A RAND NOTE

Generating Tritium Using Civilian Reactors:
A Preliminary Evaluation of Alternative Concepts

Kenneth A. Solomon

RAND




The research described in this report was sponsored by the Under Secretary of Defense
for Acquisition under RAND’s National Defense Research Institute, a federally funded
research and development center supported by the Office of the Secretary of Defense and
the Joint Staff, Contract No. MDA903-90-C-0004.

vw

RAND is a nonprofit institution that seeks to improve public policy through
research and analysis. Publications of RAND do not necessarily reflect the
opinions or policies of the sponsors of RAND research.

Published 1992 by RAND
1700 Main Street, P.O. Box 2138, Santa Monica, CA 90407-2138



A RAND NOTE N-3203-1-ACQ

Generating Tritium Using Civilian Reactors:
A Preliminary Evaluation of Alternative Concepts

Kenneth A. Solomon

Prepared for the
Under Secretary of Defense for Acquisition

RA N D Approved for public release; distribution uniimited







iii

PREFACE

The present primer on tritium is part of a more broadly defined project initiated
in February 1990 for the Assistant to the Secretary of Defense (Atomic Energy). The
more broadly defined project has the following objectives: (1) to identify and, to the
extent possible, quantify alternative sources of tritium for use in the U.S. nuclear
stockpile; (2) to evaluate the feasibility and implications of acquiring tritium from
each of these alternative sources; and (3) to formulate and, to a limited extent,
evaluate alternative U. S. policies to acquire tritium from sources other than the
Department of Energy. The contents of this Note are based on information available

through June 1991.

The present unclassified Note is an abridgement of a classified Note that,

although limited in scope, supports the overall project objectives by providing several

pieces of technical information, specifically:

*  What is tritium?

. How could it be generated within the civilian reactor program?

*  What are the relative advantages and disadvantages of producing tritium
this way?

. How is tritium used in nuclear weapons?

In this Note, only the first three of these four issues are addressed.

The author emphasizes that this Note is limited to evaluating the advantages of
four civilian reactor concepts and the accelerator-breeder relative to each other; it does
not evaluate the desirability of these means relative to military production reactors or
purchases of tritium from foreign sources.

This study was sponsored by the Under Secretary of Defense for Acquisition. It
was carried out in the Applied Science and Technology Program of RAND’s National
Defense Research Institute (NDRI), a federally funded research and development
center sponsored by the Office of the Secretary of Defense and the Joint Staff.






SUMMARY

The unintentional moratorium on tritium production in the United States
began in early 1989. The continuing hiatus could affect government thinking,
strategy, and action in three time frames. In the short term, strategies and tactical
arms control might reduce the demand for tritium sufficiently to offset the decaying
tritium supply. In the mid term, an interest is emerging in using civilian nuclear
reactors to generate tritium. In the long term, a continuing hiatus in tritium
production could bolster support for DoE plans to replace the aging Savannah River
facilities.

This Note explains what tritium is and how it could be generated in the
intermediate time frame within the civilian reactor program. The contents of this

Note are based on information available through June 1991.

WHAT IS TRITIUM?

Tritium is a non-naturally occurring isotope of hydrogen with one proton and
two neutrons. By contrast, deuterium has one proton and one neutron and simple
hydrogen a single proton only.

Tritium is used to boost the yield and increase the efficiency of nuclear
weapons. Because tritium decays in about 12.5 years, maintaining a nuclear stockpile
inevitably means recharging weapons from time to time. Since all three of the
nation’s tritium-producing reactors are now shut down, alternatives must be assessed
for supplying tritium for military purposes.

Like ordinary hydrogen, tritium tends to combine with oxygen to form water. It
enters the human body as tritiated water in the form of food, liquid, or vapor. Once in
the body, tritiated water behaves much as ordinary light water (except, of course, that
it is radioactive). Tritium's biological half-life is about 12 days in humans. Tritium
replaces ordinary hydrogen atoms and can be incorporated into all body tissues,
including ovaries and testes, which produce reproductive cells containing the genetic
DNA.

Although, for practical purposes, tritium is non-naturally occurring, nitrogen 14
does yield carbon 12 and tritium when bombarded by neutrons from cosmic radiation.
Less than a thousand kilograms of tritium persists in nature from this source

(primarily in water at a ratio to regular hydrogen of 10 16 t6 one).
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Tritium can be formed through a number of different, human intervention
means: by power reactors; by dedicated production reactors (e.g., Savannah River); in
research reactors; in ship reactors (e.g., in nuclear submarines); and by accelerator-
breeders.

The nuclear reaction that forms tritium in reactors is summarized in the
equation below:

onl4gLi6— H34+oHet

A neutron (generated either in a nuclear reactor or in an accelerator-breeder)

bombards a lithium 6 atom to form one atom of helium and one of tritium.

ADVANTAGES AND DISADVANTAGES OF GENERATING TRITIUM USING
ALTERNATIVE CIVILIAN REACTOR CONCEPTS

The author evaluated four civilian reactor concepts—Light Water Reactors
(LWRs), Heavy Water Reactors (HWRs), High Temperature Gas Cooled Reactors
(HTGRs), Liquid Metal Reactors (LMRs)—and an accelerator-breeder (AB) in terms of
their relative advantages and disadvantages for generating tritium. Although these
relative advantages and disadvantages cannot be scaled to a common metric of
evaluation, a qualitative set of conclusions can be inferred.

A serious disadvantage common to each reactor concept is that both by statute
and by practice, the civilian nuclear industry is separate from the military nuclear
weapons industry—in terms of production material and fuel, funding, and analytic
capabilities. Attempts to merge these programs—even in the limited area of tritium
production—may be met with considerable resistance both socially and legally. This
resistance may be strong enough to forestall any efforts to overcome the tritium
shortage in this country.

Other problems facing each civilian alternative include scheduling
uncertainties associated with the licensing requirements and the design retrofits. All
designs have been or will be reviewed by the Nuclear Regulatory Commission for
safety, but they are unproven tritium producers.

The LWR concept is widely used in the commercial industry and thus well
known. The most significant problem with LWRs is that they lack a proven
technology for producing tritium. No LWR tritium targets of the reference design
have ever been irradiated; however, Westinghouse maintains that the target design is
based on a concept similar to the ceramic concept for burnable absorber rods that have

been used successfully in commercial pressurized water reactors. They also claim that



they understand the tritium retention mechanisms so well from tests of short lengths
of other target configurations that full-scale prototypical irradiations should not be
necessary. The Fuel Cycle Target and Technology Group (FCTTG) who evaluated this
and other concepts does not agree with the Westinghouse statement.

Another disadvantage for the LWRs is that new fuel fabrication facilities would
be required, if the DoE wanted that capability on site. Otherwise, the fuel could be
fabricated in existing facilities off site. Although the targets could be fabricated in
most existing fabrication facilities, tritium extraction facilities would have to be built.

Although low temperature HWR target technology is the choice for short-term
production, it is technically at a dead end. No additional benefits can be derived or
extrapolated from this mature technology, which has reached the limit of its potential.

The HWR concept has some passive safety features; however, like all other
reactor concepts, the HWR is subject to schedule risks. For the HWR, in particular,
one significant uncertainty emanates from the safety review process. Each new HWR
design would use the safety codes developed specifically for its design. The codes used
for the commercial industry (the Canadian CANDU reactors) would have to be
recalculated for higher fuel enrichments, heavy water moderation, and lower
operating pressure. However, from a target technology point of view, the HWR is
likely the clear choice.

General Atomics (La Jolla, California) has conceived of an HTGR design for
generating tritium. This design would also allow steam to be produced to run a
turbine and generate electricity. The other civilian derived concepts would likely be
dedicated to pure production. And, as such, separating the civilian energy-producing
task from the military, tritium-producing task may offer a significant challenge for the
HTGR specifically.

Compared to each of the other civilian reactor concepts, the HTGR concept may
offer some safety advantages; it has less of an experience base than the LWR but more
than the LMR and the HWR; and it has an advanced target technology.

The HTGR has a passive safety system. That is to say, even with the loss of
helium coolant, the HTGR maintains a significant safety margin when compared to
the loss of coolant in the alternative concepts.

There is only limited operating experience with HTGRs and that experience has
not been completely positive. Public Service Co. of Colorado’s Fort St. Vrain (the only

commercial HTGR) has been plagued with operational problems. However, the author
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expects that those types of problems would not likely appear in a tritium-producing
HTGR.

General Atomics’ target technology is the most advanced of all the non-HWR
concepts. The tritium targets are designed to last six months and retain their
integrity up to the same temperature as the fuel. General Atomics estimates a two
week maintenance and inspection outage each time the targets are removed. The
fabrication, irradiation, extraction, and processing experience with both HT'GR targets
and driver fuels was perceived as very promising by the FCTTG, but short of a full-
scale prototype demonstration.

Although both General Electric and Rockwell International have proposed
commercial LMR designs, they have not expressed a strong interest in linking these
commercial concepts to weapons production even though some of their earlier concepts
were so linked.

The current General Electric concept is a nonbreeder and the Rockwell
International concept has a breeding ratio only slightly greater than unity to make up
for fuel cycle losses. Both reactors rely on inherent safety features of liquid sodium as
a coolant and use natural convection for heat decay removal.

General Electric’s Power Reactor Inherently Safe Module would be a 1395
megawatt (net) pool type reactor plan consisting of three, 465 megawatt powerblocks.
Each block would consist of three 155 megawatt modules, which include a nuclear
steam supply system and a turbine, so that targets could be changed in one module
while the rest operated, providing the production flexibility so attractive in the HTGR.

Tritium target technology for the LMR is very preliminary. Because the LMRs
raison d’etre is to produce neutrons and plutonium and it cannot do so as efficiently if
it is also producing tritium. Its value as a tritium producer should be evaluated as a
longer-term objective. Material availability is another issue that would impede
implementation of the LMR in the near term.

A nonreactor concept that may also provide a viable means for producing
tritium is the AB. The AB is an old concept first introduced by Van Atta at Lawrence
Livermore Laboratory in the 1950s and carried to an advanced commercial stage. The
AB concept was given up when nuclear reactor schemes for production of plutonium
and tritium advanced. In the last few years the AB concept has been advanced by
Brookhaven National Laboratory.

The concept consists of running a beam of protons or deuterons from an

accelerator into a complex target containing uranium or a lithium-containing
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structure. The beam is at about 1 GeV (600 to 2000 MeV have been studied), and
intense neutron multiplication by nuclear spallation takes place. These neutrons
provide plutonium and tritium by the standard reactions. Heat generated in the
target may be used to provide some or all of the power requirements to run the
accelerator.

The technology for the ABs is fairly well in hand. Some uncertainties persist
regarding target performance and longevity. However, some of this uncertainty may

be reduced given the wide variety of target materials available.
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1. INTRODUCTION

THE POLICY CONTEXT

Tritium is used to boost the yield and increase the efficiency of nuclear
weapons. Because tritium decays in about 12.5 years! maintaining a nuclear
stockpile inevitably means recharging weapons from time to time. All three of the
nation’s tritium-producing reactors are currently shut down .

The current unintentional moratorium on tritium production in the United
States began in early 1989. A recent attempt by the Department of Energy (DoE) to
restart one of the three tritium-producing reactors at the Savannah River plant in
South Carolina ended in failure when tritium leaked into the environment. Thus,
alternatives must be assessed for supplying tritium for military purpos_es.2

We could identify several policy options to address what would appear—at
least at first glance—as a nearly insurmountable problem. These policy options

include:

1. Accepting a decreasing inventory of tritium, reducing weapons
dependence on tritium or facilitating moves toward global arms control
(an option which is occurring effectively today).

Cannibalizing (for temporary relief) from weapons’ stockpiles.
Restarting the Savannah River production facilities.

Building new military production facilities.

Purchasing tritium from foreign suppliers.

S

Converting civilian reactors.

Each of these policy options has advantages. Most have substantial political
uncertainties. And they operate over different time frames. In the short term,
strategies and tactical arms control might reduce the demand for tritium sufficiently
to offset the decaying tritium supply. In the mid term, an interest is emerging in

using civilian nuclear reactors to generate tritium. In the long term, a continuing

IBenedict and Pigford (1957).
2Giersze (1989),
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hiatus in tritium production could bolster support for DoE plans to replace the aging

Savannah River facilities.3

PROJECT SCOPE
The project of which this Note is a part addresses the following objectives:

1. Identify and, to the extent possible, quantify alternative sources of
tritium for use in the U.S. nuclear stockpile.

2.  Evaluate the feasibility and implications of acquiring tritium from each of
these alternative sources.

3. Formulate and, to a limited extent, evaluate alternative U.S. policies to

acquire tritium from non-DoE sources.

SCOPE OF THIS NOTE

This Note is written as an abbreviated, tutorial tool and as such contains only
limited analyses and draws few conclusions. Although the Note is limited in scope, it
supports the overall project objectives by providing several pieces of technical
information. Specifically, Sec. 2 provides a technical description and characterization
of tritium and a discussion of the potential health hazards associated with it.

Section 3 discusses how tritium is formed both in nature and by human
intervention, identifies alternative means of generating tritium in the mid-term
future, and for one of those means—civilian reactor production—compares the
advantages and disadvantages of alternative reactor concepts and of the accelerator-

breeder.

3Aviation Week and Space Technology (1989); Nucleonics Week (1988b); Kammash and
Galbraith (1989); and Gray (1990).
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2. WHAT IS TRITIUM?

PHYSICAL DESCRIPTION AND PHYSICAL CHARACTERISTICS
Tritium—discovered in 1934 by Oliphant, Harteck, and Rutherford—is a non-

naturally occurring isotope of hydrogen with one proton and two neutrons (see Fig.

1). By contrast, deuterium has one proton and one neutron and simple hydrogen (one

proton only).

'S

Fig. 1—An atom (or isotope) of tritium

Each isotope of hydrogen, including tritium, normally occurs in a bi-valent
state, two atoms forming a molecule. Tritium has an atomic mass of 3.016997 Atomic
Mass Units (AMU) and a molecular weight of 6.036.4

Tritium is radioactive and has a half-life of 12.46 years. It decays by emitting
a beta with a maximum energy of about 18.7 KeV, an average energy of 5.7 KeV, and

a specific activity of 9,600 curies per gram.5

4Benedict and Pigford (1957); and Lamarsh (1966).

S5Tritium, although very rare on earth, does occur in measurable quantities in nature. Triton
emission, although slow compared to other nuclear decay modes, does occur terrestrially. Nuclear
processes in stars, solar wind interactions, etc., continually produce large quantities of tritium. See
Benedict and Pigford (1957); and Lamarsh (1966).
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BIOLOGICAL HAZARDS OF TRITIUM

Tritium can be generated specifically for the purpose of supporting a nuclear
weapons stockpile or incidentally as a by-product of normal power reactor operation.
Either way, the potential health hazards of tritium must be addressed.b

Like ordinary hydrogen, tritium tends to combine with oxygen to form water.
It enters the human body as tritiated water in the form of food, liquid, or vapor. Once
in the body, tritiated water behaves much as ordinary light water (except, of course
that it is radioactive). Tritium’s biological half-life” is about 12 days in humans.
Tritium replaces ordinary hydrogen atoms and can be incorporated into all body
tissues, including the ovaries and testes, which produce reproductive cells containing
the genetic DNA.

The ability of tritium to become assimilated into human cells poses special
concern about its cumulative effects. In air, beta rays can penetrate up to several
meters, but in soft tissue, their range is only a few millimeters. Sources of beta
particles outside the body are likely to affect only surface tissues such as skin and the
structures of the eye. Beta particles emitted inside the body will affect cells in or
near the tissue or organ in which they are released.8 There remain some
uncertainties regarding the cumulative impact of tritium in the human body. One
theory suggests that tritium concentrates in some molecular structures, yielding to
them a dose much larger than the average dose to the individual as a whole.?

A second theory supported by the International Commission on Radiological
Protection (ICRP), the Nuclear Regulatory Commission (NRC), and Occupational
Safety and Health Administration (OSHA) allows for relatively large amounts of

tritium in the body water and tissues of humans without substantial health effects.

STritium presents a special problem in pressurized water reactor waste disposal because of
the large amounts of radionuclide formed in the primary coolant from neutron interaction with
boron. The tritium, as tritiated water, becomes an integral part of the coolant water from which the
tritium cannot be separated either by evaporation or by demineralization. Some of the tritium is
discharged as tritiated water vapor with gaseous effluent but most remains in the liquid wastes.

Biological half-life is the time it takes for the human body to eliminate 50 percent of its
initial dose. The International Commission on Radiological Protection (ICRP) contends that this
12 day biological half-life can be shortened by drinking larger than normal quantities of water.
For more information, sece NCRP (1979).

8See NCRP (1979).

9Mewissen (1984).
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In 1977 the ICRP published new occupational radiation standards that increase the

amount of tritium allowed in the body tissue from 1,000 to 4,000 microcuries. 10

10Members of the public or the “general population” are allowed 10 percent of the
occupational dose. It should be noted that even within the ICRP there has been some disagreement
as to the health impact of tritium. There was some controversy as to whether tritium was evenly
distributed in the human body or whether tritium sought DNA, thus irradiating selectively the cell
nucleus at a relatively high dose rate because of the cell’s relatively small volume.
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3. HOW IS TRITIUM FORMED?

ALTERNATIVE MEANS OF GENERATING TRITIUM

Although tritium is, in a practical sense, non-naturally occurring, nitrogen 14
does yield carbon 12 and tritium when bombarded by neutrons from cosmic radiation.
Hundreds of kilograms of tritium exist in nature from this source (primarily in water
at a ratio to regular hydrogen of 10716 to one). 11

Tritium can be formed through a number of different, human intervention
means: by power reactors; by dedicated production reactors (e.g., Savannah River);
by research reactors; in ship reactors (e.g., in nuclear submarines); and by
accelerator-breeders.12

The nuclear reaction that forms tritium in reactors is summarized in Fig. 2

and symbolized by the following equation: 13

1 :6 3 4
ot +,Li"— H'+,He

A neutron (generated either in a nuclear reactor or an accelerator-breeder)

bombards a lithium 6 atom to form one atom of helium and one of tritium.

11 According to United Nations (1982), most cosmic formed tritium is found in the oceans
(65 percent) with small amounts in the stratosphere (6.8 percent) and troposphere (0.4 percent) but
a significant amount (27 percent ) is distributed on the land surface and in the biosphere.

12For a more detailed discussion, see Giersze (1989).

13The nuclear reaction given in the equation is not the only reaction capable of forming
tritium. Many compound nuclei formed by heavy water in collisions or fusion of light nuclei can
decay through the triton emission decay channel. The equation represents the most commonly
encountered tritium-producing nuclear reaction in the present context.

The role of electrons in nuclear reactions is not simple; the use of “atom” in the discussion
of the equation is a little cavalier. Atomic processes are involved in the neutralization of ions
formed by the nuclear reaction. The presence of electrons in the lithium 6 atom is not relevant.
The process of interest is the bombardment of a lithium 6 nucleus to form a triton and an alpha
particle; the formation of tritium and atomic helium follows. The lithium 6 nucleus is best
regarded as a bound state of an alpha particle and a deuteron. See, for instance, Halliday (1955).
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Fig. 2—The formation of tritium

COMPARISON OF TRITIUM PRODUCTION BY CIVILIAN REACTORS

Tritium can be generated in a number of ways . Because the present study
focuses only on production of tritium by power reactors and accelerator-breeders, we
will limit our discussion to these two categories, specifically, Light Water Reactors
(LWRs), Heavy Water Reactors (HWRs), High Temperature Gas Cooled Reactors
(HTGRs), Liquid Metal Reactors (LMRs), and an accelerator-breeder (AB).

The four reactor concepts plus the accelerator-breeder concept have some
relative disadvantages and advantages as summarized in Table 1. Although the
relative advantages and disadvantages cannot be scaled to a common metric of
evaluation, this table does provide some insights.

A serious disadvantage common to each reactor concept is that both by
statute and by practice, the civilian nuclear industry is separate from the military
nuclear weapons industry—in terms of production material and fuel, funding, and

analytic capabilities.



Table 1
Advantages and Disadvantages of Alternative Civilian Reactors for
Generating Tritium
Advantages Disadvantages
LWR

Construction, fuel, operational
experience, the NRC licensing procedure,
and costs (construction, fuel, and operating)
are best understood for the LWR.2

The LWR has the most mature
infrastructure (e.g., waste handling, grid
link, vendors).

Several potential LWR candidates exist

for conversion (e.g., SMUD and WNP-1).¢

As with all civilian reactor concepts,
military production is excluded by statute.

Target technology is feasible but requires
further development and testing. A full-scale
model is likely needed. Some technological and
scheduling uncertainties remain.P

If plutonium production is also desired, it

may be expensive in terms of uranium

inventory, cost of electricity, and reprocessing.d
Even though LWRs have the highest

experience base, uncertainties still exist about

siting, waste disposal, and public acceptance.®

HWR

At Savannah River, plutonium and
tritium production, fuel cycle facilities,
waste system, and operational support for
the infrastructure are in place.

May have simplified engineering
requirements because of low temperature
and pressure requirements.f

Compared to the current Savannah
River reactors, we expect more passive
decay heat removal.f

Auxiliary facilities at Savannah River
may offset some of the capitalization and
operational costs of the HWR.f

A

As with all civilian reactor concepts,
military production is excluded by statute.

No licensing experience in this country.f

Limited experience (relative to all other
reactor concepts) on safety and environmental
a.nalyses.f

Limited effort on low probability, high
consequence safety analyses.f

Subject to higher schedule and cost
uncertainties relative to LWRs and HTGRs.

None operating commercially in the United
States.®

Unclear as to the extent to which we
expect revenues from the sale of energy.
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Table 1 (continued)

HTGR

Inherent safety.h
Fuel and target capsules provide a

reliable containment for tritium.i
Modular design for HTGRs is highly
compatible with customized tritium

production rates.f
Simplified construction may reduce

capital costs of future plants.f

As with all civilian reactor concepts,
military production is excluded by statute.

Very limited commercial experience
with HTGR.

Some concern over system availabilityJ

Capital construction costs may be high
in early stages of indust:ry.h

Pu production has not been

demonstrated but is feasible X

LMR

In the long run, may be a very attractive
concept because of its superior neutron
economy, its ability to produce high grade
plutonium, and modularity.f

Modular concept allows for flexible
expansion.f

Some safety features (as in the HTGR)
are inherent, such as passive decay heat
removal |

As with all civilian reactor concepts,
military production is excluded by statute.

Limited operational and engineering
experience; very much a first of a kind
concept.

Sodium (and other liquid metal
coolants) may present high health, safety,
and environmental risks.5™

Limited licensing experience.

Considerable cost and schedule
uncertainties in construction, as well as
operational uncertainties.

Target technology is at an early stage of
development.!

Both R&D and qualification testing are
required.!

Although large, commercial reactor
concepts operate at temperatures too high
for tritium production, they could, perhaps,
be modified.’, M

Accelerator-Breeder

A wide variety of potential targets are
available according to Brookhaven.C

Because this concept does not go critical,
it has different (generally, lesser) safety
concerns than nuclear reactors.f

Can even produce mixed Pu and T using
composite targets.C

Although the technology is well
understood, large-scale engineering has not

been demonstrated.®
Substantial uncertainties with target

longevity and performance.®

Licensing and safety analyses
undetermined.f
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Table 1 (continued)

8L WRs have the highest level of operational experience of any reactor concept.
bFor WNP-1 conversion, testing in situ may be feasible after the reactor is completed.

€This speculation is based on the potential interest on the part of the utility to try to sell
these facilities.

dFor a detailed discussion of the cost of plutonium production and plutonium value, see
Solomon (1978).

©The concern over siting applies to all reactor concepts including the LWR. One measure
of this concern is the controversy as to what the proper population exclusion zone around the
reactor is. This is discussed in Solomon and Kastenberg (1985b) and Solomon (1988).

Confusion with regard to radioactive waste disposal persists for all reactor concepts and
would clearly be exacerbated for any reactor concept that serves jointly in both a civilian and
military capacity (as an example, Triplett et al. (1982) and Dineen, Solomon, and Triplett
(1980.)

One factor that has plagued the civilian nuclear industry since its inception is public
acceptance. Merging parts of the civilian industry with military production of tritium will
only serve to exacerbate the public acceptance controversy. The literature is rich with
discussions of these issues. See, for example, Salem, Solomon, and Yesley (1980).

fThis is based on the author’s understanding and personal interpretation.
EHWR is operable at the Savannah River plant.

hThe construction process and materials associated with an HTGR may be simpler than
those associated with an LWR and although the HTGR may be more expensive to construct in
the near term than an LWR, in the long term this trend may reverse. See Solomon and Salem
(1980).

1Dietz (1988).
JBased on performance history at Fort St. Vrain and at Peach Bottom.

KkSee Solomon (1978) for a detailed discussion of the production rates and dollar values
associated with specific radioisotopes. Also see Dietz (1988); and Diercks (1973).

1Some of the inherent safety features have been demonstrated in EBR-II and some of these
have been discussed in Solomon (1980), and Kastenberg and Solomon (1979).

MAlso see Energy Research Advisory Board (1988); and Dietz (1988).
NDjetz (1988); Quanci (1989); and Yamaguchi (1989).
OBNL (1989).

Attempts to merge the civilian and military programs—even in the limited area of
tritium production—may be met with considerable, possibly insurmountable,
resistance both socially and legally. 14 This resistance may be strong enough to
forestall any effort to overcome the tritium shortage in this country.

A second disadvantage common to each civilian reactor concept is that there
is likely some safety degradation associated with the use of a lithium target for
tritium production. Because the lithium target is also a neutron absorber or neutron
poison, its presence in a reactor core would require additional fissile material in the

core. In the event of a core melt or partial core melt, this additional concentration of

14The law would have to be changed to allow generation of tritium in civilian reactors.
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fissile material in the vicinity of the target along with the different heat transfer and
melt properties of lithium compared to uranium would alter the reactivity-
temperature feedback coefficient. This negative coefficient would become less
negative. Hence, reactor control would be different than previously assessed without
the target in place. Not only would the reactor have a reduced time coefficient for
control (i.e., it would be more difficult to control because the nuclear reactions would
be happening faster), its control would not have been previously assessed. Hence, at
a minimum, the safety implications of this changed flux because of the lithium target
must be carefully assessed.18 Other problems facing each of these civilian
alternatives include scheduling uncertainties associated with the licensing
requirements and the design retrofits. All the designs have been or will be reviewed
by the NRC for safety, but they are unproven tritium producers: the HTGR is the
farthest along.

LIGHT WATER REACTORS

The LWR concept is used widely in the commercial industry and thus well-
known. The most significant problem with LWRs is that they lack a proven
technology for producing tritium. No LWR tritium targets of the reference design
have ever been irradiated. That design is complex, both in concept and in design, and
requires that a long, thin, brittle permeability barrier, whose characteristics are not
well understood, operate reliably in the aggressive environment of an LWR.16 This
concept could be proven in time for a second-generation tritium producer, perhaps, if
a valid series of full-scale statistically significant prototypical demonstrations could
be performed (including prototypical irradiations in an operating commercial
reactor).17 Given the legal and social constraints that would slow down these
demonstrations, the author expects that the LWR tritium-producing route will face
difficult challenges. In absence of these demonstrations the inferences that could be
drawn from a complex series of less definitive experiments (even if successful) could

not provide the necessary statistical confidence. 18

15Quantification of this impact is far beyond the scope of this Note. However, a general
discussion of how the magnitude of feedback coefficients affects reactor stability is available in
most nuclear reactor texts dealing with reactor kinetics. As one reference, see Solomon (1972).

16Dietz (1988).

1"Dietz (1988).

18This concern was reinforced when, on April 15, 1988, Westinghouse proposed a much
more extensive development program ($120 million) than they had previously proposed (Energy
Research Advisory Board, 1988).
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A Westinghouse/Bechtel team, which also proposed an HWR concept,
proposed two LWR technologies for producing tritium. The first is a Special Water
Reactor (SWR) based on the design of Union Electric Company’s Callaway Reactor,
and conversion of the Washington Public Power Supply System’s (WPPSS)
mothballed WNP-1. The SWR would be very similar to Callaway, a four-loop, 1-17
Gigawatt net, modular PWR.19

That design is essentially complete as of July 1988 and could be used as a
basis for the SWR concept with its slightly larger reactor vessel. WNP-1, a 1250-MW
Babcock & Wilcox PWR, is about two-thirds complete. The plant’s major systems
have been installed and the reactor design is almost complete. In 1987 Bechtel
claimed that conversion was feasible, and further claimed that it could finish the
plant for the original $1.6 billion price tag.20

The second concept is a small spin-off of the Westinghouse AP-600, called a
Small Advanced Special Water Reactor (SASWR).21 The SASWR would be a two-
loop, 700 megawatt net, modular PWR. Like the AP-600, the SASWR would have
fewer valves, fewer large pumps, and less piping than current LWRs. The SASWR
would rely on passive safety injection systems, passive decay heat removal systems,
and passive containment cooling using gravity and natural convection. Thus the
SASWR would have inherent (passive) safety.22

The fuel for each of these two LWR concepts would have a three-year life with
one-third of the core changed each year.23 Westinghouse began its SWR design
using highly enriched uranium, but its enrichment was gradually lowered to 8.5
percent to preclude re-criticality problems.24

The ceramic lithium-aluminum target rods would be contained in a stainless
steel tube with a tritium diffusion barrier and a getter in the tube to retain the
tritium during irradiation. Westinghouse has tested small-scale targets in the Idaho

National Laboratory Advanced Test Reactor (ATR) and would test full-length

19Energy Research Advisory Board (1988); Dietz (1988); and Nucleonics Week, (1988a).

20See Nucleonics Week (1988a), p. 13. The author notes that the nuclear industry has
almost consistently underestimated completion costs by a substantial amount.

21Nucleonics Week (1988a).

22A°bdom et al. (1989); Nucleonics Week (1988a).

23This is similar to the fuel life for commercial LWRSs.

24Commercial LWR concepts use uranium enriched to about only 2.7 percent to 3.0
percent in U-235. See Energy Research Advisory Board (1988); Dietz (1988); and Nucleonics
Week (1988a).
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simulated targets in a commercial operating reactor. The targets would have a one
year lifetime.25

Westinghouse anticipates a 42 days per year outage time for target change-
out, refueling, and maintenance for its SWR concept. Unlike General Atomics’
targets, the Westinghouse targets have not been demonstrated.26

Westinghouse maintains that the target design is based on a concept similar
to the ceramic concept for burnable absorber rods that have been used successfully in
commercial pressurized water reactors. They also claim that they understand the
tritium retention mechanisms so well from tests of short lengths of other target
configurations that full-scale prototypical irradiations should not be necessary. The
Fuel Cycle Target and Technology Group (FCTTG) who evaluated this and other
concepts does not agree with the Westinghouse statement.27

Another disadvantage for the LWRs is that they would require new fuel
fabrication facilities, if the DoE wanted that capability on site. Otherwise the fuel
could be fabricated in existing fabrication facilities off site. Although the targets
could be fabricated in most existing facilities, tritium extraction facilities would have
to be built.28

HEAVY WATER REACTORS

The HWR concept has some passive safety features and uses heavy water as
the moderator. Like all other reactor concepts, the HWR is subject to schedule risks.
For the HWR, in particular, one significant uncertainty emanates from the safety
review process. Each new HWR design would use the safety codes developed
specifically for its design. The codes used for the commercial industry (the Canadian
CANDU reactors) would have to be recalculated for higher fuel enrichments, heavy
water moderation, and lower operating pressure.29

Nonetheless, low-temperature HWR target technology is the choice for short-

term production. However, it is technically at a dead end. No additional benefits can

BNucleonics Week (1988a).

25Nucleonics Week (1988a).

Z7For a general discussion of the relative advantages and disadvantages of each of these
reactor technologies in producing tritium, see Energy Research Advisory Board (1988). A more
detailed list of citations appears in the Bibliography.

28Nucleonics Week (1988a).

29The tritium producing HWR may also have a reversed coolant flow relative to its
commercial counterpart.
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be derived or extrapolated from this mature technology, which has reached the limit

of its potential.

HIGH-TEMPERATURE GAS-COOLED REACTORS

General Atomics (La Jolla, California) has conceived of an HTGR design for
generating tritium. This design would also allow steam to be produced to run a
turbine and generate electricity. (The other civilian-derived concepts would likely be
dedicated purely to production. Separating the civilian energy-producing task from
the military tritium-producing task may pose a significant challenge for the HGTR.)

The HTGR design consists of eight, 135 megawatt, helium cooled, graphite
moderated modules. Each module would contain a carbon steel reactor vessel, an
incoming crossduct, and a vessel housing a helical coil steam generator and a motor-
driven main helium circulator. Each module would have its own turbine, which could
allow production of different isotopes as well as staggered refueling and target
change-out times.30

Compared to each of the other civilian reactor concepts, the HTGR concept
may offer some safety advantages; it has less of an experience base than the LWR but
more than the LMR and the HWR; and it has the most advanced target technology.

The HTGR has a passive safety system. That is to say, even with the loss of
helium coolant, the HTGR maintains a significant safety margin when compared to
the loss of coolant in the alternative concepts.

There is only limited operating experience with HTGRs, and that experience
has not been completely positive: Public Service Co. of Colorado’s Fort St. Vrain (the
only commercial HT'GR) has been plagued with operational problems. However, the
author expects that those types of problems would not likely appear in a tritium-
producing HTGR.31

30The safety advantages of the HTGR over almost all other reactor concepts include: (1) a
passive heat removal system; (2) a relatively extended heat transfer time constant; (3) high heat
capacity core; and (4) a single phase, inert, moderate pressure coolant. These safety features are
discussed in Solomon and Salem (1980). Safety features for many of the reactor concepts are
compared in Solomon (1980); Kastenberg and Solomon (1979); Solomon (1975); Solomon (1974);
Solomon (1988); and Solomon and Kastenberg (1985a). See also Energy Research Advisory
Board (1988); and Dietz (1988).

31According to Linden Blue, General Atomics Vice Chairman of the Board, every
performance problem experienced by Fort St. Vrain has been linked to the unique design of the
helium circulators (Nucleonics Week, 1983, p. 12). The Fort St. Vrain reactor has bearings that are
cooled by water, rather than oil, which has resulted in water leakage into the helium coolant. The
bearings for the proposed tritium generation HTGR would likely be conventionally cooled.
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General Atomics’ target technology is the most advanced of all the non-HWR
concepts. The tritium targets are designed to last six months and retain their
integrity up to the same temperature as the fuel. General Atomics estimates a two-
week maintenance and inspection outage each time the targets are removed. The
fabrication, irradiation, extraction, and processing experience with both HTGR
targets and driver fuels was perceived by the Fuel Cycle, Target, and Technology
Group to be very promising, but short of a full-scale prototype demonstration.32

The tritium recovery technology consists of crushers to fracture the target
particles and a vacuum furnace with a purification system. Reprocessing of driver
fuel could make major use of existing facilities at Savannah River and at the Idaho
National Energy Laboratory (INEL).33

LIQUID METAL REACTORS

Although both General Electric and Rockwell International have proposed
commercial LMR designs, the companies have not expressed a strong interest in
linking these commercial concepts to weapons production even though some of their
earlier concepts were so linked.34

The current General Electric concept is non-breeder and the Rockwell
International concept has a breeding ratio only slightly greater than unity to make
up for fuel cycle losses. Both reactors rely on the inherent safety features of liquid
sodium as a coolant and use natural convection for heat decay removal.

General Electric’s Power Reactor Inherently Safe Module (PRISM) would be a
1395 megawatt net, pool type reactor plan consisting of three, 465 megawatt power
blocks. Each block would consist of three 155 megawatt modules, which include a
nuclear steam supply system and a turbine, so that targets could be changed in one
module while the rest operated, providing the production flexibility so attractive in
the HTGR.35

The reference commercial fuel is Argonne National Laboratory’s metallic fuel,
although oxide fuel could also be used. Like the HTGR, the PRISM could be housed

32Energy Research Advisory Board (1988); Dietz (1988); and Winfrieth (1972).

33A’bdom et al. (1989); and Nucleonics Week (1988a).

34Energy Research Advisory Board (1988); Nucleonics Week (1988a); and Winfrieth
(1972).

35Nucleonics Week (1988a).
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in an underground silo, and the reactor module would be factory fabricated and
shipped to the site in one piec_e.36

Rockwell International’s concept would be a Sodium Advanced Fast Reactor
(SAFR). It would be a 1800 megawatt net, pool type plant consisting of four, 450
megawatt modules. Fuel options are the same as for the PRISM.37

Tritium target technology for the LMR is very preliminary. Because the
LMR’s raison d’etre is to produce neutrons and plutonium, and it cannot do so as
efficiently if it is also producing tritium,its value as a tritium producer should be
evaluated as a longer-term objective. Material availability is another issue that
would impede the implementation of the LMR in the near term.38 (That is, there is
not enough plutonium available to initially load the reactor-unless it is to come from

dismantled nuclear weapons.)

ACCELERATOR-BREEDERS

A nonreactor concept that may also provide a viable means for producing
tritium is the AB.39 The AB is an old concept first introduced by Van Atta at
Lawrence Livermore Laboratory in the 1950s and carried to an advanced commercial
stage. The AB concept was giveh up when nuclear reactor schemes for production of
plutonium and tritium advanced. In the last few years the AB concept has been
advanced by Brookhaven National Laboratory and Los Alamos National
Laboratory.40

The concept consists of running a beam of protons or deuterons from an
accelerator into a complex target containing uranium or a lithium-containing
structure. The beam is at about 1 Gigavolt (600 to 2000 MeV have been studied), and
intense neutron multiplication by nuclear spallation takes place. These neutrons
provide plutonium and tritium by the standard reactions. Heat generated in the
targets may be used to provide some or all of the power requirements to run the

accelerator. 41

36Nucleonics Week (1988a).

37Dietz (1988); Diercks (1973); and Nucleonics Week (1988a).

38Dietz (1988); and Diercks (1973).

39Since the AB is not a reactor (it never goes critical), a neutron source is required, hence
the accelerator component.

“4OInformation on the AB concept was gained through informal discussions with Bruno
Augenstein, The RAND Corporation, and with Milton J. Clauser, Assistant to the Director, Pulsed
Power Sciences, Sandia National Laboratory. Their concept known as the Accelerator Production
of Tritium (APT) program is summarized in BNL (1989).

4IBNL (1989).
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The technology for the ABs is pretty much in hand. Some uncertainties
persist regarding target performance and longevity. However, some of this
uncertainty may be reduced given the wide variety of target materials available.42

Safety studies applicable to nuclear reactors are, for the most part, not
applicable to the AB. Although Brookhaven National Laboratory has assessed the
AB concept, it is not clear to what extent this assessment considered safety and
environmental analyses.

The AB can generate either plutonium or tritium or some combination of

plutonium and tritium using a composite target.43

42BNL (1989).

43Brookhaven studies have used currents of up to 600 milliamps (capable of producing 2.0
to 2.4 metric tons of plutonium per year, or in a tritium dedicated facility, up to 20 kilograms per
year). The material produced is very clean (i.e., the plutonium contains minimum contaminants).
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