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plant, but throughout the Soviet design, operating, and regulatory organ-
izations that existed at the time.” More important, at least in regard to
the safety of the TVA reactors that are to be used for tritium produc-
tion, is that study’s emphasis on management’s role in shaping the
motivational environment: “Safety culture . . . requires total dedication,
which at nuclear power plants is primarily generated by the attitudes
of managers of organizations involved in their development and
operation. ™16

In the U.S. nuclear establishment, such abstract concepts were at first
no better received than Perrow’s systems theories. The initial emphasis
for the NRC and the nuclear industry after the TMI and Chernobyl acci-
dents was to find practical ways to accommodate, without having to shut
down any powecr plants, the new reality that severe accidents could really
happen and were really dangerous.

The New Science of Severe Accidents

In hindsight, the fundamental flaw in the government’s approach to
reactor safety was the artificial distinction it made between “credible”
and “incredible” accidents, particularly since it used a rather soft con-
notation of the word “credible.” The formulators of the original licens-
ing approach knew core melt accidents were possible: an accident at one
of the experimental reactors had shown that.”” But they felt that reac-
tors could be made adequately safe by protecting against all the accident
scenarios that were likely enough to be worth thinking about. Intuitively,
they judged that core melt accidents didn’t fall into that category. They
looked at safety from a black-and-white perspective: some accidents one
worrles about, some are so unlikely that one doesn’t. What they learned
from TMI and its aftermath was that the measure of importance of a
particular type of accident is not just its probability but the product of
its probability times its consequences. On that basis, core melt accidents,
unlikely as they are, dominate nuclear power’s threat to public health.
A simple example may help. If a hang glider manufacturer hired a
safety engineer to evaluate a new design for its safety characterisrics, a
fairly straightforward approach would suffice. The engineer would study
the kinds of accidents that had happened with other hang glicers, analyze
what went wrong in most cases, and modify the design wo those things
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wouldn’t go wrong with the new design. What is straightforward about
this task is that the event to be avoided is a crash—any crash. In a sense,
all crashes are equal, because they result in the same consequence: the
injury or death of onc person.

In contrast, a nuclear power plant accident has the potential to cause
fatalities ranging in number from none or a few to tens of thousands.
This wide range of outcomes changes how designers must think about
safety. For example, if a particular type of event that occurs only once
in 10,000 years causes 10,000 fatalities, its contribution to public risk
is one fatality per year. This would be far more important than a differ-
ent type of cvent that occurs every ten years, but on average causes
a fatality only 1 percent of the time (its contribution to public risk is
0.1 x 0.01, or 0.001 fatalities per year).

Reactor safety analysts now know that nuclear power plants are a
special type of complex system whose risk to the public is dominated by
“low-probability, high-consequence events.” For such systems, safety
engineers are not focusing on the right issues if they arbitrarily ignore
all low-probability events. Because of the huge range of accident conse-
quences, it is necessary instead to think about the risk profile over a wide
range of event probabilities.

Early in the history of the nuclear industry there were hints of this
reality. A study done for the AEC in 1957 estimated that a severe acci-
dent could cause 3,400 deaths and cost $7 billion in property damages.!
llight years later the study was revised to account for the larger plant
sizes being considered at that time. The new numbers were so shocking
that the AEC suppressed publication of the report. The chairman at the
time later said, “we didn’t want to publish it because we thought it would
be misunderstood by the public.” The truth appears to be that the AEC
misunderstood it.

Nuclear reactors have some of the most reliable and redundant safety
systems of any man-made facilities. But as TMI showed, systems can fail,
people can err, and sometimes more than one thing can go wrong at a
time. Despite clever design, carcful manufacture, and dutiful mainte-
mince, multiple failures of safety systems can and will occur.

Severe reactor accidents—those involving melting of the core—are
expreted o be quite rare, occurring in the United States less than once
in u generation, perhaps, But 1 the health condequences are large enongh,
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they are a more important threat to the public than more likely but more
benign accidents. Ignoring core melt accidents in designing reactors was
therefore a huge mistake.

Before TMI, there was recognition by some that core melt accidents
dominate public risk. For example, in 1974, the AEC commissioned
Norman Rasmussen of the Massachusetts Institute of Technology to lead
a major study? that systematically evaluated public health impacts of
nuclear reactors, focusing necessarily on the improbable but highly con-
sequential “beyond-design basis” accidents. It was a seminal study that
after TMT became the starting point for greatly expanded efforts. But the
AEC’s goal for the Rasmussen study was primarily to deal with grm‘;ving
public opposition to nuclear energy by comparing its risks quantitatively
with other risks that society routinely accepts.”* It was never intended to
modify the government’s approach to reactor design or regulation.

After TMI, everything changed. Now the question was, how could
these risk-dominant events be factored into regulation? The new chal-
lenge to the NRC was to sort out what types of potential accid.ents
were “risk-significant,” having the property that their probability times
their consequences was large, and to decide what should bc done about
them. _

In the early 1980s the NRC embraced this new perspective with grim
diligence. Great sums for new research were requested from Congress
and granted. To establish a higher degree of credibility for the new
research, the NRC engaged the services of the DOF’s great nuclear
weapons laboratories, such as Sandia and Oak Ridge. In parallcl, the
nuclear industry formed the Industry Dcgraded Core Rulemaking

(IDCOR) consortium to supplement the government program and to
cnsure that if “rulemaking” (that is to say, new regulatory approaches)
were to take place, thc industry’s interests would be well defended.
Eventually severe-accident research became an international enterprise,
as Japan and Europe established their own programs (primarily after the
great scare they got from the horrendous Chernobyl accident). .

The NRC’s severe-accident research program had to find new ways of
thinking about reactor safety and to develop entirely new fields of science
and engineering. The probabilisitic methods pioneered in the Rnsr‘nuss?n
study were expanded and computerized, leading to a new field of Hi‘:]‘l‘ls-
tics called “probabilistic risk assessment,” Specialisty in the new field

i
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developed sophisticated computer programs that categorized various
types of abnormal cvents and followed the causal connections from one
event to another, using probabilistic treatments when it was not known
which of several outcomes might occur. The new science of severe acci-
dents spawned a new mathematics of probabilistic calculation that today
is being applied to all sorts of other enterprises besides nuclear power,
such as evaluating the safety of nuclear weapons.

In addition to the new probabilistic techniques, effective safety assess-
ment required information about what can happen, physically, when the
core begins to melt and relocate and when core debris breaks through
the reactor vessel boundary and enters the containment. Since it is not
possible to carry out experiments on severe accidents with real reactors,
a variety of test facilities were needed that could simulate the extreme
conditions of a severe accident. The NRC (and its counterparts all
around the world) made large investments in such facilities, and the
experiments performed in them yielded many new insights about what
might occur in severe accidents.

A third element of the NRC’s new research program was the devel-
opment of computational simulation software. When low-probability
events are considered, the possible combinations of conditions and
configurations are overwhelming. It would be impossible to conduct
experiments for all possibilities, For that reason, the NRC sponsored the
development of sophisticated computer programs that could calculate
how conditions in a hypothetical accident would evolve. These “codes™
used theoretical models for the physical processes involved but were
grounded in reality by checking how well they could predict the results
of experiments in the severe accident test facilities. As time went on,
hundreds of person-years were invested in these codes, and in a way they
took on a life of their own, embodying hundreds of thousands of lines
of computer code and becoming more complex than any one individual
could comprehend. They had names like MELCOR, for modeling
core mele progression, and CONTAIN, for studying events in the
containment.

Within a few years, the NRC’s research program had yielded abun-

darit insights about the nature of severe accidents and nuclear power
plant risk, If this knowledge had been obrained before all the U.S. plants
had Been designed and huilt, the plants could have been designed o be
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intrinsically resistant to core melt accidents. Instead, the agency in 1983
or so was left with few winning strategies. Certainly, shutting down all
nuclear power plants would have been foolish: all risk studies showed
(and still show) that nuclear energy is on a par with other energy sources
as far as risk to public health is concerned. The agency’s challenge was
instead to steer an objective course, working with the industry to mini-
mize wasted regulatory effort, while at the same time maintaining a high
degree of vigilance and integrity in dealing with the issues that truly affect
public health and safety.

It became apparent in the mid-1980s that studying severe accidents
was something that could be funded, delegated, and executed rcadily
enough, but doing something concrete with the results of such studies
posed many dilemmas for a federal regulatory agency. Prioritizing actions
was particularly challenging. Farly regulatory responses to TMI were
often ad hoc and inconsistent and met with hostility from the industry.
It seemed that the only rational basis for decision making would be
systematic, quantitative assessments of public risk based on the knowl-
edge and tools developed in the research program.

The new probabilistic tools measured public risk in quantities such as
the average number of fatalities per year of reactor operation. Balancing
risk reduction against the cost of changes was an appealing decision
strategy, but adequate studies of the risk posed by reactors were not
available. The NRC’s research organization therefore embarked on the
extraordinary NUREG-1150 projcct, so named from the document
number of its major rcport, Severe Accident Risks: An Assessment for
Five U.S. Nuclear Power Plants.?> This massive, coordinated assessment
of quantitative risk and its uncertainty took many years and hundreds
of specialists to complete, but it established a firm foundation for
factoring severe-accident issues into regulatory practice.

The NUREG-1150 study analyzed five different plants, each repre-
senting a different containment concept and together spanning the entire
fleet of U.S. nuclear power plants. The five types and the plants chosen
to represent them were as follows:

- large dry containment (the Zion plant)

« large dry subatmospheric containment (the Surry plant, whose
containment is held at negative pressure compared o the ountside
environment)

U

Nuclear Reactor Safety 55

* Matk I suppression pool containment (the Peach Bottom plant)
» Mark III suppression pool containment (the Grand Gulf plant)
* ice condenser containment (the Sequoyah plant)

Although the study took far longer and cost far more than originally
planned, the picture that emerged from the project had, by 1987 or so,
established the battle lines for the emcrging conflict with the nuclear
industry over severe accidents.

Resistance Builds

The history of commercial nuclear power is notable for the contrast
between the rosy picture motivating the carly headlong plunge into a
nuclear future and the bitter experience of the pcople who signed up for
it. One after another, the assumptions that lay behind that rosy picture
were found to be invalid or were made invalid by government action.
The federal government did no, for example, find a solution to the spent-
tuel disposal problem, and its decision to abandon the plutonium fuel
cycle (see chapter 2) accelerated the nuclear waste crisis. Extraordinary
levels of inflation in the 1970s and 1980s were punishing to the capital-
intensive economics of nuclear power. In many cases local opposition to
power plants near population centers forced more time, attention, and
money to be spent on public safety than had been envisioned. Then, of
course, TMI and Chernobyl occurred, with devastating impacts on
public acceptance. In contrast to the land rush atmosphere that began
around 1965 (199 plants ordered.in ten years), new plant orders dried
up completely by 1977, and construction of many previously ordered
plants was canceled.

In the years following TML, the industry gamely prepared for changes
in regulations and even in the plants themselves, since the accident had
revealed deep flaws in the safety philosophy of commercial nuclear
power. But the early regulatory actions by the NRC were often poorly
motivated and implemented with a heavy hand. The industry felt unnec-
essarily burdened with new regulations that appeared to add nothing to
safety or reliubilicy, By the time the NRC established, in the form of the
NUREG- TS0 reports, o solid scientific basis on which to ask for safety
improvements, the atimosphere between industry and the regularor had
heconme udvernarial and bitter,
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This is not to say that common ground was not found for some
changes. Through their own research and that of the government, many
utilities saw ways to modify their plants to reduce the likelihood of a
severe accident in the first place. These insights came from the so-called
front end of the probabilistic risk analyses: the analysis of how various
failures of control systems and safety features interact to create a core
melting situation. Even if no serious harm were done to the public (as
was the case with TMI), a core melt accident would almost certainly end
the life of the reactor as a producer of electricity. I1ence utilities had a
double incentive—public safety and capital preservation—to improve the
front-end safety picture of their nuclear power plants. Consequently, a
broad range of plant changes were made, often at the initiative of the
plant owners, to reduce the likelihood of a severe accident.

When it came to the “back end,” that is, those events that might occur
after core melting, the industry’s motivation to make changes was not as
strong. The costs reactor owners would incur to modify the containment
buildings to better protect the public would do nothing to restore the
lost revenue stream from the ruined plant. Recognizing this reality, the
government chose to organize its NUREG-1150 study around the five
major containment types, assessing in detail both the front end and the
back end of a representative plant for each type. In 1987 the stage was
set for a series of bitter conflicts over containment improvements
between the NRC and the industry it regulated.

Of the five containment types studied in NUREG-1150, two were
notable for their poor performance in severe accidents. Those two were
the “ingenious containments” first developed as integrated features of
the power plant to save costs and shorten construction time: the Mark
I pressure suppression containment and the ice condenser.

To translate research results into positive action, the NRC initiated the
Containment Performance Improvement (CPI) program in the late
1980s. The idea of the program was to review from a generic (i.e., not
plant-specific) standpoint what changes in each of the five containment
types might be justified in the interest of public safety. Rather than taking
on all five types at once, the program was to address one at a time, from
the most problematic to the least,

The performance numbers for the Mark | plants and the ice condenser
plants were fairly similag?! lm} the GPL program decided o take on (he

; . — s e
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Mark I plants first. There was a good reason for giving these plants pri-
ority: twenty-four reactors in the United States used General Electric’s
Mark I design, whereas only eight used Westinghouse’s ice condenser
concept.?* .

The Mark I severe-accident problems arosc from a variety of event sce-
narios, mostly due to the small size of the containment. Onc of the most
troublesome scenarios involved the molten core, which analysts had
come to call “corium,” penetrating the bottom of the reactor vessel and
pouring onto the containment floor. The corium would be so hot in such
an event that it would flow cssentially like water, and if enough flowed
out of the vessel, it would form a large, shallow pool that would come
into direct contact with the steel liner of the containment building, No
steel can stand up to such temperatures, and numerous calculations
indicated that the core material would soon melt through, creating
a pathway from the highly radioactive containment atmosphere to the
external environment.

Such hypothetical scenarios and the theoretical calculations sur-
rounding them were the grounds for fierce arguments between the safety
analysts of the NRC and those of the nuclear power industry. Years of
bitter controversy passed, but in 1989 the NRC issued guidelines that
recommended specific (and expensive) changes to the Mark I contain-
ment buildings. Legally, the NRC couldn’t mandate the changes, but the
language they used carried a sufficiently threatening tone? that most of
the Mark T owners made at least some of the specified modifications.*
But the battle had repercussions that went far beyond the technical arena.

For years, Congress had heard the nuclear industry’s complaints that
it was being regulated to death. The dire economic state of nuclear power
certainly supported the claim of imminent demise, and the charge of
overregulation resonated with the political atmosphere in Washington
during the administration of President Ronald Reagan. The NRC’s
respense to pressure from the industry, Congress, and the administration
to address these complaints was to move out managers who seemed too
enthusiastic about dictating industry’s actions and move in people who
agreed it was time to end the obsession with the TMI accident, at that
|’m§nl' sOMe ten years in the past,

L 1988, NRC manugenent published new guidance for its research
programy, - entitled  togration Plar for Severe Accident Closure

8
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(SECY-88-174).2” This plan introduced the novel concept that the goal
of research on severe accidents should be to show that they were not a
problem and that further research was unneeded. This “closure” phi-
losophy conflicted sharply with the principles of scientific objectivity, but
it nonetheless became the organizing principle for the NRC’s approach
to severe accidents from that point onward.

The CPI program collided head on with this new management phi-
losophy. The CPI program’s recommended Mark I improvements were
duly endorsed by the new management, though in a form somewhat
diluted from earlier conceptions. But the rest of the CPI program was
summarily terminated within a year of the release of SECY-88-174. The
CPI program’s final report devoted two sentences to the ice condenser
plants, suggesting that any problems that existed should be assessed and
dealt with by the plant owners.?

At this point in the story of the NRC’s response to TMI’s rude awak-
ening, a familiar pattern is emerging. The initial, vigorous program of
research and reassessment, set against a background of resistance from
vested interests, was running out of steam. A new attitude was emerg-
ing that reflected a new agenda for the agency, the need to soften the
impact severe-accident research was having on the operations and image
of the nuclear industry. Ten years had passed since the TMI accident.
What the public knew was that there had been a lot of work on reactor
safety, and electric utilities were cancelling, not ordering, nuclear power
plants. A strident but small sector of the population remained energized
about reactor safety, but the proponents of vigilance in the NRC did not
have the kind of broad-based citizen support that other regulatory agen-
cies, like the Environmental Protection Agency, enjoyed.

The growing obscurity of reactor safety allowed key people in the
NRC to move forward with a plan to implement the new agenda regard-
ing severe accidents. To them, the epitaphs were written, and it was time
to put the corpses in the caskets. They were aided in this enterprise by
the complexity and subtlety of severe-accident issues. But hidden agendas
can be clearly revealed when specialists within the system choose not to
cooperate. Then, if the energy behind the agenda is strong enough and
an individual is stubborn enough, the conflict between the system and
the individual generates enough hear and light to reveal whar is really
going on,
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Just such illumination was provided when a prominent, respected sci-
entist working under contract to the NRC refused to go along with a
rush to judgment about a thorny severe-accident issue called “direct con-
tainment heating” (DCH), an accident scenario believed to be a poten-
tial problem for all containment types. It became one of the most visible
and contentious severe-accident issues the NRC ever dealt with and per-
sisted as a source of rancor well into the 1990s. The next section explores
this debate and focuses on the story of how one conscientious rescarcher
tried to maintain scientific integrity, even in the face of potent political

pressure, and lost.
Shoot the Messenger

DCH eventually provoked one of the most intense and sustained con-
flicts between the NRC and the nuclear industry about containment vul-
nerabilities, but awareness of the scenario emerged slowly after the TMI
event. One of the aspects of thc TMI accident that caught engineers by
surprise was that so much of the core melted even though the pressure
in the rcactor remained very high. This occurred because the steam leak
into the containment was not due to a large pipe break, as envisioned in
the design basis accident, but rather to a stuck-open valve, an accident
in the “small pipe break” category, which, by design basis philosophy,
should be less threatening to the containment than a large-break acci-
dent. But in reality it proved to be a greater threat.

Analysts studying the TMI event began to indulge in “what if?” exer-
cises about this high-pressure situation. What if the corium at the bottom
of the vessel had melted through? Wouldn’t the melt then be sprayed
with great force into the containment? Was that a good thing or a bad
thing compared with what was cxpected for a low-pressure accident?

The irony that the movie The China Syndrome had been released just
before the TMI accident was a source of great consternation on the part
of nuclear power advocates. The title derived from a hypothetical type
of accident in which a large quantity of molten fuel penetrates the steel

“peactor vessel and pours onto the concrete floor of the containment build-

ing. 'The relentless decay heat in the fuel would keep it so hot that the
conerere would be slowly consumed ns graviry drew the mass of molten
corium toward the center of the earth,
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The terminology “China syndrome” was a bit of gallows humor that
caught on, but no onc rcally envisioned the corium’s penetrating deeply
into the earth. The real danger in this scenario comes from the cauldron-
like interactions between the corium and the concrete, producing prodi-
gious quantities of gas and heat. The resulting high pressure has the
potential to rupture the containment building, releasing massive quanti-
ties of radioactivity into the outside atmosphere.

Early speculation about TMI-like accidents suggested that there might
be a silver lining for this kind of event, compared with the classic
China syndrome variety. Instead of having a self-heating, red-hot pool
of corium melting its way through concrete, you might have wide
dispersal of the melt, driven hard by the pressurized steam coming out
of the reactor vessel. The result might be that the corium would be more
widely distributed throughout the building, and hence it might cool
down more and be unable to melt concrete.

To explore these and other issues, the NRC sponsored a series of
experiments at Sandia National Laboratories in Albuquerque, New
Mexico. It was of course not possible to use real nuclear fuel (which is
extremely dangerous stuff), but the Sandia scientists developed methods
to melt mixtures of materials with similar properties. They also learned
how to use pressurized gas to drive the molten mixture out of a hole in
a simulated reactor vessel to see how thoroughly the fuel simulant would
be dispersed. Initial tests, performed outdoors in the desert south of
Albuquerque, demonstrated that the melt would indeed be efficiently
swept out of the reactor cavity. Some of these tests were conducted at
night, and the molten fucl simulant was ejected in a brilliant arc hun-
dreds of feet into the air, like a giant Roman candle.

When the researchers went on to perform the same experiment inside
a closed building, a surprise awaited them. The steel building was vio-
lently lifted off its concrete pad, shearing the stout bolts fastening it
down. Thus was born the concern about DCH as a means of overpres-
surizing the containment building. Over the next fifteen years, DCH
would become one of the most contentious issues in reactor safety.

What had happened in the indoor test was that the driving gas had
broken up the melt into small droplets, not unlike the spray of droplets
from a garden sprayer. These droplers were so small and so hoe that they
burned in the presence of the air in the building, 'The result was w rapid
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heating and pressurization, similar to accidents in grain clevators when
finely dispersed dust ignites. A more vivid picture might be that of setting
off a Roman candle inside the trunk of a car.

These first experiments were performed in the early 1980s, and as
additional tests and theoretical analyses were performed, DCH became
increasingly important in assessments of severe accidents in U.S. rcac-
tors. The NUREG-1150 study found that DCH was one of the largest
contributors to public risk for several of the containment types, because
if DCH were to cause a breach in the containment, the release of
radioisotopes to the environment would be very large, since so much of
the radioactive material would be suspended in the containment atmos-
phere at that time. As for most things, timing is everything for severe
accidents, and the DCH scenario has poor timing: virtually simultane-
ous reactor vessel failure and containment failure. Many other accident
scenarios involve a long dclay between the two events, so the airborne
radioactive material can slowly settle out onto containment surfaces;
consequently, much less radioactivity would be released if the contain-
ment were finally to fail.

Throughout the 1980s the NRC invested heavily in research on DCH,
and the nuclear industry responded with its own research and analysis
(generally attempting to minimize the threat). But the issue was excep-
tionally resistant to a confident resolution.

The NUREG-1150 risk study was based on what was essentially a
snapshot of scientific understanding of severe accidents as of about 1985,
The study showed that some containment types were much more resist-
ant to severe accidents than others and that, in particular, the large dry
containments held up very well to most challenges. Only DCH appeared
to be a potent threat to such containments. Since containments of this
type represented 57 percent of the entire U.S. reactor fleet,” there was a
strong incentive to determine how significant the threat from DCH was.
$o the NRC continued to invest research funds in more experiments,
more modeling, and more probabilistic analysis.

"This unprecedented, sustained investment in a single severe-accident
seenario began to pay off in the late 1980s. The experiments and codes
wete showing that a number of mitigative effects would oceur ina DCH
event at the same fime as the mele ejection, chemical reaction, and atmos-
phere heat ups The teend of the results was to reduce the peak pressiree
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calculated in accident simulations, compared to ecatlier studies. But the
analysts still found important scenarios that resulted in pressures above
what large dry containment buildings could handle.

The slow pace of scicntific progress on this issue was a source of frus-
tration to NRC management, who were taking a no-nonsense approach
to severe accident research, exemplified by the 1988 Integration Plan for
Severe Accident Closure mentioned earlier. But even mote potent was the
message from Congress expressed in the form of reduced budgets for the
NRC.

The nuclear industry was facing dire times in the late 1980s, and many
of its leaders believed that the current difficulties were due in large part
to image problems: if the public understood nuclear energy better, there
would be more support for it. Then, they belicved, the other economic
problems the industry was facing would be more amenable to solution.
For these nuclear cheerleaders, spending time discussing severe accidents
was highly counterproductive to improving nuclear’s public image and
had no corresponding benefit. Many members of Congress were sympa-
thetic to these arguments and saw the NRC as the quintessential self-
focused government bureaucracy, standing in the way of the country’s
economic prosperity and greatness. Such attitudes even began to show
up in the commission itself, whose members, unlike the NRC staff, were
presidentially appointed and Senate-approved officials, attuned to the
political atmosphere favoring deregulation.

The NRC’s predicament worsened with the transition of its funding
base from taxpayer funds to industry fees in 1991. Now, when nuclear
industry lobbyists complained to Congress about overregulation, they
were heard even more sympathetically as the ones paying the bills. Con-
gress responded with steady decreases in NRC funding (which, despite
being off-budget, was controlled by Congress) and in many cases pro-
vided guidance on how the budget was to be allocated among the NRC’s
functions. Reflecting these forces, the overall research budget for the
NRC declined sharply after its peak shortly after the TMI accident, as
figure 3 shows.

The NRC’s continued frustration with slow progress on severe acci-
dent “closure™ led to more assertive measures to control the ontcame of
research, In the 19908, the NRC™S research eante more and more (o
consist of developing information that would jusiify the foregone con.
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NRC reactor safety research funding before and after TMI (in year-2000
dollars). Source: Data for years prior to 1985 from letter from Carlyle
Michelson, Chairman of ACRS to Kenneth Carr, chairman of NRC dated June
13, 1991 (available at NRC’s Public Document Room). Dqta for later years from
1.5, Nuclear Regulatory Commission, Budget Estimate; Fiscal Year #», NUREG-
1100, volumes 1-17, published annually (e = year) since 1985.

clusion that the top reactor “issues” were not a problem for any plfmt.
This concept of closure for severe-accident issues was articulated in a
1992 report, the Revised Severe Accident Research Plan.> The fpllow—
ing statement from a briefing to the commission by the NRC’s d1recto.r
of research illuminates the new perspective: “[The Revised Severe Acci-
dent Research Plan] describes the progress and our understanding of
important severe accident phenomena. It defines the research that wguld
lead to closure of core melt progression, direct containment heating,
which as | said before was an early containment failure mode, and fuel
coolant interactions.” The commissioners warmly received the report’s
message that the continued research program was effectively a mopping-
up campaign,

I the ensuing years, the conflict between the philosophy that the goal
ol severeaceident research wan 1o justily ite own termination, on one
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hand, and the actual state of knowledge in the various subject areas, on
the other, became a source of great frustration to the participants in the
research program. The NRC’ duty to maintain vigilance concerning
reactor safety had come into direct conflict with the interests of the flag-
ging U.S. nuclear industry.

To accelerate progress on closing the DCH issue, the Revised Severe
Accident Research Plan laid out a more aggressive and more coordinated
effort on DCH research. The NRC chosc Sandia National Laboratories
to lead a team of national laboratories and other contractors in this
project, which was named the DCH Issue Resolution project.

Sandia’s management was gratified by the confidence that the NRC
displayed in choosing it as the lead laboratory for this program. It was
a logical choice. Sandia’s experimental facilities and expertise in the area
were unparalleled; they were the developers of the CONTAIN computer
code, which was the NRC’s leading analysis tool for DCH; and finally,
Sandia had been the NRC’s principal contractor for its NUREG-1150
project.

Sandia is primarily a nuclear weapons laboratory. for the Department
of Energy, and as the cold war was drawing to an end, budgets for such
laboratories were tight and uncertain. Sandia’s director of nuclear energy
technology, Nestor Ortiz, had been trying to get his managers and their
staffs to apply customer-focused management concepts such as total
quality management. Being awarded the contract to lead this important
new NRC program was a vindication of his efforts. At the same time,
he recognized that leading the DCH Issue Resolution Project would be
a challenging assignment, since the project would be conducted in a fish-
bowl environment. The customer was already frustrated at the slow pace
of progress and would no doubt pay close attention to see whether the
new funding and streamlined organization involved in the project was
paying off. Y

The DCH Issue Resolution Project was to proceed in phases. The
initial phase would focus on only one reactor, the Zion nuclear power
plant, located near Chicago. Later phases would systematically apply the
same methods to the remaining plants. The Zion plant had a large dry
containment that was quite strong. Tt was considered a good represen-
tative of the most robust class of containments in the countey and had
been thoraghly studied in the, NUREG-T150 project,
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Mathematical methods for accident analysis had reached a point by
this time that the NRC could establish a quantitative criterion for resolv-
ing the DCH issue at Zion. It wanted Sandia to show that if the reactor
vessel failed at high pressure, there would be only a 10 percent or less
chance that the containment would leak. It was a way of expressing the
philosophy of defense in depth in quantitative terms.

Most experts thought that Zion would have a containment failure
probability much less than 10 percent, but the challenge for the project
was to develop a method for doing the calculation that was applicable
to all reactors and that found favor with a panel of external experts
selected by the NRC. Once the method was developed and accepted, the
project could proceed with the remaining U.S. plants until all had been
studied. It was hoped that all plants could be covered by 1994.

The project ran into trouble in early 1993, when the first draft of the
Zion report was submitted for internal peer review at Sandia. Many
reviewers took exception to what they considered a lack of rigor in the
analysis. Numerous assumptions were challenged as unjustified, and
the analysis was criticized for ignoring important phenomena ot
treating them incorrectly. The treatment of uncertainty was a particular
source of criticism: some felt that uncertainties were being grossly
underreprescnted.

In scientific work, it is normal for peer reviews to gencrate questions
that technical authors resolve with either revisions to the initial report
or explanations that satisfy the revicwers. In this case, however, the
report authors had a good sense of what the NRC contract managers
expected, and they found it difficult to find compromises that satisfied
their peers at Sandia. Tensions within the program grew.

The internal arguments over Sandia’s peer review soon spilled over to
the authors. One of the report authors was from Sandia, and two were
subcontractors to Sandia from the University of California at Santa

Barbara (UCSB). In the course of trying to resolve the reviewer com-
ments, bitter disagreements between the two organizations developed.
This rift stymicd progress. Although the UCSB authors technically
reported to Sandin, the lead professor maintained separate lines of com-
munication with the NRCY research director, the man who had already
gone on record (o the conmission about the expecred outcome of the
DT program,
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Internal review comments were still not resolved in June 1993 when
the NRC directed that the external committee of experts it had selected
review the report.’? When the comments of those reviewers came in,
many of the criticisms they expressed paralleled those of the Sandia
reviewers. They questioned such things as how the authors decided what
the conditions were in the reactor vessel at the time it failed, that is, the
quantity of melt at the bottom of the vessel, its temperature, and its
metallic content. Somme, like the Sandia reviewers, questioned the use of
simplistic models for pressurization of the containment, when more
detailed treatments were available. And some of them felt that the treat-
ment of uncertainties was just too superficial, again consistent with the
earlier internal review.

As this crisis worsencd, Ortiz got personally involved and attempted
to apply total quality management methods to this contentious situation.
He appointed a tatal quality committee of his managers to facilitate tech-
nical resolution of the disagreements between the authors and the review-
crs. The committee’s work served to clarify many of the concerns and to
organize the disagreements into clear categories but also concluded that
the impasse had not been overcome.?® Ortiz reported this unfortunate
state of affairs officially to the NRC in January 1994, a full vear after
the Zion report was first submitted to revicwers.

The NRC was not sympathetic: this was not the kind of progress it
had expected when it entrusted the DCH Issue Resolution Project to
Sandia. Brian Sheron, the director of NRC’s severe accident work, wrote
back to Ortiz, “[T]here are instances where it appears that the authors
and the SNL [Sandia National Laboratories] internal review committee
are no longer supporting the conclusion in the report, i.e., DCH issue is
resolved for the Zion NPP [nuclear power plant].”* Later in the same
letter, Sheron sharpened the point: “Therefore, when responses to the
peer reviewers’ comments appear to be unenthusiastic and do not stand
behind the conclusion in the report that DCH is essentially resolved for
the Zion NPP, it is very unlikely that we can resolve DCH for other
PWRs [pressurized water reactors].” Sheron called on Sandia to reeval-
uate its responses to the peer review comments, Thus the Sandia total
quality committee coneluded that the authors had yielded too lietle o
reviewery' criticisms, but the NRC customer felt they had yielded oo
much,
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Onc of the most persistent critics of the Zion report was David C.
Williams, the top DCH calculational analyst at Sandia. While the report
authors struggled with both internal and external peer review comments,
Williams had been looking carefully at some of the experimental test
results and found convincing new evidence that the DCH methodology
used for the study on Zion was seriously flawed. To his great surprise,
though, no one in the program was interested in his findings.

Williams was an internationally respected expert in computer model-
ing of accident conditions in containment buildings. He had spent much
of the previous ten years studying DCH and was generally recognized as
the most knowledgeable analyst in the world on the subject. Over the
years, he had guided the development of DCH models in the NRC’s
massive CONTAIN computer code. He followed the experiments on
DCH closely and used insights gaincd from the tests to improve
CONTAINs treatment of physical reality.

In the spring of 1994, Williams was frustrated by the fact that no one
was paying attention to the important new results he had obtained.
Worse, he found he was excluded from the meetings Sandia had set up
with the external review committee to work out the Zion report prob-
lems. Unable to convince his management that he belonged in these meet-
ings, he offered to prepare matcrial for others to present, but this offer
was rejected. He complained about this in a memorandum that summa-
rized the new information and cautioned, “An outside observer could
conceivably interpret my exclusion from the Peer Review Meetings as
implying that there is a desire by Sandia management to conceal the find-
ings summarized above from the Pcer Review group.”” The meetings
proceeded without Williams’s involvement. He acquiesced and turned to
other assignments, little knowing that the impediments to his continued
professional work would become greater.

The grueling business of resolving the myriad technical disagreements
over the Zion report continued over the summer, and Sandia finally
found a path to bring the vexing Zion work to an end. In December
1994, two reports were published simultaneously. The first was the orig-

“inal report with only minor changes, authored by the UCSB and Sandia
atthors. 'The second did not include the UCSB authors; it was called a
mgupplenent™ to the fiest and contained commentary and (unresolved)
criticism abont the main feport, withont contradicting the conclusion




68 Chapter 3

th.at the DCH issue was resolved for Zion. This was an odd compro-
mise, but it got Sandia past the roadblock. It was hardly a satisfactory
F)thcome, since most of the substantive criticisms that Williams and other
internal reviewers had raised were ignored.
' To his great disappointment, Williams was not allowed to be involved
in the follow-on work extending the analysis to other nuclear plants. He
was a very capable scientist, however, and there was plenty of other work
in Sandia’s Nuclear Energy Technology Center to keep him busy.
He at least had the satisfaction in 1994 of completing a large report
culminating years of improvement to the CONTAIN DCH models
showing in exhaustive detail how well (or not so well) these model;
agreed with the dozens and dozens of DCH experiments that hac\i
becn. performed over the previous ten years. This extremely technical
treatisc was for Williams a magnum opus, highlighting many years
of his professional career. Normally, such technical reports are routinel
submitted to the NRC for approval before they are published anz;
distributed to technical organizations and libraries throughout the
world. This approval step was not for ensuring the technical quality
f)f the work—that was Sandia’s job. Rather, the approval step was
}ntended to prevent such things as premature release of safety policy
information. In the case of Williams’s CONTAIN assessment repor£
there should have been no problems of that nature: it was strictly a dis—,
cussion of the science of accident modeling. This “hands off” policy
regarding the technical content of contractor reports was conveved in
the formal procedures of the NRC’s Office of Research (RES): “JWhile
the RES has responsibility for setting the scope, conduct or methodol-
ogy, and objectives of research, there should be no interference with the
contractor presenting his judgement as to the nature and interpretation
of the research results.” By this time, however, the entire DCH issue
h.ad become so politicized that the NRC refused to give Sandia pérmis-
sion to publish the report,” even after Ortiz had offered to publiSh ivr as
a Sandia report, with no NRC affiliation and at no cost to the gévcrni
'ment. Thus, years of Williams’s work came to nothing from the all-
important perspective of scientific publication. The NRC action was
glearl.y inconsistent with its own “hands-off" policy, but at that point
Sandia management essentially gave up on Willinms's cause. 1 had done
what it could do.
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Williams’s sense of justice was badly frayed by this time, and he tried
to find relief through Sandia’s ethics organization. He was concerned
with the damage to his career, of course, buc he also had broader con-
cerns. He wrote:

For over 12 years, DCH has been recognized as a major nuclear safety issue. The
DCH issue resolution project has offered sweeping conclusions that DCH pres-
ents little or no threat in all plants studied to date, which include the most
common type of plant in the U.S. fr would be surprising if general acceptance of
this claim did not result in reduction of efforts to understand DCH better and/or
reduction in precautions taken to minimize DCH threats. If, as I believe, there
is substantially greater uncertainty concerning the conclusions of the DCH res-
olution work than is being acknowledged, general acceptance of those conclu-
sions would result in overconfidence concerning DCH that could eventually

degrade safety.>®
Since Sandia’s Ethics Office was established to deal with issues of a legal
nature and had no real mechanisms to assist in scientific controversies
such as this, it directed Williams back to his line organization. Ortiz
again tried to implement additional total quality management processes
to ameliorate the situation, but Williams was to get no satisfaction from
them. In reality, a federal contractor like Sandia has few means other
than persuasion to bring pressure on a custormer in such a situation. In
1996, Williams had an opportunity to rctire early from Sandia with an
incentive package (part of a downsizing), and he decided to lcave.
David Williams was not an antinuclear troublemaker. He was a bril-
liant scientist, holding a Ph.D. in nuclear chemistry from the
Massachusetts Institute of Technology. He had started his career in
nuclear energy as an enthusiastic promoter of nuclear power. Early on,
he spent a great deal of his private time in promotional activities, such as
speaking in favor of nuclear power at public meetings. He was a scien-
tist who had achieved the highest level of technical achievement at Sandia,
the prestigious rank of Distinguished Member of the Technical Staft. e
had an international reputation as one of the most capable reactor safety
analysts in the world. Yet he left Sandia feeling angry and defeated.
This has been the story of one severe-accident issue. It is not, unfor-

~rumately, an isolated case, There is no doubt that the NRC conveyed to

Sandia and its other contractors the conclusions they expected from the
contracted research, Facing the kind of pressure ereated by the NRC on
(e DCH Insue Resolution project it is not cady for w contracior such as
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A national laboratory to maintain an open mind. The long tradition of
technical integrity in thé laboratories’ research is certainly a bulwark
;11),‘;111.15‘[ blatant distortion of research results. But management must also
co_nader its commitment to the customer paying the bill. Ortiz had to
think not only about Williams’s concerns, but also about the livelihoods
of tllle hundreds of aother scientists and engineers in his center. Total
q}lahty management processes are not well suited for resolving such con-
flicts. (Williams, for his part, believes Sandia was at least as responsible
for the shortcomings of the DCH Issue Resolution project as the NRC
was.)¥ ‘
The.contrast is sharp between the forthright research atmosphere sur-
ro'undlng the NUREG-11350 project and the way things were handled
with the DCH Issue Resolution Project ten years later. The earlier project
recognized the importance of factoring in the opinions of many diflfer~
an experts, who might not see every issue the same way; at that time
Williams was an important and respected player on the exp’en panels the
NR.C convened to wrestle with the uncertainties of hypothetical severe
accidents. Ten years later, his cxpertise was of no value to the NRC
because he refused to conform his technical opinions to the position;
adopted by NRC management.

Ice Condensers, the Little Containments that Don’t

As noted above, the pattern of intense vigilance triggered by an external
event, followed by a slide into complacency, seems to be characterisvt‘
of the federal government’s attention to the hazards of nuclear technollf
ogy. It appeared in the history of U.S. nonproliferation policy bresented
in chapter 2, and it can be seen in the context of the NRC’s attitudes
toward severe reactor accidents in the decades following TMI, as just
desc’ribed in the story of David Williams and the DCH Issue Re;olutjion
project. It may very well be true that the benefits of nuclear technolog
are worth the risks, but the risks are persistent and long-term and cann%)};
be‘ properly managed with such uneven attention by the agencies ch-wf ged
with protecting the public’s interests. . i
' Similarly, today’s public indifference about nuclear war and prolifera-
tion .allo.ws the federal government’s new triciuny policy to move F(ll‘Wﬂl“(l
c?esplte its grave shortcomings, But there is also 1 more direct connee-
tion berween the DCH Tssue Resolution work and the new trititnm policy,
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It concerns the safety of the ice condenser plants that TVA will modify
to be able to produce tritium. 4

After the Zion report was finally published, NRC and Sandia pro-
ceeded to evaluate the DCH threat for one group of reactors after
another, eventually declaring the issue “resolved” for all large dry con-
tainment plants without a significant hitch. Then, around 1996, they
decided to take on one of the problem containments, the ice condcnser.

The last time ice condensers had been in the NRC’s spotlight was in
the late 1980s, when the CPI program had been poised to assess sys-
tematically the performance of ice condensers in severe accidents. Then
the program was abruptly terminated, as discussed carlier in this chapter.
It seemed then that ice condenser containments had dodged a bullet,
avoiding the intense scrutiny that led NRC to call for containment
changes at the more numerous Mark I plants. The DCH Issue Resolu-
tion program put the ice condenser containments, with their remarkable
wealknesses, right back in the spotlight.

For the ice condenser work, Sandia was the only contractor involved,
since NRC’s research budgets had been squeezed dramatically in the
vears following the infamous Zion DCH report. But the starting point
for Sandia’s specialists was not auspicious. Given the NUREG-1150
results, it was not apparent to them how ice condensers could be found
resistant to DCH.

In 1997 Sandia submitted to the NRC its draft report on DCH Issue
Resolution for ice condensers. It cancluded that, unlike all the contain-
ment types studied previously, ice condensers could not meet the “success
criterion”—containment failure probability less than 10 percent—for
resolution of DCH. The report also pointed out that DCH was not the
only problem ice condensers had. In many sequenccs, if DCH were
hypothesized by fiat not to cause the containment to fail, some other

challenge would.
Characteristically, the NRC project managers did not publish this

report and instead contemplated ways to salvage the commitment the
NRC’s management had made to the commission to close the DCH issue.
'Fhe broad vulnerability of ice condensers to a variety of severe accident
challenges, not just DCH, led the NRC to commission Sandia to do a
systematic evaluation of ice condenser fesponse (o the entire threat spec-
runi. This in exactly what the GPLprogram was going to do nine years
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earlier, but there was a difference. In those days, the goal was to decide
if changes in the containments were called for. Now, the purpose of the
work was to demonstrate there was no longer a need for research on
DCH. ‘

Sandia carried out the integrated study of ice condenser vulnerabili-
tics in 1998 and 1999. The report it submitted to the NRC showed quan-
titatively what most analysts expected: that these containments provide
far less defense in depth than conventional contamments

The problem with these reactors is that the volume of the containment
building is small compared to large dry containments, but the reactor
core is about the same size. The ice suspended in the massive banks of
wire baskets (see figure 4) would certainly be cffective in absorbing the
steam from a pipe break accident, but severe accidents tend to over-
whelm the ice. Buildup of hydrogen is a particular problem, sincc remov-
ing steam from a steam-hydrogen-air mixture increases the concentrarion.
of hydrogen, making the gas more combustible, even detonable.

Figure 4

View of ice baskets from top deck of ice ¢hest, lach wire hasket is a for ly-cight-
foot-high cylinder. "The entire ive condenser continment hofds more than 1,000
tons of ice, -

e
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One of the safety features in these containments is an array of strate-
gically located hydrogen igniters, essentially spark plugs, that would
burn the hydrogen off before the concentration got too high. But there
are some conditions in which the igniters do not work, such as in the
“station blackout” scenario, in which all electrical power is lost.

Some of the difficulties of the Mark T containments also derived from
their small volume, but the hydrogen combustion danger had been elim-
inated by the use of an inerted (that is to say, nitrogen-filled) contain-
ment building. Without oxygen in the atmosphere, the hydrogen cannot
burn. In contrast, the atmosphere in the ice condenser containments is
ordinary air, and hydrogen combustion is a major severe-accident
problem in such containments even without DCH. The Sandia analysts
found that DCH and hydrogen combustion could occur simultaneously

and cause containment failure in ice condenser containments for acci-

dents that large dry'containménts could easily survive.

The revised Sandia report concluded, as had its original report, that
the ice condensers could not meet the 10-percent containment failure cri-
terion for DCH. But because an integrated analysis had been done, the
NRC had another way to declare victory. Since there were so many other

ways for the containment to be compromised, it turned out that DCH
was a minor contributor, on a probabilistic basis, to the overall proba-
bility of containment failure. This was partly because most severe acci-
dents were found not to result in high-pressure ejection of corium into
the containment. For those accidents, the containment’s resistance to
DCH was a moot point. In other cases, the containment failed because
of hydrogen combustion before melt ejection occurred, again making the
containment’s resistance to DCH irrelevant.

Since the focus of the project was DCH, not overall protection pro-
vided by the containment, the NRC chose to view the Sandia results in
a positive light, and in June 2000 Ashok Thadani, the NRC’s director of

|gs<,(1rc,h Jnnoumed that the DCH issue had been resolved for i ice con-

Jeaers. His logic? Since it was not possible to declare victory on the
W‘""

Pasis of the original success criterion, the NRC used a new criterion, that

despite being vulnerable to DCH, these containments were equally vul-

nerable o wide vatiety of more likely events. The logic was equivalent

(o waying, “why worry about automobile gas tanks exploding due to

collisiony from che rear i mont collisions are from the side or the frone?”
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From the narrow perspective of the DCH Issue Resolution project, the
NRC decision may have been logical. But from the perspective of how
well the public is protected from reactor accidents, the mess

ssage of
the Sandia study was bleak. The calculations showed that ice condensers

are very susceptible to failure under a wide variety of severe accident

conditions, not just DCH. If, for example, electric power to the igniter
system were lost, hydrogen could build up to the point that either
random sparks or restoration of power to the igniters would trigger an
overwhelming hydrogen burn that would cause the containment to fail.
The containment could fail if melt ejected from the reactor vessel built
up on the containment shell and melted through. The containment could
fail if there were a large “spike” of steam created by rapid mixing of
molten debris with a pool of water beneath the vessel.

Station blackouts posed a particular problem. Because many of the
containment’s safety features require AC power (rather than battery, or
DC, p(;wver that other plants use), ice condenser containments are more
or less “sitting ducks” in such an accident. Unless power is restored,
failure of the reactor vessel, release of corium into the containment, and
containment failure are all virtually inevitable. The Sandia study found,
for example, that in the event of a station blackout, the Sequoyah’s prob-
ability of containment failurc was about 97 percent.

Thadani’s memorandum announcing the success of the DCH Issue
Resolution effort recognized this darker picture:

The recent ice condenser study . . . concluded that the ice condenser plants are
more vulnerable to early containment failure than large dry containments, but
that this vulnerability is not due to DCH. Tn fact, early containment failure in
ice condensers was dominated by non-DCH hydrogen combustion events rather
than by DCH, and was seen largely to depend on plant specific probabilities for
station blackout (ice condenser igniter systems arc not operable during station
blackout events).

i

Despite this recognition the NRG, still gun-shy about the politics of
severe accidents, has not vigorously pursued the issue of ice condenser
vulnerability.** As described at the beginning of this chapter, in the carly
days of nuclear power the AEC required effective containment systems
as a trade-off to balance the increase in public risk duc to locating nuclear
power plants near population centers, Bur for many of the most impor-
tant accidents, ice condenser plants pose essentially the same risk ro the
public as the sume planse would with no containment at all,
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What has all this to do with the DOE’s selection of the Sequoyah and
Watts Bar plants to be the first commercial power plants to produce
nuclear weapons materials? As far as DOE has been concerned, nothing.
I'he safety of the plants was irrelevant to the DOE selection. What mat-
tered was the fact that, of all the utilities operating nuclear power plants
in the United States, only the TVA could be persuaded to cooperate with
the nuclear weapons program by producing tritium in its reactors.

Chapter 5 will explain how this occurred. But before that discussion,
it is time to switch attention from the danger of nuclear teactor accidents
to the other downside of the government’s decision to produce tritium
in commercial reactors: the danger that it will encourage proliferation of

nuclear weapons throughout the world.
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