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Abstract 

Civilization requires power. For a while it can get by with the power supplies we currently use, fossil fuel, nuclear 
fuel; and hydroelectric, solar and wind. Only the last 3 are sustainable. The first two will run out as some point, 
very likely well before the end of this century, especially if the less developed parts of the world come up to OECD 
standards. This paper makes the case that solar and wind are not up to the job, and neither is pure fusion, at least 
in this century. However, using fusion to breed fissile material for current nuclear reactors could play an important 
role well before century’s end. The requirements on a fusion device used as a breeder are considerably relaxed 
from the requirements for pure fusion. It is likely that an ITER type device, could be used for fusion breeding on 
a large scale. Fusion breeding can support nuclear fuel for civilization, at 30- 40 terawatts (TW), at least as far into 
the future as the dawn of civilization was in the past. 
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1. Introduction 

The main, but not the only purpose of this paper is to argue for, and present research on fusion breeding as a 
sustainable power source. To highlight the nearly unique role that fusion breeding can play, the paper contrasts it 
with other existing sustainable sources, namely wind and solar, and potential sources, namely pure fusion. This 
article makes the case that these have little chance of supplying the necessary power in this century, at an affordable 
price, with acceptable reliability. 

The options for sustainable power are few. Fission breeding is certainly a sustainable source, as it makes the entire 
uranium and thorium resource available for power production. However fusion breeding, if the world can pull it 
off, is also a means for sustainable power. Fission breeding has a large constituency advocating it, fusion breeding 
most certainly does not have this, although, as we will see, scientifically, it has many potential advantages. 

While pure fusion is unlikely to become a sustainable power source in this century, or perhaps ever, combining 
fusion with fission, changes the story greatly. Among other problems, fission has the problem that little fissile fuel 
is available, certainly not enough to supply the world’s thermal reactors with sufficient sustainable power. For 
thermal fission reactors to have chance, one must breed fuel. There are really only two possibilities, fission and 
fusion breeding. 

However, fusion breeding has been the ugly duckling of the fusion project, rejected by both most of 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 to turn fusion breeding into the 
beautiful swan. 

The rejection of fusion breeding in the fission community has hardly been unanimous. This author, over the years 
has been in touch with several members of it who could conceivably support fusion breeding. One was Daniel 
Meneley (deceased 2018), who was once in charge of the Canadian nuclear program and worked on both the heavy 
water moderated CANDU (Canada Deuterium Uranium) reactor, and the Integral Fast Reactor (IFR), built by 
Argonne National Laboratory in the US. We have exchange emails over the years, and with his full permission, I 
have used this material in seminars I have given in various fusion labs. These are segments of emails from ~ 2006. 
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I've nearly finished prepping my talk for the CNS on June 13
th 

(2006) -- from what I 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 competition will be enrichment of expensive uranium, 
electro-breeding. Good luck. 

and 

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 couple of weeks ago. I 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 a long-
term fuel supply contract before you build a new thermal reactor". 

Another contact was with George Stanford (deceased 2013), a nuclear engineer and physicist who was a key 
member of the design team for the IFR. He wrote, also in about 2006, giving me his full permission to use in 
seminars: 

Fissile material will be at a premium in 4 or 5 decades.....I 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. 

This paper starts with the axiom, that civilization needs a source of available and reasonably priced energy. Before 
fossil fuels became widely used, civilization was a thin veneer atop a giant mass of human squalor and poverty. 
Historically, this veneer was maintained by such institutions as slavery, colonies and tyranny. The argument now 
made against fossil fuel, seems to neglect the crucial role that fossil fuel makes in our lives right now. The 
conclusion is simple, for civilization to survive, it needs a power source at about the same quantity and price as 
fossil fuel. 

If wind and solar, are to be the only power source, as some insist, and they cannot do the job, as we argue here, 
civilization as we know it will perish. People will live the way they did in the vast majority of human history, with 
civilization only for the privileged few. Furthermore, while many scientists believe CO2 will cause destructive 
climate change, many do not [CO2]. (Full disclosure: the author is proud to be a member of the CO2 coalition.) 

Furthermore, several books by experienced scientists and environmentalists have recently been published, all of 
which challenge the hypothesis that extra CO2 in the atmosphere puts us on an irreversible path to calamity [Moore, 
Shellenberger 2020, Koonin]. Whether extra CO2 will or will not cause destructive climate change, one thing about 
it is indisputable, without atmospheric CO2, there can be no life on this planet. 

Furthermore, it is easy to flip a switch and the light goes on, right? Well, ask the people who work in the power 
plant, or the people who work in the coal mines, or the people who string up the power lines how easy it is. This 
has to be kept in mind when we are talking about changing our energy infrastructure for whatever reason. 

The assumption that electricity is ‘easy’, can lead one to underestimate the difficulties. For instance, there is 
currently a push to electrify auto transport in the United States with such cars as the Tesla. President Biden has 
repeatedly advocated that America spend the money for 500,000 charging stations so these cars can recharge 
virtually anywhere. But what will they recharge with? Will there be enough electrical power to do so? 

American autos and trucks today use ~ 340 million gallons of gasoline per day. The energy equivalent of a gallon 
of gas i.e. ~ 40 kWhrs, so they use about 14 Billion kWhrs per day, or dividing by the 24 hours in a day, about 600 
GW. However electric motors are about three times as efficient as Gasoline motors, so America’s electric cars will 
use about 200 GW of electric power. 

America now generates ~ 400GW of electrical power. In other words, to electrify ground transportation in America, 
the country would have to very quickly increase its generating capacity by ~ 50%, where it took generations to 
build up the current American electrical infrastructure. No problem, it is ‘easy'. 

Accordingly, Section II begins with what might be called a primer on energy. Reliable statistics abound, and a few 
are quoted. One conclusion is that sustainable sources are few. Fossil fuel and 235U, the main power sources now, 
likely cannot sustainably support civilization, these fuels may well run out or become much more expensive before 
2200. There is hydro power, wind and solar, for sustainable power, and that is about it. Nuclear power could also 
be sustainable, but only if coupled with breeding fissile material from fertile material. There are several ways to 
do this via both fission and fusion. 
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Section III examines wind and solar. These are seriously constrained by fundamental physical, technological, 
economic, and environmental constraints, which the wind and solar advocates generally ignore. The conclusion 
here is that these sources can never produce economic power on the scale that is required for a modern civilization. 

Sections IV and V examine fusion and the ITER project, a large fusion device that hopes to produce 500 megawatts 
MW of fusion power from a 50 MW drive for a Q=10. However, ITER has certain difficulties before becoming 
an economic power source, and these are described in Section VI. Section VII describes fusion breeding, a way of 
surmounting these difficulties. Section VIII describes the ‘Scientific Prototype’, hopefully a tokamak that one or 
more nations of the world will build between now and 2040, when ITER will hopefully have good results. This is 
a tokamak like the others in Princeton and Europe, which have demonstrated short bursts of fusion; but the 
scientific prototype would run steady state or high duty cycle and breed its own tritium and recover unburned 
tritium. Initially of course, it would use purchased tritium, most likely from Canada which has it as a biproduct 
from its CANDU reactors. (Light water reactors, used in most of the world, use hydrogen as its moderator, leading 
to a loss of neutrons as they are absorbed by the hydrogen to form deuterium. The Canadian reactors use heavy 
water (i.e. deuterium) as a moderator, leading to a (smaller) loss of neutrons as they are absorbed to form tritium). 
Section IX describes the Energy Park, a possible infrastructure for economic, environmentally sound, sustainable 
power, Section X draws conclusions, and an Appendix describes briefly other approaches, which actually do not 
seem to this author to have much potential. 

This author studied and researched fusion breeding, and has written several scientific publications on it between 
1999 and 2021 [Manheimer, 1999, 2001, 2006, 2009, 2014, 2018, 2020 #1, 2020 #2, 2021 #1, Moir, 2013]. These 
are in prestigious, rigorously reviewed journals, including 4 recent open access publications [Manheimer 2014, 
2018, 2020#1, 2020 #2]. Also, the author has published in the Forum on Physic and Society, an essay [Manheimer 
2021 #1] which hopefully is useful to anyone from a nuclear or plasma scientist, to the man or woman in the street, 
to a congressman. Much of material on fusion is taken from these sources. Thus, the review of fusion will be brief, 
with references and links given. To maintain continuity of the narrative and not leave gaps, a few parts of this 
paper are taken from these references, from paragraph or two to a page or two. 

Except for [Manheimer 2014] the publications just cited did not consider inertial fusion. It had simply never 
achieved the neutron production magnetic fusion has. However, the recent Lawrence Livermore National Lab 
(LLNL) results achieved about 1.3 MJ of fusion products, produced by about 1.7 MJ of laser energy for a Q of 
~0.7, about the same as the TFTR and JET DT plasma experiments [Callahan, 2015]. However, the laser driver 
has a much lower efficiency than the beam and microwave drivers for the tokamak. Reference [10] did discuss a 
possible path for laser fusion, and now that there are the LLNL results are in, it could be a time to reconsider 
inertial fusion. After all, there are very many mega Amp class tokamaks; but very few mega Joule class lasers. 
Perhaps it is the time for a few more. However, this paper concentrates on magnetic fusion. 

2. A Brief Energy Primer 

An excellent source of relevant data is the BP Energy Outlook [BP], which is published every year. Figure 1 is a 
plot of the energy use by region, end use sector, and fuel as a function of year, taken from their 2019 issue. To the 
left of the vertical dashed line is the historical record, to the right, BP’s extrapolations for the future. 
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Figure 1. Plot of energy use from BP Energy Outlook 2019 

The vertical scale is in billions of barrels of oil per year equivalent. To switch into more familiar units, 1 Btoe per 
year is about one terawatt (TW). https://www.bp.com/content/dam/bp/business- 
sites/en/global/corporate/pdfs/energy-economics/energy-outlook/bp-energy- outlook-2019.pdf 

 

At this point the world uses about 14 TW. As we can see from the middle graph, the power use is very unequal. 
The 1.2 billion in the OECD countries use about 6 TW, or 5 kW per capita. In the USA, we use ~ 8kW per capita. 
The other 6 billion people use ~8TW, or about 1.3kW per capita. How much longer will this be acceptable? 

By midcentury, the world population is expected to level off at ~ 10 billion, each of whom will demand a middle-
class life style. Bringing the world up to OECD standards would seem to necessitate 50 TW of world power. 
However, energy efficiency (i.e. GDP per Watt) would be expected to improve as well (typically 0.5-1% per year) 
[Hoffert 1998], so optimistically the number might be closer to 35-40TW. There is no way this is anything but an 
extremely necessary and desirable goal. 

In 2009 I was at a science meeting where a high-ranking member of the Chinese academy of science said that in 
2000, the average Chinese used ~ 10% of the average power of the average American, and then (in 2009) used 
~20%, and they would not rest until their per capita power use is ~ equal. Now it is ~30%. 

The developing world will use whatever fuel works best, and very likely at this time, that is coal. The Chinese and 
Indians are very rapidly and enormously increasing their coal use today. China today is by far the largest CO2 
emitter in the world and they are still building coal fired power plants at a rapid pace. 

India is doing everything it can to catch up. Soon Africa, the rest of Asia, and Latin America will do the same. 
Nothing can stop this. Asia is hardly even paying lip service to solar and wind today. Economic solar and wind 
power, in the quantity necessary to support modern civilization, is almost certainly a pipe dream, as we will discuss 
in the next section. Despite 30 years of heavily subsided development, solar and wind have not dented the world’s 
use of fossil fuel. At the very least, we should be thinking seriously of sustainable alternatives. 

Whether the concern is exhausting fossil fuel (we will exhaust it in 1/3 the time at 40TW as at 14), or is worrying 
about CO2 in the atmosphere, or is knowing that solar and wind cannot do the job (see the next section); these lead 
to one and only one conclusion. Nuclear power must play an important role. Let us think of increasing nuclear 
power by about a factor of 20 to ~ 20TW (i.e.~7TWe) worldwide by century’s end, 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. 
This would obviously require something of a crash program in expanding nuclear power. 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 
(not in my back yard), BANANA (build absolutely nothing anywhere near anything),… have all thrown sand in 
the gears of nuclear power for decades. 
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These could be the biggest problem it faces. Even if the nuclear company is successful, typically 20 years are 
wasted as they strangle 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 right now. 

Yet even if the nuclear industry solves this problem, it faces a much bigger problem on the physics and technical 
side. Fissile 235U comprises only 0.7% of the uranium resource. Supplies of mined 235U are limited, almost certainly 
much less than the reserve of fossil fuel. One rather pessimistic estimate is that the energy resource about 60-300 
Terawatt years [Hoffert 2002]. 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. ~7-
10TWe). 

Hence some sort of fuel breeding is necessary. Breeding brings into play the entire uranium and thorium resource. 
To get an idea of the size of this resource, thermal nuclear reactors have been delivering about 300 GWe (900 
GWth) for about 40 years. This means that in depleted uranium alone, there is sufficient fuel for ~ 3 TWe for ~ 
400 years! Nuclear fuel via breeding, for all practical purposes, is inexhaustible and sustainable in the same sense 
as hydro, wind or solar. 

There are certainly conventional approaches to breeding, including fast neutron reactors, and thermal thorium 
reactors (Manheimer 2020 #1). But the options are few. This article makes the case that not only can fusion breed, 
it is the best breeder. It should be getting much more attention than it has up to now. 

3. Some Difficulties with Solar and Wind Power 

As solar and wind generated electricity are the other carbon free power to compete with nuclear power, it is useful 
to take a dispassionate look at them. There are many constraints based on fundamental science, economics, 
reliability, material, and environmental matters, which show that they can never be a major source of power, at 
least not given the present knowledge. This section is an expanded version of an earlier publication [Manheimer 
2021 #2]. 

To see immediately how advocacy of solar and wind distorts the truth, most reports on solar and wind apparatus 
quote the ‘nameplate’ power. This is the maximum the device generates when conditions are exactly right. But 
conditions are rarely exactly right. Nameplate power is not important power, average power is. For instance, a 
solar panel might produce a kilowatt at high noon on a summer day, but averaging over all conditions, it would be 
more like 200 Watts. A wind turbine might produce 2 Megawatts (MW) when the wind is blowing at the right 
speed, from the right direction, but perhaps only 500 Kilowatts (kW) averaged over all condition. In most 
conventional power stations, coal, gas, nuclear, the average power is very nearly the peak power, so there is little 
confusion. However, reports on solar and wind power have a tremendous potential for confusion, as the nameplate 
power (usually reported) is typically a factor of 4 or 5 times the average power (the more meaningful number). It 
is important to keep this fact in mind when going over claims of delivered power. Advocates of solar and wind, 
unfortunately, often talk of nameplate power, as if it were average power. 

In this section we discuss various aspects of solar and wind power, and how they are limited by basic physics, 
safety, economic and environmental constraints. 

Section A discusses the basic constraints in terms of wind and solar power coming to earth. Section B discusses 
the reliability or unreliability of wind and solar power and the need for backup power. Section C discusses the 
material needs of solar and wind. Section D discusses the cost of wind and solar. There are many conflicting 
elements of this cost, including government subsidies, which are difficult to unravel. The Washington Times 
[Keene] estimates the US government subsidies for constructing wind turbines between 2016 and 2020 was ~$24B. 
However, there is one simple way to evaluate the cost, discussed there. Section E discusses a tsunami of cost yet 
to come, namely cost of decommissioning these monsters (a modern 4 MW nameplate wind turbine is as tall as the 
Washington monument); once they reach the end of their lives, typically 25 years. 

As a final indication of the lack of confidence of the world in the potential of solar and wind power, 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, China and 
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 until 2070, realistically an absolutely meaningless commitment. These are large, 
important, technically advanced countries, containing ~ 40% of the world population. Their unwillingness to 
participate demonstrates not only their skepticism of the nearly universal western claims of a climate crisis, but 
also their skepticism of solar and wind power. Actually, the western countries are not all that different. Typically, 
some western bureaucrat says that we have to stop or reduce the use of fossil in this way and that. Occasionally 
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the new rule is put to a vote, and the new rule is almost always rejected by the voters. Or as Yogi Berra put it “If 
people don’t want to come to the ballpark, you can’t stop ‘em”. 

However, many of these countries are rapidly developing, and will likely greatly increase their use of both carbon 
based and nuclear power. Fusion breeding might be a very attractive alternative for them later in this century. 

3.1 The Solar and Wind Power Available 

When considering solar and wind power, the very first issue is what is the available power? Solar energy, in mid 
latitudes, at high noon on a summer day is about 1Gigawatt (GW) per square kilometer. However, averaging over 
night and day (cutting it in half), solar angle and added absorption from the longer path (cutting it about in half 
again), sun, rain, snow, clouds…., it is roughly 200 MW/km2. The maximum efficiency of a solar panel is given 
by the Shockley Queisser [Shockley] limit of ~30%. Most operating solar panels are around 15- 20%, so they are 
near the theoretical maximum. Assuming this 20% efficiency figure, a 1GW solar power plant would cover about 
25 km2, and the land could not be used for anything else. While this sounds small compared to the area of, say the 
United States, Russia, Brazil, or China, it would be difficult to find this amount of land available in say the 
American northeast. The cost of rural land there is about $5000 per acre, so 25km2 would cost ~$25M. This is not 
that great a deterrent, but finding 25 available contiguous square kilometers in a place like the American northeast 
probably is. The 15-20% efficient solar panels cost ~$3/nameplate Watt, so these would cost ~ $15B for the 1 GW 
average power solar farm. Then there is the cost of installation and hook up. To do this one needs a team of skilled 
workers, working over every square inch of the 25 km2. Likely it dominates the cost of the solar installations. 

Let us consider the peak power, average power, and cost of a large solar farm in the United States. Consider the 
Topaz Solar Farm, in California, a region of the country which one would expect to be very hospitable to solar 
power, as opposed to for instance the rainy, snowy east coast or midwest [Topaz]. At one time Topaz was the 
world’s larges solar facility. It covered and area of 13 square kilometers, but as Figure 2 shows, it does not cover 
all of the allowed space. It is billed as having a capacity of 580 MW, but looking at the small print, it delivers 
1,200,000 Megawatt hours every year, meaning its average power is 130MW. The cost to build it was $2.5B, or 
roughly $20B for a 1 GW average power plant. However this published figure is most likely a significant 
underestimate of the cost, when everything is taken into account. The facility as run into financial trouble, and is 
considering bankrupcy [Leslie]. 

 
Figure 2. An aerial photo of the Topaz solar farm in California. For a while it was the world’s largest solar 

facility 

 

Now let us consider wind power. Only about 1-2% of the solar power impingent on earth goes into wind. 
Generously granting 2%, and considering the Betz limit [Betz] on the maximum efficiency of the conversion of 
wind power to mechanical energy of 60%, we assume 50% efficiency. Hence a 1GW average power wind farm 
would cover at least 500 km2. Unlike a solar farm, this land could be used for some other purposes, but not many. 
It could be used for grazing animals, and perhaps for growing some crops not requiring much human intervention, 
but it is unfit for human habitation. The noise would be deafening, and in the winter, in the cold regions of the 
country, large chunks of ice, hundreds of kilograms, fall off the turbine blades, killing anyone that were struck by 
them. At least in the American northeast, are 500 km2 of reasonably contiguous land, without human habitation 
really available anywhere? 
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The cost of a turbine is typically ~$2/Watt of nameplate power, or ~$8/Watt of average power. If one considers 4 
MW nameplate power turbines (about the height of the Washington monument), the 1GW average power plant 
needs ~1000 at a cost ~$8B. This does not account for the cost of installation, putting up 1000 structures the size 
of the Washington monument could not be cheap! 

And how much does 500 km2 of contiguous land cost, especially in a place like the American northeast or west 
cost? 

3.2 The (Un)reliability of Solar Power 

Recently, under adverse weather conditions, at least 3 places which relied heavily on solar and wind lost power 
for substantial periods of time. These are not places in poor areas of the world, which struggle to afford minimum 
power, but in 3 of the richest places in the world, Germany, California and Texas. 

Texas is usually a warm state, but being located in the great plains, every few years it experiences a frigid winter. 
That was its experience in February 2021, where it was snow covered and frigid (for Texas) for a long period of 
time. 

Texas has made a large investment in solar and wind power, one quarter of the wind power of the United States is 
in Texas. In the winter this failed; see Figure 3. Much of the state experienced long periods without electric power 
as windmills froze [California] and solar panels became snow covered [Craig, Burnett, Knutson] 

 

Figure 3. Frozen windmills in Texas, February 2021 

 

With the failure of wind and solar, gas-powered plants rushed in to take up the slack, but were only able to partially 
fill in, especially with the increased demand due to the weather. Figure 4 is a graph of the power supplied by 
various power sources in Texas during the week of worst power loss [28]. 
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Figure 4. Power delivered to Texas from various sources during 2 weeks in February 2021. Notice the great 
reduction in wind and solar, and the struggle of gas to keep up 

 

The Wall Street Journal [California] even mentioned that the Texas problem in the winter was not its only problem. 
In June 2021, there was a heat spell, certainly not unusual for Texas, and again solar and wind largely failed, with 
gas rushing to take up as much of the slack as it could. 

Search the Texas dilemma on the internet, and everything but their reliance on wind and solar is blamed. But 
Oklahoma had about the same weather as Texas, but did not rely on wind and solar to nearly the same extent, and 
had no problem. 

Germany also has been relying very strongly on wind and solar, and the severe winter of 2020-2021 has played 
havoc with it. The country was exceptionally cold and snow covered and large parts of the country lost electric 
power for a long period of time. Germany attempted to purchase power from neighboring countries, but there was 
none at any price to sell; they could supply only their own population. Figure 5 shows a snow-covered solar panel 
in Germany, and its effect on their school children as they attempted to do their homework [Foti]. 

 

 

 

 

 

 

 

 

 



jsd.ccsenet.org Journal of Sustainable Development Vol. 15, No. 2; 2022 

106 
 

 

 
Figure 5. Snow covered solar panels in Germany, and its effect on their school children 

 

California has been converting to solar power over the last decade or two. It had decommissioned all of its coal 
fired power plants, and its nuclear power plants except for Diablo Canyon. It has some gas fired power, but 
minimizes it to the extent possible. The state had a great deal of solar power available on summer afternoons, but 
this faded away in the late afternoon and evening when air condition was most needed. In a heat wave in summer 
2020, it did not have enough power, and had to instigate rolling blackouts [California]. It attempted to purchase 
power from other states, but it already gets about 1/3 of its power from neighboring states, and none was available. 

The Wall Street Journal ended their editorial [California] with the sentence: “Pro survival tip: Buy a diesel 
generator – while you still can.” 

Solar power from photovoltaic sources can only be used when the sun is shining; wind power, only when the wind 
is blowing. Thus, to have reliable power, solar and wind power must be backed up by another power source which 
runs under all conditions. Gas-powered plants are used for this purpose. This is not an unreasonable approach, but 
of course the cost of the gas plants, often idle, must be added to the cost to wind or solar. As the Wall Street Journal 
phrased it “A big problem is that subsidies and mandates have spurred an over- development of renewables, which 
has resulted in gas plants operating at lower levels or even idle much of the time. Keeping standby units in top 
condition is hugely expensive. So, when plants are required to run all out to meet surging demand or back up 
renewables, problems crop up – as they did this week.” (California) 

To provide backup power, there is talk of a revolution in battery technology, but this seems far-fetched. The Tesla 
car’s lithium ion battery stores about 100 kwhrs. The United States uses 400 gigawatts (GW) of electric power, 
and if one section of the country is out of wind or sunshine, say Texas or California, the battery backup would 
have to provide this power, probably 100 GW. The Tesla battery would provide this backup for 3.6 microseconds! 
We would need ~3x105 batteries to provide a second’s worth, ~ twenty-four billion to provide a day; and this is 
probably not sufficient. The United States would need probably half a dozen to a dozen of these battery stations 
across the country. A Tesla battery now costs around $5-10k. Even assuming the cost could be reduced to $1000, 
the cost of the backup system alone for the United States would be ~ $150 trillion. It makes no sense! 
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In addition, there is the safety issue of so much chemical and electrical energy stored in one place, particularly for 
a battery like the Tesla lithium-ion battery, which has a well-known fire danger, even if the battery is not delivering 
power. The 100 billion batteries in each station stations have a stored energy of roughly equivalent to that of a ten-
megaton bomb. 

Of course, any energy storage scheme will have that much energy stored and will represent a potential danger. 
However, the danger involved in storing it in lithium-ion batteries is unique. The batteries have a well-known fire 
danger, even when the battery is not delivering power. Furthermore, once the fire starts, it is very difficult to 
extinguish with conventional fire suppression techniques. The danger is particularly acute on an airplane, where 
fires in the hold have occurred, occasionally bringing down a plane when flying at altitude. While these were cargo 
planes with no passengers, the crew was killed from Lithium battery fires in Boeing 747 flights over both South 
Korea and Dubai in 2010 and 2011 [Dooley]. Figure 6 illustrates the potential danger to the aircraft. 

 

Figure 6. A UPS large freight aircraft destroyed (fortunately on the ground) from a fire of lithium batteries in the 
hold 

 

It is not only cargo planes that had to deal with fire. China Southern Airlines, Flight CZ3539 had a fire in the 
overhead luggage bin [Bibby]. Fortunately, it was when the plane was boarding, and not when it was in the air, 
and everyone could disembark with no injuries. If that fire had ignited an hour later, who knows what 
catastrophe might have occurred. Figure 7 is a photo taken on the plane. 

 
Figure 7. Luckily for these passengers, the plane had not yet taken off 

 

3.3 The Material Requirements for Solar and Wind 

Sunlight and wind may be free, but the infrastructure to convert these into usable electric power, and the material 
needed are very considerable. This has been studied by the Manhattan Institute by Mark Mills. As an example, 
Figure 8, from Ref [Mills 2020] shows a schematic of the number of different materials required to construct 
different types of power plants, per terawatt hour. Clearly a 1 GW wind farm, will use about ten times the material 
as a gas-powered plant, and a 1 GW solar panel farm, nearly 20 times as much. 
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Figure 8. The material needed for soar, hydro, wind, geothermal, and natural gas plants. Clearly the wind and 

solar use tremendously more materials of all kind, that do gas fired plants 

 

An important element for manufacturing modern batteries is lithium. It is usually found in high desert areas, and 
mining it is extremely water intensive. For instance, one of the best sources of lithium in the United States is in 
Death Valley. Mining lithium in these areas typically needs about 2 metric tons of water for each kilogram of 
lithium extracted. A typical Tesla battery typically has about 10 kg of lithium, requiring the use of 20 metric tons 
of water [Hooke, Evans]. The hundred billion or so Tesla batteries required to provide backup power for the United 
States, say every ten years, would more than double the country’s water infrastructure, and do so in some of the 
country’s driest places. 

3.4 The Cost for Delivered Power 

It is often claimed that solar and wind electrical energy is getting cheaper, and often much cheaper than that of 
generated by coal, gas, oil or nuclear. Here is a typical example [Timmer]. While these have no fuel costs, as we 
have seen in the last section, the material and labor costs, compared to conventional power costs are enormous. 
After all the labor cost of installing a 1 GW wind average power farm, namely ~1000 modern 4GW name plate 
power turbines, each as tall as the Washington Monument, over an area of at least 500 square kilometers, must be 
quite high compared to installing a single building housing a 1 GW gas powered plant. 

Hence, there are enormous scientific, technical, economic and environmental, barriers which are in reality, just 
about impossible to overcome [Sellenberger 2020, Mills 2019]. Furthermore, there are government subsidies in 
most countries which affect the price. These subsidies are very confusing to unravel, but in all likelihood, they are 
significant [Keene] 

The skeptical arguments, while correct, are not necessarily easy for a layman to follow. After all who, in say the 
United States, notices or cares if, to build solar panels and wind turbines, we have to dig up a lot of indium, 
lanthanum, neodymium, europium and other rare earth elements somewhere, likely in some remote, poor African 
country, which will not complain about us trashing its environment, and paying its citizens slave wages. 

It is now possible to compare nuclear to solar and wind on a large scale. There is what this author has called ‘a 
gigantic laboratory’ in Europe [Manheimer 2018]. It is France and Germany. France for years has generated most 
of its electricity (~75-80%) by nuclear power. Germany, in about 2000, had adopted a different route. It has 
embarked on an ‘energiewende’, a German word for energy transformation to solar and wind energy. Accordingly, 
it has decommissioned many of its coal fired power plants, and is in the process of decommissioning what once 
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were its 17 nuclear power reactors. At this point, it is getting about 25-30% of its electrical power from wind and/or 
solar; the rest from other sources. Some articles on the energiewende, call it a smashing success [Mathews]; others, 
a dismal failure [Dohman]. 

Where does the truth lie? 

There is one thing anybody can easily figure out. Namely despite all the claims of low cost solar and wind, how 
does the cost of electricity in Germany and France compare? This is simple and noncontroversial. Furthermore, 
since the whole purpose of the energiewende is to reduce the CO2 input into the atmosphere, how well do Germany 
and France do? Again, this is simple and noncontroversial. Figure 9 shows a graph of the price of a kilowatt hour 
of electric energy in Germany, France and the United States, in euro cents, from 1980 to about 2020 [Subsidized 
wind, Manheimer 2018 and other sources]. 

Also shown on the graph are plots of per capita CO2 emission into the atmosphere in tons per year [Cumulative 
effects, Manheimer 2018 and other sources]. 

 

Figure 9. Plot of the cost of a kilowatt hour of electric energy in euro cents in France, Germany and the USA 

(solid), and emission of CO2 into the atmosphere in tons per capita per year 

 

The graph shows that, at least up to now, after ~20 years, the German energiewende has failed on both counts. It 
has not reduced the price of electricity, but rather has greatly increased it. It has not reduced the per capita German 
CO2 emission into the atmosphere as compared to France, or even the United States. The impact of the high cost 
of electricity in Germany is such that almost five million people there were unable to pay their electric bills in 
2019, and were cut off from the grid [Editorial team]. 

In summary, France has cheaper electricity and emits less CO2 per capita — both by about half — than does 
Germany. For those who say that nuclear power is too expensive and environmentally unviable, there is a simple 
one-word answer, France. The French have had a nuclear economy for decades, and have achieved this 
economically, without harming any of its citizens, or ruining their environment. The conclusion is obvious. By 
themselves, sunlight and wind are free but converting them to electricity is very, very expensive. 

For all of the publicity and propaganda on how cheap solar power is, proponents estimate as much as $100 trillion 
will be needed by 2050 to decarbonize the world’s energy systems [Ruchner]. But we have just seen that it costs 
at least this to provide backup lithium-ion battery power in a single country, the United States. 

3.5 The End of the Life Cycle 

There is an additional cost and environmental damage of solar and wind power, which has hardly appeared yet. 
Namely solar panels and wind turbines are only expected to last ~25 years. Since most solar wind panels and wind 
turbines are younger than this, we have only an inkling of the problem that is rapidly approaching. 
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Let us first consider solar panels. These panels last about 25 years, so the 250,000 tons we have to recycle this 
year is just a trickle compared to the deluge coming at us in 2050, when there will have been a total of 78 million 
tons to dispose of. These are not appropriate for landfills, as they contain hazardous and poison materials such as 
lead and cadmium, which can leach into the soil. 

However, recycling is expensive. The cost of the recycled materials is considerably more than the cost of the raw 
materials. For this reason, many places, including (surprisingly!) even environmentally conscious California, are 
disposing worn out panels in landfills, which is cheap, but environmentally very harmful [Solar panels]. There are 
also American efforts to export worn out solar panels to landfills in underdeveloped countries, most likely in Africa. 
Trashing their environment by taking advantage of their loose mining restrictions is not enough, we will also trash 
it by sending them our own dangerous garbage, which we cannot safely dispose of in our own country [Solar 
panels]. 

Even if we had perfect recycling of used solar panels, there is still the environmental danger of their destruction 
by natural events. A tornado destroyed a solar farm in Southern California, and Hurricane Maria destroyed a large 
solar facility in Puerto Rico [Shellenberger 2018]. Who knows what damage was done to the local environments? 
Figure 10 is a photo of the Puerto Rican facility after the Hurricane. 

 

Figure 10. A photo of the Puerto Rican solar facility after Hurricane Maria 

 

Regarding wind turbines, the problem is twofold. Since the blades are fiberglass and last only about 10 years, we 
have had considerable experience here. 

These blades are gigantic, and are very costly to ship and dispose of, but a land fill is a reasonable option if it is 
large enough. Once they are buried, they will do little if any harm to the local environment. There are just a few 
landfills in the United States capable of handling these blades. One is near Casper Wyoming. Figure 11 is a photo 
of a portion of this landfill [Martin]. 

 
Figure 11. Photograph of fragments of wind turbine blades at their ultimate resting place in a landfill near Casper 

Wyoming. The small feature in the upper right is a bulldozer driven by a landfill employee 
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The difficulty of disposing the blades pales in comparison with disposing of the towers, which last ~25 years. 
Companies typically have to put up decommissioning costs at the outset. The typical cost is apparently $100,000, 
but this sounds incredibly cheap for dismantling a steel tower the height of the Washington monument. In fact, the 
Washington Times estimates that a better cost estimate is $500,000 [Keene], but even that sounds cheap to this 
author. 

The alternative is to walk away and leave them for someone else to worry about. As Tom Lehrer sang in his song 
about Werner von Braun: 

Once rockets go up, who cares where they come down. That’s not my department, says Werner von Braun. 

Perhaps the wind power providers think that properly disassembling aging turbines is ‘not their department’. They 
are too busy saving the world. There are dueling web pages on this, one saying that there are 14,000 abandoned 
wind turbines littering the United States [Abandoned wind]. Another denies this [Fact check]. However, there are 
certainly many thousand abandoned wind turbines. There are documented to be 1600 in Altamont pass in 
California alone in 2014 [Lautao]. The internet mentions other abandoned wind farms in California, Texas [Kelley], 
Hawaii [Leonard], Oklahoma and Wyoming. 

Figure 12 are photos of abandoned wind turbines in California, Texas, and Hawaii. 

 

Altamont Pass, California 2014 [Lautamo] 

 

Near Harlingen, Texas 2017 [Kelley] 
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Oahu’s north shore, Hawaii 2012 [Leonard] 

Figure 12. Abandoned wind turbines in the United States 

 

Considering the enormous amount of land and material they need, at their birth, solar and wind installations do 
great harm to the overall environment. At their death, they are even more harmful. Then, they almost certainly 
form more of an environmental crisis than any other power source. 

To summarize, when reading all the adoring media on how economic, safe, reliable, and environmentally viable 
solar panels and wind turbines are, it pays to keep in mind Richard Feynman’s famous quote regarding the 
Challenger disaster: “When introducing a new technology, reality has to take precedence over public relations, for 
nature cannot be fooled”. 

4. The Fusion Program 

The world has been attempting to develop economical fusion reactors for more than half a century. While great 
progress has been made, there still is a very long way to go. In a fusion reaction, two isotopes of hydrogen, 
deuterium and tritium join to form a helium nucleus, and in the process release an energetic neutron and an 
energetic alpha particle (i.e. a helium nucleus). Note that while deuterium occurs in nature, tritium does not. It 
must be bred from a reaction of a lithium nucleus with a neutron [Manheimer 2020 #1]. The energy of these 
particles would be absorbed by some sort of heat exchanger, called a blanket, and this would generate electric 
power in the standard way. It is regarded as a clean energy system, one which produces no by-product which is 
either a proliferation risk or a pollutant. A schematic of this reaction is shown in Figure 13. 
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Figure 13. A schematic of the fusion DT reaction. To react, the D and T must have energy about 10 kiloelectron 
volts (keV) or more (atoms burning in a typical fire have energy of about 0.1 electron Volt). The fusion products 

are a 14 Million electron Volt (MeV) neutron, and a 3.5 MeV alpha particle (i.e. a helium nucleus). In a 
conventional fission reactor, the neutrons that form the chain reaction are produced at ~ 2MeV, and the fission 

fragments are produced at ~ 200 MeV. Hence the fusion reaction produces much more energetic neutrons than a 
fission reaction reactor. However, it takes 10 fusion reactions to produce the energy of one fission reaction. Both 

of these facts are the key to the great advantage of fusion breeding over fission breeding. 

 

A problem is that to form this reaction, the energy of the D and T are so high that they cannot be part of a liquid 
or solid, but rather form a fully ionized gas called a plasma. The fusion plasma consists of deuterium and tritium 
ions, and free electrons. This plasma is so hot that it cannot be in contact with any material surface. Hence in the 
fusion effort, the plasma would be confined by magnetic fields, and the process is thereby called magnetic fusion 
energy (MFE). Electrons and ions have a difficult time moving across magnetic field lines, but can move freely 
along the magnetic field. This motivates the use of a toroidal field. 

The plasma device which does this is called a tokamak. The plasma in it is characterized by the electron number 
density n (typically around 1020 per cubic meter), and plasma temperature T (typically around 5-10 keV), and relies 
on the plasma and toroidal magnetic field, typically 3-5 Teslas. The major radius is typically 1-3 meters, and the 
minor radius is typically about one third of that. 

The plasma carries a toroidal current I (typically millions of Amps, i.e. Mega amps) in order that it can be in 
equilibrium. This current produces a smaller poloidal magnetic field perpendicular to the main toroidal field. This 
current is usually driven by making the plasma a secondary of a transformer, the primary being a changing 
magnetic field through the center of the torus. However, the transformer can hold only so many volt seconds, and 
then the plasma current cannot be driven any more. Hence some means must be found to run the tokamak at steady 
state, or at least at high duty cycle. The ohmic heating from the current drive also heats the plasma. However more 
heating power is needed as the plasma resistivity decreases as it heats. This is in the form of rf, microwaves, 
millimeter waves of neutral beams. The ratio of the fusion power to the heating power is defined as Q. Heating of 
the plasma by these external sources has been reasonably successful. However, driving the current this way is 
more difficult, see Section VIII. 

Over the last 5 or so decades, larger, and smarter tokamaks were made by various worldwide fusion labs. One 
measure of the success of the tokamak is the so-called triple product, nTτ which is roughly proportional to Q 
[Manheimer 2014]. Here τ is the energy containment time (basically the plasma energy contained divided by the 
power to maintain it). Over the years, this has advanced considerably. In fact, until about the year 2000, it had 
advanced about as fast as the number of transistors on a chip, as shown in Figure 14. Note that the record nTτ is 
1.6x1021, achieved by JT-60U. It was achieved over 20 years ago, and still stands. 
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Figure 14. The increase in tokamak triple product nTτ over about a 40 year period, as compared to the number of 
transistors on a chip. The problem is that at every point along the red curve, the electronics industry was able to 
market a useful, profitable product. The tokamak will have to advance considerably along the blue curve before 

it earns anything. Graphs like this abound on the internet. 

 

The largest tokamaks so far are in Europe, called JET (Joint European Tokamak) [Gibson], Princeton NJ, called 
TFTR (Tokamak Fusion Test Reactor, disassembled in about 1999) [Hawryluk], and Japan, called JT-60U (Japan 
Tokamak) [Kusama]. JET and TFTR actually ran with DT plasmas, and produced copious fusion neutrons, 
achieving a Q of around 0.2-0.5 depending on the mode of operation. The neutron production is shown in Figure 
15 [Gibson, Hawryluk, Jacquinot]. 
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Figure 15. A plot of the neutron production rate, expressed in terms of the Q at the maximum of the curve, for a 
variety of shots on TFTR and JET. The horizontal time axis covers about 6 seconds. There are two modes of 
operation, hot ion, observed in both TFTR and JET, which gives Q~0.65, but which could not be maintained; 
and thermal, observed only in JET, which gives Q~0.2 and lasts for the entire pulse. This graph is taken from: 

Jean Jacquinot, Martin Keilhacker & Paul Henri Rebut 2008, Chapter 2: Mission and Highlights of the JET Joint 
Undertaking: 1978-1999, Fusion Science and Technology, 53:4, 866-890, DOI: 10.13182/FST08-A1742. 

 

The Japanese tokamak also got some very impressive results. It was not equipped to deal with tritium, but could 
deal with deuterium plasmas. These also have fusion reactions, and measuring the neutrons from the DD reaction, 
enabled the JT-60U group to extrapolate to what the Q would have been in a DT plasma. With their W shaped 
divertor they managed to get an equivalent Q of 1.25 [Kusama, Manheimer 2014]. (The divertor is the region just 
outside the main part of the plasma which handles the exhaust of the plasma as it diffuses toward the walls of the 
vacuum chamber.) A plot of the equivalent Q as a function of plasma current, with and without the W shaped 
divertor is shown in Figure 16. 

 
Figure 16. The equivalent DT Q in JT-60U as a function of current with open and W shaped divertors as a 

function of plasma current. 
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There are two fundamental tokamak parameters we now briefly introduce. The first is the q of the plasma. It is a 
spatially dependent quantity, but at the edge of the plasma, it is proportional to the reciprocal of plasma current. 
Generally the discharge is characterized by a single parameter, q95, the q at the magnetic surface containing 95% 
of the current. If the q95 is too low (i.e. if the current is too high), the plasma will be unstable to current driven 
modes called, both MHD modes and resistive tearing modes. If it is too high, the plasma has a more and more 
difficult time finding an equilibrium (i.e. with zero current, there is no equilibrium). The second parameter is called 
the beta (β), which is the pressure of the plasma divided by the magnetic pressure. Actually theoretically, it is more 
useful to deal with the normalized beta, βN. The beta is proportional to βN times the current, or βN/q95. If βN is too 
high, the plasma can be unstable to what are called ballooning modes. Troyon and Gruber have worked out the 
theory [Troyon 1985, Troyon 1988], and found that without wall stabilization, the maximum βN is around 2.5 or 
3; with wall stabilization, around 5 or 6. 

However this author has the attitude that the wall is doing enough without stabilizing the discharge. It is absorbing 
large fluxes of neutrons and radiation, and is an initial element of a heat exchanger. Developing the wall is not so 
simple, that more tasks can be added to it role. In fact, there is virtually no experimental evidence of long-lived 
discharges with βN of 5 or 6. More detail on these parameters is in the linked and cited references. 

There are two fundamental problems that the tokamak project faces. The first is that the current can be driven by 
the transformer only a certain time, limited by the Volt seconds stored in the transformer. The second is that often 
the plasma discharge will terminate, seemingly without cause. When it does, the plasma and poloidal magnetic 
field energy are suddenly dumped somewhere in the vacuum chamber. Shown in Figure 17 is some very important 
data from JT-60U [Ishida, Manheimer 2014]. It is a plot in βN q95 space of a variety of discharges, some steady, 
others transient, i.e. likely ended in a disruption. Clearly the most desirable discharge for fusion is that at maximum 
pressure, and maximum current, in other word discharges around q>3, and βN~2.5. 

 

Figure 17. A scatter plot of discharges stable, and terminated prematurely, for JT-60U. tE is the energy 
confinement time. 

 

Notice that JT-60 has also gotten discharges with high βN, as high as 5 for q95 of 6 and for q95 as low as 2, but for 
βN about 1. However, these constitute no improvement in the actual beta, which is proportional to βN/q95. In addition, 
these all disrupt in less than 5 energy confinement times. 

As JT-60U is Ohmically driven, there is a limit to how long the discharge can be. However they have good evidence 
of stable discharges with βN of ~2.5 extending out to 30 seconds, as shown in Figure 18 [Ide]. 
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Figure 18. A plot of βN as a function of time in a 30 discharge in JT-60U 

 

However just because a βN = 2.5 discharge can last for 30 seconds, does not mean it always will, furthermore just 
because it lasts for 30 seconds, does not mean it will last for 30 minutes, or 30 hours or 30 days, as a discharge in 
a reactor must. Hence this is an important area for tokamak research. 

While these reactors were regarded as successful, they were nowhere near being economic energy producers. In 
about the year 2000, this advance in nTτ stalled. The reason is that as the years progressed, the tokamaks became 
larger and more expensive, until about the year 2000. Then no nation was individually ready, willing or able to 
take the next step. 

5. The ITER Project 

The success of the tokamak program motivated the world to join together to form a larger tokamak called ITER 
(International Tokamak Experimental Reactor). The international negotiations to approve ITER, and the argument 
over where to put it, took years. 

ITER is being set up by an international consortium of 7 partners, the European Union, United States, Russia, 
China, Japan, South Korea and India [ITER]. The partners finally decided to build it in France, and as of this 
writing (summer and fall 2021) its construction is ~70% complete. Current estimates of ITER’s cost are ~$25B, 
up a factor of ~5 from the original estimate of ~$5B in 2005, and possibly much more. Its time line has also slipped 
from 2016 to 2025 for the start of plasma experiments and to 2035 for DT experiments. It hopes to complete the 
DT experiments in 2040. 

Forming and maintaining the plasma, and plasma current, which is needed for equilibrium, takes a considerable 
amount of power. ITER’s hope is to achieve ten times more neutron power than is injected into the machine with 
neutral beams and microwaves, i.e. Q=10 by 2040. Specifically, it hopes that with 50 megawatts (MW) of injected 
power (mostly microwaves and neutral beams), it will produce 500MW of fusion power, for a 400 second pulse. 
See Figure 19. 

 

Figure 19. An artist’s conception of the ITER tokamak, from the ITER web site. The major radius from the 
center of the torus to the center of the vacuum chamber is 6 meters and the toroidal magnetic field is about 5 

Teslas. 
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6. Some Difficulties with ITER 

One obvious difficulty with ITER is the cost and time it takes to go from concept to reality [Manheimer 2018]. 
Another is that it is not at all clear that ITER has come up with a way to drive the current steady state or high duty 
cycle. Unless it can do this, no matter how great the achievement of ITER is, it cannot lead to economical fusion. 
We discuss this more fully in Section VIII. 

However, what is not generally publicized is that after a success with ITER, there are enormous obstacles to 
producing economic power in a pure fusion mode, from what the ITER web site calls its follow on, the DEMO. 
Note that 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, and in fact an optimistic number. Thus the 50 MW of input power would take ~150MW of wall plug power. 
Hence pure fusion with an ITER like reactor would leave virtually nothing for the grid. There have been 
speculations of more efficient generators, those typically depending on a high speed flow of high temperature 
burning gas. These have been developed on a small scale. How well they would match with a fusion source is 
unknown. However, relying on a special generator just to make fusion relevant, does not sound like a very good 
argument for either fusion or the special generator. Better if fusion can fit in with existing infrastructure. 

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 fusion 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 so as to make it economically competitive. But with larger power and a smaller 
size, the loading on the fusion blanket would increase by at least an order of magnitude. These are not minor details! 
They would certainly take decades and 10’s of billions of $$$ to solve, assuming they could be solved at all. 

Furthermore, tokamaks have been constrained by what this author has called conservative design rules [Manheimer 
2009 and 2014]. These rules are not controversial, they have been in the literature for over a decade. The author 
has given seminars on them at many fusion labs, and presented them at many scientific conferences. He has never 
seen them challenged in person or in print. Conservative design rules do not show that a 3GW tokamak is 
impossible; it just shows that one smaller and cheaper than ITER almost certainly is. Depending on the toroidal 
field, the major radius of a 9 T tokamak [Sorbom] would have to be ~6m [14], and of a 5 T tokamak (like ITER, 
[Campbell]) would have to be ~ 12m. In other words, adding the minor radius, and the shielding, a 5T 3 GW 
tokamak (the bare reactor) would reach from about the goal line to ~ the 35- 40- yard line of an American football 
field [14]. This is almost certainly not smaller and cheaper than ITER. 

In conclusion, the ITER pathway will not lead to economical pure fusion in this century. In the next two sections 
we outline a different path forward, one which will build on a success by ITER, but then will proceed in a different 
direction. 

This path could resolve issues which ITER will not and cannot. 

7. Fusion Breeding 

As we have just seen the scientific, technical, time, political and economic constraint on a continuation of ITER 
toward economic pure fusion are considerable. It is extremely unlikely that ITER will lead to economic fusion this 
century, if ever. However, assuming success, a breeder is a much shorter jump away. The plasma physics of a 
successful ITER would match well with the requirements for breeding. The only things left to do would be to 
develop an ITER like machine that ran in true steady state or high duty cycle (not just 400 seconds) and add the 
breeding of both the tritium and 233U and recovery of unburned tritium from the plasma exhaust. The expected Q 
and power from a successful ITER are fine for breeding. 

Exploiting fusion breeding, instead of pure fusion, an ITER like device, is an alternative which is likely to achieve 
economic fuel production not too long after midcentury. Furthermore, it would fit in with existing nuclear 
infrastructure. 

Fusion breeding is the use of 14 MeV fusion neutrons not only to boil water with their kinetic energy, but also to 
breed 10 times more nuclear fuel, for separate, nuclear reactors. The fact that the fusion neutron is an energetic 14 
MeV, rather than a much less energetic 2 MeV fission neutron, is key to the advantage of fusion breeding. Injecting 
the 14 MeV neutron into a material like Be, Pb or U, the first thing that happens is that the neutron produces other 
spallation neutrons as is slows down. Depending on the material, and blanket design, the fusion neutron might 
produce as many as 2-4 additional spallation neutrons. This is not a possibility with fission neutrons, their energy 
is too low. 
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Figure 20 shows the cross section for producing one or two extra neutrons, in a lead target, as a function of incident 
neutron energy [Manheimer 2020 #1, National, Ragheb]. 

 
Figure 20. The collision cross section for producing extra neutron when a neutron of given energy collides with a 
solid lead target. The intercept with the horizontal axis is the energy the incident neutron loses in generating the 

spallation neutrons. 

 

Clearly for a Pb target, a spallation reaction producing only a single extra neutron needs an incident neutron with 
at least 7 MeV, and to produce 2 extra neutrons, 14 MeV. The number of neutrons produced as an incident 14MeV 
neutron slows down in a variety of solid targets is shown in Table 1 [Moir 1982]. 

 

Table 1. The number of total neutrons a 14 MeV neutron produces as it slows down in various targets. Notice that 
it only takes a 2 MeV neutron to produce a spallation neutron in Beryllium. Hence a beryllium target could be 
designed to produce considerably more spallation neutrons than are produced in a solid beryllium target 

Element Pb 232Th 238U Be 

Minimum neutron energy 7.5 6.5 9 2 

Number of neutrons 

produced 

1.7 2.5 4.2 2.7 

 

The first job of one of the spallation neutrons is to collide with the lithium in the blanket to breed tritium. This 
tritium is then inserted into the tokamak plasma to replace the tritium that was lost in the fusion reaction (the 
deuterium can easily be replaced by deuterium from the environment). 

Then the other neutrons are used to breed nuclear fuel. There are two possible breeding routes, breeding 233U from 
thorium, and breeding 239Pu from 238U. Either are fine as fuels for a thermal reactor, but here we concentrate on 
the thorium cycle here, as plutonium is something we would like to avoid to the extent possible. 

One of the other neutrons can be absorbed by a 232Th (thorium) nucleus to form a 233Th. However, this is unstable 
to a beta decay; that is the neutron expels an electron and moves up in the periodic table to become 233Pa 
(protactinium). But this is also unstable with half-life of a month, to another beta decay, becoming 233U (uranium), 
which is stable. But 233U is a perfectly good fuel for thermal nuclear reactors. This fusion and breeding processes 
are shown schematically in Figure 21: 
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Figure 21. 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 233U nucleus; a perfectly good fuel for a thermal nuclear 
reactor. 

 

The actual calculations of neutronics in the blanket are computed by complex Monte Carlo simulations, which the 
world’s major nuclear labs have and use. These start with a 14 MeV neutron impinging on some material, and 
calculating its trajectory, its production of daughter particles and their future paths, and the energy produced or 
absorbed. Doing this calculation many times, these codes can get reasonable statistics [Moir 2013, Dolan, 
Plechaty]. 

For a homogeneous blanket of 7Li + 0.8%Th + 0.02 6Li, a single 14 Mev neutron incident would produce 1.1 
tritium nuclei and 0.8 233U nuclei, and release 17 MeV additional energy. The process could be improved with a 
2-zone blanket, where the first zone, perhaps 238U produces additional spallation neutrons, but does not split 
because the neutron energy is too high. That is, at 14 MeV, the fission cross section is much less than the spallation 
cross section. The neutron and its daughter neutrons slow down here and enter the second zone, where the tritium 
and 233U are produced. 

Fusion breeding could produce ~150 MeV of 233U from each 14 MeV neutron, effectively multiplying the neutron 
energy produced in the fusion reaction by at least a factor of 10. As we will see an ITER like fusion breeder could 
fuel ~ 5 thermal reactors of equal power. It takes 2 fission breeders, at maximum breeding rate to fuel one thermal 
reactor. There, in a nutshell, is the great potential advantage of fusion breeding over fission breeding. 

While the energy of this 233U is not released in the fusion reactor, it is stored for later release by a thermal nuclear 
reactor. Hence this author does not see any advantage to using a fusion reactor as a component of a fission reactor, 
so as to make the fission reactor subcritical. The world has known how to build critical thermal reactors safely, 
economically, and environmentally viable for ~70 years. A fission reactor with a fusion reactor inside as a 
component, just to make the total reactor subcritical, would make the fission reactor extraordinarily more complex. 
The world does not need it. 

Hence an ITER like device, could be an end in itself as a breeder, not merely a means to the next step toward who 
knows what DEMO, who knows for how many more tens of billions of $$, in who know how many more decades 
later? Realistically pure fusion on the ITER pathway is a 22nd century option, assuming it is an option at all. 

While there are fission-based breeding schemes, this work makes the case that fusion not only can breed, but that 
it is the best breeder. Fusion breeder designs typically calculate that a single fusion neutron can end up producing 
somewhere between half and a single fissile 233U from fissile 232Th (Moir 1982). 

Specifically, an ITER type machine would be fine for fusion breeding, but not for pure fusion. The 500 MW of 
fusion neutrons from ITER, used as a breeder, could produce perhaps 5 GW of uranium fuel. The original ITER 
design (here we call it Large ITER), which was designed to produce 1.5 GW of neutron power, could produce 15 
GW of uranium fuel, enough to fuel 5 standard 1 GWe light water reactors. Furthermore, the breeding reactions 
are exothermic and roughly double the neutron power [Moir 2013]. While the MFE effort has been reluctant to 
partner with the nuclear industry, which might not even want it, it should consider realities. Economically pure 
MFE on the ITER pathway may well be out of reach. Economic fusion breeding most likely is not. 

While a pure fusion reactor might have either a solid or liquid blanket, a fusion breeder almost certainly must have 
a flowing liquid blanket. This way, as it breeds tritium and 233U (actually protactinium), these can be separated out 
of the flow away from the reactor. Molten salts have been proposed as the fluid, specifically, a fluorine salt like 
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FLiBe. The Be serves as a neutron multiplier, and the Li breeds the tritium. Uranium, thorium and protactinium 
are all soluble in molten FLiBe. 

Breeding is a perfectly acceptable, and possibly even a better outcome for the fusion effort. There are fission 
breeding possibilities, for instance fast neutron reactors. Russian and Indian nuclear scientists and engineers are 
actively pursuing these, and Russia now has two operating sodium cooled fast reactors, their BN-600 and BN-800. 

However, the breeding options are few, and fusion breeding should be considered. This author believes that if fuel 
supply were no problem, any fission reactor designer would choose a thermal over a fast neutron reactor. The 
thermal neutron reaction cross section is a few thousand times greater than the fast neutron reaction as shown in 
Fig. 22, displaying the fission cross section as a function of neutron energy for fissile 235U, as well as for fertile 
238U [National]. 

 

Figure 22. The fission and neutron absorption cross section in barns (1 barn is 10-24 cm) for 235U and 238U 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. 

 

Furthermore, a thermal reactor has a wide choice of coolants, not just liquid sodium or lead [Garwin]. Fusion 
breeding gives this choice of coolant to the reactor designer. Also, it would provide a raw fuel with minimal 
proliferation risks and which fits in with current nuclear infrastructure. 

Even in a best-case scenario, where pure fusion does prove to be viable for the 22nd century, fusion breeding could 
provide an intermediate product, of real economic value, a product which might be desperately needed by 
midcentury as more and more countries demand a lifestyle like those in the west. 

A tokamak breeder like ITER, while expensive, provides fuel for as many as 5 thermal reactors of equal power, as 
well as power for the grid (the breeding reactions are exothermic, so the total produced power is now ~ double the 
neutron power). A very rough estimate of the cost of fusion bred fuel, based on the current cost of ITER, comes to 
about 1-3 cents per kwhr [Manheimer 2014, 2021 #1]. Mined uranium fuel, while it lasts, currently costs about 
0.5-1 cent per kwhr. Gasoline at $2 per gallon costs about 5 cents per kwhr for the raw fuel, and about triple that 
if it were to produce electric power with a typical efficiency of 1/3. 

We now show, the advantage fusion breeding has over fission breeding. The fission reaction directly produces 2-
3 neutrons, and after neutron multiplication, so does the fusion reaction. In a fission breeder, one of these neutrons 
is needed to continue the chain reaction and one is needed to replace the fuel atom just burned; in fusion one is 
needed to breed the tritium from lithium, so in either case one or two neutrons are available for other purposes. Of 
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course, in either case there are losses, so probably somewhere between half and one neutron per reaction is 
available for breeding 233U from 232Th, or 239Pu from 238U. However, the fission reaction produces about 200 MeV, 
while the DT fusion reaction produces only about 20. Hence for reactors of equal power, a fusion reactor generates 
about 10 times more neutrons, and therefore breeds at least 10 times more nuclear fuel than a fission breeder 
reactor does. Hence a fusion breeder can fuel about 5 light water reactors (LWR’s) of equal power. (Recall that 
the breeding reactions are exothermal, so the breeder fusion reactor power is about double the neutron power.) It 
takes 2 fission breeders at maximum breeding rate to fuel one. In other words, a fusion reactor is neutron rich and 
energy poor, while a fission reaction is energy rich and neutron poor, a perfect match. 

8. The Scientific Prototype, or What to Do between Now and 2040 

Over the past 20 years, this author has suggested (to no avail) that the American magnetic fusion program, 
concentrate its resources on building a tokamak he has called the ‘scientific prototype’ [Manheimer 2013] This is 
a tokamak about the size of JT-60U, but would run at steady state or high duty cycle, with a DT plasma, and have 
a Q~1. As we have seen, this has already been achieved in a 30 second pulse in JT-60U with its W shaped divertor 
in a deuterium plasma. 

The scientific prototype, in DT, would also produce its own tritium. Furthermore, since only a fraction of the 
tritium in the tokamak burns, most of the tritium is exhausted through the divertor. Hence one would have to 
recover this tritium for reuse. If in a first experiment of this type, it could not produce enough tritium to fuel itself, 
it would produce as much as it could; same for tritium recovery. In short, no matter how successful ITER is, there 
are problems which it must solve, which it has hardly begun to  address. 

The idea of the scientific prototype is to address (and hopefully solve) these problems on as small a scale as 
possible. The scientific prototype will be expensive, but not beyond the means of countries like the United States, 
China, Japan or the European Union. If we do not address these problems now, when will we? The hope would be 
to achieve the goals of the scientific prototype around 2040, just as ITER hopefully is successful in achieving a 
Q~10 machine. The fact that we know what has been done in JT-60U would certainly simplify the design process. 
We would like to use a tokamak that produces essentially the same plasma, but in DT instead of just deuterium. 
Of course, a large part of the design would be hardening the reactor to deal with the tritium and 14 MeV neutrons, 
as well as producing tritium and recovering unburned tritium. 

Had the American fusion program built the scientific prototype 20 years ago as proposed then [Manheimer 1999 
and 2001], the world would probably now have a reasonably good idea of its success or failure. Instead, the 
American magnetic fusion program spun its wheels proposing one ignition scheme or new plasma configuration, 
after another, none of which got built or funded. 

While the author’s efforts to advocate the scientific prototype have been focused on the United States, there is no 
reason it cannot be set up in any of the main sponsors of ITER. This author does not advocate that the scientific 
prototype be done by an international consortium. The international negotiations to pull this off, would probably 
take up most of the time between now and 2040. 

If both the scientific prototype and ITER are successful by ~2040, there is no reason why fusion breeding cannot 
be begun on a large scale. On the other hand, if the world’s choice is to continue with pure fusion, it would be on 
the next plateau in that effort. 

One assumption in the argument for the scientific prototype was that the plasma current could be driven externally 
by microwaves, millimeter waves and/or neutral beams. Recent results from a variety of tokamaks have called this 
assumption into question. 

The need for a steady state tokamak has hardly escaped the world’s attention. In 1993, the PPPL put in a proposal 
for a steady state tokamak called tokamak physics experiment, or TPX [Schmidt]. This was proposed to be a 
tokamak which had its current driven only externally, by beams and/or microwaves, as well as by a characteristic 
of the toroidal geometry called bootstrap current. 

TPX was designed with a 2.25-meter major radius and R/a=4.5. It was to have a superconducting magnet with a 
toroidal field of 4 Teslas, and have a plasma current of 2 MA. It was designed for initially 20 MW of heating and 
current drive power, and ultimately 50 MW. It desired to show efficient current drive without an Ohmic current, 
one disruption every 10 hours of operation, initially 100 second pulses, ultimately 1000 second. It hoped to achieve 
an average density of ~1020 m-3, a temperature of 10-20 keV, a confinement time of ~350msec, and a triple product 
of 3-5x1020. The triple product expected was to be a factor of 3 to 5 below the record set on JT-60, but with long 
pulse and external current drive, it would make many records in other ways. 
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Unfortunately, TPX was never built. The proposal was ultimately abandoned in favor of a variety of proposals for 
burning plasmas, which were also never built. Instead, the Princeton lab settled for paper studies for stellarators, 
even though it is currently a secondary fusion configuration and the Germans and Japanese programs were far 
ahead. It also and built a spherical tokamak, which this author argued will never provide economical fusion due to 
a thin center post, which almost certainly cannot stand up long to the fusion neutron flux, much less remain 
superconducting [Manheimer 2014]. 

However other laboratories have built superconducting tokamaks in the interim, Tore Supra in France [Giruzzil], 
KSTAR (Korea superconducting tokamak advanced reactor) in Korea [Jong-Gu], and EAST (experimental 
advanced superconducting tokamak) in China [Wan, Xiang]. These have been up and running for quite a while 
and have been powered by ~10 MW of microwaves and beams. There have been stories in the major media, 
especially regarding the latter two, of maintaining high temperatures (i.e. ~5-10keV) for a hundred or more seconds, 
maintained only by external beam and microwave power [Another]. Figure 23 shows the loop voltage on a 60 
second run from EAST [Wan]. 

 

Figure 23. A plot of toroidal current and loop voltage in a 60 discharge from EAST. Notice that the loop voltage 
is zero for virtually the entire time. 

 

However, while these tokamaks have certainly achieved impressive results, they have come nowhere near 
matching the hoped-for results of TPX. 

Here we very briefly review some of these results. Perhaps first and foremost, the best triple product up to now 
turned out to be 1019 [Xiang], at least a factor of 150 less than what was achieved on JT-60U and about a factor of 
30-50 less than what TPX hoped to achieve. One reason is that the density and temperatures are lower than what 
TPX hoped to achieve (and what JT-60U did achieve). Not only that, as seen in Fig 24, [Xiang], the density and 
temperature are rather peaked, and using the central density and temperature, rather than the radial average, gives 
a rather optimistic estimate of the triple product. In fact, the stored plasma energy in both EAST and KSTAR 
varies from about 100 to 400kJ [71-73]. This is considerably less than the nearly 10 MJ stored in JT-60. 

 

Figure 24. Radial plots of electron density and temperature in a typical shot of the EAST tokamak. The stored 
energy in EAST and KSTAR vary with shot between about 100kJ and 400kJ. 

 

The rather lower energy in EAST and KSTAR, along with the 5-10 MW of input power mean that the energy 
confinement time is quite small, perhaps 50 milliseconds. The combination of low stored energy and low 
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confinement time result in a triple fusion project much smaller than what had been achieved on many other 
tokamaks. 

Tore Supre published some data on the statistics of disruptions. Their measure is the disruption frequency, which 
was always well above a rate of one every 10 hours. Shown in Figure 25 is their plot [Ginuzzil]. 

 

Figure 25. A scatter plot of the frequency of disruptions for a large number of shots. Note that a disruption rate 
of one every 10 hours would be a frequency of ~3x10-5. 

 

The best disruption frequency Tore Supra had achieved is an order of magnitude higher than what TPX aimed for. 

In this author’s opinion, the results from these 3 superconducting tokamaks have been rather discouraging, at least 
as regards the potential of external current drive. But where does this leave the scientific prototype? Some insight 
can be derived from [Segal]. This work examines the comparison of a pulsed tokamak, with mostly Ohmic current 
drive, with a steady state tokamak with external current drive. This work is focused on a future tokamak which is 
providing economic power. Each half cycle is expected to be an hour to an hour and a half. However, the goals of 
the scientific prototype are much more modest. 

One thing which Ref. [Segal] does not discuss is the current waveform, that is the magnetic flux as a function of 
time over several cycles. However, judging from the paper, the switch from clockwise to counterclockwise toroidal 
current seems to be assumed instantaneous. This is a switch from one MHD equilibrium to another, with an 
intermediate state having no MHD equilibrium (i.e. zero toroidal current) in between. Once the current is zero, the 
remaining unconfined plasma will splash out into the vacuum wall nearly instantaneously. Surely there must be 
some time for the current to make the switch, as well as to clean out the remaining residue of the unconfined 
plasma. 

This work sees the main goal of the scientific prototype as achieving steady state or high duty cycle power, and 
making an initial stab at breeding tritium and recovering unburned tritium. It does not have to achieve 100% on 
the first try. 

Accordingly, it would modify that assumed in [Segal], by assuming an initial temporal current profile which rises, 
and then stays constant for a long time, providing equilibrium for the plasma, and then reverses. Let us consider 
current on time, t(shot), of 100 seconds and a t(relax) of 500 seconds, where the remnants of the unconfined plasma 
are swept away, and the system is prepared for the next equilibrium having a reversed current. In other words, the 
initial scientific prototype would aim for a duty cycle of ~17%. The tokamak plasma would be one very much like 
JT-60U which has already demonstrated Q=1.25 in a 30 second shot. 

The current would be driven mostly by the central transformer, but the project could certainly continue research 
on external current drive so that if there is further success, one could switch to it. Furthermore, it could work on 
extending t(shot) and reducing t(relax). If it could reverse the two from what is assumed above (i.e. achieve a duty 
cycle of ~83%), it would be just about as good as true steady state. A schematic of the time development of the 
central flux is shown in Figure 26 for both the reactor and the scientific prototype. 



jsd.ccsenet.org Journal of Sustainable Development Vol. 15, No. 2; 2022 

125 
 

 

Figure 26. The temporal profile of the tokamak’s central flux for A: The pulsed reactor proposed in Ref [75] in 
red, and B: The first realization of the scientific prototype in blue. 

 

Regarding the plasma, this section emphasized the similarity with that obtained in JT-60 [Kusama, Ishida, Ide]. 
This similarity certainly gives confidence that the scientific prototype can be achieved, at least regarding the 
plasma. 

However, the tokamak itself would be very different from JT-60. First of all, it would need room for a blanket, 
adding at least a meter to the major radius, and likely increasing the minor radius as well. Secondly, in order to 
breed tritium on site, it would need a flowing blanket, most likely a molten salt like FLiBe, where the flow is in 
and out of the vacuum system, so the tritium could be removed as it is produced. At a later stage, it might be worth 
adding some thorium to the flow to produce some 233U. For the first time, the fusion project would be producing 
something the world could actually use. Finally, it would have to capture as much unburned tritium as possible. 
[Zakharov] has proposed doing this by flowing liquid lithium along the divertor plates (outside the region of 
confined plasma) and ultimately out of the vacuum system. These would absorb some or all of the tritium escaping 
the plasma. 

To summarize, the scientific prototype would provide crucial data on running a tokamak at high duty cycle before 
ITER even begins to be concerned with such matters. If all goes well, it might even be able to this work at steady 
state, or at much higher duty cycle. It would provide crucial data necessary for fusion, which could not be achieved 
in any other way. 

9. The Energy Park 

“The Energy Park” uses the fact that a fusion breeder can breed fuel for about 5 (LWR’s) of equal power, and each 
year an LWR discharges about 1/5 of its fuel as plutonium and higher actinides [Garwin]. 

Hence one envisions an energy infrastructure where there is one fusion breeder to supply fuel, and one fast neutron 
reactor to burn the ‘waste’ actinides [Manheimer 2014, 2018, 2020 #’s 1&2, 2021 #1]. 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 22, 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’ any actinide. Specifically, it 
could be used to burn all the plutonium and other higher actinides that an LWR discharges. This is unlike the 
French recycling program, which uses thermal reactors to partially burn waste plutonium. 

The British, who have the largest plutonium ‘waste’ stockpile, are now seriously considering 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. 
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A schematic of the energy park, which appeared in Refs. [Manheimer 2006, 2009, 2014, 2018, 2020 #’s 1 &2, 
2021 #1, Moir 2013] is shown in Figure 27. Most of the elements of the energy park are available today, only the 
fusion breeder needs full development. 

 
Figure 27. 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 a time 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 diluted or 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 go to storage (E), transuranic elements got to (I); 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% 233U in 238U) for the 5 thermal 

nuclear reactors for a total of 7 GWe produced in the energy park. 

 

With the current plague of hacking and ransomware, the park’s computers would also have to be protected by the 
digital analog of low and high security fences. 

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 of civilization was in the past. 

10. Conclusions 

If civilization as we know it is to be sustained, a sustainable power source is necessary, one at about the same 
quantity and price as fossil fuel. This paper argued that wind and solar cannot fill this role, and pure magnetic 
fusion cannot either, at least in this century, if ever. Nuclear power can, but only if some sort of breeding is used 
to provide fuel. It argued that fusion breeding not only can breed, and likely can do so well before century’s end, 
but that it is the best way to breed. 

So, if not breeding, what are the options for ITER and magnetic fusion? Could one prove, with solid theoretical 
and experimental evidence, that CDR’s are not correct or one has a way around them? This has not happened in 
50 years of tokamak research. If so, could one handle the enormous wall loading? Would a sponsor sign on to the 
concept of a very expensive CDR limited DEMO with R≥~12M and B~ 5T, or R ≥6M with B~ 9 T? How will 
sponsors react when after a success with ITER, they then learn that another half century or century of effort, for 
who know how many tens of billions will be required before magnetic fusion can provide economic power? How 
much patience do we think they have? It seems that a thorium or fast neutron fission breeder would be a better, 
and less expensive choice. Russia and India are already champing at the bit. 

While it is not impossible that something smaller and cheaper than ITER will lead directly to economic pure fusion 
power, it is very unlikely, based on 50 years of experience with tokamaks, and the best science at this point. Most 
likely the largest MFE flagship is now cruising top speed, right toward the iceberg. However, there is still time to 
steer the ship. Fusion breeding seems to be both possible and necessary. The time to prepare to lay the groundwork 
for fusion breeding is NOW. 
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Appendix: Other options (or non-options) for acquiring fissile fuel. 

There are at least two other approaches for acquiring fissile fuel. First there is uranium from the oceans, and second 
there is accelerator production of uranium. 

Many uranium chemicals are water soluble, and accordingly, the world’s oceans have a large amount of uranium 
dissolved in them. In a cubic meter of sea water there is about 3.2x10-6 kg of uranium, for a concentration of about 
3.2x10-9, well below the concentration for which normal mining is economical. This corresponds to 1.8MJ/m3 of 
fission fuel (235U) 

The flow of the 235U in all the world’s rivers is about 2 TW [Hoffert 2002]. Even with a series of filters which 
extract 100% of the uranium in the river flows, it would not be enough to extract 10 TW of fissile fuel. As Hoffert 
quotes: “Getting 10 TW of primary power from 235U crustal ores or seawater extraction may not be impossible, 
but it would be a big stretch”. 

The Japanese, using one of their local ocean currents, have extracted uranium this way. In numerous trials, the 
Japanese program extracted around 100 grams per month [Guidez] (i.e. ~ 1 gram of 235U per month, or ~ 10 grams 
per year). 

Hence the extraction rate would have to increase by ~ 5 orders of magnitude to fuel a 1 GWE reactor, which burns 
~ one metric ton of 235U per year. It would have to increase uranium production by 8 orders to fuel 1 TW, and by 
9, to fuel 10 TW. Obviously, uranium from seawater has to clear many, many hurdles. ITER has to increase its 
nTτ many fewer orders of magnitude to become an economical fusion breeder. 

Regarding accelerator production, a 1 GeV proton impinging on a high Z target, for instance Pb, can generate as 
many as 30 spallation neutrons. These can breed 233U from thorium as described here. 

But let us look at the entire process. Start with 6 GeV of chemical energy in say coal. This produces electricity with 
typically 1/3 efficiency, so it produces 2 GeV of wall plug electric energy, which could power the accelerator. But 
accelerators like this are typically 50% efficient, so it produces the 1 GeV proton. This then generates about 30 
spallation neutrons. Say each one produces a 233U with no wasted neutrons, so we have 30 233U nuclei. If each one 
splits and gives 200 MeV fission fragments, the 30 nuclei will give a total energy of 6 GeV, just the energy we 
started with in the coal. 

The accelerator production of fissile material does not give any extra energy. Perhaps it would be able to produce 
enough fissile material to start a fission breeder if there were no other fissile material; it does not produce energy, 
but transforms chemical to nuclear energy. 
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