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Abstract: This paper examines fusion breeding, namely
the use of 14 MeV fusion neutrons to breed ?**U fuel for
thermal nuclear reactors. This can be accomplished
much more quickly than pure fusion. It can become
main component of a power architecture that is
economical, environmentally sound and has little if any
proliferation risk.

l. INTRODUCTION

This author believes that fusion is one of the few possible
methods of supplying sustainable energy for future
civilization in an economically and environmentally
acceptable way. Traditionally, the development of pure
fusion,as opposed to hybrid fusion or fusion breeding, has
path has been government support leading to
implementation in the economy in 35 years, or as skeptics
say, 35 years away and always will be.

However to get an accurate view of fusion at this time, it is
also necessary to look at some other timely topics. After all,
if you want to learn about traffic onthe freeway, sometimes
you have to look at the side roads too. That is very much the
situation with energy and the fear of a climate crisis, and the
effort to replace our current energy system with windmills
and solar panels. All of these have an effect on fusion
development which this paper explores.

More recently there has been a perception of an imminent
climate disaster, motivating a rush on the part of many in
the in the fusion community, publicly and privately
financed, to attempt to implement fusion on a much faster
time, basically within a decade. There have been many new
companies, ‘fusion start ups', now promising fusion in a
decade, motivated in part as a response to the supposed
imminent 'climate disaster".

Which of these paths is the right one? This author's answer
is neither one. He makes the case that the the development
time for pure fusion will not only be much more than a
decade, not only much more than 35 years, but is extremely
unlikely to be in this century. Furthermore, this paper
argues that there is no oncoming climate disaster. We
should not exploit the fear of a false disaster to
temporarially advance the funding for an impossibly rapid
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development of fusion. ~ When these rapid efforts fail, the
harm done to the fusion project couldbe immeasurable.

All these privately funded ' fusion start ups’ will fail and the
investors will most likely lose their investment. However
there is an alternative which could be ready, and necessary,
in the often named 35years. This is using a fusion reactorto
breed conventional nuclear fuel for thermal nuclear reactors.
As a breeder, the requirements on the fusion reactor are
relaxed by at least an order of magnitude.

The options for sustainable power are few. Regarding the
role of windmills andsolar panels, there is a large literature,
provided by undisputed experts, and backed up by bitter
experience, showing that are not only are they
extraordinarily expensive, unreliable, and wasteful, but far
from being the cleanest power source, they are the dirtiest. **?
This is due to their enormous material requirements,
tremendous land use, and difficulty of disposal once their
useful life is over. It is not only theoretical analysis that has
proven that solar and wind cannot do the job. As we will
see, the actual economies of the countries and states that
have relied on this replacement have been greatly damaged
as their power costs have risen astronomically, and are still

doing so.
Furthermore, this attempted replacement would be
especially tragic if the effort were futile; the cost,

astronomical; and the necessity, nonexistent.

If windmills and solar cannot provide for economically and
environmentally acceptable, reliable sustainable power, and
fossil fuel and mined **U are limited, non sustainable
resources which probably would not be able to support
civilization mid century, when the energy use may well be
at least triple what it is today; and pure fusion a very, very
distance possibility; what else is there besides breeding
fissile material from fertile material? There are breeding
possibilities from fission of course. India and Russia are
actively looking into these, and Russia has two fast neutron
breeders, their BN 600 and BN 800 currently hooked up to
their grid (the Russian word for fast is bistro). However it
is also possible to breed via fusion, and although the fusion
breeding development path is obviously longer, fusion
breeding has major undeniable advantages over fission.
Breeding nuclear fuel, by either fission or fusion opensup a
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resource that can supply civilization at 40 terawatts at least
as far into the future, as the dawn of civilization was in the
past.

Accordingly there are misperceptions, and perceptions on
the best path for fusion. This author's responses to the
misperceptions: The climate has been and always will be
changing, but there is no climate crisis. Solar and wind are
totally inadequate solutions to this non crisis. The fusion
start ups will all fail, and the will be no commercial fusion
in 10 years, in 35 years, or in the 21st century.

Regarding the proper perceptions: Fusion breeding along
either the ITER (International Tokamak Experimental
Reactor) or NIF (National Ignition Facility) pathways may
well be able to provide nuclear fuel not too long after
midcentury, but cannot play a role in the world energy
budget as pure fusion devices at least in the 21* century.
Fusion breeding could be the key development to make
‘energy parks' worldwide by combining the best aspects of
fusion and fission energy.

We will deal with climate, only briefly here, but there is
voluminous documentation of the claims made here that
there is no climate crisis *>**%. Perhaps the best statement
summarizing the skeptics case was made by Ricahrd
Lindzen, most likely the worlds foremost authority on
geological fluid motion:

“What historians will definitely wonder about in future
centuries is how deeply flawed logic, obscured by shrewd
and unrelenting propaganda, actually enabled a coalition of
powerful special interests to convince nearly everyone inthe
world that CO2 from human industry was a dangerous,
planet-destroying toxin. It will be remembered as the
greatest mass delusion in the history of theworld- that CO2,
the life of plants, was considered for a time to be a deadly
poison.”

Regarding special interests, the skeptics are often accused of
being shills for oiland coal companies, but the reality is that
the hundreds of billions, no trillions that has gone to the
support of climate alarmism supports what Bjorn Lomborg
has called 'The climate industrial complex' (13). It begins:
The tight relationship between the groups echoes the
relationship among weapons makers, researchers and the
U.S. military during the Cold War. President Dwight
Eisenhower famously warned about the might of the
"military-industrial complex," cautioning that "the potential
for the disastrous rise of misplaced power exists and will
persist." He worried that "there is a recurring temptation to
feel that some spectacular and costly action could become
the miraculous solution to all current difficulties."

This is certainly true of climate change. We are told that
very expensive carbon regulations are the only way to
respond to global warming, despite ample evidence that this
approach does not pass a basic cost-benefit test. We must
ask whether a "climate-industrial complex" is emerging,
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pressing taxpayers to fork over money to please those who
stand to gain.

And concluding with:

The partnership among  self-interested  businesses,
grandstanding politicians and alarmist campaigners truly is
an unholy alliance. The climate-industrial complex does not
promote discussion on how to overcome this challenge in a
way that will be best for everybody. We should not be
surprised or impressedthat those who stand to make a profit
are among the loudest calling for politicians to act.

While the media claims the science is settled, there are at
least tens of thousandsof highly qualified scientists denying
this claim®®. Believers argue, “yes, but they are not climate
scientists!”. Well, what is a climate scientist? Richard
Lindzen is just about the world’s leading authority on
geophysical fluid dynamics. Is he not a ‘climate scientist’?
William Happer is about the world’s leading authority on
the interaction of radiation with complex molecules, the
very basis of the greenhouse effect. Is he not a ‘climate
scientist’? Judith Curry, was the former head of earth
science at Georgia Tech, but left the academic world due to
its stultifying demands for conformity. Is she not a ‘climate
scientist’? What about Bjorn Lomborg, Patrick Moore and
Michael Shellenberg, three of the world’s leading
environmentalists, each of whom haswritten a book denying
the climate crisis. Are they not ‘climate scientists’?

Aspects of the detailed physics of climate change can be
complex, but testing the claims and predictions of the
believers is simple. Doing so, one sees thatthere is neither a
climate crisis now nor on the visible horizon.

Actually, one does not have to be a climate expert to
contribute to the skepticism. This author, a scientist with
more than 50 years of experience, but not as a climate
scientist, has played minor role. One can simply check out
the predictions of the prophets of doom against a Google
search, and see that for the most part these are grossly
exaggerated #. Anyone can do this anywhere, any time,
there is no need for a 'climate scientist' to guide us.
Furthermore, one can do the same with media reports and
conclude that most of the legacy media plays a very one-
sided role in its reporting on the climate dilemma %.Full
disclosure: other scientists have criticized this work 2. The
author's response to their criticisms is recorded in Ref.
(24).Actually, Reference (24) lists a large number of climate
experts who dispute the standard dogma of a climate
emergency. While it is a subjective matter, to this author,
his list is one of scientists who have far more knowledge,
experience, and gravitas regarding the climate dilemma than
do most of the scientists who have made a name for
themselves by predicting climate gloom and doom. Finally,
most of the projections of calamity are made by running
numerical simulations of the climate.This is an area in
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which the author does have considerable experience in his
50+ year career and has pointed out some of the pitfalls of
this approach *°as have many others. *%2’

This obsession with a false onrushing climate emergency
has not only done theobvious harm to the economies of the
countries and states that have greatly embraced solar and
wind, it has done perhaps even more harm in less obvious
ways. The mental stress put on children and young adults
has hurt them enormously. They are suffering depression in
much greater numbers now, convinced that the world will
end in their youth. One can only feel sorry forGreta

Thunberg whose childhood was robbed from her by the
climate industrial complex. Its actions are nothing short of
child abuse.

In fact no less of a source than the White House has given a
graph of the increase in mental health problems (depression)
in young adults from 12 to over 26.
https://www.whitehouse.gov/cea/written-
materials/2022/05/31/reducing-the-
unmet-mental-health-needs/

Their graph is shown in Figure (1)
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Figure 1. Percent of the population with a major
depressive episode in the past year by age, 2008-2020

Percent
18

—12-17

16
14

26+

2008 2009 2010 2011 2012

2013

2014

2015 2016 2017 2018 2019 2020

Source: Substance Abuse and Mental Healthh Services Administration

Who knows whether the cause is due to the climate
industrial complex, but the years of increase do match up
with the accelerating mass delusion of climate change.
Fortunately once someone reaches the age of 26, they
apparently haveenough sense not to take the propaganda of
‘the end of the world by 2030 veryseriously

As a final indication of the lack of confidence that the threat
of a climate crisis is real, there was a large international
meeting to discuss the climate dilemma in Scotland in
November 2021. World leaders, including President Biden
and many European leaders attended. However, the leaders
of Brazil, Russia, Chinaand Turkey voted with their feet,
and did not attend. The leader of India attended but
announced that India would not be reducing its CO2
emission until2070, an absolutely meaningless commitment.
These are large, important, technically advanced countries,
containing ~ 40% of the world’s population.

Actually, the western democracies are not all that different.
Typically, some bureaucrat orders that we have to stop or
reduce the use of fossil fuel in this way and that.
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Occasionally the new rule is put to a vote, and the new rule
is almost always rejected by the voters. As Yogi Berra put it
“If people don’t want to come to the ballpark, you can’t stop
‘om”

Modern civilization does need energy. Without energy other
than human and animal muscle, civilization would be a thin
veneer, atop a vast mountain of human squalor and misery,
as it has been for almost all human history. This added
energy over the last ~ 200 years has allowed the benefits of
civilizationspread to billions of additional people. ~ When
people or institutions insist that we drastically change our
energy system, by disassembling what we have now and
installing something new; one must realize that if this new
system fails, assolar and wind almost certainly will; it would
mean the end of modern civilization. The stakes in the
battle are immense.

Hence one misperception is that fusion is a cure for the
supposed climate crisis and must be implemented quickly to
stave off disaster. This author not only disbelieves this, but
believes that such a path could well be ultimately be very
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harmful for the development of fusion, and perhaps for
future civilization itself. He believes that there is plenty of
fossil fuel for 35-50 years and using it will notproduce any
climate crisis. However it is not a sustainable path for world
development, and the author believes that if prosperous
civilization is realized world wide, fossil fuel is a much less
sustainable resource than current estimates. This then is the
necessary time scale for the development of fusion
breeding, and the author believes that indeed this is possible
with a properly focused fusion program.

Fusion breeding might well be achievable not too long after
midcentury, and could likely be needed then. This author
has written several articles, advocatingfusion breeding **?*
% including several open access articles ¥ in
prestigious journals, and has written one simplified version
in the APS Forum on Physics and Society. * However,
fusion breeding has been the ugly duckling of the fusion
project, rejected by most, but certainly not all, of both the
fission and fusion community. But it should no longer be
ignored, nor ignorantly condemned with such erroneous
remarks as: “it combines the worst aspects of fusion with
the worst aspects of fission”, or “fusion breeding can only
address fuel, the one problem that fission does NOT have”.
This paper, and others, hope turn fusion breeding into the
beautiful swan. In fact, it has much, much greater potential
than simply not being written off. This article makes the
case that not only can it breed, it is the best breeder.

This paper is an attempt to determine the best way to
develop and implement fusion breeding into the economy. It
proposes a very different optimum strategy than what is
usually proposed. Section II uses a ‘top down’, rather than
‘bottom up ‘analysis to determine the power necessary to
support modern civilization world wide. It makes the case
that fusion breeding will be necessary by about midcentury
and very likely can be developed by then or not too long
thereafter. Section III claims that the fusion ‘startup’
companies promising fusion hooked up to the grid in 10
years or so will all fail. Section 1V argues that fusion on the

Prmary energy dermand

End-use sector

normal government sponsored path will not give rise to
fusion hooked up to the grid in this century. Section V
makes the case that fusion breeding, that is the use of 14
MeV fusion neutrons to breed ?**U as fuel for thermal
nuclear reactors, could be a sustainable approach for
powering civilization not too long after midcentury. It will
not be needed before that, but could be desperately needed
afterwards. Section VI suggestss an optimum strategy to
achieve fusion breeding, by magnetic or inertial fusion, well
before century’s end. Section VII consider the effects of the
unlikely development of an economical pure fusion reactor.
Section VIII describe the ‘energy park’, a collection of one
fusion breeder, one fast neutron reactor and 5-10 thermal
nuclear reactors could be the basis of an infrastructure that
sustainably powers civilization. Finally there is anAppendix.
To summarize, the proper role for fusion (i.e. fusion
breeding) is to prepare a sustainable energy source, ready to
preserve the benefits of civilization, worldwide, by
midcentury or not too long thereafter. It is not to be
developed inthe next decade to solve the nonexistent climate
crisis. This latter attempt would be an enormous waste of
precious fusion resources. Even with its large private dollar
support, the false hope it engenders would be much more
likely to harm the fusion enterprise than to benefit it.

1. SUSTAINABLE ENERGY FROM THE TOP
DOWN

The goal is to increase the world’s energy so everybody has
a life style like the more economically advanced nations,
and to do it by mid century or not too longafter. This means
examining the energy development requirements from the
top down, not from the bottom up, as we explain shortly.
One excellent source of these statistics is the yearly
publications by BP. *

Taken from their 2019 issue are their graphs of the sources
of energy, the energyuse in various parts of the world, and
by end use.
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Figure (2): BP’s three graphs of energy demand by end use sector, region and fuel. The units are billions of tons of oil per year.
Since this is an unusual unitfor people not in the oil industry, we use terawatts (TW), where one terawatt isapproximately one
billion tons of oil per year.
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To the left of their vertical dashed line in Fig. (2) is the
historical record. To the right are BP’s extrapolations for the
future. While up to 2040 BP sees fossil fuelas playing a
very important role, it is not sustainable. That is it will run
out at some point. As is apparent from the graph, the world
today uses about 14 terawatts (TW). However the energy
use is very unequal. The 1.2 billion people in the
economically more advanced OECD countries use ~ 6 TW,
or ~ 5kilowatt (kW) per capita. The other 7 billion or so
people living on the planet share 8 TW, or use ~ 1 kW per
capita. The world’s goal certainly must be to bring the rest
of the world up to OECD standards of living as quickly as
possible. By mid century the world population is expected
to level off at about 10B, meaning that at current OECD
power use, the world would need 50T.

However energy efficiency is also expected to increase, and
typically increases by ~ Y2 - 1% per year. “° Hence let us
think in terms of 35-40 TW by mid century. Two ways the
energy efficiency could increase are to switch from
conventional coal powered generators at ~33% efficiency,
to more efficient ultrasuper critical coal powered generators
at ~ 40%. These generators also have advanced pollution
control and emit only water and carbon dioxide. **

The author puts in here a brief digression on coal, especially
as regards the less developed parts of the world. Coal, for
next several decades, could be the salvation of, for instance,
more than half of sub-Saharan Africans — the numberwho
labor daily with inadequate supplies of electricity. The
people do their cooking, heating and lighting with a
combination of wood, charcoal and dried animal dung. The
World Health estimates that about half a million die each
year from the results of this indoor air pollution. Don’t
African lives matter?

The U.S. could, and should, be selling Africans modern
supercritical plants — and working with them to set up their
own plants — except for ridiculous American prohibitions
due to the anti-coal mass panic. These could be a solutionto
both their indoor and outdoor air pollution. Instead, they
will be getting much dirtier technology from China and
others. There is no stopping Africans and others from
installing and building large numbers of coal plants, just as
India and China are now doing. And who are we in the
western world to lecture not only the Africans, but others in
less developed parts of the world, to stop their march to
prosperity in the way they see as most advantageous. This
is especially true if this involves the use of nearly pollution
free ultra-super criticalcoal plants.

As | hope this paper makes clear, the western insistence on
windmills and solar power exclusively, will not only do
great harm to itself ultimately, but will do much greater
harm, much faster, to places like Africa, Latin America,
Indonesia.... The harm that these unscientific, uneconomic,
and environmentally disasterous policies are attemping to
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inflict on the world, and especially the less developed world
should weigh heavily on the western conscience.
Furthermore, a portion of electricity generation could shift
to gas powered generators, which typically run at ~ 50%
efficiency. Undobtedly there are manyother approaches to
increasing efficiency, including having more business
meetings on line instead of in person.

The BP extrapolation up to 2040 is a perfect example of
extrapolation ‘from thebottom up’. They take what is being
done now, and and see how much they can push it to
advance. They see a power increase of up to ~ 2 TW per
decade by 2040, or an increase of ~ 200 GW per year.
Extrapolating their graph to 2050, they would probably
predict a world wide power of ~20TW. However this is not
nearly sufficient to bring the world up to OEDC standards
by then.

This author prefers interpolation ‘from the top down’. That
is, let’s see how much power we need to get the world up to
OECD standard at some particular time, which we take as
mid century, 2050. This means increasing the power by

~ 21 - 25 TW by then, or ~ 7-8 TW per decade; more than
triple the advance thatBP foresees! This should be the goal
the world strives toward.

Whether the concern is exhausting fossil fuel (we can use it
for quite a while, but will exhaust it in 1/3 the time at 35TW
as at 12), or is knowing that solar andwind cannot do the
job; **? or knowing that pure fusion cannot do the job, at
least in this century if ever (see the next two sections) these
lead to one and only one conclusion.Nuclear power must
play an important role, both in any final sustainable role,
and on the way there. Many counties now, especially the
USA, Russia, France, China and England, but also others
including India and South Africa have significant expertise
in nuclear science and reactors. Let us think ofa sustainable
future for all mankind as one that increases nuclear power by
abouta factor of 20 to ~ 20TW (i.e. ~7TWe) worldwide by
midcentury, reducing fossil fuel somewhat to ~10TW, so it
will last at least as long as current estimates, and increasing
hydro and renewables to 1-3 TW each. In other words, it still
recognizes that fossil fuel will play an essential role, but less
crucial than today. It does not regard the use of fossil fuel, at
10 TW well into the future, as causing an extreme planetary
calamity. Ultimately, as fossil fuel runs out, nuclear power
would take over completely, but would be quite far in the
future.

This then would obviously require something of a crash
program in expanding nuclear power over the next few
decades. There is every reason to think this possible
technically, although perhaps not politically. At least in the
United States, regulations, lawsuits, protest marches,
bureaucratic delays, environmental impact statements done
and redone numerous times, NIMBY, BANANA,... have all
thrown sand in the gears of nuclear power. These could be
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the biggest problem it faces. Even if the nuclear company is
successful, typically 20 years are wasted as it strangles in
bureaucratic red tape and court cases, enormously
increasing the price of nuclear power. Regulation reform is
the American, and perhaps the worldwide nuclear industry’s
biggest battle rightnow.

It may be that nuclear power is making a comeback. John
Kerry, the man most responsible for killing the American
breeder program in 1994 is now saying "Gofor it" regarding
a renewed American nuclear program. Prime minister Boris
Johnson, before his resignation (i.e. in May 2022) said the
UK will build one new nuclear plant a year. Also, it is
planning an advanced breeder (an upgrade to the American
Integral Fast Reactor, IFR) called the PRISM to treat its
plutonium wastes. In February 2022 France announce plans
to build at least 6 new reactors, and perhaps even an
additional 8.

Yet even if the nuclear industry solves its image problem, it
faces a much bigger problem on the physics and technical
side. Fissile #°U comprises only 0.7% of the uranium
resource. Supplies of mined 235U are limited, almost
certainly much less than the reserve of fossil fuel, and
uranium dissolved in the sea are almost certainly at much
too low a concentration to have any impact. ** One rather
pessimistic estimate is that the energy resource of mined
uranium is about60-300 Terawatt years. *° Other estimates

are higher, but no estimate is high enough, that if it were
correct, there would be enough uranium to sustainably
supply the world’s thermal nuclear reactors with 20-30TW
(i.e. ~6-10TWe).

Ultimately breeding fuel must play an important role.
Breeding means taking amaterial which exists in nature like,
28 or #Th, called fertile materials, and bombarding them
with neutrons to make fissile materials, like ?°Pu or U,
which do not exist in nature. However, because these have
an odd atomic weight, they are fine as fuel for thermal
fission reactors such a light water reactor (LWR). There are
certainly conventional approaches to breeding, including
fast neutron reactors, “**® and thermal thorium reactors, *'
and these certainly have a shorter development path than
fusion breeding. Other countries, especially Russia and
India are taking these reactors very seriously. Russia already
has two fast neutron reactors, their BN 600 and BN 800
attached to their grid. However, fission breeders are
complicated and expensive.

Not only is the reaction cross section much greater for a
thermal neutron reactor,but the thermal reactor designer has
a wide choice of coolants (e.g. water or air),instead of only
liquid sodium or lead, which must be used in a fast neutron
reactor. Figure (3) is a plot of the fission and neutron
absorption cross sections as a function of neutron energy for
235U and 238U. 48
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Figure 3 : The fission and neutron absorption cross section in barns (1 barn is10”

24 235 238

cm) for U and U as a function of the

energy of the incident neutron. The cross sections look about the same for all fertile and fissile nuclei, depending whether their
atomic number is odd or even.

The red curves are the fission cross sections, and the green,
are the neutronabsorption cross sections.

While fusion breeding certainly has a longer development
path than fissionbreeding, it does have important advantages
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which we discuss shortly.
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[1l. FUSION START-UPS’ PILOT PLANTS ALL HAVE
SERIOUS PROBLEMS AND WILL MOST LIKELY
FAIL

In the last few years, many private companies, generally
called ‘fusion start ups’, have sprung up. They claim, nearly
universally, that they will have fusion on the grid much
quicker than the national labs, generally within about a
decade.They have achieved wide recognition, and in March
2022 there was even a White House conference on their
approach to fusion. At the conference, the fact that rapid
development of fusion would solve the climate crisis played
center stage. Here is a portion of Gina McCarthy’s talk
while hosting the conference®:

Gina McCarthy, White House National Climate Advisor,
spoke about the ways the Biden-Harris Administration is
addressing climate change, such as a commitment to get to
100% carbon-free electricity by

Needless to say, the various ‘fusion start ups’ snapped at the
bait. Here are twoquotes typical of very many:

General Fusion web site: With the urgency of climate
change in mind, we are on course to power homes,
businesses, and industry with fusion energy by the 2030s.
TAE press release: “We’re here today because the world is
on fire. Because generations before us made bold
investments to give us the first solutions to this crisis.
Because we must act. And we believe that when it comes to
fusion, the time is now.”

This paper asserts that thinking of fusion hooked up to the
grid in ~10 years is a pipe dream. The effort is simply not
ready for prime time, there is too much unknown to get
from where we are now, to electricity for the grid in the time
period these companies promise. In fact, given the lack of a
‘climate crisis’, they are peddling a non-solution to a non-
problem, this nearly immediate non- solution, which will
fail, will cost billions.

This author is certainly not opposed to private companies
ultimately getting involved in fusion once the time is right.
In fact, ultimately, they will be essential, but the time is not
now.  Consider the situation in space capable rockets,
where private companies in the United States are now
eclipsing NASA rockets (in fact originally Army and Navy
rockets). But NASA rockets were theonly game in town for
about 50 years, and NASA made enormous gains in
developing these rockets with no input from the private
sector for about half a century. Only then, when much of the
technology was largely established by NASA, could the
prospect of further development be more certain, and in a
shorter time, so that investors could reap profits within a
reasonable time horizon if the project were to be successful.
Only then could private companies come in and begin to
take over. Fusion is howhere near where space rockets were
even as early as in 1957 when satellites began to circle the
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earth. After all,rocket work began decades before 1957. We
have not even launched our fusion analog of Sputnik yet.
Private companies could not take over space
rockets in 1956; private companies cannot take over fusion
now.
These companies are supported by private dollars, and the
dollars invested are large. Helion brags that it has attracted
$2.2B; Commonwealth Fusion, $1.8B; TAE, ~ $1B. These
companies, of course, can spend their private $$$ any way
they wish, but if their investors expect a payoff in the next
decade, they are in for a big disappointment.
While with their large dollar amount, they will undoubtedly
make some contributions to fusion science and technology,
this author thinks their overallimpacts will be harmful. They
are raising unrealistic expectations, and who knows what the
effect will be when these efforts all collapse with a gigantic
splat. Will they take down the normal, government
sponsored fusion effort with them, thereby destroying a
potentially very important project? Quite possibly.

Why will these efforts most likely fail?

Commonwealth Fusion:  This company, a spin off from
the MIT program, is probably the only one that could have
succeeded in going the normal government sponsored route.
They have published their designs in the open literature,>*
so it is entirely appropriate for readers to offer scientific
analysis of their design, and if appropriate criticism, also in
the open scientific literature. They have a new technology
that could allow tokamaks to operate at larger magnetic
fields, 9-10T instead of 3-5T. The Princeton Plasma Physics
Lab (PPPL) at one point was interested in purchasing these
field coils to do their own experiments with them. *
Commonwealth has plans for a small tokamak called
SPARC, which they hope demonstrates high gain, and a
larger one called ARC which they will hope will deliver
commercial power in a decade or so. The company has been
rather open and has published a considerable amount of its
work.

Regarding the plasma, the higher magnetic fields are an
unguestioned benefit, but in reality, they are a double edge
sword. An economical fusion source is more than just the
plasma, and for these other components, the high field is a
drawback. As the size shrinks and the power increases, the
wall loading increases. SPARC and ARC would have
higher wall loading than ITER, **** and wall loading is a
serious problem area for ITER. Not only that, unlike ARC,
ITER is a pulsed machine, and does not have to operate
steady state so as to supply power to the grid. Table I gives
the radius in meters, field in T, the power and the neutron
wall loading for ITER, SPARC, and ARC, taken from the
ITER web site, as well as the Commonwealth papers just
cited.
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Machine R (M) B(T)

ITER 6 5

SPARC 1.65 >10
ARC 33 9

P(MW) loading (MW/m?)

500 0.7 (pulsed)

50 0.8 (steady state)
500 2.3 (steady state)

TABLE I, The major radius, magnetic field, fusion power, and neutron wallloading, as expected for several tokamaks.

Notice that SPARC will have more wall loading than ITER,
and ARC, considerably more. So far, no tokamak, or any
other fusion reactor, has operated with any neutron wall
loading at all.To think that ARC and SPARC can operate
steady state with higher wall loading than a pulsed ITER, is
optimistic, to say the least.

Perhaps even more important, neither ITER, nor SPARC,
nor ARC knows at this point how it will drive current steady
state. ITER, and most tokamaks drive the current with a
transformer, the plasma being the secondary. But the
transformer can only drive so many Volt seconds and then
the current stops.

ITER’s pulse time will be 400 seconds and it does not seem
to have plans forsteady state operation. Of course, ARC and
SPARC expect to do just this.

Commonwealth’s plans are to drive a steady state current
externally with microwaves and rf. However, a great deal of
experimental data is now in, and itis not encouraging. The
Korean tokamak KSTAR  and the Chinese, EAST *° have
both driven current for long periods of time externally. The
problem is thatit takes a great deal more power to drive the
current than would be acceptable for economic fusion. °"**
While the final results on external current drive are not
necessarily in, and futureresults may be more encouraging,
MIT is currently backing away from external current drive,
and is considering having the current oscillate back and
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forth in direction with a period of perhaps on the order of an
hour in each toroidal direction. ®® However, when the
current goes through zero, there is no MHD equilibrium,
and the plasma will splash onto the walls, virtually
instantaneously on the time scale of the current waveform.
Who knows how long it will take to clean up the mess? In
other words, Commonwealth claims its tokamak will
provide power to the grid in in a decade, but there are
serious uncertainties abouthow it will drive the current.
Then there is the issue of heating and (maybe) current drive.

It will be driven by ICRH (ion cyclotron resonance
heating) in SPARC. Inside the plasma, shown in pink in Fig.
(4) in their schematic of SPARC, is the belt used to drive the
rf power. However, there is no physical structure between
the plasma and the belt which can protect it from the intense
flux of 14 MeV fusion neutrons, which as we have just seen
will be nearly a megawatt per m? if the experiment is
successful. Can the belt stand up to such punishment
without losing its electrical properties, and perhaps even its
mechanical properties? To this author, it seems far-fetched.
However, it is not up me to prove that it cannot survive in
that environment, it is up to the designers of SPARC to
prove that it can. The only way for them to do so is to show
such a current carrying wire or belt that has stood up to such
a neutron flux for relevant times.
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Figure (4): A schematic of the poloidal cross section of SPARC taken from Ref.(50). The pink part inside the vacuum chamber is
the belt which carries the current rf current used for ion cyclotron heating.
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Seeing the belt inside the vacuum chamber, which must
carry a large oscillatingcurrent exposed to the neutron flux
reminds one of a series of very rough hand drawn cartoons
Professor David Rose of MIT circulated in the late 1960’s
and early 1970’s, when | was a graduate student and junior

faculty member at MIT.

I do not remember all of them, but the one on rf heating was
particularly revealing in this context. Figure (5) is the
author’s hand drawn recollection of it.
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Figure (5): RF heater’s view of fusion. Redrawn from memory from a collection of hand drawn cartoons and captions that
Professor David Rose of MIT circulated in the 1960’s and 1970’s.

To this author's mind, the plasma heating (and current
drive?) sources should beneutral beams and ECRH. These
are the only sources with sufficient standoff. All other
sources have key vulnerable components inside the vacuum
vessel and are exposed to intense neutron fluxes. Who
knows what the effect of a long term 1IMW/m? flux of 14
MeV neutrons on these antennas, waveguides, coils orbelts
will be.

Note also that the thickness of the vacuum wall in SPARC is
about half a meter, and this is for a steady state fusion
reactor. Conservative design rules (see next section and
references specified there ) specify a meter and a half. ITER
with lesser wall loading on a pulsed reactor has a thicker
vacuum wall. In short, no matter how small you can make
the tokamak plasma, the necessity for a wall of~1.5 meters
thick gives a minimum for how small it is reasonable to
make theplasma. Neutron leakage out the back may well be
a problem for SPARC.

Speaking of heating, if SPARC achieves a Q~10, then 20%
of the fusion power will be from 3.5 MeV doubly charged
alpha particles which tend to stay in the machine. There has
been no experimental work on significant alpha heating in
any magnetic confinement device, although undoubtedly
there have been paper studies. What is required? Does
anyone know? Do all the alphas have to be removed? Some
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of them? Can their heating be controlled in any way? How
would one do this? Surely there should be some
experimental work on this issue before barging ahead with
an industrial facility reliant on it.

Finally, the design of ARC makes some rather optimistic
assumptions of the various efficiecies. It assume an
efficiency of 40% for conversion of fusion power to
electrical power. While this is reasonable for the most
modern coal fired ultra super critical plants, and modern gas
fired plants do even better, existing nuclear power plants
typically are stuck around a more standard efficiency of
~1/3. Furthermore their rf and microwave sources are
assumed to have an efficiency of 42% conversion from
source to power injected into the plasma. This is also a
rather optimistic assumption. Making a more conservative
assumption, and taking the 2 efficiencies of 33% and 25%,
their power to the grid drops from ~300MW to ~ 100MW.
The design of ARC is walking delicately on the edge of a
cliff in parameter space; drop the efficiencynumbers a little,
and the power to the grid drops a lot.

To summarize, ARC needs 5 miracles in the next 10 years.
These are: runningsteady state with higher wall loading than
any other fusion devices including ITER, figuring our how
to drive the current, figuring out how to control the alpha
heating, operating with vital unshielded components inside
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the vacuum vessel, and walking right along the edge of a
steep cliff in parameter space where a false step could be
catastrophic.

Yet as best this author can discern, due to the potential
benefit of higher toroidal field, Commonwealth Fusion's
plans make make more sense than those of many of the
other 'start ups'.

The General Atomic group has also proposed an advanced
tokamak based pilotplant, > and this author has published an
article skeptical of their chances of success, and even
suggested that they try breeding instead:; it is much easier.
The GA response has also been published®".

Another open controversy in the scientic literature involves
TAE (formerly Tri alpha energy).At the earliest stages of
TAE, this author was involved. Beforegetting private $$$ to
form their company, Rostoker, Binderbauer and Monkhorst
attempted to sell it to ONR (office of naval research) as a
means of ship propulsion. ® In their first publication on the
subject, they even showed aschematic of a sailor in front of
the reactor. Their scheme was a reversed field pinch and
their reaction was the p-''B reaction. This reaction has much
lower cross section than DT, and required much more
energetic fuel particles. It produces 3 alpha particles, the
reason for the company’s original name. They planned to
use beams at the energy that maximized the reaction cross
section.

ONR turned their proposal to NRL to review, and NRL
gave the job to Martin Lampe and me. We spent months
studying their proposal, and our conclusion was that their
scheme made absolutely no sense. The number of miracles
it needed was almost too large to count. We documented our
analysis in an NRLMemorandum report * but decided not to
publish it in the archival literature.

The NRL memo is available either from NRL or from the
author. ONR decidednot to fund the project. It is now 25
years since their article was published, and still no
commercial fusion reactor.

Other “start ups’ include many additional plasma
confinement schemes. For instance there is a concept of
a spherical tokamak. To this author’s mind, thishas all the
problems of the other tokamaks mentioned here, plus a few
more. The idea is to shrink a tokamak down to basically a
spherical shape.

Topologically it is still a torus, but with an aspect ratio of
about unity. This means that there will be a thin
superconducting center conductor, but carrying the current
of all the toroidal coils, and which will be bombarded by the
full fluxof the fusion neutrons.

Several, including TAE think in terms of a field reversed
configuration (FRC). It would be wonderful if this could
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work, it is an ideal geometrical configuration, but so far
their triple fusion product is several orders of magnitude
below what JT-60 has achieved ®. One ‘start up’ even
thinks in terms of this configuration, but with a D-*He
plasma, fueled by a D-D reaction.But the D-*He reaction has
about 10% of the reaction rate as D-T and the D-D another
factor of 10 below the .D->He reaction.

Other’s think of an FRC, but compressed by an imploding
metal liner. This configuration had been analyzed by NRL,
and especially Los Alamos over the last 50 years, but has
never been built by either lab. Another assures us that we
can have heavy ion beam inertial fusion quickly. However,
this has been analyzed for over 30 years by the Lawrence
Berkeley National lab, but neither the ion accelerator nor the
necessary storage rings (enormous components) have ever
been built.

In short, the few ‘start up’ configurations that have been
publicly analyzed, are extremely controversial, to say the
least. Not one has yet produced even a single 14 MeV
neutron, a minimum of 10 per second are needed for an
economical fusion device. Others have not been analyzed
publicly, but seem to need tremendous advances from where
we are now.

IV. PURE FUSION WILL NOT BE AVAILABLE THIS
CENTURY

Despite the claims of the ‘fusion start ups’ that they have
advantages over the legacy, government supported fusion
efforts, these legacy efforts have done pretty well. This
section reviews some of the accomplishments of the
tokamak and laser, approaches, but also predicts that there
are too many scientific, engineering, and economic
obstacles for them to develop into power sources hooked up
to the grid in this century. Of course, as Yogi Berra said,
"Predictions are tough, especially about the future". But
consider the following: The century is already 22 years old,
and the rate of fusion progress in this first 22% of the
century hardly provides encouragement. There are many,
many obstacles to get over between where we are now, and
economical pure fusion.

Obviously many of us would make different predictions, but
at this point | am sticking to mine. Fortunately I am old
enough so it is unlikely that | will see myprediction fail.
Consider first the tokamaks. After a long break, JET has
resumed DT experiments and has produced about double
fusion power than in its 1997 campaign, ® reaching Q~0.4,
~ 10 MW recently. Figure (16) from Ref. (65),shown here as
Figure 6, shows their earlier and current fusion power.
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Figure (6): A plot of the fusion power in JET s most recent DT campaigncompared to what it accomplished in 1997.

Furthermore, the construction of ITER is now ~ 70%
complete. If there are no further delays, it should have its
first plasma by 2025, 3 years from now, after aconstruction
period of well over a decade and design period of ~ 20
years.

ITER hopes to achieve a Q ~ 10, and generate ~ 500MW of
fusion power driven by ~ 50 MW of neutral beams,
microwaves, and millimeter waves (56,57).

However, this can hardly be an end point. Electric power is
produced with an efficiency of ~ 1/3, so the 500 MW of
power means ~170MW sent to the grid. However, beams
and microwaves are not produced with 100% efficiency
either,once again %- 1/3 is a typical number. Hence taking
the larger number, the 50 MW of input power would take
~150MW of wall plug power, leaving virtually nothing for
the grid.

To make ITER an economical machine, first the gain would
have to increase by at least a factor of 3 or 4, so that the
circulating power is a much smaller fraction of the total
power. Second, the power would have to be increased by a
factor of about 5 or 6 to make it comparable to current
power stations. Third the size and cost would have to be
reduced substantially to make it economically viable. But
with larger power and a smaller size, the wall and divertor
loading would increase by at least an order of magnitude.
These are not minor details!

Assuming they could be accomplished at all, they would
take decades and additional $10B’s. Realistically, pure
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fusion, at least on the ITER pathway, is at best a 22nd
century possibility. However, we now make the case that
even thisis very unlikely, given current understanding of
tokamak physics.

As described in Refs. (11, 32, 35-37) and in their references,
and also elaborated in Ref (38), tokamaks are constrained in
the current, pressure and density they can contain. Freidberg
derived similar constraints. % We have called these
conservative design rules (CDR’s).These are expressed as
limitson tokamak parameters:

By =25 (the normalized beta)

g95>3 (the g at the magnetic surface containing 95% of

the plasma current. Itis proportional to the reciprocal of the
plasma current). It is also called the safety factor.

n< 0.75 nG (the Greenwald density).

The blanket must be at least a meter thick, preferably a
meter and a half, tocontain all the 14 MeV neutrons and
prevent leakage out the back.

The name conservative is used because if they are violated,
the result is generally a major disruption. Disruptions are the
sudden loss of energy and/or current. A tokamak is plagued
by what are called minor disruptions, where small amounts
of energy escape. However, there are also what are called
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major disruptions, where virtually the entire plasma
suddenly collapses onto the wall. These have plagued the
tokamak program since its birth. A great deal of effort in
the tokamak program has been dedicated to understanding
and preventing these. Generally, this means the tokamak
must operate in a region of parameter space defined by these
‘conservative design rules’. This was first pointed out bythe
author in 2009, *? and extended by Freidberg et al.

Since a major disruption is obviously something to be

(b)

IIII]IYII]IIII'IIIIIIIII]I

LI

2 3

avoided in a tokamak reactor, its design has to be
conservative as regards these parameters. These limits are
not controversial; they have a solid base in theory and have
been confirmed in a wide variety of experiments. Every
large tokamak has been constrained by them. For instance,
the nature of a large number of discharges inJT-60 have
been plotted out in the q95bN plane shown in Fig. (7). %¢’
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Figure (7) : Anplotin (bN 95 space) of aspects of a large number of dischargesin JT-60. The blank squares represent discharges
that have lasted at least 5 energy confinement times, the shaded circles are discharged that did not, i.e. discharges marked as
transient. Clearly steady state is only achievable for q95> 3 and bN < 2.5, just as predicted by conservative design rules.

Notice that JT-60 has also gotten discharges with high bN,
as high as 5 for q95 of 6 and for q95 as low as 2, for bN
about 1. However, these constitute no improvement in the
actual beta, which is proportional to bN times the current, or
to bN/ q95. In addition, these all disrupt in less than 5
energy confinement times. The European tokamak JET also
showed very similar results.

This author has derived two expressions for the fusion
power based on the maximum that CDR’s would allow. %

They depend on assumptions of profiles and
temperature ratio, and are
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P < 0.06K? [aB]‘/R )

@

Now let us consider a 3GW tokamak (like a conventional
power plant), taking K=1.7 (the ellipticity in the poloidal
plane), and a = R/3. Then Egs. (1-2) become formulas for
the minimum radius R, as a function of the magnetic field.
These are summarized in Table (I1). The left-hand column
specifies the magnetic field, 5 or 9 T, the top row, R, from
Egs. (1-2). The Table entries are the minimum radii in

P < 2x10° p? KRa’ B*
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meters (rounded to the nearest whole number).

B R[Ea(2)]
5 11
9 5

R[Eq(D)]

12

6

TABLE II: Minimum major radius for a 3 GW tokamak as calculated by CDR'sfor fields of 5 and 9T.

Consider a 5T power plant.The entire device, counting the
field coils and shielding would extend from the goal line to
about the 30-35-yard line of an American football field. It
simply does not seem that this would be affordablefor every
power station. A fast neutron reactor seems like a much
more affordable choice.

Furthermore, there are a considerable number of other vital
issues, for which ITER, at this point, has no answers and
apparently no specific plans to address these issues
experimentally. These are how to drive the current steady
state or at high duty cycle, and finally how to make the gain
larger than 10 (the ITER gain) by at least a factor of 3 or 4,
so that the circulating power is not such a dominant fraction
of the total power, i.e., so significant power is left over for
thegrid.

Given the size and scale of such a 3GWth (1GWe) tokamak,
as well as considering the time it has taken to design and
build ITER (~40 years), as well as the cost and scientific
uncertainties involved, it does not seem reasonable that such
a machine can be developed, economically put in place, and
become adominant source of electrical power by century’s
end.

Furthermore, ITER has hit some new delays ® and the time
for first plasma is uncertain, but has certainly slipped.
Among other things, large components, manufactured in
different countries, with different leadership and different
manufacturing cultures (i.e., like herding cats), have to fit
together with microntolerance, and in ITER, they do not.
“The vacuum vessel sections are 17 meters tall and 6-7
meters wide. ‘You haveto fit them together to a fraction of
a millimeter’ Befouled says”. ®°

While this is certainly discouraging, it has a silver lining.
An ITER like commercial fusion breeder or fusion device
will certainly be manufactured under the auspices of a single
national or commercial leadership.Components will most
likely be much better coordinated, and this alone will almost
certainlyreduce mismatches as well as the costs.

Given the results of the recent LLNL (Lawrence Livermore
National Laboratory) experiment, " there is a new kid on
the block, laser fusion. For years, except for Ref. (34), this
author did not include laser fusion in his work on fusion
breeding, as it had failed to produce anything like the
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neutrons necessary to be considered a potential energy
source. Furthermore, full disclosure, the author is a
participant, as a consultant, in the NRL laser fusion
program. In fact, laser fusion was never supported for fusion
energy research, but for nuclear stockpile stewardship. With
the result of the August 2021 experiment, that has all
changed, and laser fusion must now be regarded as a serious
contender.For the last few years, the LLNL project has been
inching up on what they define as a burning plasma, with
this or that definition for their goal. As they advanced, they
got Q’s nearly as high as 10%. However, while they might
have defined the plasma as burning, this depended on subtle
interpretations of their measurement. Typically, they
measured the neutron energy emitted, surmised the alpha
particle energy produced (which was absorbed locally), and
then calculated the PdV energy going into the fuel to heatit,
and if it was less than the alpha energy, they claimed a
burning plasma. Even with this only ‘sort of convincing’
justification for their claims, their paper describing these
measurements (70) was downloaded over 80 thousand
times!

All that changed with their August 2021 shot. To their
surprise (some of their diagnostics were set for lower fluxes
and saturated!) and delight, they achieved 1.3 MJ of fusion
energy from 1.7 MJ of laser light energy. ™ Not only that,
they achieved a non-subtle signature of a burning plasma.
They measured the time dependent temperature of the
exploding fuel and ablator, and saw that as it expanded, it
heated. There is no explanation for this result but the fact
that as the plasma expanded, it was heated by the alphas and
a burn wave was set up. Itwas most definitely an ignited
plasma, nearly 20 years before ITER hopes to achieve
ignition. To this author’s mind, it was a Wright Brothers
moment. Unfortunately, these results had not been
published in the archival literature, in time for this author to
cite them, but unquestionably they soon will be. However,
the LLNL group gave a series of several zoom seminars on
their results, which many, including the author watched (the
author has not been able to recover these despite several
Google searches).

Now that laser fusion is on the scoreboard, let’s add up the
score. While the results are nothing if not amazing and
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impressive, economic laser fusion power is hardly around
the corner. Even with the Wright Brothers achievement, it
took another half century to develop large jet powered
aircraft.For one thing, whilethe Q is 0.67, greater than the
JET Q of 0.4, a more reasonable measurement for energy
production is the efficiency of the driver h, times Q. For
JET, hQ~0.1, while for h for the NIF is probably around
1%, so hQ~0.0067.

The target in the LLNL experiment is inside a container
called a hohlraum. Their laser is not focused on the target,
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but on the inner hohlraum walls, whichemit X-rays which
impinge on the target and implode it. As the goal of the
project is nuclear stockpile stewardship, and not energy, the
sponsor is only interested in X-ray drive and is not
interested in things like efficiency, rep rate, or bandwidth,
parameters important for energy. As the laser light does not
directly strike the target, this configuration is called indirect
drive.Figure (8), taken from Ref. (71) is a schematic of
LLNL’s configuration.
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Figure (8): A schematic of the LLNL approach to laser fusion taken from Ref(71).

The path LLNL is on has quite a few problems if the goal is
energy rather than nuclear stockpile stewardship. First of all,
each shot involves a hohlraum, a precisely engineered
container, made with expensive materials like gold or
uranium and currently costing thousands of dollars each.
While mass manufacturing of hohlraums will undoubtedly
bring down their price considerably, even if the target
produces a total energy of ~100MJ, which wouldtranslate to

Energy
Into
the
Hohlraum

~33MJ of electric energy, or ~ 10 kWhrs, worth about a
dollar, it gives a very low-price limit for the ultimate
economically acceptable hohlraum price. Second of all, only
a small fraction of the laser light (in the form of X- rays)
makes it to the target; the rest is lost through other channels.
This is shown in Fig (9) taken from the LLNL publication
(72).
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Figure (9): A schematic of where the laser energy goes for an indirect drive configuration. Only 10-15% of the laser energy
makes it to the target in the form of X-rays.
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Finally, the LLNL configuration is fine for one shot, with
the target on a small stalk, and focusing the laser on it is
relatively simple. It is rather like hitting a golf ball on a tee.
To do this continually, targets would have to be
continuously shot in a high speed, with each shot certainly
traveling in on a slightly different path. The target
engagement becomes more like hitting a variety of Jacob
DeGrom’s fastballs, curve balls, sliders, changeups....., on
every pitch. Not only does the target have to be in the right
place, it has to have the proper orientation also, so the laser
is aligned with the axis of the hohlraum, or to use the
baseball analogy a bit further, the batter has to hit the ball at

a precise phaseof the ball’s spin.

An alternative approach is what is called direct drive, where
the laser light directly hits the target, and without any of the
losses specified in Fig (9).Figure (10) is a schematic of
direct drive configuration taken from NRL. ™

Since the target is a sphere, it does not have to have any
specific orientation, sothe target engagement becomes much
simpler. LLNL is not set up for uniform 4p illumination, but
the University of Rochester Laboratory for Laser Energetic
(URLLE) has done direct drive experiments with its smaller
OMEGA (W) laser, " and NRL has done a good bit of
theory on it. "
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Figure (10): A schematic of direct drive laser fusion taken from Ref. (73). Thelaser beams directly hit the target, so very little
energy is wasted in other loss channels, as is the case with indirect drive.

Since so much less laser light is wasted in direct drive,
calculated gains (i.e.~hundreds) are generally considerably
higher than those gains calculated with indirect drive (i.e

~10) . Figure (11) from NRL """ shows a variety of gains
from a variety of target configurations and laser pulse
structures.
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Figure (11): A variety of calculations of gain from NRL for direct drive laserfusion.
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Let us then set up two straw men for laser fusion. First say
that one develops a5% efficient, 1 MJ laser, and has a target
with a gain of 100. This then gives 100MJ of fusion energy,
translating to 33 MJ of electrical wall plug energy.
However the laser will gobble up 20 of those MJ's just to
run itself, so thiswould hardly be economical.
The second assumes a target gain of 200 and a laser
efficiency of 10%. Here a 1MJ laser would give 200 MJ or
fusion energy per pulse, or 66 MJ of electric energy, and
when 10 are subtracted to power the laser, 56 MJ of electric
energy per pulse delivered to the grid. This would most
likely be a viable power source. The device would have to
operate at ~ 20 Hz to generate 1 GWe as a normal electric
power plant.
But what does this mean for the development of economic
laser fusion powerthis century, 78 years from this writing?
First of all, one needs much more efficient high power lasers
with greater bandwidth and rep rate. Then one has to
illuminate a target and show that the gain calculation such
as those in Fig (10) really do make sense. So far the best
calculations have fallen far short in predicting gains (as
pointed out, earlier LLNL estimates were 10, but it took
them a decade to get to 0.67!)
Many of these issues were studied by a project, run by NRL,
called HAPL " (High average power laser) which lasted
about 10 years until it was cancelled in2008. It was a multi
institutional project which examined many such obstacles,
including target manufacture, tracking, and engagement,
final optics, laser development, target chamber, tritium
production, recovering unburned tritium. ...
In the years of its existence, it made very good progress on
many of the issues. For instance both NRL and LLNL
developed preliminary versions of rep rated lasers which
they saw as possible to develop into lasers relevant for laser
fusion. Of course, given its short life time, HAPL had not
completed the job. However it found no show stoppers.
There does not seem to be anything like tokamak
conservative design rules, which greatly constrain what
tokamaks can and cannot do, and pushes these reactors way
up in size and cost.
Assuming everything works as well as the HAPL project
hoped and expected, can it all be accomplished, so that laser
fusion power plants can be installed andbecome operational
on a large scale before the end of the century? This author
feels the answer is no. The job just seem too big and
difficult. NIF took abouthalf a decade longer to construct
than was initially planned. The national ignition campaign
(NIC) was to end in 2012 with a Q of ~10. Instead it took an
additional decade to get a Q of 0.67. Already past delays
have gobbled up one and a half of the not quite 8 decades
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available and the project still missed its original goals by
more than an order of magnitude. Furthermore LLNL’s next
few shots were unable to repeat the high gain. It took them
over a year to get 1.2 MJ of fusion products with a 1.9 MJ
laser energy. Judging by the history upto now, this author's
opinion is that there are just too many orders of magnitude
to go and too little time to get there, to reach economic
power production and install it on a large scale this century.

V. FUSION BREEDING FOR MID CENTURY
SUSTAINABLE WORLDWIDE POWER

We first motivate the author’s claim that fusion is the ‘best
breeder’. It is reallyvery simple.

The fission reaction directly produces 2-3 neutrons with an
energy of ~ 2MeV. For fission breeding, one of these
neutrons is needed to continue the chain reaction and one is
needed to replace the burned fuel atom. Since there are
losses, at most half a neutron per reaction is available to
breed. In other words, at maximum breeding rate, it would
take two breeders to fuel one thermal reactor of equal
power.

Now consider fusion. As we will see shortly, the after
breeding the tritium to fuel fusion reactor, there are still
sufficient neutrons for breeding 2*3U, probablyabout % to 1
from each fusion reaction. However, the fusion produced
neutron energy is 14 MeV, while the energy released from
the 22U fission reaction it fuels is ~ 200 MeV. Hence a
single fusion breeder could fuel 5-10 thermal reactors of
equal power, making it far and away, ‘the best breeder’.

Let us now consider the breeding of tritium. The
conventional breeding reactionis usually assumed to be

n+ Li® = T(2.75MeV) 4+ He(2.05MeV)
3)

This has the advantage of being exothermic, adding energy
to the reaction, but the reaction costs a neutron. However if
there are any neutron losses at all, an inevitability, the
reaction will ultimately peter out. Even for pure fusion, a
way must be found to produce additional neutrons. For
fusion breeding, where moreneutrons are required, the need
is especially acute.

First of all, the fusion produces a much more energetic
neutron, and an energeticneutron can produce more neutrons
in particular targets. At an energy of 14 MeV, the neutron
can produce several others, as is shown in Figure (12) for a
lead target. "7
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Figure (12). The cross sections for producing 1 or 2 additional neutrons in a leadtarget, as a function of the incident neutron

An even more prolific neutron source is beryllium, which
requires a neutron energy of only 2.7 MeV to produce
another neutron. Not only that, there is anadditional tritium
breeding reaction which conserves neutrons. It is

n+Li" 5T+ He+n—247MeV
(4)

This reaction is endothermic, and costs about 4.5 MeV as
compared to the reaction in Eq. (3). However compared to
the extra neutron, this energy loss is of no importance if the
goal is fusion breeding. Let us say that after losses, the extra
neutron breeds an extra half *U nucleus. When burned it
produces ~ 100MeV, much more than making up for the
extra energy needed to produce the extra neutron. Hence
there are many possibilities for producing sufficient
neutrons for breeding 2*U as well as tritium from the initial
fusion reaction.

Now let us consider the breeding process for **U. The
collision cross section for both fission and neutron
absorption for 2°U and U is shown in Fig.(2).

In general actinides with odd atomic mass have much larger

energy.

fission cross sections at thermal energy, even atomic mass
actinides do not. A fission breeder must work with the 2
MeV neutrons, while a thermal reactor burns neutrons with
much greater reaction cross section. This renders a fast
neutron reactor much more complicated, expensive, and one
which requires much more fissilematerial to get started.
Now let us look at thorium - neutron reactions. When a
neutron collides with a thorium nucleus, the absorption
reaction has a cross section very much like uranium, shown
in Fig. (2). It goes from #?Th to **Th. The new new
nucleus isunstable, with a half life of about 20 minutes, to a
single beta decay, where it becomes Protactinium, **Pa,
which is itself unstable with a half life of about a month.
2pa beta decays and become 2**U, which is stable.
However **U, having an odd number atomic weight has
large thermal neutron fission cross section, very much like
that shown in Fig. (2) for 2°U. In other words it is fine as a
fuel for thermal nuclear reactor. There is a similar reaction
chain starting with *®U and ending with **°Pu, but since we
would like to avoid plutonium to the extent possible, we do
not consider this. Figure (13) is a schematic of the fusion
based 2*3U breeding process.

Figure 13: A schematic of the decay process where a fusion neutron is absorbed by a thorium nucleus, setting into motion a decay

process which finally ends up as a 233

141

U nucleus; a perfectly good fuel for a thermal nuclearreactor.
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It is important to note also that the reactions which take one
from %*Th to ?3Uare exothermic, and roughly double the
neutron power of the fusion reaction.

To analyze the fate of a 14 MeV neutron entering a target,
one uses Monte Carlo codes which all the main DoE labs

Medium Product atoms

Z2Th + 16% SLi 13%yU+11T
9 6y :
Be + 5% °Li 27T

°Be + 5% 2Th 2.66 2*°U

"Li+0.8% Z2Th +
.02% CLi 0.8%%U + 11T

have. Table 14.5 of Ref. (18) gives some examples of the
energy released and the particles produced from a 14 MeV
neutron entering particular homogeneous materials. A
portion of that table is reduced as Table (111).

Energy released (Mev)

49

22

30

17

TABLE (111) Product atoms and energy released by a 14 MeV neutronimpinging on various homogeneous materials

Hence ITER, which is designed to produce ~ 500MW of
fusion power, would, as a breeder, produce ~ 1GW; and the
original Large ITER %, designed to produce ~ 1.5GW,
would, as a breeder produce ~ 3GW, about equivalent to a
modern coal or nuclear powered electric generating plant.
Many more details ofthe reactions as well as possible reactor
designs are provided in Refs. (81-83).

One design, using a realistic blanket geometry ®2, would
produce about 0.6 **U atoms, as well as the necessary
tritium atom, from every 14 MeV neutron.

However when burned, this produces ~120 MeV,
multiplying the neutron energy by about an order of
magnitude. Hence one breeder can fuel about 10 thermal
reactors of equal neutron power, or about 5 of equal total
power (recall the breeding reactions are exothermal and
roughly double the the reactor total power).

Now let us do a very rough estimate of the cost of the fuel
produced. This is based to a large degree on what the cost of
an ITER scale reactor would be. Unfortunately, the cost of
ITER has been increasing very rapidly, and not only isthis
discouraging, it makes an estimate difficult. The original
cost of Large ITERwas to be $10B in capital cost and $10 in
operating cost for 10 years. Let us assume that the capital
cost of the commercial prototype is $25B. The machine is
assumed to last 30 years. Let us assume the same billion
dollars per year operating cost.

Thus, as a very rough estimate, let us say the capital and
operating cost of the commercial prototype is $2-2.5B/year.
It is a reactor, which generates 1GWe. Assuming it runs all
year, and sells the power for ten cents per kWh, it earns
about $0.9B. But it also produces 5 GWe of nuclear fuel. To

recover the additional $1.1B, it would have to sell the
nuclear fuel for about 2-3 cents per kWhr. This estimate is
certainly not exact, and as costs capital and operating costs
of ITER become clearer, it can be revised.

But at this point, the estimated cost does not seem to be any
kind of show stopper. Uranium fuel for LWR’s now costs
about one half to one cent per kwWh, so fusion bred fuel
might increase the electricity cost by a penny or two per
kwh.

To summarize, there does seem to be a roadmap to large
scale, economic power production via magnetic fusion
breeding by mid-century. Pure fusion can claim no such
magnetic roadmap at this point. Pure inertial fusion might,
as there are no conservative design rules that we know of
holding it back. However, IFE still has to get over
significant hurdles to get the neutron production that MFE
has right now. Unquestionably, fusion breeding is a more
conservative goal for IFE than is pure fusion; perhaps it is
the only reasonable goal.

One aspect of fusion breeding is worth mentioning is that
the fusion device would need a flowing liquid blanket. One
possibility for the liquid is a molten salt such as FLiBe,
which has lithium to produce the tritium and beryllium as a
neutron multiplier. Thorium, protactinium and uranium are
all soluble in it.

The liquid flows in and out, and when it is in the machine,
the neutrons can reactto produce the Pa and T, and these can
be extracted chemically as the liquid flows out of the
machine. One schematic of such a reactor is shown in Fig.
(14)from (83).
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Figure 14: A schematic of a fusion breeding blanket surrounding a fusion reactor. Notice the input and exit pipes for the flowing
lithium and thorium.

VI. PRELIMINARY DEVELOPMENT PLANS FOR
ACHIEVING FUSION BREEDING BY MID
CENTURY

In this section, we examine the potential routes to achieve
economic fusion breeding not too long after midcentury.
Unfortunately, the fusion community has confidence that
they have a ‘perfect’ energy source for future civilization.
They would prefer not to tie their fortunes to fission, which
might not even wantthem, and which they see as having
issues of safety, proliferation, and long-term radioactive
waste. But they should consider realities. Fusion breeding is
at least an order of magnitude easier to pull off than pure
fusion power. It should be possible, whereas commercial
application of pure fusion may turn out not to be.Even in the
best of circumstances, commercial fusion breeding should
be available quite a few decades earlier than commercial
pure fusion.

Hence right now, the main obstacle for the fusion
community to get over is a psychological one. It should
realize that fusion breeding is at least as good a goal, and
possibly even a better one, than pure fusion. It is certainly
one that it more achievable, likely not too long after
midcentury, and by then, especially asthe less developed
parts of the world develop, it may be desperately needed.
Also, while there is a real need for mid and late century
energy sources, there is no need to panic. If fusion breeding
can come on line in 30-50 years, that would be fine.
Furthermore, it is a goal that fits in much better with
current, and almost certainly the future, nuclear
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infrastructure. After all, it only has to produce fuel for
existing and future reactors. It does not have to set up an
entirely new energy architecture, which historically has
taken quite a few decades.

The author, over the years has been in contact with several
nuclear experts, including George Stanford (deceased 2013),
one of the principal developers of the Integral Fast Reactor
(IFR).Here is an excerpt from an email he sent me  :

Fissile material will be at a premium in 4 or 5 decadesl think
the role for fusion is the one you propose, namely as a
breeder of fissile material if the time comes when the
maximum IFR breeding rate is insufficient to meet demand.
Another nuclear expert was Dan Meneley (deceased 2018),
in charge of the Canadian nuclear program, and worked on
both the CANDU reactor and the IFR. Here is a comment he
sent me upon receiving all of the viewgraphs for ameeting
he was running : ®

We (I'm on the Executive of the Environmental Sciences
Division of the ANS) held a "Sustainable Nuclear" double
session at the ANS Annual in Reno a coupleof weeks ago. |
have copies of all the presentations The result was an
interesting mixture of "we have lots", just put the price up
and we'll deliver (we've heard the same from Saudi recently)
and "better be sure you have along-term fuel supply contract
before you build a new thermal reactor”. and I've nearly

finished prepping my talk for the CNS on June 13th (2006) -
- from what | can see now, we will need A LOT of fissile
isotopes if we want to fill in the petroleum-energy deficit
that is coming upon us. Breeders cannot do it -- your
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competition will be enrichment of expensive uranium,
electro-breeding.

Perhaps George Stanford and Dan Meneley were right.
Perhaps the world will need a great deal more nuclear fuel
than is available to continue to spread the widespread
benefits of civilization. The top down approach to energy
supply (Section II) certainly would indicate this. Not too
long after midcentury, our descendants might be thanking us
if we begin to develop fusion breading NOW.

The rest of this section is divided into three parts. A. First
it argues that laserfusion should be treated on (at least) an
equal par with tokamak fusion. It presents a variety of
arguements for this.

Then B, a possible development route for tokamaks, and C,
a possibledevelopment route for lasers.

A. General discussion of inertial and magnetic fusion:
Here we argue for DoE in the USA to treat laser fusion on,
at least an equal level, with tokamak fusion. This would
mean, at the very least supporting several additional laser
development programs and the related experimental work.
Just as in the US there used to be several tokamaks, i.e., at
PPPL, ORNL,GA, MIT, Texas and UCLA, and now there is
only one at GA, and it is not the largest; there should now
be several American laser development programs. If we do
not build tokamaks, the rest of the world will, but at least
right now, we are the only ones with the potential to do laser
fusion. Here we present some of the advantages we see for
laser fusion as opposed to tokamak fusion.

1. Perhaps most worrisome, tokamaks still do not know
how to drive the current, whether in a steady state or
pulsed mode. The experiments for external currentdrive
from EAST ***" and KSTAR * can drive the current
externally, it just takes much too much power ***’.
Hopefully EAST, KSTAR and other superconducting
tokamaks will find a way to externally drive the current
at lower power The alternative seems to be an
alernating current, but when the current passes through
zero, there is no MHD equilibrium, and the plasma will
immediately hit the wall. References (11) discusses
this.

2. Second, laser fusion is much safer. ITER will have a
poloidal field and plasma, which we do not understand
very well, and is subject to disruptions, with a stored
energy comparable to a ~100-pound bomb. The
superconducting magnet will have the energy of a
~1000-pound bomb. An uncontrolled quench, which
happened at CERN a few years ago, would cause
enormous damage. In CERN, it was in a miles long
tunnel, so the damage was mostly local, but still took a
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year to repair. In the confined space of ITER, an
uncontrolled quench would probably bring down the
building and much more. Laser fusion does notstore
this kind of concentrated energy anywhere. For
instance, NIF has 192 lasers, each of which has its own
pulse power supply supplying perhaps a Megajoule. If
one blows up, the damage will be localized and
probably would not spread to others. A more efficient
laser for a power plant would have even less stored
energy.

MFE has to worry about confining alphas, laser fusion
does not. Experimentally, MFE is nowhere on this and
probably won’t be for more than a decade or two.
Undoubtedly there are lots of paper studies on it. Laser
fusion does not regard alphas as an afterthought. Alphas
are built into the laserfusion culture at the ground level.
Its entire rationale is to set up a burn wave, which NIF
has already produced. MFE is nowhere near getting
such a result.And once ITER does achieve a burning
plasma, how will the heating be controlled? Do the
alphas have to be removed? All of them? Some of
them? Laser fusion does not have to tackle these very
complicated issues.

Tokamaks, and any magnetic confinement scheme will
always have to worry about recycling as 14 MeV
neutrons, radiation, as well as fast ions and neutrals hit
the wall and diverter plates. Who knows what is
entering the plasma? In laser fusion, whatever hits the
wall and bounces back, by the time it gets to thetarget,
the fusion reaction will be long over.

Tokamaks are constrained by conservative design rules
(CDR’s), meaning that any tokamak pure fusion device
will be quite large. Most likely, in the light of CDR’s,
there is no way to shrink the size of the tokamak and
still have itgive enough power for pure fusion, and even
a tokamak breeder will be quite large. At least as far as
we are aware now, there are no such theoretical
constraints on laser fusion. In fact an ICF burn wave
has now been demonstrated at both the mega Joule and
megaton level.

Laser fusion has flexibility in where it places the
chamber wall, tokamaks donot. If the the wall loading is
too much, in laser fusion, it can be moved back abit.
Of course moving the wall back, makes the target
tracking and engagement more difficult. On the other
hand, if the problem is that tracking and engaging the
target is too difficult, the wall can be moved in a bit.

Laser fusion hardly has a clear glide path to commercial
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power development. It has to worry about laser
efficiency, rep rate, bandwidth, cost, target engagement
and manufacture, final optics, target stability, ..... These
were all discussed in (77). To this author these various
obstacles to laser fusion seem to be more technical in
nature, whereas the obstacles tokamaks discussed
above, seem to be more fundamental in nature.
Tokamaks still need a huge international consortium,
costing tens of billions to do in 15 more years (i.e.
create a burning plasma), something which LLNL has
already done for a small fraction of the cost of ITER.

B. A plan to bring tokamak fusion breeding on line by
~ mid century
There are two immediate things the tokamak program
should embrace. First it should realize that if ITER is
successful, large ITER probably would have been also.
Counting the breeding reactions, it could be a 3GWth,
1GWe breeder which could fuel 5-10 thermal nuclear
reactors of equal power, as discussed in the last section.
ITER becomes an end in itself, not a means, on a long path
to who knows what DEMO, to be put in place who knows
how many decades later and for who knows how many
additional $10’s of billions, assuming it can be done at all.
Second, ITER should realize that it seems to have a serious
problem with currentgeneration. Possibly external current
generation will ultimately be successful, but right now it
takes too much power. A backup plan seems to be required,
and probably the only reasonable backup plan is the use of
an alternating Ohmically driven current. In any case, this is
a serious problem requiring ITER’s full attention.
Something that ITER plans is to have are 6 ports, which 6 of
the partners can use to explore tritium breeding. % This
author certainly recommends that at least one of these
partners (preferably all in fact) use the 'Li pathway to breed
the tritium. This way they preserver the neutron for other
applications, especially for breeding fissile fuel. Perhaps
one or more of the partners couldalso use their particular
port to produce some ?**U on a small scale. This way the
fusion project would produce something, admittedly on a
very small scale,that the world could actually use.
Hence ITER should continue pretty much on the path it is
on, with consideration given to the two points above. It
should not expend any further resources on the DEMO,
which probably will never become an economical power
supply and almost certainly will never be built.Instead is
should dust off its plans for Large ITER, but alter them so
that it could be used with a flowing blanket, probably a
molten salt.Then it would be ready for construction
assuming ITER is successful. Likely, if ITER could also
solve the current problem, the world would be ready to
seriously begin implimenting fusion breeding on a large
scale.
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There is also a great deal that can be accomplished with
smaller tokamak experiments. For decades this author has
argued that the tokamak program in the United States
should build a tokamak he called ‘The Scientific Prototype’.
2987 This is a tokamak about the size of TFTR, JET or JT-
60, 2 of which have already produced large numbers of 14
MeV neutrons. The idea of the scientific prototype was
simply to reproduce this in steady state, or at high duty
factor, in a DT plasma, and also to breed its own tritium and
to recover its unburned tritium for reinsertion into the
plasma. ™ If the scientific prototype were built, and was
successful, it would have given crucial high duty cycle data;
ITER, if successful, would give Q~10 data. If both were
successful, the world could embark on a tokamak based
fusion breeder program, decades before pure fusioncould be
ready, assuming it could ever be ready at all.

Unfortunately the DoE did not adopt this path, and neither
did PPPL. Had PPPL.instead adopted the scientific prototype
between say 2000 and 2010, by now surely have confronted
the current drive problem, and perhaps would have solve it
one way of another. By the time ITER had completed its job
on a pulsed machine, a tremendous amount would have
already been learned on steady state or high duty cycle
operaton. In a worst case scenario, it could have alerted
ITER to the fact that steady state or high duty cycle
operation of a tokamak had serious unresolved issues.
Perhaps it is still not too late to build the scientific
prototype, if not in the US, perhaps somewhere else in the
world.

Most of this author’s advocacy of the scientific prototype
assumed external current drive. However on becoming
aware of the discouraging EAST ***” and KSTAR result, *®
his most recent efforts * have explored an oscillating
Ohmically driven current. The goal was to start with a duty
cycle of ~20% and work up to ~80%. Perhaps there is
something to this approach.

At this point, unlike France, China, and Korea, the US has
no superconducting tokamak. However it looks like we will
soon have one by Commonwealth Fusion, one that can
operate at any magnetic field between 3 and 12T. Perhaps
once its tokamak becomes operational, Commonwealth
Fusion should shift its priorities to solving the steady state
current drive problem, either by external drive at an
acceptable power, or by an oscillating Ohmically driven
current, or by some other means they devise. They will not
be giving their investors the pilot plant they promised, but
they will not be giving them this pilot plant, in a decade, no
matter what they do. Rather than spending the next decade
tiltng windmills, perhaps they should use their expertise to
solve a real and immediate problem in tokamak fusion,
namely finding an acceptable way to drive the current. If
successful, this would be a genuine and vital contribution
they couldmake in the next decade. They seem to have the
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equipment and expertise to tackle it as well as anyone else,
at least anyone else in the US.

C. A plan to bring laser fusion breeding on line by ~
mid century

While this paper is optimistic as regards laser fusion,

especially for breeding, there is little eperimental evidence,

or plans, to suggest which way to go. In Section V, it was

shown that while a 10% efficient laser with target gain of

200would be fine for pure fusion, a 5% efficient laser with a

Stage 1

+ Build KrF laser modules totaling
~ 100 kJ, 5 Hz, as full prototype for
fusion power plant beam lines.

« Use for planar & spherical laser-
plasma experiments with single
pulses, to evaluate remaining
uncertainties

« Build DPSSL laser modules totaling

target gain of 100 would not.

What is vital is to set up laser and target programs to see
what is feasible and what is not. This author here proposes a
three pronged attack on laser and targetdevelopment. Two
of these prongs were proposed by Steven Bodner in a letter
to the National Academy of Science, ® a letter that should
have received much more attention than it did. Figure (15)
shows a schematic, taken from Ref .(88),showing the plan
regarding both laser development, as well as the target and
chamber design.

Stage 2

y

A

~ 10 kJ, 5 Hz, as full prototype for
fusion power plant beam lines.

N

own-select laser, or cancel l

+ Use for planar & spherical laser-
plasma experiments with single
pulses, to evaluate remaining
uncertainties

=

- Develop target fabrication factory

« Design chambers for Fusion Test
Facility

+ Refine target design using
experimental data

+ Build 500 kJ Fusion Test
Facility, producing ~ 100
Megawatts of fusion power
using targets with gain ~ 60

- Optimize target design

« Develop & validate fusion
materials pnd structures using
reduced-diameter chambers.

- Significant participation by
private industry.

Stage 3
- Prototype Power Plant

« Electricity to grid

- Transitioned to private
industry

Figure (15): Steven Bodner’s proposed plan for laser development for laserfusion.

While this author basically agrees with Bodner’s plan there
are several areas where he does not. Let’s consider first
Stage 1. In the intervening years, NRL has shifted its
emphasis to ArF lasers. These radiate at 193 nm wavelength
instead of the KrF laser’s 248 nm, giving significant
advantages to the laser target interaction.On a shoe string
budget, NRL has shown that these operate well at the two
hundred Joule level, while their KrF lasers have long been
demonstrated to operate well at the multi kilo Joule level. ¥
Secondly, Bodner’s plan, at the transition from stage one to
stage two has sometough transition criteria, too tough in this
author’s opinion. First of all, say ArFreaches that milestone
first. Does that really mean that DPSSL lasers should just be
immediately abandoned, or visa versa? Perhaps further
research, at lower level, by the temporary loser could still

146

develop to a superior product.

Secondly if neither of the lasers reach the required level for
transition to stage 2 by some deadline, should the whole
project be abandoned?

To this author, neither of these hard end points make any
sense.The entire history of the fusion projects is one of both
substantial progress, but coupled with large cost overruns
and delays. Is it really reasonable to demand that these
suddenly stop now, and expect all progress to be made
strictly according to the initial budget and time line, or
else?This author thinks not. He thinks that the only reason
for such an abrupt end for laser fusion should be if the
tokamak project forges so far ahead that pursuing laser
fusion no longer makes sense.

As argued in Section I, this energy development program is
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of extreme importance for the continuation of modern
civilization. While obviously everyeffort should be made to
develop the many parts of it as rapidly and as economically
as possible, it should not be held strictly to any schedule or
budget. If it takes and extra decade, or costs a couple of
$$B more, it is not theend of the world. It is a very difficult,
but vitally important project. It is not easy to predict its
ultimate cost or schedule. If it is delayed, there will still be
plenty of fossil and nuclear fuel to get us through a decade
or two.
The third leg of the laser development plan is obvious.
Since LLNL has made such an important leap, and has a
mega Joule laser right now, its work obviously should be
continued. Also it has a huge infrastructure in place, one
which would not be possible to rapidly duplicate anywhere
else. Look at the photo of the participants of HAPL
meetings. There were ~ 50-100 people. Then look at the
picture LLNL NIF group shown in their September 2021
zoom seminars. There were ~ 500-1000 people in the
picture. They are certainly the giant, the elephant in the
room. If LLNL gets to the point where it is able to produce
burning plasmas frequently and reliably, it could have a big
impact whether the ultimate machine turns out to be a
tokamak or laser. For instance it could begin experimental
studies of breeding tritium and ?*3U, and also begin studies
of recapturing unburned tritium.
With its Q = 0.67 result, LLNL is obviously on a roll, it
should continue along the present track, but not for that
much longer. Probably in a year or two, it will achieve a
larger Q, maybe even 2 or 3, and if they achieve this, once
again it willbe a spectacular achievement. However where
the goal becomes energy, it has no choice ultimately, but to
shift away from indirect drive to direct drive.
Indirect drive, just puts too much laser energy everywhere
but the target, see Fig(8).
But first let us briefly discuss an intermediate option. The
URLLE group has done a considerable amount of work on
what they call polar direct drive. * This uses the optics
basically as they are, but modified for direct drive, so that
the illumination is mostly at the poles and is not spherically
uniform. URLLE thinks that it can partially make up for
the lack of spherical illumination in other ways. Both
Bodner and this author are skeptical of polar direct drive.
Here is Bodner:
Their polar direct drive proposal is feasible, but there are
uncertainties and it ispremature to evaluate their chance of
success.

Here is the author from his 2014 paper *

This author worries that polar direct drive could be a large
time and dollar sinkspent on a non-optimum configuration.
This author believes a viable alternative is to convert NIF to
direct drive illumination.Bodner argues against this for
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several reasons. He first states:

Unofficial and rumored estimates from LLNL say that the
conversion to symmetric illumination for direct drive would
cost over $300 M and take atleast 2 years. Since the paying
customer is the weapons program, it won’t happen.

Then he also argues that the laser is not good for direct drive
for a variety of reasons, including insufficient bandwidth,
non-optimum optical smoothing, etc.As Bodner put it:

No one in the direct drive program would have voluntarily
chosen a NIF-typelaser to test their target designs.

To consider these objections one by one, first of all,
priorities do change in the course of a project. When NIF
was built, the priority was stockpile stewardship. Now it
should certainly be energy; some things will have to change.
Furthermore, the weapons program will have had the laser
in their desired configuration for 15 years. Now it time for a
change to a direct drive configuration, which is optimal for
energy; and anyway, who says that even in adirect drive
configuration NIF cannot still have important applications
for the weapons program.

Bodner’s phase one would use lasers that are of the type
much more optimal for laser fusion, but they would be
‘only’ 100 kJ.  But if we have another mega Joule laser
just sitting around, shouldn’t we use it, even if it is not
ideal? Bodnerapparently thinks not. To this author it is a no
brainer. Furthermore, URLLE believes that they can get
decent results using a polar direct drive configuration with
NIF. Surely, they must believe they can do better with
uniform 4p illumination. Fig (8) shows, Livermore
achieved is burning plasma with only ~ 10% of the laser
energy absorbed by the target. Surely it must think that
getting 80-90% on target (see Fig 9) might well improve
things.Even a very sub optimal implosion from NIF in a
direct drive configuration, would teach us greatdeal about
burning plasmas, information that could be useful not only
for the laser program, but also for ITER.

Note that Fig (10) shows that with direct drive, large gains
are available. As in the author’s 2014 paper [red, for
hindsight, is added today]:

“Also, direct drive gain calculations show impressive gains
at half a megajoule laser energy. NIF has nearly 4 times
this. Hence there is a very large margin for error both
regarding the laser energy and the gain calculations. Let’s
say NIF does a symmetric direct drive experiment and gets a
gain of ‘only’ 10. (with the benefit of hindsight, 1 would
have said ‘only’ 2 or 3.) Wouldn’t this be a tremendous
accomplishment? It might be just 2 or 3 years away.”

Here is Bodner on how to design the target and laser:

Design both the fusion target and the laser with significant
safety features. Then if there are surprises, one can recover.
These seems to say that even with a non-ideal 1 MJ laser,
there is a very significant amount that can be learned from
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implosion experiments with NIF in a direct drive
configuration. These 3 legs for the laser development seem
to thisauthor to be a reasonable plan for developing fusion
breeding via laser fusion bymidcentury.

But now let us consider what comes next. Bodner’s phase 2
is the use of a 500kJ laser to achieve a gain of 60. Then the
goal would be to go on to phase 3 with a much higher gain
and higher laser efficiency.

But to achieve commercial fusion breeding, a somewhat
modified phase 2 mightbe all that is needed. There might
well be no need for his phase 3, if fusion breeding is the
goal. The laser with a gain of 60 and an efficiency of 5%
would almost certainly be fine for laser fusion breeding.

So instead of a 500 kJ laser for phase 2, let us consider a 1
MJ laser which satisfies all of Bodner's phase 2’s
requirements. This seems reasonable, after all,we have a 1
MJ laser right now, but we do not have a target design
which we can say with any confidence will have a gain of
anywhere near 60. This would (hopefully) be accomplished
in phase 2. So, at the end of phase 2, we would expect to
have a 5% efficient 1 MJ laser and a target with a gain of 60
to produced 60 MJ of output fusion energy. However, used
as a breeder, this 60 MJ of fusion neutron energy means 600
MJ of fuel, plus another 60 MJ of energy from the breeding
of #3U. Now say this runs with a 20 Hz rep rate. This
means it would produce 12,000 MW of nuclear fuel, enough
to fuel four 1 GWeLWR’s and also supply 400 MWe to the
grid.

In other words, using fusion breeding as a goal, rather than
pure fusion, the laser fusion program can skip Bodner’s
phase 3, and use a successful, modified phase2 to go right to
commercial power and fuel production.

VII. WHAT IF AVIABLE PURE FUSION DEVICE
SUDDENLY BECOMES AVAILABLE?

Let’s say that somehow a viable pure fusion device becomes
available, let’s saya tokamak with a 3-meter major radius,
which produces 3 GWth of 14 MeV neutrons. This
obviously violates CDR’s by a large margin. Let’s also
stipulate that needs only 30 MW of input power, small
enough that we, so we can forget about it in our
calculations. Then run through a conventional heat
exchanger, it produces 1 GWe. Let’s say the device only
costs $4B and lasts for 30 years, or costs ~ $130M per year.
Let’s say that interest is another $130M, recapitalization
over the 30 years costs another $100M, and operating
expenses are $500M per year for a total cost of $860M per
year. This means it costs $0.1per kWhr to produce, so let’s
say it sells the power for 12 cents per kWhr. This could be a
successful use for fusion.

Is this the end of the story for fusion breeding? Probably
not! First of all, sucha tokamak is most likely not possible.
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However, let us see what this it can do asa fusion breeder.
Here we consider a blanket not mainly to exchange the heat
generated by the 14 MeV neutrons, but to maximize
additional neutron production. First breed the tritium using
the "Li reaction. This takes about 3 MeV from the fusion
neutron, but does preserve a neutron. The fusion neutron
now has ~ 11 MeV. Then consider a second blanket of
mostly beryllium. It cangenerate additional neutrons at an
energy cost of ~ 3 MeV per neutron. Thus we may be able
to generate as many as 3 additional neutrons from the 11
MeV neutron after it has produced the tritium atom, making
4 neutrons all together.

Let’s say that half of these neutrons are used to generate 23U
atoms and the halfare lost due to various loss mechanisms.
Hence each 14 MeV neutron could ultimately generate two
23U fuel atoms producing a total of ~ 400 MeV when
burned. This reactor with the enhanced breeding blanket,
could fuel as many as25-30 one GWe reactors at a fuel cost
of well under a penny per kWhr, almost certainly cheaper
than mined uranium will be then.

So how would society use this reactor; as a power source, or
as a breeder? Clearly, it is impossible to know, this not a
decision for us to make, but for our children and
grandchildren. This author’s guess, but only a guess, is that
a breeder would be a better choice. The point is that
planning for a breeder now, with reactors we may well have
a decent idea how to build, does no harm, but does only
good. If now we can foresee only such breeders, as is the
reality today, they will be a huge benefit to society.
However, if by some miracle, we see how to build an
economic pure fusion reactor, it will be an even better,
cheaper breeder. Society will be able to make a choice as to
which path it wouldlike to follow.

VIII. THE ENERGY PARKTHE ENERGY PARK

Since 2004, every article the author has written on fusion
breeding has ended with a section on ‘The Energy Park’,
and this one is no different. The energy park is a proposed
key element of an energy infrastructure to supply tens of
terawatts to the world. It uses the fact that a fusion breeder
can breed fuel for atleast 5 LWR’s of equal power, and each
year an LWR discharges about 1/5 of its fuel as plutonium
and higher actinides. **

The energy park proposes to burn the discharged actinides
with a fast neutron reactor like the IFR. This is
different from the French approach, which recycles these
actinides to fuel for thermal reactors. But the thermal
reactor also creates additional actinides, of constantly higher
atomic number, and as the process is repeated, produces a
smaller, but more and more complicated stew of nuclear
wastes. The advantage of fast neutron reactor is that one
time through, it burns all actinides equally as the cross
sections shown in Section V have shown.
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There is no endless recycling, a single burn will take care of
all the actinides.

This series of papers have invariably assumed that the waste
products of the thermal reactors must be rendered harmless.
The alternative is burying them somewhere, and creating
what amounts to a ‘plutonium mine’, which will plague
society for half a million years or so. This is an immoral
burden to layupon our descendants, hence the need for the
fast reactor in the energy park.

One envisions an energy infrastructure where there is one
fusion breeder tosupply fuel to about 5 thermal reactors like
the LWR or CANDU or more advanced reactor, and one fast
neutron reactor to burn the ‘waste’ actinides.

The fast neutron reactor could be something like the Integral
Fast Reactor (IFR), developed by Argonne National
Laboratory. It ran successfully at 60 MW for years before it
was disassembled. It could run on any actinide and could

run in either a breeder or burner mode. As we see in Fig (2
of the energy section), at ~1-2 MeV neutron energy, fissile
and fertile materials have about the same fission cross
sections. Thus, the IFR can be run in a mode to simply
‘burn’ anyactinide. Specifically, it could be used to burn all
the plutonium and other higher actinides that an LWR
discharges.

The British, who have the largest plutonium ‘waste’
stockpile, are now seriouslyconsidering constructing a much
larger version of the IFR called PRISM to ‘treat’ their large
stockpile of plutonium waste. Perhaps they are making an
important step in the ultimate development of the energy
park.

A schematic of the energy park is shown in Figure (16).
Most of the elements ofthe energy park are available today,
only the fusion breeder needs full development.

Figure 16: The energy park: A. low security fence; B. 5
thermal 1GWe nuclear reactors, LWRs or more advanced
reactors; C. output electricity; D. manufactured fuel
pipeline, E. cooling pool for storage of highly radioactive
fission products for 300-500 years necessary for them to
become inert. This is atime human society can reasonably
plan for, unlike the ~ half million years it would take for the
plutonium ‘waste’ to be buried in a repository, essentially
creating a plutonium mine; F. liquid or gaseous fuel factory;
G. high security fence, everything with proliferation risk,
during the short time before it is dilutedor burned, is behind
this high security fence; H. separation plant. This separates
the material discharged from the reactors (B) into fission
products and transuranic elements. Fission products which
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have commercial value would be separated out and sold, the
rest go to storage (E), transuranic elements go to (I); the
1GWe integral fast reactor (IFR) or other fast neutron
reactor where actinides like plutonium are burned; J. the
fusion breeder, producing 1GWe itself and also producing
the fuel (ultimately enriched to ~4% 2*U in #*®*U) for the 5
thermal nuclear reactors for a total of 7 GWe produced in
the energy park.

The world-wide use of energy parks could generate carbon
free power, in an economically and environmentally viable
way, and with little or no proliferation risk. They could
supply tens of TW at least as far into the future as the dawn
ofcivilization was in the past.
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IX. CONCLUSIONS

The western obsession with a false climate crisis is certainly
what Lindzen has called the greatest example of mass
delusion in world history. It is doing enormous harm to
states like California and Texas, and countries like Germany
and England, and threatens to harm many, many more. It
would be still worse if the climate industrial complex
succeeds in convincing the less developed parts of world to
follow its dictates. The number of premature deaths are
difficult to estimate, but would be enormous. One wonders
if Abraham Lincoln was wrongin saying “You can’t fool all
of the people all of the time”.

While the harm it is potentially doing to the fusion project,
of course pales by comparison, it is still important. It makes
fusion snake oil salesmen promise something they know
fully well that they cannot deliver. When their ponzi
schemes collapse, who knows what the harm will be the
fusion effort, a projectthat has a real possibility of becoming
one of very few possible routes to systainable, economic and
enviromentally viable energy for world civilization.

To achieve economic power by magnetic pure fusion energy
(MFE), once ITERis successful, one has to proceed to the
next step, the DEMO as the ITER web site says. To proceed
via inertial (i.e. laser) fusion energy (IFE), there is less
information on a plan to do so, but Steven Bodner, former
head to the NRL program suggested a 3 step process. These
last steps for each path would be very large steps, most
likely taking decades, and costing tens of billions.

This paper asserts that with fusion breeding instead of pure
fusion, one can skipthe DEMO if one goes via the MFE
route, and can skip Bodner’s final stage if one goes the IFE
route.  Perhaps, finally (), fusion power really can be
achievable in 35 years; and not available in 35 years as it
always will be.

Fusion research is extremely important for the maintenance
of civilization. Itwill not be achieved quickly, no matter how
much it claims to be a quick solution to a nonexistent
‘climate emergency’. There is no way to avoid the reality
that either fusion breeding, and especially pure fusion will
become available only with a huge effort which will take
several decades and will cost billions. But it is more than
worth the investment. The continuation of modern
civilization could well depend on its success.

Appendix:

This manuscript has endured a rather unusual history. It is
important to put it inthe record. | had been solicited by the
journal Fusion Science and Technology (FST) to contribute
a manuscript on fusion breeding to their upcoming special
issue on ‘exotic and wide ranging applications of fusion’. |
submitted a manuscript very similar to this, but with fewer
‘sharp edges’. It has been published in the preprint service
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arXiv (), and was accepted by FST:

Fusion Science and Technology’s initial letter of
acceptance

Aug 23, 2022FST22-64R1

Fusion breeding and pure fusion development — perceptions

and misperceptionsby Dr Wallace Manheimer et al

Dear Dr Manheimer,

I am pleased to inform you that your work is now accepted
for publication in Fusion Science and Technology. Your
submission files will be transmitted to Taylor and Francis
for production. You will receive an e-mail shortly from the
production department confirming that your files have been
successfully transmitted to the publisher's tracking system
(CATS).

Should you have any questions concerning the production
process, or about thestatus of your manuscript, please feel
free to contact the journal office at fst@ans.org.

Thank you for
Technology.
Sincerely,

Dr. Arkady Serikov Scientific Staff Member
Fusion Science and Technology

contributing to Fusion Science and

In addition to the acceptance, there were three reviewers.
The first reviewer apparently accepted the manuscript
without any proposed modification. The Second and Third
accepted it but each suggested some modification which |
complied with. They also made many flattering comments,
such as:

From the editors

Three independent reviewers highly estimated the
importance of your workand interest to the potential readers
of the FS&T journal.”

From the second reviewer: : Fusion breeding and pure
fusion development - perceptions and misperceptions will
certainly be controversial for many reasons: heresy about
the religion of a climate crisis, realism about the time
required for successful mastery of controlled fusion, either
magnetic or inertial, discouraging assessments of
contemporary commercial attempts to develop fusion
power,...

Nevertheless, | strongly recommend publication, since the
resulting debate will probably reveal that many of the
problems that the author enumerates do have effective
solutions. And he may be right that breeding fissile material
is the only worthwhile and attainable goal at this time

From the third reviewer: The article does give adequate


mailto:fst@ans.org

International Journal of Engineering Applied Sciences and Technology, 2022
Vol. 7, Issue 7, ISSN No. 2455-2143, Pages 125-154
Published Online November 2022 in IJEAST (http://www.ijeast.com)

credit to earlier work.

...... In light of the recent LLNL ICF results, one can expect
a flurry of recommendations regarding the future direction
of fusion research. Fusion breeding certainly should be a
factor in those discussions. This paper makes itclear that a
long and difficult road lies ahead.

However, on November 4 | received a shocking letter from
the journal officialJohn Fabian:

John Fabian’s Nov 4 letter to me:
Dear Wallace Manheimer,

I am writing concerning your recently accepted paper
FST22-64, “Fusion breeding and pure fusion development —
perceptions and misperceptions,” whichis in the production
stages with publisher Taylor & Francis.

During production, Taylor & Francis flagged this paper as
containing material potentially harmful to the journal’s
reputation and notified us that they have paused at the
copyediting stage. Since that time, the editorial board of FST
has reviewed that material specifically, and the paper
generally, and weighed a course of action.

The issue raised by the publisher relates to the directed
criticism of companies and individuals. Upon further review
of the paper at large, ANS—as the owner of the journal—in
consultation with the editorial leadership of FST, has
decidednot to proceed with publication of the paper.

This decision is not solely based on what could be construed
as personal attacksagainst individuals, but it extends to other
aspects of the paper, which the editorial board has deemed
not to be technically supported. Therefore, a simple revision
would not suffice to proceed with publication of the paper.
Thus, the paper is withdrawn.

I have copied the technical editor of FST to this email in the
event you wish torebut this decision.

Regards, John Fabian

This is extremely shocking, especially since none of the
accuations made are true. Every claim made was referenced
to the extent possible, as any reader can

easily verify (there are 90 references), and as the third
reviewer explicetly stated. It is especially insulting that Mr
Fabian accused me of utilizing personal attacks,something |
have never done in my scientific career. Who knows what
FST’s real reasons for rejecting the article were, possibly
because it cast doubt on the ‘religion of a climate crisis’.
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It seems important to place this correspondence in the
record.
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