far as horizontal non-proliferation is concerned, an International Tri-
tium Control System (ITCS), controlling actual and potential civilian tritium
production facilities and tritium inventories is proposed. In general, as sum-
marized earlier and discussed in detail in Appendix B, tritium control proce-
dures for non-production in civilian facilities can rely on current IAEA type
nuclear safeguards. Tritium accountancy is already applied and technically
proven for radiation protection purposes with accountancy capabilities compa-
rable to the requirements for nuclear safeguards. In some cases, additional
measures may be introduced some of which in turn enhance the efficiency of
nuclear safeguards.

As shown in Appendix B, specific procedures to verify the non-diversion of
tritium would have to be introduced at a limited number of facilities (up to
some 50 worldwide, depending on the membership) in which no nuclear mate-
rials but tritium are handled. However, since the verification goals, tasks and
procedures are very similar to those required for IAEA nuclear safeguards, it
would be a “natural solution” to assign a “tritium control mandate” to this
agency.

To complement an ITCS and to extend tritium controls to existing nuclear
weapons arsenals, the paper proposes inclusion of tritium in a general cutoff
of fissile materials for weapons (an ICO). Such inclusion would also effectively
address problems caused by a continued production of tritium on the verifi-
ability of a fissile materials cutoff. In the ICO, fresh supplies of tritium for
nuclear weapon purposes would be stopped in a verified manner as a measure
to support a sustained nuclear disarmament process.

From the organizational and financial perspective, there would be no
extensive burden if tritium was added to a fissile materials cutoff. Since no tri-
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tium will be produced for nuclear weapon purposes, verification would be
focused mainly on assuring continued non-production at military production
facilities which are either dismantled or placed on “cold standby.” Although
either ICO or ITCS alone would strengthen the nuclear non-proliferation
regime, this paper recommends to implement both interrelated instruments
simultaneously and on equal terms. If implemented, there would only be con-
trolled civilian sources of tritium. Compared to the existing controls the pro-
posed tritium control system would also be more balanced regarding its
horizontal and vertical dimensions and consequently less discriminatory.
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APPENDIX A:  THE IMPACT OF COMPLETE ELIMINATION OF TRITIUM
ON A NUCLEAR ARSENAL

By Martin B. Kalinowski

A.1 INTRODUCTION

The consequences of shortages or even complete elimination of tritium from
military stocks is discussed in this appendix. The total yield of nuclear arse-
nals is taken as the measure for this assessment. A more adequate parameter
to judge tritium's impact on the military potential of nuclear weapons would
be the kill-factor that takes into account the accuracy of delivery systems.
Boosting with tritium increases the yield of the warhead while keeping the
weight low. A small weight allows a high accuracy in targeting. Therefore, the
weight of warheads will be considered in the following assessment as well.

A.2 THE RELATION OF TRITIUM AND WEIGHT TO THE YIELD
OF NUCLEAR WEAPONS

The impact of complete elimination of tritium on nuclear weapons becomes
apparent if one looks at a graph of the yield of nuclear weapons vs. their
weight (see figure A.1). The data used are the best estimates publicly known.!
When a range of data was given, the lower limit for the weight and the upper
value for the yield were used. By doing this, the largest practically achieved
yield-to-weight ratios are shown in the graph.2 Only U.S. nuclear warheads
are represented because estimates from other nations' stockpiles are not avail-
able in a comparable comprehensive manner.

Different symbols are used to distinguish nuclear weapons which make
use of tritium from those which do not. There is slight uncertainty about the
use of tritium in some thermonuclear bombs (B53, W78, W56). The three types
(fission, boosted? fission and thermonuclear) appear in clusters. The line for a
constant yield-to-weight ratio of 0.1Kt/kg seems to be roughly a dividing line
between fission weapons on the lower side and thermonuclear weapons on the
other side. But this does not mark the theoretical limit of the yield-to-weight
ratio for fission weapons. Assuming that 100 percent of the nuclear material is
burned, the theoretical limit lies at 17.5 Kt/kg for uranium-235 and 20 Kt/kg
for plutonium-239. The corresponding value for pure fusion reactions is 80 Kt/
kg. These theoretical limits can never be reached in practice because addi-
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Figure A.1: Yield and weight of U.S. nuclear warheads and some nuclear explo-
sions with tritium use indicated. Warheads in bold-face are in the present U.S.
nuclear stockpile. Some retired warheads have not yet been dismantled. Some are
kept in “inactive reserve” without plans to be dismantled. Although the details are
classified, it can be assumed that some 400 W84 warheads are still in inactive
reserve as well as W62, Wé8, W69, W76 anc W78 warheads. The black symbols indi-
cate tritium use, the hollow symbols are used for warheads not using tritium.

tional weight is required for the chemical explosive, the bomb casing, and
other parts of the weapon. Also, a 100 percent efficiency in burning the nuclear
fuel can never be achieved.

Some nuclear tests with high yields have been conducted without using
tritium. The highest yield all-fission test carried out by the USA was the “King
Shot” (500 kilotons).# Furthermore, the first thermonuclear weapons which
were built did not contain tritium. That proves that tritium in principle is not
necessary to ignite a fusion reaction. However, in practice, with modern
boosted nuclear warheads, tritium may be needed in two-stage weapons.
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Constraints on weight and volume by the delivery systems dictate that the
nuclear weapons be light-weight. In the early 1950’s, this was achieved prima-
rily by improving the effectiveness and reducing the required volume of the
chemical explosive. In the mid-1950’s, another significant weight reduction of
fusion weapons was achieved by replacing their 1.5 meter diameter unboosted
primaries with smaller diameter (55 to 75 cm) boosted primaries. It can be
assumed that thermonuclear weapons which are in the current U.S. stockpile
are triggered by a boosted primary.

There are a number of ways to vary the yield of a particular nuclear
weapon design, one of which is boosting. It can increase the yield of pure fis-
sion weapons or the fission primary of thermonuclear weapons by a factor of 2
to 10 (the “boosting factor”).5 For some types, more than one yield is shown in
the diagram (W54, W45, B61, W80, and W84). The lower ones might be due to
a reduction of the amount of tritium and deuterium injected in the core of the
nuclear explosion or the total removal of the tritium ampule. However, they
may as well be achieved by the timing or intensity of the external neutron
source which initiates the chain reaction. In some weapon designs (especially
older), it is possible to remove the nuclear core and insert a differently sized
core to provide different yield options.

Therefore, there is no simple rule to estimate the reduction in maximum
yield of boosted type weapons when tritium is eliminated. Even if the boosting
factor is known, the reduction factor is not known because it may depend on
more than tritium removal. Operation with and without tritium may be opti-
mum at different configurations as in the geometry of the pit and timing
sequences of the explosion.

When estimating the effect of tritium on the yield, it should be noted that
the yield of a boosted primary or boosted fission weapon varies with storage
time. This is due to the radioactive decay of tritium and the simultaneous
increase of its decay product, helium-3, which is a strong neutron absorber.
However, this probably does not significantly affect the yield of the secondary
stage in thermonuclear weapons as long as the primary is strong enough to
ignite the fusion reaction. The initial tritium content is always high enough to
allow for a few years' tritium decay.

The crucial question is whether the primary without tritium would still
yield enough energy to trigger the fusion stage. If not, all thermonuclear
devices would yield no more than an unboosted fission primary — around 1
kiloton or even as low as 0.4 kilotons in the case of miniaturized primaries.
This is highly probable and, therefore, it will be no underestimation to assume
that the yield of thermonuclear weapons could go down by a factor of 100 if tri-
tium is eliminated and designs are not changed to compensate.
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A.3 Consequences of a Yield Reduction by
Complete Elimination of Tritium
The assessment of the impact of complete elimination of tritium on the U.S.

nuclear arsenal is based on the following assumptions which seem reasonable
but cannot be proven by the author:

¢ There are only two-stage thermonuclear warheads left in the current
active arsenal which all have tritium boosted primaries.

¢ The primary of thermonuclear weapons could not yield sufficient energy to
trigger the fusion stage if tritium were missing. Therefore, a yield reduc-
tion by two orders of magnitude due to the removal of tritium can be
assumed. The yield of unboosted primaries is 10 kilotons at maximum.

¢ There is no substitute for tritium. Reference [133] states that “isotopes
other than tritium, such as helium-3, have been considered for boosting,
but use of these is considered not to be within reach of present weapons
technology.”

To get an idea of the qualitative effect of tritium removal on the U.S.
nuclear arsenal, see table A.1. The number of warheads has been multiplied
by a yield, and all yields have been added to provide the total yield. This has
been done for the upper and lower bounds of given yield ranges as well as for
the case of tritium removal. For this latter case a crude estimate has been
made by reducing the upper yield bound for thermonuclear warheads by a fac-
tor of 100, but down to no more than 10 kilotons. Total yields are presented for
four cases:

¢ present U.S. stockpile;

¢ future stockpile after retirement of the B53, W62, and W78;

¢ tentative estimate of a post-START II arsenal;

¢ nuclear arsenal after further deep cuts down to 500 warheads.

According to these estimates, even after START II, the total yield (upper
bound) would be decreased only by a factor of 2, whereas the removal of tri-
tium would reduce the total yield by two orders of magnitude immediately.
Even a stockpile of 500 warheads with tritium would still have a total yield
which is a factor of ten larger than the current stockpile after planned retire-
ments and without tritium (see table A.1). ‘

For comparison, a weight limit set anywhere between 400 and 1000 kilo-
grams would imply the withdrawal of high-yield strategic bombs and could
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Table A.1: Total yield of operational U.S. nuclear weapons stockpile under different

assumptions.
.~ ]
warhead Weapon Numberin Nominal Total Yield/ Total Yield/ Total Yield/
Type System Stockpile® Yield/Kt (103K (10°Kh (103K
Range® Upper Lower Without
Bound Bound Tritium
(rough
estimate)
B53-1 Strat. Bomb (50) 9,000 (450) (450) 0.5
B61 Strat. Bomb 750 10-300 225 8 23
B61 Tact. Bomb 600 10-175 105 6 1.1
W62 Minuteman il 410) 170 (104 (104) (1.0
W76 Trident | C4 3.000 100 300 300 3.0
W78 Minuteman il (920) 335 (308) (308) @3.n
wao ALCM, SLCM 1,780 5 and 150 263 9 2.6
B83/B83-1 Strat. Bomb 650 low-1,200 780 7 6.5
wa7 MX 525 300 158 158 1.6
was Trident It D5 400 475 190 190 19
w8 SRAM Il ) 200 (V)] ()] (V)]
(1) Present 9.255 2,883 1.710 25
(2) After Retiring BS3, 7.675 2,021 678 19
Wé2, and W78
(3) After implementation =4,450 =1,400 = =13
of START I
(4) After Deep Cuts to =500 =160 =60 =15
500 Warheads

a.  Numbers are taken from Norris (1994).” Numbers in brackets indicate that the respective warhead is
known or likely to be retired or withdrawn within the next few years. Warheads currently in stockpile
are designated in bold-face in figure 1.

b.  Figures are taken from Norris (1994) 8

00 e o ]

reduce the total upper yield of the U.S. arsenal by a third. The military useful-
ness of a particular nuclear warhead withput tritium is reduced even more
than its yield. The military mission assigned to a warhead may not be achiev-
able if the kill-factor, i.e. the product of yield and targeting accuracy, is too low
to reach the desired goal, e.g. destroying with a certain probability a hardened
missile silo. However, only if no new military mission can be defined for a war-
head with reduced yield, its military usefulness would be zero.



192 Kalinowski

Therefore, U.S. governmental officials have said that a halt in tritium pro-
duction at Savannah River Plant constitutes a national emergency before it
became apparent that there is enough tritium released from nuclear disarma-
ment for at least the next two decades.

Assuming that left-over tritium would be redistributed to serve the maxi-
mum number of warheads possible, and making further the over-conservative
assumption that warheads without tritium would effectively be useless, the
deployment of nuclear warheads would decline at the rate of tritium decay, i.e.
by 5.5 percent per year.

It remains to be seen how these measures would affect the nuclear stock-
piles of the other nuclear weapon states. Ukraine represents an interesting
case since it still has on its soil nuclear weapons but does not have means of
tritium renewal. If the assumptions made for the United States hold for the
strategic nuclear weapons in Ukraine, the total yield would be reduced by two
orders of magnitude as well (see table A.2). This is of interest because this
country would not have sufficient access to tritium to replenish the amount
which has been lost to radioactive decay, if it changed policy and desired to do

80.9

A.4 Yield Reduction by Tritium Elimination: Possibility for Qualitative
Nuclear Disarmament

The reduction of the yield of nuclear weapons by eliminating tritium could be
used for a novel approach to nuclear disarmament. The precondition for such a
qualitative nuclear disarmament is a decision to abanden high yield nuclear
weapons and to reduce the overall yield of the arsenal significantly. Such an
approach of nuclear disarmament was presented in 1991 by Trutnev et al.13
Instead of reducing the number of delivery systems or nuclear warheads, Trut-
nev et al. suggest limiting the explosive yield of each nuclear weapon to three
to five kilotons TNT. Theoretically, the total explosive power of the superpow-
ers' nuclear arsenals — about 6 gigatons total yield — could be reduced by a
factor of 100. They argue that such nuclear arsenals would still be adequate to
sustain the system of deterrence, but they would no longer pose a threat to civ-
ilization. Furthermore, the balance of power would be more stable because the
potential first-strike effectiveness of strategic offensive forces would be sub-
stantially reduced.

Trutnev et al. believe their proposal would be a decisive step towards a
world free of nuclear weapons. The next step would be the numerical limita-
tion of nuclear warheads, while preserving bilateral stability. Eventually the
military concepts and political doctrines that rely on nuclear deterrence must
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Table A.2: Total yvield of nuclear weapons in Ukraine at the end of 1993 with and
without tritium. All data are taken from '°.

3
v Tt &
Delivery System Number Warhead per Nominal Total Yield/ Total Yield/ 347-
Deployed Delivery Yield/Kt (103 Ki) with (103 Kb
System per Warhead Tritium without
Tritium (rough
estimate)

$S-19 ICBM 130 6 550 429 4.3

§5-24 ICBM 46 10 100 46 0.5

Bear Bomber H16 22 16 250 88 0.9

Blackjack Bomber 20 12 250 60 0.6

Total 218 623 6.3

5

be abolished to clear the way for the elimination of nuclear weapons. The
present strategic U.S. nuclear arsenal has a total maximum yield of some 2.9
gigatons (see table A.1).11 If used in a strategic war, the total yield of the
United States and Russia is more than 5 gigatons and could lead to a nuclear
winter, although the science of nuclear winter remains highly uncertain. All
models of a strategic nuclear war which would lead to a nuclear winter sce-
nario assume total explosive yields in the range of 5 to 10 gigatons, which
would kill 750 million to 1.1 billion people in the northern hemisphere imme-
diately and probably another two billion later.12 Even after START 11, the
nuclear arsenal remaining in the United States would probably still have an
upper bound of total yield on the order of 1.4 gigatons (see table A.1). This
reduced yield probably does not preclude the possibility of a nuclear winter.

Some warheads remaining in stockpile have selectable yields. If after
START II implementation, yield selections above their lowest options are dis-
abled, the total U.S. yield would be reduced to 0.5 gigatons (see table 1). It is
not clear if this could be implemented in an irreversible or verifiable way, and
this would bring the world only a modest step away from the horrific scenario
of a strategic nuclear war.

Obviously, the feasibility and verifiability of reducing explosive yields are
the crucial problems for any approach to disarmament. Trutnev et al.13 claim
that their proposed yield limit could easily be implemented making use of the
physical construction peculiarities of the modern nuclear weapons developed
in the USSR and the USA. Although the authors do not provide the details
saying: “Unfortunately, we cannot present details here,” readers can trust
their work, because of their access to classified information. In fact, Trutnev is
known as the “designer of the Soviet thermonuclear arsenal.”

g
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The assertion of this paper is that tritium elimination might be the
key to both feasibility and verification of a yield reduction. The best
way of achieving and verifying a substantial reduction of the explosive yield
might be the complete elimination of tritium from all nuclear weapons and
from the nuclear weapons production cycle. The yield would immediately go
down by a factor of 100 and be 0.025 gigatons with the current stockpile, 0.013
gigatons after implementing START II, and 0.0015 gigatons with 500 war-
heads.

The idea of using tritium decay as a forcing function was discussed exten-
sively in 1988 in the United States after the last production reactor at Savan-
nah River Plant had been shut down for safety reasons.!4 However, the basic
idea of the “forcing function” is different from this proposal in that it was
intended to force a reduction in numbers of warheads to keep pace with the
radioactive decay of tritium. This proposal is independent of the actual num-
ber of warheads that remain in the stockpile. Furthermore, the decay takes
years, whereas, elimination is immediate disarmament.

A.5 Implementation and verification of a yield reduction

by tritium elimination

Some problems of the tritium approach to reduce the yield are obvious. It is
difficult to estimate the potential of the remaining stockpiles, especially
because the technical assumptions made in this paper may not hold or cannot
be proven because the relevant information is kept classified. Tritium elimina-
tion would not be easy to implement as a bilateral verified agreement, because
not only may Russian and U.S. warheads be affected in an asymmetric way,
but it may be difficult to negotiate a verification procedure that includes on-
site inspection of warheads.

If a single country decided to do without high-yield weapons, it could elim-
inate tritium unilaterally and there would be no need for verification. This
could encourage other countries to do the same. If access to nuclear warheads
would be permitted to inspectors, tritium elimination could be verified. The
removal of the tritium is a simple process because tritium ampules are
designed to be replaced. The positions of tritium ampules in the warheads can
then be sealed, and the absence of tritium can be verified by a test of seal
integrity. Inspections of warheads would not reveal information on their inter-
nal design.

Remaining tritium stocks could be handed over to an international inspec-
tion agency. Since tritium decays with a half-life of 12.3 years, undeclared
stockpiles would be depleted relatively quickly. Complete verification would
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have to detect any clandestine production or transfer of tritium from civilian
stocks for military purposes. Tritium can be integrated in a verified cutoff for
the production of fissile materials.!® Military production reactors could be
shut down and verified by national technical means as well as on-site inspec-
tions. The main article shows that tritium control procedures could be estab-
lished which quickly detect any significant diversions of tritium.
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APPENDIX B: TECHNICAL ASPECTS OF SAFEGUARDS
FORICO AND ITCS

One significant quantity of tritium may be set equal to one gram, which is a
significant fraction of the typical amount used in one nuclear warhead, 2 to 3
grams. We assume that a diversion of a safeguards system should be able to
observe the diversion of one gram in a detection interval d; of one year. These
quantities and the derived details of control activities are depending on the
underlying control approaches (i.e., “ITCS” or “ICO”). As a result of the diver-
sion path analysis and the outlined regime scenarios, it becomes apparent
that two different control tasks have to be solved: verification of non-produc-
tion for weapons and verification of non-diversion from civilian facilities.!

Verification of non-production of tritium for weapon purposes is required
for both ICO and ITCS. For the ICO, verification of the cold standby status of
military production facilities is the most important task. For the ITCS, inspec-
tions have to be performed at all neutron sources (facility type 1, see table 6)
and at fuel fabrication plants (facility type 2). Verification here will rely
mainly on non-destructive analysis to detect raw-materials like lithium-6
which could be used for the production.

Verification of non-removal from civilian stocks of tritium is required for
the ITCS, and may be foreseen for the ICO in case the ITCS is not being simul-
taneously implemented. This has to be carried out at all facilities with signifi-
cant tritium inventories or throughputs (facility types 1b,d, 3 to 8). This task
is accomplished by material accountancy complemented by containment and
surveillance. at tritium handling facilities to deter against or to detect diver-
sion of tritium. Most civilian facilities which are affected by tritium controls
are already under international safeguards for nuclear materials, since tri-
tium can - like plutonium - only be produced in nuclear reactors or via other
strong neutron sources. This can be seen from table 6 which shows the world-
wide number of facilities of the eight types which are of relevance.

The diversion possibilities to extract inadvertently-produced tritium or to
remove tritium from existing civilian stocks would make it necessary to put a
small number of facilities worldwide under safeguards in addition to those
which are already inspected to verify fissile material inventories. The addi-
tional number of tritium-handling facilities probably is between 10 to 50
depending on the specific agreement. At nuclear reactors (facility types 1 a-
d), most tritium control activities concerned with verification of non-produc-
tion are already covered by routine nuclear safeguards procedures as carried
out by JAEA and Euratom. Current and future nuclear safeguards would be
effective in finding anomalies for most scenarios of tritium production and
would even suffice for tritium control in 20 percent of all paths.
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In other cases, additional measures (e.g., non-destructive analysis to iden-
tify lithium-6 or tritium accountancy) may be introduced which in turn may
enhance the efficiency of nuclear safeguards. Unreported breeding of tritium
of even small amounts would be detectable by those nuclear safeguards activi-
ties which are already implemented by the IAEA in order to detect unreported
breeding of plutonium from natural uranium. All neutron sources in which
more than one SQ (8 kilograms) of plutonium can be produced in one year are
under nuclear safeguards. Since tritium production is always in competition
to plutonium production, all facilities and possible paths which can breed 110
grams per year (i.e., the tritium equivalence to 8 kilograms plutonium per
year) are already under nuclear IAEA safeguards. The introduction of spe-
cially designed breeding targets within fresh fuel elements can be observed in
fuel fabrication facilities (type 2). If this is accomplished, the fuel elements are
sealed.

Further safeguards are carried out by item counting and seal inspection as
well as by containment and surveillance measures which is current practice.
The detection of tritium breeding targets in fuel elements can probably be
achieved with routine measurements of the uranium enrichment and total fis-
sile material content of fresh fuel assemblies after their final assembly. This is
done with the Neutron Coincidence Collar (NCC) which would show anomalies
on the insertion of undeclared target rods. For example, lithium-6 targets in
fresh fuel elements would cause a depression in the count rate as has been
shown in Monte Carlo simulations.? If these cannot be resolved by explana-
tions given by the plant operators, further, possibly destructive, investigation
would be triggered. The most difficult production scenario to detect would be
the covering up of lithium-6 target rods by declaring them as burnable poison
rods, which are in fact increasingly used to enable higher burnup of fuel.
Monte Carlo simulations demonstrate that the NCC response to such scenar-
ios may well result in anomalies.?

If this method turns out to be not sufficiently reliable, weighing of fuel
assemblies might be used as an additional measure. It is not yet part of IAEA
inspection activities. It would, however, be an easy method to provide an indi-
cation for substitution of nuclear fuel by lithium-6 because the weight would
be substantially reduced. This would at the same time strengthen nuclear
safeguards. Although TAEA safeguards to verify the content of fuel rods are
applied routinely prior to irradiation, the content of control rods is not checked
at all. Insertable control rods require non-destructive examination to identify
the neutron absorber material. Nuclear Resonance Absorption (NRA) at the
3.56 MeV level of Li-6 appears to be a promising method for this task.?
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Further control procedures for non-removal are required at heavy water
reactors (types 1b,d) and detritiation facilities (type 6) to detect unreported
removal of tritiated water. These can partly rely on IAEA safeguards required
for heavy water which, according to their stated goal, would already detect the
diversion of moderately tritiated heavy water containing more than 100 grams
of tritium within one year. The SQ of heavy water is 20 t. Tritiated heavy
water has a concentration of up to about 2 TBq/ kilogram, i.e., 20 t contain
some 110 grams. At present, such safeguards are implemented in Argentina
only.

Spent fuel at reactors (types la-d) or storages (type 3) has to be checked
against attempts to extract tritium accumulated in it as a by-product. This
can easily be achieved by visual control because any extraction method (e.g.,
employing heat treatment) would affect the integrity of surface and geometry
of fuel rods. :

The illegal removal of spent fuel from reactors or storages containing more
than 0.2 grams tritium would already be detected. Current nuclear safeguards
are designed to detect the diversion of fuel containing more than 8 kilograms
plutonium within 3 months. This corresponds roughly to 800 kilograms of
spent fuel which contain some 60 to 180 milligrams of tritium depending on
fuel type and burnup. Tritium accountancy complemented by containment and
surveillance is the appropriate control method at all tritium bulk handling
facilities (types 4-8) to verify non-removal of tritium.

Tritium accountancy is current practice at all tritium handling facilities
mainly for the purpose of radiation protection carried out by plant operators
and verified by national authorities. The precedent for this type is the agree-
ment between Euratom and Canada (see above).

The technical problems in accountancy can be aggregated and compared
by defining the expected accountancy capability E as a function of the mea-
surement accuracy in closing a material balance. This relationship can be
quantified to a certain extent by

E =325 XOpxA

where E is the expected accountancy capability (or relative standard deviation)
which is the minimum loss of nuclear material which can be expected to be
detected by material accountancy; A is the amount of material in the material
balance expressed as the larger of the inventory or throughput, and the factor
?’-25 corresponds to a detection probability of 0.95 and a false alarm probabil-
1ty of 0.05; 5, is the expected measurement accuracy for closing a material bal-
ance, i.e., the expected accuracy of material unaccounted for (MUF).2
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Expected measurement accuracies in nuclear safeguards based on inter-
national standards of accountancy, i.e., considered achievable in practice at
bulk nuclear facilities, range from 0.002 for uranium enrichment plants and
0.01 for plutonium reprocessing plants to 0.25 for separate waste storages.®
For heavy water in power reactors §; is estimated to be 0.005.7 A study under-
taken for two tritium laboratories with a total inventory of around 100 grams
arrived at the conclusion that the allowable limit for MUF should be 5 percent
of the inventory and at least equal to 3 g. 8

The main reason for these high numbers is the conservative approach in
estimating the amount of tritium.bound in the system and the measurement
uncertainty in inventory measurements. A more realistic assessment of MUF
based on experiences in the USA suggests a more optimistic conclusion. Most
measurement accuracies which are actually achieved in various tritium han-
dling facilities (except waste treatment) are between 0.0025 and 0.05. Mea-
surement accuracies at waste treatment facilities are about 0.2.2

The conclusion that can be drawn from these data is that a tritium accoun-
tancy capability can be achieved which compares well with the capability of
nuclear safeguards as performed by the IAEA.10 Radiation protection regula-
tions pose requirements on both SQ and detection time anyway which are far
more strict than necessary for verification of non-proliferation.

Because tritium is a gas, there are specific technical problems which
become apparent under certain circumstances. The most obvious one is that
tritium could easily be released unaccounted just by opening a valve. Such
weak points of accountancy can be managed by adding control measures other
than accountancy, e.g., a seal at the valve that prevents undetected releases.
However, physical protection of tritium cannot be guaranteed unless access to
tritium is successfully prohibited because it is easy to pass a tritium container
through a check-out point without being detected. But physical protection is
not a goal of nuclear safe-guards while the verification goal can be achieved
because any significant theft of tritium can be detected within one year by tri-
tium accountancy.

Taking into account the existing tritium stocks and sources (see table 4),
the conclusion can be drawn that verification of non-diversion of tritium is fea-
sible at reasonable costs. Not all facilities have to be inspected for tritium con-
trols. Procedures to verify the non-diversion of tritium have to be introduced
at a limited number of facilities (up to 50, depending on the specific control
instrument and membership) in which no nuclear materials but tritium are
handled (see table 6). There are less SQs of tritium to be controlled than SQs
of plutonium which are now under nuclear safeguards.!!
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Table B.1: Survey on facilities relevant for tritium control (worldwide)
L - "~

Facility Type® Total Ngmber Pu/HEU Minimum Maximum
in 1992 Safeg. Addgd for for ITCS and
Applied in ITCS Integrated
1992°¢ Cutoft®
Nuclear Power Reactors 424 201 0 424
Heavy Water Power Reactors (included in 1a) 32 (28) ) 32)
Research Reactors and Critical Assemblies 323 169 0 267"
Heavy Water Research Reactors (included in 1¢) n 3 ) ane
Military Production Reactors (including those shut-down) 51 0 0 51
Special Neutron Sources” 4 1 0 4
Fuel Fabrication Plants 42 23 0 42
Separate Spent Fuel Storage Facilities 28 19 0 28
Reprocessing Facilities 22 6 0 10'
Nuclear Waste Storages and Disposals 23 ] 3 7
Extraction Facilities for Tritiated Water 6 0 3 6
Research Facilities with Inventory or Annuat 12 0 4 12
Throughput > 1 gram
Tritium Manufacturers with Inventory or Annual 21 0 4 21
Throughput > 1 gram
Total 956 420 14 872

The numbers of facility types are the same os used in figure 2.
All figures are given as of December 31, 1992. Some include suspected facilities, some may fall short of the actual numbers because information about the existence of facilities
may not be availabie to the authors. Not included are faciiities which are plonned, under construction, shut down, or on stand-by except for facility type If. Main source: (Varley/
Dingle/Gee (1993)).12
Figures are given as of December 31, 1992, Source: IAEA (1993q).'?
These numbers show the difference between that required under current IAEA nuclear safeguards activities and that required if tritium is odded to the materials controlled under
the NPT, i.e., the integration of an international Tritium Control System (ITCS) into the NPT but without controlling the facilities in nuclear weapon states.
These numbers assume a combined implementation of an integrated Cutoff agreement and an TCS with all relevant states joining the respective trecties, This represents the ref-
erence caose in which the maximum number of facilities would fall under tritium control including former military production plonts which are assumed fo be heid in stand-by. This
number is smaller than the total number of existing facilities because some facilities lie beiow the critical threshold inventory, throughput, or production capacity.
it will be necessary only to control research reactors which can be used to produce more thon a certain quantity of fritium within @ yeor. 1 g/y is chosen as an example. In view
of the production rates of dedicated faciities as given in table 3 reactors with < 200 kWy, can probably be excluded from controls.
Only research reactors with > 12 MW,y have to be safeguarded to cover the heavy water path with production capacities lorger than 1 g/y (cf. table 3).
Presently this category covers spaliation neutron sources. In the future, fusion research facilities might have high enough neutron fluxes to produce a significant quantity of tritium
within one year. They will then fall under this type.
Only reprocessing plants with a capacity exceeding 10 fones heavy metat per year are included. Smaller facilities would probably not release more than 1 gram of tritium per
year and might therefore not fall under tritium control (see text).
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As a result, from the technical perspective, there are no fundamental
problems regarding the introduction of tritium control procedures with state-
of-the-art technology even if the SQ is set at one gram which is a conservative
estimate.
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