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Abstract The world needs a great deal of carbon free
energy, and soon, for civilization to contirue. Fusion’s goal
is to develop such a carbon free energy source. For the last
4 decades, tokamaks have been the best magnetic fusion
has to offer. But what il its development stops short of
commercial fusion? This paper introduces ‘conservative
design principles’ for tokamaks, These are very simple, are
reasonably based in theory, and have always constrained
tokamak operation. Assuming they continue to do so, it is
uniikely that tokamaks will ever make it as commercial
reactors. This is independent of their confinement proper-
ties, However because of the large additional gain in hybrid
fusion, tokamaks reactors lock like they can make it as
kybrid fuel producers, and provide large scale power by
mid century or shortly thereafler,

Keywords Hybrid [usion - Tokamak fusion -
Magnetic fusion - Global warming and energy
reguirements

Introduction

Over more than the past decade, this author has argued that
the American magnetic fusion project shift emphasis from
pure fusion to the fusion hybrid [1-7). This argument pro-
ceeded along (wo pashs; first, this is something (he magnetic
fusion project could do with reasonable confidence
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relatively quickly; and second, thal with the rapidly
approaching energy deficit and concern over global warm-
ing, the world needs the hybrid, Since his earliest paper {1],
the author has always proposed the construction of a toka-
maik, with superconducting toroidal field coils, roughly the
size of TFTR, JET or JT-60, but run CW or high duty cycle
in DT. This is the ‘scientific protetype’. The expected
average fusion power would be ~20-40 MW and the
expected average neutron wall loading would be ~0.§-0.25
MW/m? The scientific protolype would produce small but
significant amounts of power as well as tritium and/or U,
It would alse have given invaluable experience in wall
materials for both pure and hybrid fusion.

If right after the tremendous success of TFTR and JET
with DT plasmas, the American magneltic fusion commu-
nity had attempted to, and succeeded in selling the
scienlific prototype, right now we would be reaping (re-
mendous benefits: experience with significant fusion
power, breeding significans amounts of T andfor **U,
gaining knowledge about different Dblanket types etc,
Fusion science and engineering would now be advancing
rapidly on a very broad front. Instead, the American
magnetic fusion community attempted 1o put all its eggs in
the ignition basket, proposing a series of ignition experi-
ments (but with no real average power), CIT, BPX, FIRE,
and IGNITOR, none of which sold. Would the American
fusion effort have been better off if it had instead attempted
to seil the scientific prototype? It could hardly be much
worse off. There has been no American magnetic fusion

As this author has wrillen the cited series of papers, he
was sure each one would be the last. But on learning more
on either of the two paths, another paper always seemed
appropriate, as does this. While there are several things the
author hopes to point out here, the main reason for this
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paper is his recent conclusion, based on very fundamental
considerations, that tokamaks, so far the best magnetic
fusion has to offer, are unlikely (o make it as economical
pure fusion reactors. Accordingly, unlike any paper in this
series but the first, this paper will have a fair amount of
tokamak nitty gritty. However it definitely does look ag if
tokamaks can make it as hybrid {uel producers. The extra
order of magnitude in gain makes all the difference. Given
the coming (and present) energy deficit, tokamaks could
play an extremely important role.

This paper, as ils most recent predecessors starts section
“The Global Warming Hysteria and Energy Situation™ with
a discussion of global warming (now virtually a hysteria),
energy needs, and ways to mieet them. As in early papers, it
makes the case that nuclear power is the only realistic hope
for meeling mid century carbon {free power demands.
However with high grade ore and a once through cycle,
there is not nearly encugh uranium for world development.
There are numerous ways, the fusion hybrid being one, that
this uranium (or thorium) resource can be extended.

Section “Conservalive Design Principles for Tokam-
aks™ introduces this author's principles of ‘conservative
design’ for tokamaks. It based principaily on the need to
greatly minimize, or avoid all together major disruptions,
something commercial reactors basically cannot tolerate.
Thus no parameter is pushed (oo close to the red line,
motivating the author’s term ‘conservative design’. This is
connecled mostly to MHD (ideal and resistive) theory. The
two physical processes driving MHD instability are pres-
sure gradient and current, accordingly these are mostly
what drive the conservative design principles. Three main
principles will be considered in this study. The first one of
these is for the normalized beta fy to be 2.5 or less, This is
reaily the most crucial, because once the plasma beta is
specified, the fusion power is a function of only tempera-
ture, and it has a maximum at an ion temperature of about
15 keV. Thus for maximum fusion power at the given beta,
the density is selected so that this is the ion temperature
(with some assumptlion regarding the electron tempera-
ture). However this density cannot be too high, because of
the Greenwald density limit, which gives a maximum
density proportional to the plasma current. Our second
conservalive design principle is that the average density
cannol be over % ng. But the current cannot be increased
indefinitely either. As the current increases q(a), the safety
factor at the divertor or limiter becomes too low, the
plasiia is unstable o ideal or resistive MHD modes and is
likely to disrupt. Hence ocur third conservative design
principle is q{a) > 3. With these conservative design
principles, the maximem performance of a tokamak is
determined by only the magnetic field and the geometry.
For circular cross section and large aspect ratio, these
constraints take a particularly simple form. These regions

of operation in tokamaks are reasonably well known, bul
their implication as regards commercial power plants have
generally not been spelled out,

With these conservative design principles in mind, the
data over the last decade from tokamaks able to operate with
hotions (T 5 keV,; TFTR, JET, JT-60, D3-D and ASDEX).
are examined in section “Recent Tokamak Experiments in
the Light of these Design Principles”. The conclusion is that
these conservative design principles are if anything an upper
bound on tokamak performance so far. Real live tokamaks do
worse. While these conservative design principles are not
etched in stone, and with additional insight and development,
tokamaks may be able to get around them; they are well
based in theory and have constrained large tokamak perfor-
mance for more than 4 decades.

Section “Power of Proposed Tokamaks Based on Con-
servative Design™ examines proposed high duty cycle
tokamaks operating in DT, the scieniific prototype, ITER
[8} and the original large ITER [9]. A fourth principle of
conservative design is specified, namely that for CW or high
duty cycle operation in DT, the blankel mst be al least 1.5
meters thick, Since 14 MeV neutrons have long deposition
lengths in many materials, especially in lithium (obviously
an important blanket material), a thick blanket is necessary
50 thal no neutrons escape out the back and activate
unprotected material there (e.g. superconducting coils).

We note one proposal on the table that hopes 1o exceed
the restrictions imposed by the conservative design prin-
cipies. This is GA’s proposed Fusion Development facility
(FDF) (google GA Fusion Development Facility}. With
oniy 1/15th of ITER’s volume, it not enly hopes to gen-
erate 250 MW, more than half of ITER’s power, but to do
s0 CW (ITER is stifl a pulsed device, operating in pulses
many minutes long for several shots a day). Also, unlike
the scientific prototype or either ITER, it proposes to do
this with copper toroidal field coils so there will be very
large power consumption in CW operation. Furthermore, it
has a blanket only (1.5 meters thick in most places and only
0.25 meters thick in a few places.

There are a few other points to make about the FDE. It
hopes to do much better than a tokamak constrained by
conservative design rules would allow by operating in what
they call advanced tokamak regimes. However going from a
JT-60 sized machine to a CW (or high duty cycle) and DT
version of it such as the scientific protolype, represents one
giant step forward. But going to both an advanced tokamaik
and also one which operates CW (or high duty cycle) in DT
represents two giant steps forward in a single machine. The
risks in going to the FDF appear to be greater than in going to
the scientific prototype, but this author is not capable of
assessing them further. Nevertheless the motivating char-
acteristic behind the FDF and scientific prototype is basically
the same; achieve CW operation in a DT plasma as soon as
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possible. As the author does not have sufficient expertise,
there will be no further discussion of the FDF here,

Tokamaks are at present the best magnetic fusion has to
offer. However if they are really constrained by conser-
vative design principles, it seems unlikely that they will
ever make it as economical fusion reactors. Bur these
conservalive design principles do not stop them from
making it as hybrid reactors. In section “The Fusion
Hybrid”, we review the hybrid. The fusion hybrid dates
back to the dawn of the fusion project, The earliest refer-
ence 1o it 1 have found dates back to Andrei Sakharov in
195G [10]). Hans Bethe advocated it in 1979 [11]. It is
difficult o find a scientific idea with a higher pedigree.

Where pure fusion lakes the 14 MeV neutror’s kinetic
energy to boil water, the hybrid uses its polential energy 1o
produce ten times more fuel. As the author has poinied outin
every paper in this series, fusion is energy poor and neutron
rich, fission is energy rich and neutron poor, a perfect match.
There are two possible hybrid routes, one which breeds >*°Pu
from ***U, the other breeds ***U from ***Th. The author has
always favored the latter as there is virtually no proliferation
danger from the raw fuet once it is mixed with 2*U into a
subcritical mix. We could export it, even (o countries we did
not fully trust as fong as they sent back the spent fuel for
reprocessing. And indeed why shouldn’t the United States,
using mostly its brains and technical expertise, become the
Saudi Arabia of the mid to late century world?

In the fate 1970°s and early 1980°s, hybrid fusion was
taken rather seriously; many of the earliest publications in
this jowrnal [12-16] were devoted 10 it, as well as other
publications elsewhere [17-19}, At about this time, the
National Academy of Science reviewed i, (but published
their report in 1987) [20] and concluded that at the time,
the development paths for pure fusion and hybrid fusion
were sufficiently similar that development should proceed
with only pure fusion. If the situation changes, they said,
one could always make the switch, Hybrid fusion was then
basically abandoned (but clearly not in this series of
papers), at least in the United States.

This author claims that the situation has indeed dra-
mwatically changed, and that the switch 1o hybrid fusion is
long overdue. There are a number of reasons. First,
research in pure fusion has slowed down, At the time of
Bethe's article and the NAS study, breakeven fusion was
envisioned in the late 1980°s or early 1990°s with rapid
development after that. This clearly did not happen. Sec-
ond, unforeseen by the NAS study, world development is
proceeding at a breakneck pace with China and Indiz now,
and soon the rest of the world, pulting enormous pressure
on energy supply. Third, we make the case here that the
tokamak path, al present the best magnetic fusion has to
offer, may well stop short of pure fusion, but be viable for
hybrid fusion. Finally, even if magnetic fusion does
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become economical, it would almost certainly (ake addi-
tonal years and decades to get around the constraints
imposed by the conservative design principles. This would
push its incorporation inte the economy into the 22nd
century; but the need is for mid century. A development
path for large scale power production via hybrid fusion by
mid century does appear to exist.

If the magnetic fusion community does adopt the hybrid,
would the development path be different [rom pure fusion
over the next few decades? Most certainly it would be. If
we are interested in a perfect energy source for the 22nd
century, and assuming sponsor have that kind of patience, a
single minded focus on ignition might make sense. How-
ever if we are interested in a less than perfect source for
mid century, we must start now 1o advance on a broad front
as soon as possible. Building & machine like the scientific
pretotype will allow just that. Hence if the American
magnetic fusion community find these four conservative
design principles convincing, it should stop letting perfect
be the enemy of good enough, change course and empha-
size the hybrid instead of pure fusion, It looks to this author
as if the tokamak approach to hybrid fusion has a big carrot
in front of it; pure fusion, a brick wall,

Section “Other Simple Aspects of the Fusion Bianket”
discusses simple aspects of the fusion blanket and makes the
case that it is very likely that a hybrid blanket is a simpler
development task than a pure fusion blanket, Section “Cosl
Estimates and a Discussion of their Validity” gives cost
estimates, based on ITER cost scaling and discusses their
validity. Section “Review of the Energy Park” once more
reviews the ‘energy park’, a possible building block for the
mid to late century fusion hybrid driven economy. It was
introduced in {3] and reviewed in [7]. It is a few square
miles containing 7 reactors, one large ITER sized fusion
reactor which supplies the park, 5 conventional reactors,
which could even be of today’s design, and one plutonium
burner. It supplies about 7 GWe in electricity and/or
hydrogen. Also in the park are a separation plant and
cooling pools. The energy pack treals all its own waste with
a combination of fission, fusion and patience; only thorium
comes in, only electricity or hydrogen go ouf. Section
“Other Aspects of the Energy Park”™ discusses a few addi-
lional aspects of the energy park not mentioned in {5} or [7],
and the [ast section briefly draws conclusions,

The Global Warming Hysteria and Energy Situation

Why call it hysteria? Before counting the ways, look at
Fig. 1 and Table 1. Figure | graphs many nations’ yearly
per capita energy use versus yearly per capita GDP in vear
2000 dollars. The two are very strongly correlated, there
are no points on the upper lelt or lower right. Countries
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Fig. 1 LEnergy consumption
versus income for a varjety of
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high up have more educated populations, who live more
pleasant, longer lives, and have cleaner environments than
countries lower down. One might almost be tempted to
describe a country’s degree of civilization by ils position
on the chart. [Chart compiled by D. Lightfoot from infor-
mation available from Energy Information Agency (EIA),
(www.eia.doe.goviemeu), also see www.ncgill.ca/gecd/
gecimembersiightloot)].

The total world power use in 2005 was about 13 TW, of
which at least 85% is from fossil fuel. The United States,
about 5% of the world’s population, uses about 2.5 TW.
Let's say thal we cut our energy use by 40%, so that our
standard of living (going down parallel to the line) would
be abeut like Italy’s. (Actually it would be much worse
than ltaly because distances are much greater in the United
Stales and we have responsibilities as a major world power
that raly does not have). However the goal of world
devejopment is to bring all countries up the curve, so let’s
say that all people now had that standard of living. This
would increase world power use to 30 TW now and 50 TW
by 2050 when the world population reaches 10 billion.
Clearly conservation and new sources of energy are
essential for civilization to continue.

The Kyoto accord mandates that each signatory will
reduce ils carbon input to the atmosphere by 10% {rom its
1990 levels, How is the world doing in thal respect? Table 1
shows yearly carbon input to the atmosphere in million
metric tons, from burning fuels, in 1990 and 2005 for a
variety of countries. Data is taken from the DoE web site,
{(www .cia.doe.gov/environmeny/hmti and follow prompts to

international emission data.) European countries in bold are
countries that have never been part of the Warsaw pacl.
(2005 is the last year shown in the eia tables).

Several things are clear from this table. First of all, one
way tlo decrease carbon input is to have a command
econonty which has no regard for environmental standards,
is uncoupled from a free market; and then collapses. See-
ond, other than former Warsaw pact couniries, the only
major country even close to meeting its Kyoto mandate is
Britain, which made a large scale change from coal to
natural gas in the 1990°s. That transition is now virtually
compliete. Third, France emits a sigpificantly smaller
amount of carbon into the atmosphere than other European
countries its size. The reason is that France has embraced
nuclear power o a very greal extenl. This is a data point
supporting the author’s contention that a greatly increased
rofe for nuclear power could play a significant role not only
in powering the mid century world, but also in reducing
carbon emissions. But as we will see, for this Lo occur, cne
must find a way of greatly increasing the amount of nuclear
fuel available. Fourth, the United States, a non signatory,
increased its carbon emission by a smailer percentage than
non former Warsaw pact Europe and Japan. As far as the
signatories were concerned, their words allowed them clear
consciences, but little else. And finally fifth, the role of
developing countries is crucial as regards future carbon
input. The cases of India and China are well known, but
other less well known places, even in Africa are rapidly
increasing their carbon input. Even liny, impoverished
Malawi, the lowest named country in Fig. |, apparently is
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Tablte 1 Carbon input to the atmosphere, various counltries, 1990 and
2005

Country 1990 2005 [ncrease {%)
Europe

England 598 577

France 306 415

Italy 413 466

Holland 206 270

Belgium 124 136

Spain 235 387

Norway 34 52

Sweden 54 59

Denmark 56 51

Greeee 80 103

Sum of the above 2166 2516 16
Poland 330 284

Romania 174 99

Bulgaria 73 50

Germany” 923 844

Russia® 2044 1696

United States 4747 5289 i
Axia

Japan 935 1075 15
China 1454 2844 96
India 288 862 19G
Indonesia 85 213 150
Latin America

Mexico 230 288 25
Brauzil* 185 218 18
Africa

Nigeria a3 100 47
Egypt 42 94 133
South Africa 312 423 36
Malawi 0.53 0.86 462
World 18,330 21990 20

Eurepean countries in bokdface were never Warsaw Pacl members

* In 1989 West German absorbed East Germany, which had a War-
saw pact cconomy, so Germany is partially like Warsaw pact
countries

® Starting 1992 when Russia separaled from the Sovict Union

¢ Brazil is in the fortunate sitnation of being able 10 generate most of
its electricity frem hydropower

unwilling to stay where it is. As this author has constantly
maintained, world development will not stop for petlitical
correctness, the poorer parts of the world wiil do whatever
it takes to share in the life style we in the west enjoy; and
we should do everything to encourage this. It will make for
a more peaceful 21st century world. Another inconvenient
truth for Al Gore is that civilization takes energy, lots of it;
and right now, the only way we know to get this energy on
the scale required is by burning fossil fuel.
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Now let’s count the ways that the global warming
concern has turmed into hysteria. The first exhibit is the
April 28, 2008 issue of Time Magazine. Their cover story
compares the fight against global warming to WW II; on
the cover were the six marines of Iwo Jima planting a tree.
What a ravesty, what an insult o the few remaining WW
11 veterans, who faced real bullets, saw their buddies killed,
defeated tyrannies of unprecedented evil, and won for us
the freedom we now enjoy. The struggles are in no way
comparable.

Time and other media portray the science supporiing
giobal warming as settled, deniers are flat earthers, or else
are in the pay of oil and coal companies. This is certainly
nol so; many scientists are not convinced and some write
blogs (i.e. wwwsepp.org) and newsletters (ie.
www EnergyAdvicate.com). In these, large numbers of
scientists who doubt man made global warming are oflen
listed, some are members of national academies, some have
endowed chairs at major universities, and others are
members of IPCC. This latter group, when writing, say
OpEd pieces, often jokingly refer to themselves as Nobel
Prize winners, since IPCC shared the Nobel Prize with Al
Gore. Recently a petition disputing human influence on
global climate change was circulated among scientists by
the recently deceased Dr. Frederich Seitz, a former head of
Rockefeller University and former president of the
National Academy of Sciences. It garnered 32,000 signa-
tures {this author was solicited, but chose not to sign it). It
is indeed fair to say that there is a consensus among sci-
entists that global warming has an important man made
component; but unanimity?, most definitely not.

In the media, global warming is presented as an
unmitigated calamity, but this is by no means clear; surely
there will be winners and losers. While there may be
coastal flooding, vast areas of Alaska, Canada, Greenland,
European Russia, Siberia and Argentina will become much
more valuable. In fact Eric the Viking settled Greenland
about 1000 years ago at a warm time in the earth’s history.
These settlements mostly died out as the earth got colder.
Just looking at a map, it seems to this author that there will
be pleaty of room for refugees from Bangladesh, Florida,
and America’s east coast barrier islands, especially if the
migration takes place over a century or two.

But is world wide warming even occurring now?
Roughly, smoothing out the bumps, the world temperature
record over the past century is as follows: From 1900 to
1940, the earth warmed by ~0.5 F. Then {rom 1940 to
1970 it cooled by ~0.25 F, note this cooling occurred at a
time of rapidly rising atmospheric CO,. Then from 1970 o
1998 was a rapid rise of ~0.75 F, 1998 being the warmes(
year on record. This trend is easy to see in the graph despite
the rather large fluctuations year to year. To this author it
seemed that sericus global warming was settling in with a
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temperature rise of ~0.25 F per decade, or 2.5 F per
century. But then a funny thing happened, the temperature
rise stopped. 2005 was only very slightly warmer than
[998, every other year since 1998 was cooler, Although
this is written iz May 2008, this year seems to be cool also,
with very harsh winters in the United States, Canada,
China, and snow lalling in Baghdad, for the first time in
decades. In other words, instead of a decade rise of 0.25 F,
the temperature reached a plateau. Is this decade of con-
stant {emperature a pause in warming? a final leveling off?,
or the beginning of a cooling trend? Who can say? The
earth’s climate is extremely complicated and is always
changing with or without human interference.

To treat this problem or non problem all levels of
government are attempting to get involved. The courts:
Lawsuits are now underway 1o get the EPA o declare CO,
a pollutant and regulate its emission. Imagine, every time
you wrn up your home thermostat, the EPA will be
involved. What is lost sight of is that CO, is not a pollutant:
it s a nutrient for piants. Without atmospheric CO,, life on
carth weuld not be possible. Regulating non pollutants was
never in the EPA’s charter. Maybe CO, should be regu-
fated, maybe not. If it should, new legisialion should be
debated and passed by congress, and then signed by the
president.

The states: Many now have mandates that a certain
fraction of their base load clectric power must come from
renewable sources (Washington Post, business seclion, Apr
22, 2008). Some are reasonable and perhaps helpful. For
instance Maryland mandates that 9.5% of base load power
must come from renewable sources by 2022, Others are
simply not living in the real world. For instance Maine
{surely one of the states least hospitable to solar power) has
4 mandate of 40% by 2017, Does anyone have a clue how
to do this? That is not the state legislature’s problem.

The federal government: Congress has imposed ethanol
mandates (and discouraged imparting ethanol) so that now
25% of America’s corn crop goes to ethanol, replacing 1%
of our gasoline consumption. Bul of course it is much
worse than even that. It takes gasoline 1o produce ethanol
{(to drive the tractors, fertilize the land, ete.), by some
estimates more (K.Deffeyes, Beyond Oil, p8, Hill and
Wang, 2003), by some less. Argonne National Lab (google
Argonne National Laboratory Ethanol Study) has estimated
that ~1J of cil goes to produce ~1.3 | of ethanal, so
taking their more optimistic estimate, that 1% become
more like ~0.2-0.3%. As ominous as that situation is in
the United States (where much land is taken ouwt of con-
servatjon easement for extra corn production, land that was
being conserved for a reason), the situation is much worse
in Brazil, where that natral ecological treasure, the
Amazon rain forest is being steadily cleared, in patt to
make room for sugar based ethano! production.

One result of this is rapidly increasing food prices,
causing great hardship in poorer parts of the world. Despite
his usually cloudy crystal ball, predicting this was a cinch
for the author {3, 5, 7}, and of course for many others as
well. Even the media is now coming arcund. Time Mag-
azine's cover story of April 7, 2008 described the fzilure of
Biofuel, The Washington Post (April 28-May 2, 2008) had
a 5 part series on the famine in the poorer parls of the
world, especially Africa. In two of these parts, American
ethanol production was singled cut as a major cause. In an
editorial on April 21, the Post described the ethanol man-
date as a worth while experiment which failed and should
zow be abandoned. Bodgan Kipling, in an OpEd piece in
Investor’s Business Daily the same day, more harshly
described it as taking a great deal of food from stomachs
the world's poorest to add a spec more gasoline o our car's
tanks. He called it a crime against humanity,

In addition to ethancl, congress is considering other
mandates. Undeterred by the fact that (he main signatories
of the Kyoto freaty increased their CO, input by 15%,
instead of decreasing it by 10%, the Lieberman Warner bill
before the senate mandates a 66% reduction by 2050, What
replaces the 85% of our energy we get from fossil fuels?
Again; someone else’s problem. To spur us along congress
is thinking of a carbon tax, which at least has the virtue of
simpiicity; the responsibility for its harm or benefit will be
clear. Also congress is considering cap and Lrade. Here vast
new bureaucracies would be set up (o apportion and
enforce CO; emission rights among compeling industries.
Within the individual industries, different companies could
buy and sell emission rights. Already different industries
are starting ad campaigns, and lining up their lobbyists,
Cap and trade may impoverish the American consumer, but
on Madisen Avenue in New York, and on K Street in
Washington, it is strictly; Let the good times rofl!

Despite (he foregoing, this author is not a global
warming denier, but believes unrestricted carbon input to
the atmasphere is a serious problem. This case was laid out
earlier [S]. Very briefly, atmospheric concentration of CO,
is rapidly rising on a human time scale, and is now at a
higher level than any time in the past 400,000 vears. Also
the American Meteorological Society and the American
Geophysical Unjon have issued stalements of concern, byt
certainly not alarm or panic. Thus the scientific societics
with the most expertise do take the issue seriously. More
recently the presidents of the Academies of Science of 11
large, scientifically sophisticated countries signed a joint
statement of concers (www.nationalacademies.ore/onpi/
06072005.pdf). However this statement advocates adapta-
tion as well as prevention. Very significantly, it envisions a
rise in ocean level of 10-90 em over the next century,
certainly not the 20 feet Al Gore suggested in his movie
“An Inconvenient Truth”.
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So carbon in the atmosphere is a problem, along with
many other world and national problems such as energy
supply, clean water supply, the North Korean {and pro-
spective Iranian) nuclear weapon, radical Islamic terrorism
and intimidation, bird flu and other possible pandemics,
AIDS in Africa, malaria in (ropical regions, the fiscal
health of social security and medicare, access to health care
in the United States, etc. 1t is the job of our elected leaders
1o assess these problems and apportion scarce resources 1o
them. While not making a detailed list, this author does go
on record with the opinion that energy supply is a more
serious problem than glebal warming, All human history
shows that civilization must have the former, but most
likely can adapt to the latter.

Accordingly we now assess the energy situation. Two
recent efforts led by M. Hoffert et al. {3, 21] examined
energy needs and resources. Their conclusion is that by
2050 the world will need an additional 10-30 TW 1o
develop. This is not far from the very simple estimales
carlier in this section. However in order to prevent possibly
destructive climate change, this 10-30 TW should be car-
bon free. They then go on to list energy resources and their
carbon content{. An augmented version of their table is
shown in Table 2. One interesting thing is that DT fusion is
not an infinite energy source, but is limited by supply of
lithium to about three times the energy supply from coal
according Lo [3].

Coal is clearly available on the required scale, bul unless
the CO; is sequestered, could have adverse environmental
effects. But undeterred by this, less developed couatries,
from Malawi to China are building many hundred coal
fired power plants, Regarding sequestration, this appears 1o
be extremely difficult. One must first economically sepa-
rate the CO; from the other much more abundant gases in
the waste stream {i.e. nitrogen). I the CO, is sequestered in
gaseous form, there is the real possibility of a catastrophic
release, which would be enormously destructive. There are
significant safety issues here which have hardly been
examined at all. If the CQO, is sequestered as a solid, say
calcium carbonate, its weight and volume are much greater
than that of the original coal. That is for every coal train

Table 2 Energy resources and carbon release normatized 10 natural
2as

Source Energy (TW-yrs) Relative carbon
Coal 5000 1.6
Git 1200 1.3
Natural gas 1200 1.3

6G-300 0
16,000 (Lithium supply) 0

Mined uranium burner®
¥ fusion

* Based on high grade are and once through fuel cyele, uses ~ 1% of
the energy resource
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going (¢ a power plant, there is another five or ten times as
long going back the other way. The DoE has recently
canceled plans to build a pilot plant with sequestration
capability in IHlinois when its cost mushroomed to $1.8B. It
seems cerlain that world wide many, many coal fired plants
wilhout sequestration wiil be built in the next 30-40 years.
China and India are already launching one a week. Almost
surely the doomsday predictions of the alarmists will be
tested.

Naltural gas and pelroleum are already in shost supply
and are concentrated in unstable, unfriendly parts of the
world. We are reminded of this every time we fill up our
car’s gas tank or pay a home heating bill. Despite the rapid
rise In price, supply has not especially increased. We may
be unwilling to drill ANWR, but with oil at over $100 per
barrel, other poorer parts of the world will not be so reti-
cent. Once a resource begins to be seriously depleted, or
passes its Hubber('s peak [22, 23], it depletes whatever the
price. Although it is not certain that this is the case with
natural gas and petroleum, there are many very knowl-
edgeable people who believe this 1o be true. Certainly the
evidence we all see on price and supply gives credibility to
the peak oil pessimists.

In earlier works, this author has examined renewable
energy (7 and references therein), as have many others. His
conclusion is that while these may provide some of the
required power, their intermittent nature and their dilute
concentration argue against them ever being more than bit
players. The world needs much, much more. We have
discussed corn based ethanol here. As one other example,
the DoE web site points oul that California now has
~ 13,000 wind mills, but these generate an average power
of only ~0.45 GW, the amount of a rather small power
station. Of course there is always the possibility of an
unforeseen vreakthrough. For instance the April 28 issue of
Time speculales on genelically moedified bacteria increas-
ing the output of bicfuels (but does not mention nuclear
power!), Ray Kurzweil, in the April 13, 2008 Outlook
section of the Washington Post speculates on a combina-
tion of biotechnology and nanotechnology. Maybe, but to
pin our hopes on these is imprudesnt to say the least. Whike
keeping our eyes open, let’s also get real. The author
claims here, as well as in these earlier works (as have many
others), that only nuclear power has the capability to pro-
vide the carbon [ree, base load power on anything like the
required scale in the required time,

There is now talk of a nuclear renaissance. Nuclear
power supplies a significant fraction of world wide base
load power today and does so with no carbon input 1o the
atmosphere. While nuclear power has been a lightening rod
for strong opposition by environmental and other groups,
that situation may be changing. The industry has had a 30
year safety record (cerfainly a much better safety record
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than the coal industry), and once nuclear plants are built,
they are the cheapest to run of any type of power plant. As
environmentalists shift their attention to global warming,
nuclear power is making a comeback even among some
groups principally concerned with the environment. How-
ever if restricted to only mined high grade uranium ore, and
a once through cycle, nuclear energy appears {0 be only a
bit player according to Table 2. Taking the most pessi-
migtic figure, nuclear power can only supply the world at
10 TW for 6 years, laking the most optimistic, 30 years. In
neither case is the construction of a large scale nuclear
industry justified. Fortunately, there are many ways of
extending the uranium {or thorium) resousce. Several of
these are shown in Table 3 and we comment briefly on
these. Each has potential, but none is a sure thing at this
point, either technically or economicaily,

While the uranium from high grade ore and a once
through cycle is not sufficient to sustain worid develop-
ment, there is much more uranivm available. Deffeyes [22]
points out that there is a great deal of lower grade ore
available; very roughly, as the concentration of uranivm in
the ore decreases by a factor of 3, the amount of ore
increases by abou! an order of magnitude. But what does
this mean for the price of uranium? We are still mining
high grade ore, and the nuclear renaissance not yet begun,
but the Washington Post (Outdook Section April 27, 2008)
points out that in the past decade, uranium prices have gone
up from $9 to $75 per pound, with a spike in June 2007 of
$135 per pound. It seems likely that with large scale
development of a nuclear ecenomy, availability of mined
uranium, and its cost, will be an imporlant issue.

Since many of uranium’s compeunds are water soluble,
there is low concentration of it in the world’s oceans, about
1.8 MJ of **’U per cubic meter [3]. But multiplying by the
ocean’s vast volume, one has virtually an infinite energy
resource there. Japanese researchers, by using braided
structures have extracted the uranium in a way that they
think can extrapolale (o an economic process. However
what is viable on a small scale can obscure the size of the
task on the relevant scale, That is the case with uranium
from sea water. As {3] poinis out, to extract 10 TW of 235U,
the amount claimed needed to underpin world develop-
ment, one has to catch all of the vranium in a flow equal to

Table 3 Possible ways of extending the uranium resource

Mining lower grade ore

Uranium from seawater

Uranium or thorium breeder reactors
Accelerator assisted hybrid

Fusion hybrids

five times all the earth’s rivers. Thalt appears (o mean
putting a large stationary man made structure in say (he
Gulf Stream and filtering out, with 100% efficiency, all the
uranium which flows by. If instead of using ocean {lows, il
one were (0 mine the seas, extracting [0 TW means pro-
cessing 1.5 x 10° km® of sea water every year. Let's
assume that each person in the world has 1,000 m® in his
home and work place (more than this author has), for a
totat of 6,000 km”. In other words, it would be necessary Lo
process 23 times the volume of all the world’s buildings
every year. lapanese researchers have been studying
extraction of uranivm from sea water and have reported
some successes. However to extract uranium in truly
meaningful quantities, they have to extrapolate their
extraction rates by many many orders of magnitude.

Breeder reactors date back to the dawn of the nuclear
era. These use the entire energy resource of the uranium of
thorium, rather than the ~0.7% in naturally occurring **U
{plus the smail extra amount of >**Pu that is bred in thermal
neutron reactors). To get an idea of the vastness of this
uraninm resource, consider that the world has generated
~400 GW of nuclear powered electricity for ~40 years.
This means that in depleted uranium alone, there is enough
for 4 TW of electricity for 400 years; and the potential is
much greater than that, we have not yel seriously dented
the world’s uranium supply. Furthermore, for a breeder, the
world’s thorium, which is estimated at ~ 3 times the size of
the uranium resource, becomes available. By any defini-
tion, a nuclear breeder economy is a sustainable resource,
able to support the world at tens of TW as far into the
future as the dawn of civilization was in the past. Of (he
ways of increasing the uranium rescurce, the world has by
far the most experience with this. While there have been
successes, there have also been fajlures. One conclusion
from all this experience is that power from breeders will be
considerably more expensive than power from conven-
tional thermal reactors, Perhaps more significant however,
is the fact that even if we were able to swilch (0 & breeder
econormy immediately, the breeding rate is sufficiently
slow that it will not produce nearly enough fissile material
fast enough 1o [uel a large existing stock of thermal reac-
tors. This was discussed in (7 and references therein) as
well as in many other places.

Carlo Rubia, the Nobel prize winner and head of CERN
taboratory has suggested using large accelerators 1o pro-
duce spallation neutrons {24], These additional neutrons
would produce fissile material from fertile material and the
entire system would be a different type of breeder. This
author has litlle experience from which to comment, hut
there are several aspects worth noting. Although not scld
in this form, it is simple to see that accelerators cannol
produce uranium for use in a thermal reactor. Note that one
takes wali plug eleciricity which is ~33% efficient 1o
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power an accelerator which is ~30% efficient. This
accelerator produces 1 GeV protons, so each proton takes
~6 GeV 1o produce. The proton slams inte a lead target,
and each proton produces ~30 spallation neutrons,
Assuming no loss, each neutron produces one ***U from a
*Th atom. However when we burn the 2*U in a thermal
reaclor, it gives ~200 MeV, so the 30 2 ('s produced by
the proton just gives back the 6 GeV we started with. In
other words the accelerator trades 1] of coal for 1] of
33U, Thus accelerators can produce fissile material to start
a conventional breeder, or to power their own unique lype
of breeder, but they cannot produce fuel for today’s ther-
mal reactors. Furthermore they would require a totally
different nuclear infrastructure from what we have today.

The other way of increasing the supply of fissile material
is with a fusion hybrid, the concept this author has been
advocating for more than 10 years now. Instead of using
the kinetic energy of the fusion neutron to boil water, use
its potential energy to breed ten times mote fuel. Unlike the
accelerator concepts, the fusion reactor is exothermal, so it
does have the capability of providing fissile material for
today’s thermal reactors, therefore fitting much better into
today’s infrastructure than an accelerator powered breeder.
Like the breeder, all the energy in uranium and thorium
become available. Furthermore, this energy becomes
available for use in today’s thermal nuclear reactors. It has
another significant advantage as well. Whether a fission
breeder, an accelerator or a fusion breeder, what is needed
lo transimute a fertile atom into a fissile atom is a neutron.
What does it take to produce a neutron in an accelerator or
a fusion reactor? Whether the neutron producing reaction is
endothermic (the accelerator) or exothermic (the fusion
hybrid), the size of the reactor uliimately scales with the
energy required 1o produce the neutron. As we have seen,
the accelerator needs ~200 MeV to produce a single
neutron. The 14 MeV neutron in a fusion also can produce
spaflation neutrons, perhaps 2-3 tofal neutrons depending
on what the neutron muitiplier is. However one neutron is
needed to produce the witium from lithium, so there are
perhaps 1-2 neutrons remaining for other purposes. The
neutron production reaction is a portion of a total reaction
{counting the witium breeding) of ~20 MeV, so each
neutron takes about 10-20 MeV to produce, about an order
of magnitude less than the accelerator, i.e. fusion is neutron
rich.

Conservative Design Principles for Tokamaks
Conservalive Design Principles for Tokamaks

Before proceeding, to keep the units clear, they are listed in
Table 4 along with several formulas in these units. Any

@_._ Springer

Table 4 Units used and some formulas in these unils

Units

B Teska

1 Megamps
R0 Meters

n 1%
T keV

Brfs qla) numbers
Veloeity mss

Power Megawalts
Power density MW/m?
Wall loading MW/m?
Formulasg

5 4 1072 2T

g{a) {circular) 5 Jﬂ'{a

lokamak run as a reactor can in all likelihood withstand
existing levels of transport, What it cannot tolerate are
many {or even any) major disruptions, Thus in the relevant
parameter space, there is a boundary separaling regions
where a tokamak may disrupt. A commercial reactor
shouid operate as far from this red zone as possible, thercby
motivating the author’s term ‘conservative design’, While
disruptions are still not yet fully undersiood, they are
almost certainly rooted in MHD (ideal and resistive) effects
in the plasma, we consider these. MHD instabilities are
driven by current and pressure gradient. The first and most
important design principle concerns the plasma beta.

A real breakthrough in these sorts of calculations was
accomplished by Troyon and Gruber {25} as well as in their
follow up work [26]. Earlier calculations typically picked a
profile and examined its stability. As [25] points our, in
some cases experiments showed that plasmas were more
stable, and this was regarded as confirmation that plasmas
could exist beyond a calculated stability boundary. Troyon
and Gruber tock a different tack. They would start by
picking a profile and examining its MHD stability, but if
they found it to be unstable, they would vary the profile a
litde bit and see if they could stabilize it. By doing many
such calculations, they would determine the maximum
allowed beta consistent with their variation of parameters.
They determined that the maximum beta was governed by
what they called the maximum normalized beta fy. In terms
of fin, the volume averaged plasma beta f§ was given by

B =1072f,1/aB (1
Notice that a is defined as the minor radius along the

tokamak mid plane. Their calculations gave a value for Sy,
and from this f§ could be determined. 1f the plasma had no
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wall stabilization, they found a maximum stable fiiy of
about 2.5 or a little greater, and with strong wail
stabilization, it might be as large as 5. In our
conservative design, we will neglect wall stabilization. In
a DT tokamak reactor, the wall is doing enough; absorbing
and multiplying neutrons, dissipating heat from fast ions
and radiation, being one end of a heat exchanger and
breeder of ***U and/or T, etc. Furthermore, the tokamak
has either a imiter or diverlor, so the wall can only get so
close to the plasma. Locking at pictures of divertors in
various schematics of tokamaks, ihe separalrix gels out to
about 90% of the wall radjus along the plasma mid plane,
and of course at the x points, it is further still from the
plasma. Also we take Troyon’s most conservative value,
since it will be furthest from the disruption threshold Thus
we take for our first principle of conservative design the
condition that iy is 2.5 or less.

To make further progress while keeping our analysis as
simple as possible, we assume a density and temperalure
profile for the plasma. For elliptical cross section wilh
minor plasma radius a slong the mid plane and vertical
elongation k, we take parabolic profiles

i ()] =
te=tefi- - Q)] @

where n, is the electron density, assumed to be twice the
deuterium and tritium density and Ty is the on (electron)
temperature. The spatially average density is n,/2. The
pressure is the product of the two, and the spatially aver-
aged pressure is no(Te, + Tip)/3, and both are independent
of k. Of course there may be effects from different profiles
but they should not be major. For instance at the average
beta, the center temperature may be higher (giving more
fusion power) but cover a smaller average volume (giving
less fusion power).

If density and temperature are totally unrestricted, {av),
as a functionr of lemperature, has a broad maximum at a
temperature of Ty ~ 50 keV. However if ff is restricted, the
maximum is at a lower temperature because this means
higher density. To simplify slightly we consider circular
cross section and simply estimate the fusion rate for an
elliptical system by multiplying by the elongalion k (i.e. by
the volume ratio). Since § depends on T, + T;, whereas the
fusion rale depends only on T;, we must make some
assumption here. We assume T, = Ti/2, as is often char-
acteristic of beam heated tokamaks. (If the temperatures
were equilibrated, the neutron power would be lower,
obviously one can do this calculation for any electron
lemperature),

Then the neutron power is given by

12
(x 10%) [

Fig. 2 A plot of reaction rate divided by jon encrgy squared. The
unils of the vertical axis are m*/keV? §

2
No

Pp=22 x 1032k(2nR)(2na2)Tz(Tm) (3a)

. 3 3
where npy = nq = n,/2 (recall the units of n, are 10% m™,
and P, are MW)

]
#(Tio) = /udu{av(’l‘i(u)))(l - uz)2 (3b)
b

If beta is specified, then the density is proportional 1o
T™%. The function (T} Tio” is plotted in Fig. 2. It has a
maximum at Ty, of about 15 = Ti(f). To get the average
reactivity for the plasma, just multiply the ordinate by T;,”.
Now expressing the density at which the maximum flusion
rate occurs, we get

() = LB (4)
24T (B)

To determine ny(f), note that the maximum fy can be is
2.5, consistent without first design principle.

Now we introduce the second conservative design
principle. Decades of plasma experience have shown the
tokamaks cannot operate at densities above the Greenwald
limit [27, 28] also see www.psfe.mit.edu/ ~ g/papers/
apsO1.pd()). While this is more of an empirical law than
one grounded in solid theory, it has held for two decades
already. The Greenwald density limit (equal to n,/2 for our
assumed parabolic densily profile) is given by

1
g = ;{“gj‘ (5}

where once again, & is the minor radius along the midplane.
There has been some success in operating above the
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Greenwald limit by operating with very highly peaked
density profiles or by inserling controlled low Z impurities
in the outer regions, but these have often not been at the
highest power or curent level of the tokamak. Often this
higher density operation does not persist very long [29].

However the failure mode in approaching the Green-
wald limit is eften a shrinking of the plasma profile
followed by a major disruption. Since major disruptions are
basically intolerable in any reactor, we (ake as our second
principle of conservative design that the density cannot be
above % of the Greeawald limit, or

1.51
mal

n,(G) = (6)

Notice we now have two possible density limits (Eqgs. 4
and 0), one given by a beta limit (more accurately an
optimum density) and one by the Greenwald limit. The
actual pest operation density is the minimum of these. If
the density is determined by the beta limit, the maximum
fusion power is given by Eq. 3a. However if n{G) < n,(f),
the beta can stay the same by operation at higher
temperature, namely a temperature

(@) = (5 sy =15 (L) ™

The reaction rate is higher at this higher temperature, but
the density is lower so the net effect is less power production,
But if Tj, is greater than about 50, the temperature where ov
maximizes, there is no point in attempting to achieve higher
temperature, and one would operate at T,, = 50, and below
the beta limit. Hence for all situations, the maximum neutron
power one can achieve in a tokamak operating under
conservative design rules is given by

2
P, =22 x 1022k(2nR)(2na?)"ng-)— (Tl B))
o () < n,(G) (8a)
2

P, =22 x 10%k(27R}{(2ra®)

Z(Tin (G))

N (G) <na{ff), Tio(G) <350 (8b)

n, {G)*
4

ne{G)
4

P, =2.2 % 10%k(22R){27a?) ] 7(50))
n.(G) <no(f), Ti(G) > 50 (8¢)

so this defines the maximum power a tokamak can give
according o the first two conservative design rules.

Both density fimits depend on the current, and if this
could increase indefinitely, there would be ne problem. But
from ideal and resistive MHD, we know that the q at the
limiter or divertor is nearly always greater than three. This
then is the third principle of conservative design, namely
that q{a} > 3. For tokamaks of circular cross section, the
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relations then simplify considerably since one can express
g{a) very easily in terms of current {as given in Table 4).
For circular cross section,

5aB% f &

"ol = RalaTTu(F) -
7.5B ‘
HQ(G) = —m ()b)

In this case, the maximum density depends only on
magnetic field and geometry as well as fy, taken (o
maximize at 2.5, and g{a) laken to minimize at 3.

For noncircular cross section, the g is a function of the
flux v given by an integral over the Mux surfaces. It might
seem natural (o take the plasma boundary at the divertor
separatrix, as we do with the limiter radius in limiter
plasmas. However, the integral defining g there has a
logarithmic singularity there, so it is customary (o take for
the plasma boundary the flux surface that contains 95% of
the flux up to the separatrix. Since q goes as 7, and the
divertor separairix is about 90% of the way to the wall, we
consider the 95% surface to be at about 87% of the way o
the wall and define the g here as q{a) (others have defined it
as qos). Still the q here depends on the distribution of
current within the flux surfaces, and it is not particularly
easy 10 estimate il accurately. The author has made some
rough estimates, and they are typically within 20-25% of
the actual value, but does not pursue this here, because for
all elongated tokamaks where one needs both [ and q(a),
namely JET, JT-60, ITER and large ITER, both are given
in the references. The density limits as defined by the
currents are used, checking only that g{a) > 3. While more
complicated than circular cross section, the conclusien for
elongated cross sections is the same; namely (he maximum
performance of a tokamak depends only on toroidal mag-
netic field and geomeiry.

Let us reiterate our first three principles of conservative
design, first, iy < 2.5; second, n, < 1.5n¢; and third, g(a) >
3. In terms of these principles of conservative design, we
have derived maximum nectron production from the
tokamak.

Notice that confinement does not come into these prin-
ciples at all. This is not to say it is unimportan; the
confinement and transport determine the external power
needed to maintain the plasma profiles. However even if
there were no losses (or else for instance an ignited
plasma), these three design rules put serious consiraints on
what a tokamak can and cannot do. Good confinement
cannot make things better, bad confinement can only make
them worse. In this section we will go through a few
numbers and see that by these rules, tokamak reactors do
not look like they can ever be economical for pure fusion.
That is not to say these rules are carved in stone, with more



J Fusion Energ (2009) 28:60-82

71

development and insight (or by using other confinement
cenfiguration concepls), one may get around them. But in
all likelihood, that will take decades, pushing the large
scale incorporation of magnetic fusion in the economy untii
very late in the century or uniil the 22nd century, The
tremendous advantage of the fusion hybrid is that even
constrained by these design principles, tokamak hybrid
reactors or fuel factories may be both economical and able
1o impact the economy by mid century,

Recent Tokamak Experiments in the Light
of these Design Principles

This author was involved in tokamak transport in the
middle and late 1970°s, and in gyrotron development for
ECRH in the middie and late 1980’s but has been
employed in other areas of science since then and has
generally not followed tokamak advances. One exception
was in the 1997 and 1998 when researching [1]. Twenty
years of tokamak data was carefully examined and sum-
marized there. To write this paper, it again bhecame
necessary ¢ examine more recent tokamak daia. Figuring
that any really important advance would ultimately become
an inviled taik at the fali APS Division of Plasma Physics
meeting, the author examined all such invited talks
between 1998 and 2007. As a general impression, since
1998, there were none of the tremendous advances as
sumumarized in [1], possibly because the earlier period
refiected a time of construction of many tokamaks around
the world, whereas no new tokamaks the size of say IT-60
have been constructed. Generally the major advances
seemed 1o be in non inductive current drive using say
beam, rf, or beotstrap current drive; or long time operation,
or in finding and exploiting various transport barriers. For
instance it was realized before 1998 that reverse shear
operation could have beneficial elfects on transport. But
this meant the current profile was not centered, but formed
a shell arcund the tokamak axis., Recent experiments
showed that this current sheli could be maintained for
many current diffusion times. Also total pulse lengths have
gotten much longer, seconds in D3-D, approaching 10 s in
JET, and tens of seconds in JT-60. However these do not
especially affect fusior rate, which is affected by density
and ion lemperature. Here results were not awfully dif-
ferent froem 1998. We summarize some of them here for
five tokamaks that run with multi-kilovolt ions, three large
ones, TFTR, JET, FT-60, and two smaller ones, D3-D and
ASDEX.

TFTR

As TFTR was decommissioned in 1997, there was a single
summary of results from it in the APS invited talks over the
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Fig. 3 The density (dashed) and the jon temperature {solid) as
compared to the assumed parabolic profile for a TFTR supershot

period specified [30]. Briefly it achieved spectacular results
when operating in the hot ion supershot mode. These have
peaked profiles, and the beam is important for both heating
and fueling the plasma. It achieved a maximum fusion
power of 10 MW for perhaps half a second. However it
terminated by rapidly dumping all or a significant part of
the plasma energy. The major radius was 2.6 m, the limiter
radius was 0.9 m and the magnetic field was over 5T This
is all that is needed to get maximum parameters of the
device according to the conservative design principles.
Figure 3, redrawn from {30] shows the ion temperature and
electron densily measured in a supershol, as well as the
parabolic approximation we have been using, normalized
to the measured maximum ion temperature.

In [30] there was a table of parameters of 4 supershots.
A poriion of the table is presented in Table 5. The rows in
bold are from (30}, the rows in ordinary type are from
conservative design principles. The central ion temperature
is much higher than the optimum value of 15 keV, but the
beta is still consistent because the hot part of the plasma is
$o namrow compared to the parabolic profile we have been
assuming. In fact, their measured fy's are smaller than

Table 5 Data from TFER supershots: boldface, dats taken {from [30)
normal type, calculations based on conservative design principles

Shot number (expt) 1 2 3 4

B 5 5.1 5.6 5.5
I 2 2.5 29 2.3
e 0.96 0.85 1.02 0.85
T;q 29 44 36 43
P 2.1 2 1.8 1.5
((a) 4 3.2 4 3.8
P(neutron) 8.065 9.3 10.7 2.8
Shot nimber (conservative design, gfa) = 3 and By = 2.5)

n,((3) 1.5 1.5 1.7 1.65
a(f) 12 1.28 15 1.45
P{ueutron) (MW) 20 21 31 29
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whal we have assumed in the conservative design. While
they do not give q(a), for their circular cross section one
can estimaie it easily enough. In all cases g(a) > 3, so that
the resuils are consistent with conservative design princi-
ples in this respect. There are two rows for the calculalion
of the central densily from conservative design rules for
g(a) = 3 and fy = 2.5, n,(f) and n(G). For TFTR, the
former is slightly smaller. In the last row of the table is
given neutron power from Eq. 8. Notice that the neutron
power per the conservative design is at least double the
actual neutron power observed. Hence even though TFTR
managed Lo get a much higher jion temperature than 185, it
did not heip very much. The reaction rate was higher in this
region of high temperature, but the density was Jower, and
the volume of sirongly reacting plasma was also smaller;
the net effect being less neutron power than the conser-
vative design rules would specify. Thus for TFTR, the
conservative design rules over estimate the fusion power,
typically by at least a factor of two,

JET

This is larger both in volume and elongation than TFTR;
both effects tend to increase the plasma performance both
as regards density and beta, and it had several invited talks
[31, 32]. For the plasma minor radius a, we take 87% of the
wall radius (as discussed earlier), or 1.1 meler.

Two modes of operation for IET with DT plasmas were
discussed, a long lived mode of operation, where the
plasma was in steady state as long as the discharge could be
maintained (limited by the duration of the beam), and a hot
ion mode, which could only be maintained for about a
second before it was terminated in a large amplitude edge
localized mode (ELM). This quickly released over 1 MI, or
about 15% of the plasma stored energy. While not as
destructive as a major disruption, it is unlikely that a
reactor would want to have these events occur very often.

In the long fived mode, the plasma generated 4 MW of
fusion power, for the duration of the discharge (~5 s) and
the steady state Q was about 0.18. In the hot ion mode, the
fusion power was ~ 16 MW for a Q of about 0.66 at the
maximum fusion rate. In Fig. 4, (redrawn from 31 is
shown a plot of neutron rale from the DT shots on JIET for
both modes of operalion,.

In Table & we show resulis for JET, and summarize the
predictions from conservative design principles ([31] does
not give their value of fy for the hot ion mode). Here we
use Egs. 4 and 6 for n,(b) and n,(G) since JET has an
clongated profile. Weuse k= 1.8, R=3, anda=1.1. Now,
opposite 1o TFTR, we find n,(G) is slightly less than nq(f).
The last row shows the predicled power according to
conservative design rules. In the long lived mode the fusion
power is less not only because Sy is smaller, but aiso
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Table 6 Data from JET: boldface, data taken from [31] normal Lype,
calculations based on conservalive design principles

Shot Long lived Het ion
B 38 3.6
1 38 4
1, 0.8 .42
T;, 8 28
P 1.3
P(neutron)(MW) 4 16
qla) 34 39
Shot (conservative design,

fa = 2.5 and gla) = 3)
n,(G) 1 0.95
N[} il 1.05
P{neviron) (MW) 35 32

because the central ion temperature is less than the opli-
mum 16 keV. In the het ion mode, the jon temperature is
again much greater than 15 keV, bul as with the case of
TETR, this does not give an appreciably larger fusion rate
because the volume of the reacling plasma is so much
smaller that assumed ir the conservative design.

Once again, we see that if JET could operate according
to conservative design principles, it would give greater
fusion power; so once again, conservative design principles
seem 0 be very much an upper bound for tekamak per-
formance for the case of JET running in DT plasmas. As a
rule of thumb, it seems that the best tokamaks have done so
far in DT plasmas is to achieve a neutron power about half
of that predicied by conservalive design rules. Yet even
that concedes a lot, so far tokamaks have achieved this only
in discharges which terminate abruptly.
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JT-60U

JT-60 and more recently its upgrade JT-60U is the largest
of the tokamaks, but so far, has not operated with DT, It
had a number of invited talks [33-38]. ls paramelers are a
major radius of 3.4 m, a minor radius of 1.2 m {lo the
vacuum wall) and an elongation of about 1.4, The maxi-
mum magaetic field is about 4.2 T. Although JT-60U has
not yet operated with DT, it has operated with DD plasmas,
and from the DD neutron rate, they extrapolate to get the
DT rate. The FT-60 group has given several invited talks on
their experimental results at these APS DPP meetings. In
ali their reported data, as regards fy, (virtually always
equal to or less than 2.5) g(a) {virtually always greater than
3) and n/ng (virtually always less than 0.75), their results
are consistent with the conservative design rules.

A great deal of their earlier effort consisted in devel-
oping what they called a W shaped divertor. Here, they
reported their largest amount of fusion power, with the
equivalent Q in a DT plasma going above unity, and with a
great deal of the improvement coming from the new di-
vertor. Figure 3a redraws their plot of equivalent Q vs
current {rom these references, It reaches a maximum of
1.25. However they point out that these are all fransient
results. In guasi steady operation, their Q’s were below 0.2

Fig. 8 Data from JT-60U (a)
Equivalent DT Q for various 1

This result is similar to the experience of JET. In an earlier
talk, they gave a a scatter plot of their q(a) versus Sn. They
had a single result of g(a} = 2, a transient result in a plasma
where fiy = 1. In their results for quasi steady plasmas,
plasmas lasting longer than 5 times the energy confinement
time, all their g(a)’s were greater than 3 and all their fiy’s
were less than 2.5, A redrawn version of this plet is shown
in Fig. 5b.

Regarding density in their earlier resuits, they were
always below the Greenwald limit. In Fig. 3¢ is shown a
redrawn plot of their H factor, the confinement increases
when they operate in the H mode as a function ol n/ng.
They have a single point at 0.8, at the worst confinement,
and virtually all of their data is for 0.4 < n/ug < 0.6

In their later resuits, they emphasized long time opera-
tion. This involved getting bootstrap current of over 50%
sustained for a long time and a By sustained for over 20 s.
Shown in Fig. 5d a plot of By as a function of time is
redrawn. While sustained for leng time, it is still no greater
than 2.5. Their q(a)’s were everywhere greater than 3, and
their maximum densities reported were at about 0.5ns. But
they found that in some cases they could increase ffy to 3,
and showed some dala points where they achieved ¢(a) = 3
and ffx =3 in a long lived discharge. Had they run in a DT
plasma with these parameters, it is unlikely that they would

0 quasi-steady =5ty O transient

a

types of divertor as a function of F I
current, (b} Scatter plot of g(a)
versus fi. The long lived shots
all had q(a) > 3 and ffy < 2.5,
{¢) Plot of confinement factor L
(H) as a function of density over
Greenwald density, Except for
the point with worst
confinement, where the ratio 0.5 _
was 0.8, all other points had L ® ..
{n¥ng < 0.75, {d) A long lived -
shol showing Sy leveling off at -
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have achieved conservative design values for neutron
power because the central jon temperaiure was about 8 keV
rather than the optimum value of about 15 keV. Thus while
the recent data from JT-60 is still for the most part con-
sistent with conservative design rales, it does give great
confidence that a steady state device like the scientific
prototype, with a Q of at least 0.2, and more likely above
unity, can be constructed,

ASDEX

This is a smaller machine with about a 1.5 meter major radius,
a 0.5 m minor radius and an elongation of about 1.6. There
were three invited papers from ASDEX at APS DPP mectings
during this time period {39-41]. Generally, these confirm the
conservative design rules. The g(a)’s were always greater
than three. The f’s were generally 2.5 or less, however they
found they could approach values of nearly three. But as they
approached fiy = 3, they also found that there was enhanced
MHD aclivily, often leading to a disruption. They also found
that they could approach, and even slightly exceed the
Greenwald density fimit, bul their normal operating mode
was at about half the Greenwald limit,

DII-I

Where DIII-DD is an American machine, and APS meetings
were searched, perhaps it is not surprising that this machine
had the largest number of invited taiks [41-49), One of their
main efforts was to achieve fully non inductive current drive
through a combination of ECCD, beam driven and bootstrap
current. They found that they could operate for fong fimes
with 90% non inductive current drive, and for short times
with 100% non inductive current drive. They were also the
main group that seeks to challenge the conservative design
rules, the crucial parameters claimed here to limit {okamak
performance. They do not emphasize q(a) or ng, but do spend
considerable effor to increase the ffy and have had impres-
sive success in some of their experiments.

Much of their work involves plasmas with a minimom of
the g profile off center, in other words, the current is in a
sheil rather than centered at the axis. They find that they can
maintain this for long times, and stabilize one of the main
limiting modes, the n = ] resistive wall mode by producing
plasma rotation, Where the plasma rotation, if left alone
tends to decay, they find that they can keep it going by using
additionai magnetic coils, both internal and external. One
questien of course is whether internal coils are ultimately
necessary, and if' so, whether they can stand up to the
intense neutron fluxes in a reactor. Figure § of [47] shows
that they can achieve fin’s as high as 3.2 in long lived
discharges, and as high as 4 in discharges that abruptly
terminate, usually via a tearing mode (of course an abrupt
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termination is the main thing conservative design rules seek
te eliminate). However the experiments in {47] all take
place at relatively high g{a). It mentions that the g(a)’s are
typically between 4 and 5, the one plot of g(a) thal they
show (Fig. 7) has q(a) going almost up to 6. This means the
experiments are at relatively low current, so the Greenwald
density 1s lower, and the plasma f§, which is proportional to
Bl may not improve that much. Running with q{a) = 3 and
P = 2.5, has the same beta and higher Greenwald densily
than running with q{a) = 5 and [y = 4. Thus while con-
ceding that the DIII-D group has had impressive success in
pushing the limits imposed by conservative design rules,
and may well have more still, the auwthor is not ready o
abandon them. He still maintains that they are a good guide
for measuring maximum fokamak performance.

Power of Proposed Tokamaks Based on Conservative
Design

We now consider proposed tokamaks capable of producing
large amounts of fusion power. For ITER and large ITER,
reactor sized tokamaks, our assumption is that the existing
designs have room for an appropriate blanket which
absorbs neutrons, breeds tritium, handles the heat load, etc.
But if one wants (o build a smaller tokamak, such as the
scientific protolype, how thick does the blanket have to be?
Here, the author has little expertise so only very qualitative
malters are considered. The mean free path of neutrons
with energies between about 1 and 14 MeV is about 15 cm
in lithium, and about 6 cm in beryllium and thorium. All of
these are important blanket materials for either pure or
hybrid fusion. The mean free path for breeding and slowing
down is even longer. Obviously the blanket has to be many
mean free paths thick so as to prevent neutron leakage out
ihe back, along with the activation of materiais behind the
blanket. Behind the blanket is usually a neutron shield,
which itself is not thin.

Many of the references cited on fusion hybrids show
schematics of the reactor along with the two meter man
standing along side it, and the blanket is about his size.
Rarely are dimensions given. One exception is a rough
schematic of a blanket shown in [15], reproduced here in
Fig. 6. In this schematic, the blanket is between 1.5 and 2
meters thick, and presumably there is no long term neotron
leakage or activation of materials in back. Lidsky [12] when
discussing a blanket for fission suppressed thorium cycle
(discussed in section “The Fusion Hybrid”) postulates a
blanket 80 cm thick for just the fertile material. Hence, as a
very rough roje of thumb, we will specify that the blanket
has to be 1.5 meters thick. We will call this the fousth
conservative design principle. It applies only where one
wishes to design a small (i.e. much less than commercial
size) reactor, and it imposes a certain minimum size on the
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experimental device which strives for CW operation with
IDT. ‘Fhis design principle is more approximale than the
other three, and it may be possible to design thinner blan-
kets. But remember that the scientific prototype will be
operating at high duty cycle, and even small neutron leak-
age out the back of the blanket, can over time activale the
material behind {e.g. the superconducting coils).

Hence the scientific prototype cannot be exactly like say
TFTR because its major radius is only 2.6 meters, and the
center is fifled with all sorts of stuff (e.g. toroidal field
coils, ete). Thus we must take a larger major radius. We
take a major radius of 4 meters, like TFTR, but now
leaving room for a 1.5 meter blanket. The minor radius is
1.3 melters, so as (o keep the aspect ratio as in TFTR, and k
= I, that 1§ a circular cross section.

In Table 7 are shown parameters of the scientific pro-
totype, ITER, and large ITER, the lalter two taken {rom
Refs. (8 and 9). {Recall that for ITER and large 1ITER one
takes for a the 95% flux surface, or 87% of the way to the
wall along the mid plane.) The scientific prototype gives

Table 7 Parameters for proposed power producing tokamaks based
on conservative design principles

Parameler Sci. Prot. ITER Large ITER
B 5.5 5.3 5.7

R 4 6.2 8

a i 1.7 2.4

k i 1.7 1.8

gla) 3 35 3

1 23 15 24

n,(G) I.1 2.4 1.7

no{f} 1.35 3.9 4.1
P(neuiron) 55 1500 4000

about the 55 MW of neutron power. If one takes the rule of
thumb that actual tokamaks produce about half the power
of the conservative design estimates, as with TFTR and
JET, then the estimate of 20-40 MW seems reasonable for
the scientific prototype. Undoubtedly this ceould be
increased further by going to elongated cross sections, bul
to get both the current and g(a) would require a knowledge
of the disttibution of the current over the flux surfaces, and
calculating that is beyond the scope of this work. However
the current density and volume would both be larger, so
with an elongation of a typical value iike 1.6, one might
double the neutron power.

The conservative design principles show ITER and large
ITER both doing better than actual predicted design values.
However if one takes the typical estimate that predicted
neutron power is about double (hat achieved, large ITER
gives about the design value, but ITER does especially
well. It may turn out to do somewhat better than expected.
It has higher current density than either large ITER or the
scientific prototype. But despite this larger current density,
since g(a) is 3.5 according to (8], the current could still be
increased by about 15% and still remain consistent with
conservative design rules, so power might be increased by
30%. Note that for both ITER and large ITER, the
Greenwald density is considerably Jess than the bela opti-
mized density, meaning that the ion temperature has tc be
considerably more than 15 (22 for the former, 36 for the
latter). Thug they have lo run in something like hot ion
modes. TFTR and JET have both run in hot 1on modes, but
50 far neither has been able to maintain those discharges for
long times, and both ended in disruption or semething quite
like it. In any case, when quoting power levels expected for
ITER and large ITER, we stick to those calculated by the
designers, 400 MW and 1.6 GW.

To summarize, the conservative design rules are rea-
sonably well based in theory and so far have consirained
tokamak operation. In fact so far, as regards neutron pro-
duction, a tokamak is doing well to achieve half the
neutron rate specified by conservative design. To get
powers Jike 3 GW, as needed in a commercial reactor, but
in a tokamak smaller and less expensive than large ITER
would stretch conservative design rules well beyond the
breaking point. This then is the basis for the author’s
assertion that commercial pure fusion reactors based on
tokamak configurations are unlikely, at least unless one can
find a way around censervative design principles.

The Fusion Hybrid
The author has discussed the fusion hybrid and cited work

on it in his earlier papers so this section will be brief. The
main point is that while pure fusion looks very difficult via
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the tokamak route if constrained by the conservative design
rules, hybrid fusion looks good.

There are two hybrid fusion reactions and two archi-
tectures for the reactor. The first architecture is fast
fusion—a lokamak reactor is surrounded by 28U or 22Th
and the fusion neutrons burn these in situ. The author has
always argued against this, largely on safety and infra-
structure considerations. The fusion reactor, which may be
disrupting, is separated by a thin wali from a fission reactor
containing hundreds of pounds of ***U or **’Pu. We have
no experience with either type of reactor, but they must
work seamlessly together. Ralph Moir has called it “an
accident waiting to happen”.

The second architecture, preferred by the author and
others is called fusion suppressed. The fertile material is
mixed in with a liquid or flowing blanket and the fissile
material preduced is separated out continuously as it is
formed. It forms nuclear fuel for existing reactors, and
therefore fits in much better with existing infrastruciure.

Now consider the reactions. The first has a fusion neu-
tron being absorbed by a ***Th, ultimately producing a
*PU; the second has a neutron being absorbed by 23U,
uitimately producing **’Pu. In either case, Monte Carlo
codes are used o calculate the ultimate fale of a fusion
neutron and all its progeny as it cascades through the
blanket which contains thorium {or 233U), lithium, neutron
multipliers, shields, reflectors, and structural material. The
output of the calculation is that the original neutron pro-
duces ¢ P*U’s, 4 titons, and so much energy. For any
fusion scheme te be viable, the number of tritons obviously
has o be greater than unity. Over the years this author has
taken as canonical figures those calculated by Moir [17] for
a two zone blanket, the final entry being an engineered
blanket {i.c. containing structural material). These calcu-
lations are summarized in Table 8. Other authors have
calculated similar but different values.

While these calculations make some effort at a realislic
geometry, even the simplest configurations such as shown
in Fig. 6 are considerably more complicated than whal is
assumed in the calculations; more realistic geometries such
ag those shown in other references are more complicated
still. Undoubtedly, when confronted with reatity, the Monte
Cario codes will need some modification. Hence it is
important to build up this experience as soon a3 possibie.
This is another reason the author has argued for the sci-
entific prototype over the years. Right now there are no
sources of 14 MeV neutrons, so no calculation of their
behavior in particular blankets has been benchmarked,

Of the two reactions, the author has always argued for
the thorium cycle based on proliferation considerations. In
any hybrid scheme (and in pure fusion too for that matter if
it is not used in the proper way), the pure fissile material
output will always be a serious proliferation hazard and
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must be carefully monitored. However *>*U can be mixed
immediately with 238(} in a subcritical mix, for instance 4%
enrichment as with ***U in today’s fuels. A this point, the
fuel has no proliferation risk without isotope separation,
something well beyond the capability of terrorist groups
and small countries. We could export the fuel, even to
countries we did not fully trust, as long as they sent back
the spent fuel for reprocessing.

However il ***Pu is used and mixed with **U, die
plutosium can be separated out chemically {as the North
Koreans have done}. The author has considered the
advantages of ***U so overwhelming as regards prolifera-
tion, that only this route is considered here and in the
references.

Taking the numbers in Table 8, consider the output from
a single fusion neutron to be 0.75 ***U’s and 1.1 T's.
However when the ***U is burned in a conventional reac-
tor, il releases ~200 MeV. In other words the 14 MeV
neutron produces fuel which releases 150 MeV when
burned, as well as 35 MeV deposited in the blanket, If we
consider large ITER and its 1.6 GW of neutron power, this
translates into about 16 GW of ***U, and does so with a
wall loading of only ~1 MW/m?. In other words, ITER,
with rather moderate wall loading (by fusion standards)
could generate enough fuel to power five 3 GWth (1 GWe)
conventional nuclear power plants. In addition, farge ITER
itself is a reactor, now generating ~3.5 GWth or 1.2 GWe.

Other Simple Aspects of the Fusion Blanket

The fusion hybrid blankets discussed in the last section, as
well as in the references, simultaneously breed T and ***U.
Hence at first biush, they might seem more complicated
than a pure fusion blanket which only has to breed 7.
However, this is not so. If many fusion breeders are used in
the world economy, some could be used to breed 233U, and
others fo breed T. For instance, using Table 8, if there are
10 breeders, 6 breeding T and 4 breeding ***U, then the 10
fusion neutrons produce 10.8 2**’s and 11.4 T's; in other
words they are more prolific than the single combined
blanket. Furthermore, in a single breeder it might be pos-
sible to used a segmented blanket, 40% of which breeds
U, 60%, T.

However there is a much greater advantage (o the fusion
hybrid as far as the blanket is concerned, namely the
neutron wall loading is much less. As we have seen, if large
ITER is used as a breeder, a wall loading of | MW/m? is
more than sufficient o breed a tremendous amount of
nuclear fuel, As a pure fusion reactor, a much greater wall
loading is needed and this is a tremendous engineering
challenge. To run large ITER at 3 GWth (1 GWe), a
standard power plant, the wall loading would be twice as
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great. But because of the large cosl and size of large ITER,
one would like a smaller reactor producing greater power;
but this means greater wall loading still. For the demo, the
FDF web site mentions wall loadings which might be as
high as ~6 MW/m?, and this represents an enormous
engineering chatlenge as compared (o the ~ 1 MW/m? for
a large ITER run as a breeder, and the | MW/m? is itself no
small challenge,

Thus if breeding both **U and T in a single blanket is
too difficult, they can both be bred in separate or seg-
mented blankels. More important, the required wall loading
for hybrid fusion is nearly an order of magnitude less than
for pure fusion. This sheuld make the blanket problem very
much simpler for hybrid fusion.

Cost Estimates and a Discussion of their Validity

There have been many estimates of possible costs of
electricity produced by pure fusion starting with a design of
some hypothetical power plant. We take a different
approach here and base our estimates on the cost of ITER
and large ITER; then we discuss very qualitatively how
valid these estimates might be. The advantage of this
approach is that at least at the starting point, it is grounded
in reality. The world is already writing contracts for ITER
and has carefully estimated the plasma performance. The
same was frue of large ITER when it seemed that it wouid
be built. In all likelihood, these cost and performance
eslimates are reasonably accurate. As we have seen, the
expected plasma performance is consistent with the con-
servative design principles,

On paper, it is easy (o increase performance an order of
magnitude, simply operate at triple the density or 9 times
the power. The problem is that wokamaks do not operate
with a fiy of 7.5 or at two and a half times the Greenwald
density limit, at least not yet.

Let us review the costs of FTER and large ITER. ITER's
total cost is ~$10B, about $5B in construction and de-
commissioning, and 10 years of operation at about $0.58
per year. It is expected to produce 400 MW of neutron
power. Large ITER’s cost is about double each of these,
butl it is expected lo produce about {.6 GW of neutron
power. Although this latler power estimate is a little bit of a
stretch based on large ITER estimates, it is convenient (o
think of large ITER as costing (wice as much and pro-
ducing four times the power.

Now let us see how these estimates translate into elec-
tricity costs. Since power plants are ~30% efficient, ITER
would generate ~ 130 MWe and large ITER, ~ 530 MWe.
We will work with large ITER-ITER’s cost would just be
twice the cost per kWhr. Let us say that large ITER runs
every year at its operating cost, or $1B per year. Then let’s

say that the capital and decommissioning costs are spread
over a 30 year life time of a typical power plant, bringing
the yearly cost to $1.3B, or about 25 cents per kWhr. The
cost of electricity produced by ITER would be twice as
much, or 50 cents per kWhr. Neither power plant is close 1o
being economical. Even if large ITER could run at its Tull
power as predicted by conservative design rules, ~1.3
GWe, it would still be at best marginal as an econoric
power producer.

But now let us consider large ITER run as a reactor and
fuel breeder. As we have seen, it produces enough fuel for
5 conventional 1 GWe light water reactors (LWR’s). But
this cost includes not only the cost of fuel, but also the cost
of running large ITER a reactor. This brings the fuel cost
down to fess than 2.5 cents per kWhr, let us estimate a fuel
cosl of 2 cents per kWhr. By contrast, gasoline at $1 per
gailon is about 2.5 cents per kWhr for the raw fuel, but if
used Lo power a 30% eflficient power plant, the fuel cost
becomes 7.5 cents per kWhr. Using large ITER estimates,
the fuel cost is rather low.

But how accurate are the ITER cost estimates when
applied to a real reactor? Now we urn to only qualitative
estimates. There are several reasons o believer the costs
will be lower, several to believe they will be higher. We
start with the former. As obvious to anyone in the fusion
business, ITER is model number 00]; as one learns more,
builds up experience and can exploit economies of scale,
the costs should go down. Secondly ITER is an experi-
mental device, operated by many highly paid scientists.
However a commercial reactor has to operate mostiy in the
mode shown in Fig, 7, and this should also reduce costs.

But it seems to this author that there are even more
reasons o believe costs will be higher. First of all, ITER
will run perhaps 1-2 shots per day of 10-20 min each. A
power piant has to run CW, or with a duty factor of at least
80-90% to be at ali viable. This will undoubtedly raise the
cost considerably. Secondly, ITER is an experimental

Fig. 7 Necessary mode of operation for a commercial fusion power
plant
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device. As anyone who has ever run one of these knows,
they are plagued by large amounts of down time. A com-
mercial power plant wiil have to be engineered with much
higher reliability than an experimental device, and this will
also increase {he cost. Note however that a fuel factory can
tolerate much greater amounts of down time than a reactor
which preduces electricity. Third, for a commercial power
plant, capital costs are not given by the government; the
utility must borrow f{rom the commercial sector. At an
interest rate of 6%, the $0.3B per year capital cost becomes
$0.6B per year. Finally there is the question of fritium.
Little s said about this in the literature, but ITER or large
ITER will have to either breed it or buy it, For commercial
fusion of course, breeding it is the only option, While this
is discussed little, the cost of the witium is presumably
figured into the total cost of ITER. However tritium will
nol be used for the first few years of operation, whereas in a
power plant it will be used from day one, This should
increase the cost somewhat as well. OfF course for hybrid
{fusion, there is the additional cost of breeding the =3y
which is not included in ITER or large ITER estimates.

It is impossible for this author to be any more quanti-
tative, but it does seem to him as though the cost is likely to
be more rather than less. Perhaps the fuel cost for the
hybrid would be in the range 3-4 cents per kWhr, rather
than 2 cents. This is larger, bul still a reasonable and
affordable estimate. Direct pure fusion power from large
ITER wouid likely go up to 40-60 cents per KWhr {or 20~
30 cents/kWhr if it could run at full power as predicted by
conservative design rules). An initially unaffordable rate
gets more expensive slill. If these estimates are reasonabiy
correct, pure fusion based on tokamaks will never be
affordable for large ITER sized devices. However hybrid

fusion likely will be. But however these additional factors
play out in serious cost estimaltes, the original starting point
of the estimates, ITER costs, are based in reality.

Let us finaily estimate the cost of the scientific prototype
in terms of ITER cost scaling. Large 1TER is an eight meter
machine costing $20B; ITER is a six meter machine
costing $10B. This gives rise 10 a scaling of $ ~R*°. The
scientific prototype has a 4 meter radius, so its estimated
cost is ~$3.5B. The fusion base program is ~ $0.258 per
year, so 15 years (aboul the time to do a large fusion
experiment) of the base program is more than enough to
build and fully investigate the scientific prototype. Fur-
thermore, by offering up a large part of the base program,
the American government might well enhance the total
program. Of course there will be loud objections that the
base program cannot possibly be reprogrammed; it is being
starved enough as it is. First vastly increase if, and then
worry about adding ‘scientific prototypes’ and the like. But
given the fiscal realities we all operate under, the rapidly
approaching energy deficit, and the fact that numerous
atlempts to sell a burning plasma all failed; really, what
else is there (o do?

Review of the Energy Park

This author’s vision for sustainabie world development, the
‘energy park’ 1s sketched in Fig. 8. It was discussed much
more fully in £3) and [71. The case was made there that it
could produce large scale power by mid century, The basic
module is a nuclear reactor, for instance an LWR which
generates | GWe. Five of them are in the park. These are

the best nuclear reactors that can be developed, perhaps

Fig. 8 The encrgy park, A, A ]
GWe nuclear burner, B. electric
power line out, C. Hydrogen
pipeline out, D, Cocling pools
for kighly radioactive waste, E.
Low security fence, F. High
securiy fence, G Sepavation
facility, H. Plulonium burner,
L. ITER sized fusion plant
producing a total of 1.5 GW
fusion power and an additional
2 GW in the breeding blanket
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APH0D’s, perhaps the gas cooled pebble bed reactor, per-
haps a Generation IV burner reactor. Then all of the
development of advanced burner reactors over the last half
century will be utilized in the park., Yearly, each reactor is
fueled with about one metric ton of ***U mixed in with
about 24 metric tons of TPU. As waste, each year the
reactor produces about 750 kg of highly reactive material,
material with half life of 30 years or less; about 200 kg of
plutonium and other actinides, and about 50 kg of much
less active radio active waste, material like PTc with a
200,000 year half life (5 and Refs therein). Except for the
few hundred kg converted to actinides, the 24 metric tons
of **U just go along for the ride.

The reactors are supplied by a single fusion reactor
which breeds U from ***Th and immediately mixes the
fuel inte a suberitical mix. The waste {from the reactors
goes to a cooling pool for some specified time. From there
it gees to a reprocessing plant where the uranium, pluto-
nium, tong, and short lived radio isotopes are separated oul.
The 5 LWR’s each produce ~200 kg of plutonium and
higher actinides yearly, so these fuel a sixth reactor of the
same size that we call the plutonium burner. It produces
electricity for the grid.

Assuming the long and short lived radio isotopes can be
separated {rom one another, the short lived ones go (o
cooling pools where they would remain for 10-20 half
lives; 300-600 years. While this is a long time, it is a time
for which human civilization can reasonably plan, not the
multi hundred thousand year time span for say Yucca
Mountain, which also stores actinides, which constantly
build up the activity and heat load. Already cooling pools
on reactor sites have held the waste products for 40 vears,
and these also store the plutonium and higher actinides as
well. It should be simpler for the cooling pools envisioned
here which would not store actinides.

The long lived radio isotopes go to the tokamak for
fransmutation. [5] estimated that 5% of the wall area of an
ITER sized {okamak could fransmule waste from the 5
reaclors. The short lived radic isotopes would go back to
the cooling pools. Regarding neutren economy, it is cru-
cial in the fusion plant, important in the 5 standard
reactors, and not very imporfant in the plutonium burner.
The role of this reactor is principally to destroy plutonium,
not generate electricity or breed fuel with maximum
efficiency.

It is likely, but in this author’s opinion, not absolutely
certain, that the piutonium burner would have to be a fast
neutron reacter. We discuss this in the next section. It could
be a significant advantage that the fusion hybrid energy
park and fusion breeding rely much less, and possibly not
at all, on fast neutron reactors. At least right now, the world
has had much, much more experience with thermal neutron
reactors, and these reactors should be exploited to the

maximum extent possible. Experience is also that power
from these is less costly than from fast neutron reaciors.

The plutonium burner and reprocessing plant, and pos-
sibly the fusion reactor would have to be i a highly secure
area. The remainder of the park would be in a lower
securily area.

While the plutonium wastes would travel from the
reprocessing plant o the burner, there would be no long
distance travel unless the energy park served other off site
reactors. Also long time storage of actinides would be
greatly minimized.

So there it is: seven reactors in the park, each producing
about | GW in electric power or hydrogen. Either could be
exporied to smaller counfries unable to build an energy
park. It could also export the nuclear fuel as long as the
agreement included sending the waste back to the energy
park for treatment. The park treals its own wasle and keeps
material with proliferation danger stored, but only {or short
times before it destroys them. To this author it seems to be
a possible vision for sustainable world development by mid
century or shortly thereafler.

Other Aspects of the Energy Park

It is very interesting that a facility very much like the
energy park exists today. It is the Kashiwazaki-Kariwa
nuclear plant complex in north western Japan. It is a suile
of seven nuclear reactors, located near one another, and has
the capability of generating about 8 GWe. To turn this info
the energy park, all one would need to do is replace one of
the reactors with the fusion reactor which supplies then all,
replace one of the other reactors with an actinide or plu-
tonium buraer, and add a reprocessing facility. The cooling
pools are undoubledly already on site. The existence of this
complex serves to emphasize that the energy park does fit
in very well with existing infrastructure.

Let us discuss further the actinide burner. Most nuclear
authorities seem to think this has to be a fast neutron
reactor, and this certainly might be so. The reason a fast
neutron reactor is advantageous is that for thermal neu-
trons, plutonium has high neutron absorption cross section.
Thus some of the plutonivm atoms burn, while others build
up to higher isotopes and higher actinides. If ***U is the
fertile material in the reactor, there is much less net plu-
tonium burning because as plutonium atoms are burned,
more are created from the U, This is the way the French
use recycled fuel in their commercial nuclear program.
While they burn the plutonium for fuel in their thermal
reactors, they are also regenerating it from the U fertile
material. They burn it, but they produce it too.

On the other hand, plutonitm does not have a large
absorption cross section for fast neutrons, so in a fast
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neutron reactor, actinides oaly burn. But one might still be
able to use a thermal reactor as the plutonium burner. If the
fertile material is not 2**U, this problem may not apply. It
may be possible o use **?Th as (he fertile material.

There will still be neutron absorption reactions in the
plutonium, so it will build up higher and higher actinides.
However there is no source of additional plutonium. As
higher actinides are formed, they also burn, so the burning
of the plutenium will be much more complete than in a
thermal reactor with ***U as the fertile material. The fertile
thorium does not build up higher actinides nearty as easily
and in fact it would produce fuel ***U fuel for the other
reactors. Burning plutonium then is something the world
might be able to do with today’s thermal neutron reactors,
and in the process, would also be building up a supply of
20, a nuclear fuel which in this author’s view is the best
long term fuel. It seems that this would be something very
useful for the nuclear industry to further examine, possibly
with government support.

Let us discuss further the cooling pools. When spent fuel
is extracled, standard chemical processes such as PUREX
and UREX can extract virtually all (more than 99%) of the
uranium and actinides and can also separate the vranium
from other actinides. What are left are the radio isctlopes,
both fong and short lived. If the long lived ones can be
economically separated out, and transmufed with fusion
neutrons, it would be desirable to do so [51.

The short lived radio isotopes would then be put into a
cooling pool. Each year, more material would be added,
and then aflter some period of time, maybe [0 years, maybe
50, the pool would be sealed off and left 10 decay. New
radioisotopes would be put in the next pool, The first pool
would then cool down [or 300-600 years until the waste
becomes inert and harmless. Of course there might stiil be
a small amount of actinides and long lived waste mixed in,
$0 a geological repository might stll be necessary. How-
ever if the waste is treated this way, the repository would
not he necessary for hundreds of years. The amount it
would have to store is so small that a single Yucca
Mountain is probably sufficient 10 serve the entire world
for centuries. Furthermore, after being recycled through the
reactor several times, the small amounis of piutonium
remaining would have so many different isotopes and
actinides mixed in, that in the repository it would hardly
constitute a proliferation hazard at all.

Let us conclude by discussing tritium. Taking the esti-
mates from Table 8, each fusion neutron produces 1.1
Iriton. Assuming 95% of the reactor wall is covered with
the breeding blanket, and 95% of that tritium is recovered
and inserted back into the fusion reactor, no further losses
are tolerable. For instance one could not store the tritium
for say 6 months before using it, because another 3% would
be lost due to natural decay.
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Table 8 Calculation of material produced by a single 14 MeV neu-
{ron in various blankels, taken from [17]

Blanket ¢ A E{MeV)
2 1h {Homogeneous) 2.5 0 50
Natural Li {7.5% %Li) 0 1.9 16
23Th 4+ 16% OLi 1.3 1.3 49
"Be + 5% ***Th 2.7 0 30
¥¥27h and Li (engineered) 073 1.1 35

An intriguing issue is whether the LWR's could help
with the tritium supply. Fortunately there is some data on
this. In order to insure a tritium supply for our nuclear
deterrent, the Department of Energy is starting production
of uitivm at the TVA Watts Barr nuclear facility (Google
TVA Waitis Barr nuclear power plant). To produce the
tritium, some lithivm is introduced into the moderators. In
the course of burning ~ | metric ton of nuclear fuel, ~3 kg
of tritium are produced. In other words, for every four
nuclear reactions, one (riton is produced. There is a small
cast penalty, but no power penalty.

Recall that one fusion neutron produces about 0.75
23075, so four of these might produce one triton, If all the
LWR’s are operated in this mode, the 1.1 tritons produced
by the fusion reactor become something more like 1,25
tritons produced by the totality of all reactors, and this
could be an important reserve. Depending on the ritium
economy, perhaps all LWR’s in the park would have (o be
run as tritium producers, perhaps none. What is interesting
is that the fission and fusion reactors now become lruly
symbiotic. The fusion reactors produce fuel for the LWR's,
and the LWR’s provide a safety margin for the tritium,
which might be needed to keep the fusion reactor running.

Conclusion

For the prosperity and well being of all its inhabitants, the
world needs a great deal of energy by mid century. Indeed
civilization depends on it. Preferably this energy should be
carbon free. The options are few. Can magnetic fusion play
a role? For the last four decades, tokamaks have been the
best magnetic fusion has (o offer. Bul given conservative
design rules, and simple cost eslimales, a tokamak pure
fusion reactor will at very very best, be marginal. Real life
tokamaks do considerably worse. Hence it is very uniikely
that they will ever make it as commercial reactors no
matier how successful the confinement. Their size and cost
are too large, and their power production, foo small,
However they do have great promise as hybrid fuei pro-
ducers. In the author’s opinion, the focus of the tokamak
program should be shifted toward hybrid fusion.
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