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Abstract

The energy produced from the controlled thermonuclear fusion of hydrogen isotopes
can replace fossil fuels and become a sustainable energy source. The fusion of
deuterium and tritium has been achieved in several experimental reactors where
the plasmas are confined with magnetic fields and there is high optimism that this
will also be achieved with laser and ion beams. The plasma confinements and reactor
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technologies of tokamaks and stellarators are paving the way for building demon-
stration fusion reactors and subsequently commercial fusion power plants. Following
a review of the magnetic and inertial plasma confinement concepts, the reactor
technologies that implement these concepts are assessed for producing sustained
plasma ignition, external plasma heating, control of plasma instabilities, develop-
ments of low-activation and high strength materials, coolants for removing fusion
energy from the reactor, and breeding tritium in the blanket of the reactor for
achieving fuel self-sufficiency. Sustainability of fusion energy requires the long-term
availability of fusion fuels and reactor components materials, social acceptability,
minimization of waste products, and safe operation of fusion power plants. These and
other issues considered strongly suggest that the fusion energy will become a viable
energy source for human development.

Keywords: fusion energy; fusion reactions; fusion reactor technology; magnetic
confinement fusion; plasma confinement.

1. Introduction

The world’s population is projected to increase from 7 billion people today to 9
billion people by the end of this century (1) and the current power demand of 12 TW
is expected to double during the following decades (2). About 80% of the current
energy needs are being supplied by fossil fuels (oil, gas, coal) and within 100 years
this resource will be severely depleted. These energy sources currently emit some
40 GtCOgqe per year of greenhouse gases into the atmosphere, warm the earth’s
climate system, melt glaciers and produce sea level rise, and have the potential to
uproot hundreds of millions of people (3). Harvesting the required energy with
solar thermal, wind, photovoltaic, and biomass energy conversion systems from
the 10° TW of power delivered by the Sun to our planet would require the
development of new energy supply technologies, overcoming security issues of
energy production and distribution, and satisfying the social constraints posed by
various cultures with different resources and aspirations.

The energy extracted with solar thermal, photovoltaic, wind, and biomass
systems have power densities that are 10,000 times smaller than those of fossil
fuels and more than 1,000,000 times smaller than those of nuclear energy systems
and thus require large investments in infrastructures and constructions in some
poorly secured locations to make them viable for producing the bulk of the energy
needs of humanity (about 200 quads today). Harvesting of nuclear energy from the
splitting of heavy nuclei (uranium, thorium, plutonium) in nuclear fission reactors
can produce substantial amounts of base load power, but this energy source is also
unsustainable and some products of reactions produce the publicly unacceptable
long-lived (millions of years) radioactive products or spent nuclear fuel (4) that we
have not yet been able to manage properly. The nuclear fission power generation
can triple by 2050 and save the planet some 2 Gt of carbon emissions per year with
the new Generation IV reactors that employ safer passive cooling systems (5), but
even a thousand of such GW power producing reactors fall short from delivering
the expected world’s power need beyond 2050 and convincing the public that the
accidents such as at Chernobyl and Fukushima can be avoided (6).

When the nuclei of atoms fuse or combine their total mass is reduced and
this mass difference is transformed into the energies of the products of the reaction.
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The amount of energy released through this process is huge as attested by the
man’s ability to relinquish this energy through thermonuclear bombs. In the
interior of the Sun the protons of hydrogen fuse to produce helium and when the
hydrogen is exhausted helium nuclei fuse to produce the next heavier element
lithium and so forth. The conversion of just 0.1g of hydrogen to energy every
second is equivalent to the power of 10 TW and therefore here lies the great
interest in exploiting this energy for humanity. Fusion energy can qualify as a
sustainable energy source if it can provide most of the energy needs of the future, can
be produced from natural resources that do not exceed the sustainable yield of
these resources, be socially acceptable and affordable, and if its emissions do not
produce environmental problems and cause public health concerns (7,8).

At the present we do not have an energy source technology that can substitute
fossil fuels, but if developed the controlled nuclear fusion offers this possibility.
Such a technology would not produce long-term radioactive waste, emissions
causing global warming and health problems, and nuclear proliferation issues.
There are, however, some technological problems that have to be solved before a
reliable fusion power can be developed and some sustainability concerns regarding
the availability of fusion materials that need to be addressed before the fusion
energy can become a sustainable energy source.

The principles and methods for harnessing fusion energy are presented in
Section 2. In the first generation fusion power reactors, fusion reactions are
envisaged to be produced with magnetic and inertial plasma confinement systems.
Magnetic confinement fusion employs magnetic fields to confine deuterium and
tritium for a sufficient time and at high temperature to make these species interact,
and the breakeven condition occurs when the energy supplied to achieve fusion is
equal to the energy produced from fusion. Several experimental reactors have
already achieved this condition. Inertial confinement fusion employs pulses of
radiation, particle beams, or electric current to compress the fuel to initiate fusion
reactions, but cannot yet claim the breakeven condition success, in spite of consid-
erable investments by several governments to develop this technology to satisfy
their nuclear stockpile stewardship programs. The fusion ignition condition is
achieved when the nuclear fusion reactions become self-sustaining. Because this
is more difficult to achieve than breakeven, different technologies are being devel-
oped for this purpose. The successes of research projects are crucial for building
demonstration fusion reactors by the middle of this century, and if this is successful
for transferring the knowledge base to the industry for building commercial fusion
power plants during the second half of the twenty-first century (Section 3). Power
producing fusion reactors will be technologically complex machines and in Section 4
we will address the sustainability issues of fusion in order to assess the prospects
of fusion energy to become a viable energy source. We will conclude that although
we do not yet possess all of the technologies for producing fusion power on a
commercial scale that these technologies can be developed (and developed rapidly
with adequate resources), before we run out of fossil fuels, produce irreparable
damage to the environment, and place a significant burden on future generations.

2. Fusion Energy Harnessing

2.1. Fusion Reactions. Fusion of hydrogen in the Sun produces about
10%% W of power and for almost a century the scientists have strived to duplicate
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this process on the Earth with a wide variety of different methods. The electrons in
an atom are held together by the attractive Coulomb force between the negatively
charged electrons surrounding the nucleus and positively charged protons in the
nucleus, and energy is required to ionize or strip the electrons from the nucleus.
Protons and neutrons in a nucleus are held together by the attractive short-range
nuclear or strong force that overcomes the repulsive Coulomb force between the
protons at the distances of the size of the nucleus (1-10 x 10~ **m). For fusion to
occur, the reacting nuclei must have sufficient kinetic energies to come close to
each other so that the attractive strong force can overcome the repulsive Coulomb
force and produce a rearrangement of nucleons (protons and neutrons) in a
compound nucleus with a low potential energy.

A nucleus 4M (often abbreviated “M) is identified with its mass number A
(number of protons and neutrons, or atomic weight rounded to the nearest whole
number), atomic number Z (number of protons), and nuclear rest mass M. In
addition, a nucleus is also characterized by its size, shape, binding energy, angular
momentum, and (if it is unstable) half-life. The radius of a nucleus is much smaller
than that of an atom (107'° m) and the nuclei in some atoms are spherical while in
others are stretched into deformed shapes.

Nuclear reactions change the elements or nuclides by altering the energy
states of the nuclei. When a nuclide 6 is made to interact with another nuclide or
subatomic particle a the product is usually another nuclide ¢ and light particle d

a+b—-c+d, 1)

where a and d may be photons, electrons, protons, neutrons, or other nuclides.
Such a reaction requires that the relativistic total energy E (comprised of kinetic
energy Exg and rest mass energy Mc?) of reactants is conserved, ie,

S M- Y Mc*= Y Exg— Y Exg. 2)

a+b=r c+d=p c+d=p a+b=r

where ¢ ~10%m/s is the speed of light. Here, the subscripts  and p denote the
reactants and products, respectively, of the nuclear reaction. The nuclear strong
force holding the nucleons together is expressed in terms of the binding energy B,
defined as

B=(Zmp+(A-Z)ym, — M)c?, (3)

where m, is the mass of the proton and m, is the mass of the neutron. The binding
energy is the energy required to dissociate a nucleus into its components protons
and neutrons and is usually expressed in terms of the average energy per nucleon
B/A. The binding energy of nuclei (Fig. 1) grow rapidly with A, reach a maximum
around A = 56 (35Fe) and then decreases slightly for heavier elements. The greater
is the stability of a nucleus the greater is its binding energy or the smaller is its
potential energy. The nuclei with low masses generally release energy and the
nuclei with heavy masses require energy to achieve fusion. The heavy elements in
nature are produced when massive stars undergo violent explosions or supernova
nucleosynthesis where there is an abundance of energy.

The Q@ value of a nuclear reaction is defined as the difference between the rest
mass energies of the reactants and the rest mass energies of the products of the
reaction, and by equation 3 is equal to the difference between the binding energies
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Fig.1. Average binding energy per nucleon B/A vs the mass number A for the elements from
hydrogen nucleus (Z=1 and B=0) to 228U. (Adapted from Reference 9.)

of the products of the reaction and the binding energies of the reactants of the

reaction, ie,
Q:(ZM—ZM>C2=ZB—ZB (4)
r P p r

where use was made of the conservation of nucleons A and charge Z in the reaction.
Fusion reactions with low atomic mass numbers are exothermic (@ > 0) because the
products have higher binding energies (nucleons are more tightly bound) than the
reactants, or the products have a smaller mass than the reactants.

Hydrogen ?H has several isotopes (same number of protons Z but different
mass number A): }H is the proton p, %H (heavy hydrogen) is the deuterium D with
one proton and one neutron, and ?H is the ¢ritium T with one proton and two
neutrons. The atoms of these isotopes have one electron to balance the charge of
the one proton and thus their chemical properties are similar. The photons
produced in nuclear reactions can be y-rays and X-rays, and as an example are
produced when neutrons interact with protons to produce deuterium, or when a
neutron with the half-life of 12min decays into a proton, an electron, and a
neutrino. When D and T combine (Table 1), they produce an a-particle or helium
nucleus gHe with a very large binding energy (Fig. 1) and one free neutron that
carries most of the released energy in the form of kinetic energy. On Earth (as
opposed to in the stars), we cannot convert }H into energy without inexpensive
proton accelerators and instead must employ deuterium and tritium at a suffi-
ciently high temperature to make them react. The helium nucleus is a very stable
and harmless byproduct. Deuterium occurs naturally in water as DO in one part
for every 6400 parts of H,O and is easy to separate it out (Section 4). Tritium does
not occur naturally since it is an unstable isotope with the half-life of 12.3 years
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Table 1. Important Fusion Reactions and Their Q Values and Cross Sections ¢ at Different
Center of Mass Kinetic Energies ¢ of Reacting Nuclei

Reaction (4] c(e=10keV) o6(e=100keV) omax Emax
(MeV)  (barn) (barn) (barn) (keV)

Main fuels

D+T- a(3.5MeV)+ 17.6 2.72%x1072 3.43 5.0 64
n (14.1 MeV)

D+D— T (1.01MeV)+ 4.04 2.81x107* 3.3x1072 0.096 1250
p (3.03 MeV)

D+D—3%He (0.82MeV)+  3.27 2.78x107* 3.7x1072 0.11 1750
n (2.45MeV)

T+T-a(1.26 MeV) + 11.3 79%x107* 3.4x1072 0.16 1000
2n (10.6 MeV)

Advanced fuels

D +%He — a (3.67 MeV) + 18.3 2.2x1077 1.0x107! 0.9 250
p (14.67 MeV)

p+°Li—«(1.7MeV) + 4.0 6.0x1071° 7.0x1073 0.22 1500
3He (2.3 MeV)

p+ Li— 20 (22.4 MeV) 17.3

p+ 1B - 3a(8.68 MeV) 8.7 46x107Y7 3.0x10™* 1.2 550

p+p—-D+et+v 1.44 3.6x10726 44%x107%

p+12C>BN+y 1.94 1.9% 10726 2.0x1071° 1.0x10™* 400

Source: Adagted from References 10,11.
1 barn=10"2%m?.
e* is the positron and v is the neutrino. e,y is the center of mass kinetic energy corresponding to 6, ax.

and decays into gHe by emitting a high energy electron and a neutrino (f-decay).
Tritium must be therefore produced externally or internally of a fusion reactor and
as we will see this presents some sustainability issues for the first-generation
fusion power reactors operating with deuterium and tritium fuels. When two
deuterons are used to produce fusion reactions the need for tritium disappears,
but these reactions require very high kinetic energies of the reactants before
undergoing fusion and are envisaged to be employed in subsequent generations of
fusion power plants.

The unit of energy Joule, J, is too big to use for atoms and the more
appropriate unit is the electron volt, eV, which is equal to 1.6 x 107°J. Molecules
are typically held together with energies of 1 eV, the electron in an atom is bound to
the nucleus with about 10 eV, a fusion reaction yields about 10 MeV, and a fission
reaction produces typically 100 MeV. Mass can be written in atomic mass units
(amu), which by the Einstein’s mass-energy equivalence (E = AMc?) can also be
expressed in energy units. Thus, when a proton (1.00728 amu) and a neutron
(1.00866 amu) combine to form deuterium (2.01355 amu), the missing mass of
0.00239 amu is equivalent to 2.225 MeV (931.5 MeV/amu) and is carried by the
released y-ray (photon). When, however, the heavier tritium is formed by adding a
neutron to deuterium, the amount of released energy is 6.2504 MeV, and this
process of binding energy per nucleon continues to grow as protons and neutrons
are added to more massive nuclei until a maximum of about 8 MeV per nucleon is
reached around A =60 (Fig. 1). The balance between the repulsive Coulomb force
between protons and the attractive strong nuclear force between nucleons sets the
limit on how large a nucleus can grow.

There are many fusion reactions with @ > 0 and the important quantities that
characterize these reactions are the fusion cross section ¢ and the average reactivity
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<ov> of the reaction, where v is the relative speed between the interacting
particles. The fusion cross section measures the probability of a pair of particles
to fuse and can be expressed in terms of the center of mass kinetic energies of the
particles. The averaged reactivity <ocv> can then be computed by using the
experimentally determined cross section ¢ and the distribution function f{v) of
the species’ relative velocity v. When the specie j is in thermal equilibrium with
other species it has a Maxwellian or Gaussian distribution of velocities

3/2 2
m; m;v;
filw) = (an;T> exp <_ 2kaJZ’>’ -

where T is the temperature and kg is the Boltzmann constant. This distribution
function can be used to determine the mean kinetic energy of particles

® ]
_f imjvffj(vj)dvj
Joo £iw)dy;

3

Ejoy = = kel (6)

and since T and E are closely related it is customary in plasma physics to express
the temperature in units of energy, where to 1eV =%gT corresponds the tempera-
ture of »
1.6 x 10"
T —

The Maxwellian distribution function can be used to determine the average
reactivity <ov> of reacting species and Figure 2 illustrates both fusion cross
section and reactivity of some important fusion fuels in thermal equilibrium. It
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Fig. 2. (a) Fusion cross section as a function of the center of mass kinetic energy for
reactions of interest to controlled fusion. The curve labeled DD accounts for the sum of the
two branches of this reaction. (b) Reactivity of some fusion reactions vs the ion temperatures
in keV. (Adapted from Reference 12.)
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is readily apparent from these data that the reactivity of DT reaction is more than
100 times larger than that of other reactions at 50 keV. The second most probable
reaction at energies below 25 keV is the DD reaction, whereas in the energy range
24-250keV is D®He. Above 250keV, other reactions (p''B, TT, T°He) become of
interest, but they are more difficult to achieve in a controlled manner. Table 1
summarizes the reaction characteristics of the main fusion fuels and some
advanced fuels together with their @ values, cross sections at 10 and 100 keV,
and the maximum cross sections and energies corresponding to these reactions.

The deuterium—tritium (DT) reaction has the maximum cross section of 5
barn and corresponds to the center of mass kinetic energy of about 64 keV or the ion
temperature in excess of 700 x 10° K. To achieve fusion, it is not, however, neces-
sary for particles to have this mean energy, because even at the mean kinetic
energy of 10keV (116 x 10°K) there is already a sufficient number of particles in
the tail of the velocity distribution function with very large velocities and energies
that can penetrate the Coulomb barrier and merge with the particles in the nuclei
or produce many fusion reactions. For the DT reaction, the Coulomb barrier is
about 400keV (13) and the quantum mechanical tunneling helps to reduce this
energy barrier. A mean energy of 10keV produces a thermal velocity of about
10% m/s for deuterium and 6 x 107 m/s for electrons (vy, = /2T /m), and in a reactor
of 10 m size these particles can be lost in about 10 ps. This would prevent fusion to
occur (see below) and thus suitable methods must be found to confine these
particles in the plasma for longer times. The DT reaction produces 17.6 MeV of
energy with the a-particle carrying 3.5 and neutron carrying 14.1 MeV of energy.
The helium nuclei are stable and if confined for sufficient time heat the plasma and
can sustain fusion reactions without supplying external energy. The neutrons
carry 80% of the fusion energy and their energies can be captured in the chamber
wall surrounding the plasma and transformed into heat for producing electricity
(Section 3). The DT reactions do not produce radioactive isotopes directly, but
indirectly through the fusion neutrons interacting with the materials surrounding
the plasma (fusion chamber and vacuum vessel walls, coils) and when employed to
breed tritium in the wall of the chamber or blanket of the reactor.

Tritium is radioactive with a short half-life (12.3 years) and thus it does not
exist in nature and must be produced for use in DT fusion reactors. Heavy water
fission reactors currently produce most of this material (14), but this is not
sufficient for fueling the commercial fusion reactors of the future, each of which
requires about 10 kg of T inventory to make it functional. Tritium can, however, be
produced by allowing the fusion neutrons to interact with lithium, via the reactions

n(slow) + %Li » T + *He + 4.8 MeV (8)

n(fast)+ 'Li > T + *He + n — 2.5 MeV 9)

where the first reaction with thermal neutrons is exothermic and the second
reaction with fast neutrons is endothermic. The seawater contains more than 200
billion tons of lithium (15) and to produce tritium in a fusion reactor use can be
made of the fusion neutrons in the blanket containing Li. But these neutrons are
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not sufficient to produce the required amount of T and neutron multiplier materials
must be employed to increase their abundance. This process of producing T is
called breeding and requires the availabilities of Li and neutron multiplying
materials such as Be or Pb. The Tritium Breeding Ratio (TBR) is defined as

tritium production rate in the blanket

TBR = —— - -
tritium destruction rate in the plasma core

(10)

In the absence of T from other sources it is necessary to have TBR > 1 in order to
compensate for tritium losses during extraction, transfer, and decay before injec-
tion into plasma. The upper limit estimates of TBR for various blanket materials
range from 0.9 to 2.7 (13) and the reactions of 611, "1i, °Be, and Pb with neutrons
produce large cross sections (0.3—2 bars) (12). D, Li, Be, and Pb, are thus the
principal DT fusion fuels that should be sustainable for long-term use.

The DD reactions (Table 1) are not completely clean, either, because they also
produce neutrons, but these neutrons have an order of magnitude smaller energy
than the neutrons of DT reactions and thus produce much less damage when
interacting with fusion chamber materials. Since the products T and *He of DD
reactions are fuels in DT and D3He reactions, no radioactive ash or waste is
produced in the plasma. The reactions between hydrogen isotopes and light nuclei
(He, Li, B) belong to advanced fusion reactions. The D?He reaction has a sizable
reactivity at low temperatures and produces no neutrons, but, unfortunately, one
cannot prevent deuterium from fusing with itself and produce tritium and neu-
trons. However, the neutrons produced are of low energy. *He does not occur
naturally and a reactor that uses this fuel requires mining on the moon (16). The
proton—boron p''B reaction is particularly attractive because it eliminates the
need for blanket shielding, tritium production and recovery, and the remote
handling operations. The p°Li and p’Li reactions look attractive in terms of the
availability of fuels, but it is very difficult to produce controlled fusion because of
their very small cross-sections.

At ordinary temperatures, the atoms and molecules are neutral particles
where the negatively charged electrons are bound by the electrical or Coulomb
force to the positively charged nuclei. When these particles attain sufficient kinetic
energies or temperature the atoms begin to ionize or the electrons and nuclei begin
to form a gas of charged and neutral particles. The charged particles generate local
concentrations of positive ions and negative electrons that generate local electric
fields and currents that produce magnetic fields. These fields in turn affect the
motions of particles far away and cause the mixture to exhibit a collective behavior.
If, moreover, the dimension of the system containing these particles is much larger
than the Debye distance that characterizes the local concentration of charges
(1pm—-1mm), the mixture is said to be quasineutral and such a mixture is
technically called plasma (17).

2.2. Plasma Confinement. The particles in a gas at low temperatures
are mostly neutral atoms and molecules whereas in a plasma most of the electrons
are separated from the nuclei and both can readily respond to electric and
magnetic fields. The Sun is a ball of plasma at a temperature of about 20 million
degrees (except for the thin outer layer or photosphere where the temperature is
considerably smaller) where the fusion process proceeds by the interactions of
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protons through the beta-plus decay (mediated by the weak nuclear force) that
produces deuterium and hence is slow and very inefficient (on average one proton
fuses every billion years). The subsequent fast (seconds) reaction process involves
the fusion of deuterium with another proton that produces *He (mediated by the
strong nuclear force) and in several hundred years this isotope fuses with another
3He and pre-existing *H to produce the helium nucleus (18). The reason that the
fusion in the Sun works is that it is so big where its gravity confines the fussing
particles for very long time. But on Earth we neither have the capacity to produce
such a stable gravitational confinement nor wait for a long time before the fusion
reactions can occur. Here, plasmas can be confined with magnetic fields and by
irradiating fusion fuel targets with very energetic particle and laser beams,
producing fusion by overcoming the strong nuclear force that binds the nucleons
together. These are the magnetic confinement fusion (MCF) and inertial confine-
ment fusion (ICF) concepts, respectively, on which we will concentrate in this work.

No known materials can resist temperatures above several thousand degrees
Kelvin and a plasma that produces fusion energy for human consumption requires
mean plasma temperatures on the order of 100,000,000 K (see above). The DT ions
and electrons in such an environment possess very complicated motions and can be
lost from the plasma environment and produce interactions with the materials of
the fusion chamber surrounding the plasma. These plasma-wall interactions
produce ablation of the chamber wall and introduce high-Z ions (plasma
impurities) into the plasma, which by interacting with the electrons in the plasma
emit bremsstrahlung radiation in the form of X-rays whose power is proportional to
Z?. This radiation cannot be confined and escapes from the plasma volume and
contributes to the reduction of plasma temperature and can terminate fusion
reactions. Plasma is also difficult to control because the local concentrations of
charges and currents can produce highly undesirable plasma instabilities that can
lead to plasma disruptions and plasma—wall interactions. Plasma disruptions
occur due to the loss of stability and/or confinement in plasmas and the ones that
are of major concern are those that cause the plasma to violently collide against the
wall of the chamber and damage the in-vessel reactor components.

2.3. Magnetic Confinement Fusion

Tokamak and Stellarator. A nonrelativistic charged particle moving in an
electric field E and a magnetic field B is subjected to the Lorenz force and the
equation of motion

i—j:q(E+va), (11)
where v is the velocity, g is the charge, and m is the mass of the particle. Such a
particle gyrates or rotates about the magnetic field line (with a radius that is
inversely proportional to the strength of the magnetic field) and at the same time
moves along this line and drifts in the direction that is perpendicular to both the
magnetic and electric fields. The ions and electrons gyrate in opposite directions
and the particle’s orbit is therefore a slanted helix with a changing pitch. This
implies that any device that aims at confining charged particles cannot have
magnetic field lines that are either zero or terminate on material surfaces, because
these particles will be expelled from the device at these locations. This then

m
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excludes those plasma volumes in the form of spheres and suggests those in the
form of doughnut-like configurations where the magnetic field lines close on
themselves and do not interact with the material wall of the reactor. Such field
lines can be toroidal, where the magnetic field lines go around the torus the long
way and encircle the hole, and poloidal where the field lines go around the short
way and do not encircle the hole of the torus.

A toroidal magnetic field in a torus can be generated by passing the electrical
current through a coil wound in the poloidal direction. This produces smaller
separations of coils on the inside than on the outside of the hole of the torus and
thus generates a nonuniform toroidal magnetic field that is stronger on the inside
than on the outside of the torus. The charged particles in such an environment will
now drift perpendicularly to the magnetic field gradient and cause positive and
negative charge separations, with the ions and electrons gyrating in opposite sense
and moving in opposite directions. This charge separation will produce an elec-
trical force that will expel the plasma through the outer wall of the torus and can be
mitigated by twisting the torus into the shape of figure-eight. Spitzer (19) named
this configuration a stellarator and several such devices were built in 1950s in the
Plasma Physics Laboratory at Princeton University. But it was not this configu-
ration that was immediately developed to confine the plasma within the torus, but
the simple doughnut-shaped schemes with improved magnetic and electric field
configurations.

The first of such machines was built by Russians in the 1950s and is called
tokamak (toroidalnaya kamera magnitnaya katushka-toroidal chamber magnetic
coils). This design employs poloidal coils to produce the toroidal magnetic field and
the toroidal current in the plasma to produce the poloidal magnetic field. The result
isatwisting or helical magnetic field where the particles remain on nested concentric
surfaces within the torus (Fig. 3a). This twisting action in the torus can also be
produced without the externally generated toroidal current by the carefully shaped
toroidal and poloidal coils. This is the modern stellarator concept (Fig. 3b) whose
complex magnetic field must be produced with coils developed with the help of
advanced computational and manufacturing techniques. But in 1950s the plasmas
in the experiments using these confinement methods exhibited strong instabilities
that prevented fusion reactions. Since 1960s a strong foundation of plasma physics
has been developed, however, which became the cornerstone for building modern
MCF machines with large plasma densities, temperatures and confinement times,
and being less prone to plasma disruptions (20).

The purpose of producing helical magnetic field lines is to allow for the
cancellations of vertical ion and electron drifts discussed earlier. These fields do
not have to meet their own tails as they circle around the torus the long way and
cannot end on material surfaces. The average number of times a field line goes the
short way around a cross section for each time that it goes the long way around the
torus measures the amount of twist and is called the rotational transform. The
rotational transform has important implications for designing stable fusion energy
producing machines based on the tokamak concept. As we will explain below, a
particle that always remains on the same nested magnetic surface has a higher
chance for interacting or fusing with other particles, but this is not easy to achieve
because of the nature of plasma and requirements for practical operations (fuel
supply and energy removal) of fusion reactors. The road to MCF is being actively
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Fig. 3. (a) In a tokamak, a current in polidal coils produces a toroidal magnetic field and a
toroidal current generated by the central transformer produces a poloidal magnetic field.
This produces a sheared helical magnetic field. The toroidal plasma positioning coils
arranged above and below the torus produce a magnetic field that stabilizes the outward
expansion of plasma. (b) In a stellarator, the helical field shape is produced with carefully
optimized current carrying helical and poloidal coils and there is no need to produce pulsed
toroidal current with external magnets. (Courtesy of Max Planck Institut fur
Plasmaphysik.)

investigated in many small and large tokamaks and stellarators and some of these
systems are discussed below.

Plasma Confinement Principles. An important measure of the efficiency of a
fusion reactor is the figure of merit

qus = Pfus/Paux (12)

P is the fusion power produced and P, is the external power introduced into the
plasma to keep its operating conditions. The thermonuclear ignition occurs when
P.ux =0 or Qg is infinite as in the Sun. On Earth, however, Qg should be kept
sufficiently high and above Qg = 10, and 50 or so in a practical fusion power plant.

A confinement parameter specifying the product of particle density and
confinement time can be derived by equating the power produced from external
auxiliary heating and internal a-particle heating with the power loss from radia-
tion (bremsstrahlung) and diffusion, ie,

3kpT
[(1/Qpus + 1/5)]Qur < ov > ~Cy T

(13)

ntg =

W~ =
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where @pr is the energy release in the DT fusion reaction. This confinement
parameter is called the Lawson Criterion (21) and expresses the relationship
between the plasma density n, confinement time of reacting particles g, @s, and
ion temperature kgT (11). The ideal breakeven condition for the DT fusion with
Qpr=17.6 MeV, Qs =1, and <ov> evaluated with kT =12 keV (Fig. 2b) produces
the minimum value of ntg of about 10%° s.m™2. Note that this is the condition where
as much fusion power is produced as heating power is absorbed. For minimal
ignition with Qs> 10, 10% or less of the fusion power would be used to make the
fusion reactions self-sustaining, which suggests that the confinement parameter
should be at least an order of magnitude higher or greater than 10*! s.m™3. For a
reasonable plasma density of 102°m™ (9), the confinement time for breakeven is
1s and for (minimal) ignition is 10s.

With the plasma particle density of 10°*m™3, it is currently impossible to
track each particle’s behavior and we must resort to the plasma’s kinetic or fluid
description. The kinetic description is based on the particle distribution function
determined from the Boltzmann equation, whereas the fluid description relates
the plasma’s macroscopic properties (density, pressure, temperature, current,
electric and magnetic fields, etc) through the transport equations obtained by
taking the moments of the distribution function. We will not dwell on these models
in this work but want to point out that the force balance on a small macroscopic
portion of plasma involves the inertial effects (due to acceleration), pressure
gradient, gravity, and Lorenz force, and that as a consequence the plasma
equilibrium is largely maintained between the pressure gradient and electro-
magnetic forces, ie,

VP=JxB, J=oE+vxB), (14)

where J is the current density and ¢ is the electrical conductivity of plasma. If we
now form the scalar product of B with the first equation and use the identity
Bx(JxB)=dJx(BxB)=0, we obtain B x VP = 0 or that the magnetic field lies
on the constant pressure surface and that the plasma is confined on concentric
magnetic surfaces as depicted in Figure 3a. The current J and pressure P are the
sources of plasma instabilities whereas the geometrical symmetry of the tokamak
provides robustness in maintaining nested flux surfaces against various operating
parameters.

Plasma Instabilities. A magnetic field produces a pressure that resists the
destabilizing kinetic pressure P of plasma (equation 14) and in a plasma tube
where the plasma is confined entirely by an axial current the associated azimuthal
magnetic field is proportional to the current and inversely proportional to the
radial distance from the axis of the tube. The collisions in the plasma are necessary
for fusion reactions, but in the long run these collisions deteriorate the confine-
ment on magnetic surfaces because the colliding particles temporarily disconnect
from these surfaces and move or diffuse to the neighboring surfaces and thus
produce inward and outward bulging ripples of the tube. These ripples are
unstable and can cause the particles to leave the plasma volume. This is the
pinch instability. A similar type of instability, called the kink instability, occursin a
torus when the toroidal current is sufficiently large, because the magnetic forces
closer to the hole are larger than farther from the hole and tend to push the plasma
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outwards. The kink is stabilized by the toroidal field and the limiting current for
stable operation is called the Kruskal-Safranov limit and is expressed in terms of
the rotational transform. The transforms smaller than one are stable to kinks and
interesting things happen when the inverse of the rotational transform called
safety factor q is a rational fraction or when the current channel joins up to itself
after several trips around the torus. When the safety factor is below 2 or 3 the
global kink instability can lead to plasma disruption and detrimental plasma-wall
interactions.

The second process that deteriorates the confinement is caused by the
charged particles, ions and electrons. This is because the charged particles can
clump together and create their own electric force that can also take the particles
across the magnetic field lines. Such plasma instabilities have been slowing MCF
research for decades and even today there are some plasma instabilities that
cannot be explained (22,23).

Ions and electrons in plasma have vastly different masses and thus velocity
distributions and mean temperatures. The electrons can travel around the torus
many times before interacting with ions and the plasma can behave as a
superconductor. The perpendicular electric and magnetic fields produce ion
and electron drifts in the direction perpendicular to these fields, but they gyrate
in opposite sense. If the ions and electrons are subjected to a plasma pressure
gradient perpendicular to the magnetic and electric fields as in a tokamak, these
particles will drift in opposite directions and produce no charge separation as
long as the plasma potential energy is minimal produced by the balance between
magnetic and kinetic (plasma) pressures. A ripple on the magnetic surface will,
however, disturb this balance and cause separation of negative and positive
charges and generation of an electric field and an associated E x B related force
that will cause more charge separation and growth of the ripple and exchange a
plasma tube with high magnetic pressure from inside the plasma with a tube
that has low magnetic pressure from farther out (like a ripple on a planar surface
in normal fluid exchanging two fluid layers, with the top heavier layer exchang-
ing place with the lower lighter layer to reduce the overall potential energy of the
system). This is the interchange instability where the radial variation of the
magnetic energy acts like gravity in the Rayleigh-Taylor instability, driving the
interchange of plasma layers at different pressures. The interchange instability
can be stabilized by means of the magnetic shear or a sheared helical magnetic
field whereby the magnetic field on each magnetic surface has a different twist
angle (Fig. 3a).

The magnetic field lines in a magnetic well are everywhere smaller than on its
boundary or are convex. They have good curvature in contrast with tokamaks’
mostly concave field lines with bad curvature. In a torus plasma, the radial
pressure gradient competes with the curvature of magnetic field and drives
interchange instabilities into the low field side of the plasma (outer-side of torus).
These are called ballooning modes and to mitigate them modern tokamaks employ
cross sections that have D-shapes. Such a cross section is slightly elongated, the
inner surface is almost vertical, top and outer boundaries have gentle concave
curvatures, and the bottom surface is reserved for the exhaust of charged particles
such as alphas and unburnt DT fuel ions from the plasma volume. The special
corner of D-shape is called the divertor and the particle exhaust is accomplished by
shaping (with locally placed coils) the last closed magnetic surface in the
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torus in such a way that the field lines on this surface intersect at the entrance
of the divertor (called X-point) and thus lead the particles into the divertor
(Fig. 14a).

The collisional processes can produce plasma losses through various diffusion
processes. Classical diffusion across the magnetic field lines is computed from the
random walk trajectories of charged particles using their gyration (Larmor) radii
as the step-sizes of their radial displacements in collisions. This diffusion is
inversely proportional to the magnetic field and temperature (13). A much faster
diffusion, called the neoclassical diffusion, produces banana orbits of particles and
is caused by the magnetic drifts in hot plasmas and step-sizes between collisions
that are 10 times larger than the Larmor radii. A still larger diffusion rate leading
to the disruption times in milliseconds is the Bohm diffusion across the magnetic
field. This diffusion is proportional to the temperature and inversely proportional
to the magnetic field (13) and is caused by the randomly fluctuating electric fields
in the plasma. The excess transport above the collisional one is called anomalous
transport and in tokamaks is assumed to be dominated by turbulence.

Plasma with a finite resistivity can also produce nonconcentric magnetic
surfaces and magnetic islands. This comes from the tearing of magnetic field lines
at g =2,3, and so on, whereby the concentric magnetic surfaces break into magnetic
islands with the field lines hopping from one island to the next and returning to the
same islands but not to the same places. The tearing instability associated with
this transport produces the escape rates that are faster than classical just as in
banana diffusion. The locations of islands depend on the radial distribution of
current, which to some extent depends on the ways the plasma is being heated with
external means.

Microinstabilities in plasmas arise from nonuniformity, anisotropy, finite
size of Larmor orbits, plasma density gradients, production and dissipation of
turbulence energy at different scales, etc. These effects give rise to non-Maxwellian
distribution functions in different regions of the plasma and can cause tearing of
electrical currents into filaments, drifting of electrons and ions, wave breakup
leading to the transport of plasma in blobs of density, etc. These effects produce ion
diamagnetic drift, density wave instability, convective cells of alternate positive and
negative charges that tend to transfer the plasma outwards, etc. These and other
microinstabilities are a large and complex field and the reader is referred to the
plasma literature for further details. They have typical frequencies of 10 kHz and
wave periods of 100 us, while the growth of turbulence takes about 1ms. These
times are much smaller than several seconds required for the attainment of quasi
—steady-state plasma profiles.

Besides the toroidal and poloidal magnetic fields, a tokamak also needs a
vertical magnetic field for stabilizing the outward expansion of hot plasma. The
internal plasma pressure pushes the plasma outwards, tending to make the cross
section flatter and expanding the ring radially. The toroidal current also produces
a hoop force in the plasma that tends to expand its major radius. A vertical
magnetic field, produced by toroidal coils arranged above and below the torus, can
stabilize this expansion by producing an inward Lorenz force on moving charges
and thus prevent the outward expansion of plasma (Fig. 3a). The plasma’s vertical
position needs to be controlled by the externally imposed radial fields with fast-
acting feedback power supplies and feedback systems. Plasma position instabil-
ities can also lead to disruptions.
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Recall that the safety factor ¢ =1 represents the boundary of kink instability
and that the magnetic field lines on neighboring magnetic surfaces cannot be
parallel because of the required shear to stabilize the instabilities. Since ¢ <1
occurs near the center of the torus where there is no magnetic confinement and the
plasma is the hottest and offers least resistance, the current in this location tends
to increase, change the current distribution elsewhere, and cause severe sawtooth
oscillations of ion and electron temperatures that eject hot plasma near the center
and inject cooler plasma from more distant locations. Sawteeth can help drive the
impurities out of the plasma because their interaction with electrons produces
bremsstrahlung radiation that cools the plasma. This is a self-healing feature of
tokamaks and does not appear in stellarators where the magnetic field is pre-
defined by the external coils.

Stellarators operate with much smaller toroidal currents than tokamaks and
their plasmas are thus much less sensitive to kink modes, sawtooth, and resistive
tearing modes of instabilities that limit plasma performance. The toroidal mag-
netic field and pressure gradient produce, however, a small poloidal plasma
current which, in turn, generates a toroidal current to satisfy the Maxwell’s
incompressibility condition (divd =0). Heating of plasma (see below) can also
produce a toroidal current, but the total current produced in stellarators is
much less than in tokamaks. The plasma-terminating disruptions are therefore
reduced and the stellarator operates with a larger margin of safety than the
tokamak. In stellarators, as opposed to in takamaks, the plasma density is not
limited by the Greenwald limit (24) and thus they can operate at higher densities
and fs (B is the ratio of plasma pressure nkgT to magnetic pressure B%2p,), as
demonstrated in the Large Helical Device (see below) where the plasma core
density reached n,=10"m™ and f=0.05. When comparing a stellarator to a
tokamak, the macroscopic stability is better, neoclassical confinement is worse,
turbulence and edge plasma performance appear comparable, and because the
magnetic field is less symmetric the particle orbits are less understood (25).

When the loss of plasma stability and confinement occurs, very rapid (tens of
milliseconds) plasma thermal and electromagnetic energies are released from the
plasma volume and strong electromagnetic forces and large thermal loads are
induced in the surrounding components. Studies of the disruptions in the JET
tokamak in the United Kingdom show that their root causes were neoclassical
tearing modes and human errors associated with the control of the reactor (26).
Plasma disruptions are actively being investigated because of their potential to
degrade the performance and utility of fusion reactors (27).

Plasma Heating. Heating of plasma has some very important and unexpected
consequences. A toroidal current J in a tokamak is needed to produce the poloidal
magnetic field for generating the rotational transform and to heat the plasma, but
there is a limit of how much current and for how long it can be sustained. This
toroidal current can also be generated through external waves that push the
electrons along the magnetic field lines and by the bootstrap current Jy, produced by
the toroidal electron drift. Such a drift of electrons is caused by the radial plasma
pressure gradient and the perpendicularly oriented poloidal magnetic field (see
earlier discussion). Both the toroidal current J and the bootstrap current Jy, always
flow in the same direction, and it is anticipated that in commercial fusion reactors
the bootstrap fraction of the current will be more than 90% (9,28). The stellarators
do not need an inductive current drive.
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The currently preferred method used for heating the plasma is by neutral
beam injection (NBI). Here the hydrogen or deuterium atoms with energies 100—
200keV are injected into the plasma to heat the plasma. Similarly, ion cyclotron
resonance heating (ICRH) and electron cyclotron resonance heating (ECRH) are
also used to heat the plasma by affecting the gyration frequencies of ions and
electrons and thus influencing the collisions of particles.

When the neutral beam heating of plasma is used with a divertor as
discussed above, the plasma can achieve the high confinement mode, called the
H-mode. This was first observed in the experimental ASDEX tokamak (29) when
the heating power was increased and since has been observed in other toroidal
machines and with different heating methods. What happens is that at the outer
minor radius of plasma volume a thin (1-2 ¢cm) transport barrier or pedestal is
formed that prevents the plasma to diffuse to but not to escape readily across this
barrier. This pedestal is characterized by large and sheared E x B drifts of particles
in the toroidal direction that stabilize the microinstabilities. In the H-mode, the
confinement time improves by a factor of 2 and the plasma pressure almost
doubles. This improvement is very significant and forms a necessary design
strategy for magnetic confinement fusion reactors. And yet, the plasma energy
can also find ways to escape from the transport barrier through another instability,
called edge localized modes (ELMs). We will describe ELMs in Section 3 where we
discuss reactor designs.

Tokamak and Stellarator Optimizations. The research in 1960s demonstrated
that minimum-B or magnetic well configurations stabilized the interchange
instability, and that the plasma resistivity and magnetic shear can also increase
the plasma stability. This and the oil embargo of 1973 encouraged the construction
of medium-size tokamaks and by the end of the decade large tokamaks (TFTR in
the United States, JET in the United Kingdom, JT60 in Japan, and T15 in the
Soviet Union) (20). Auxiliary heating and H-mode came of age in early 1980s and in
late 1983 Alcator C tokamak achieved nrg =6 x 10'® s.m ™ and T'= 1.5 keV (30), but
the temperature was still an order of magnitude too low.

The safety factor g typically increases from 1 at the core to less than 10 at the
periphery of the minor plasma radius and the changing degree of twist provides a
shear stabilization of instabilities. Since ¢ is an important machine design
parameter all large tokamaks have been able to produce the so called hollow
current profiles whereby the current is almost zero near the center and edge of
plasma cross section and peaks in between. This produces a g that is large at the
center (small twist), drops to a minimum (large twist), and then rises slowly toward
the plasma edge. Such profiles decrease the plasma turbulence and increase
confinement. At the locations where ¢ is a minimum, most of the instabilities
are quenched as if exists an internal transport barrier (ITB). These barriers have
been produced in all large tokamaks in operation (ASDEX upgrade in Germany,
DIII-D of General Atomics in the United States, JT-60U of Japan, JET of the
European Union). ITB is able to reduce the total diffusivity to very low values in
large parts of the torus (31).

The three large tokamaks TFTR, JET, and JT60 (Table 2, Fig. 4) demon-
strated in the 1990s that the 200 million-degree plasma temperature and Lawson
confinement parameter nrg for breakeven (@, =1) in DT plasmas are achievable
(Fig. 5). In the fall of 1997, JET reached fusion power levels of 16 MW for 1s and
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Fig. 4. In 1990s, two large tokamaks (a) TFTR and (b) JET demonstrated fusion, whereas
(c) JT-60U tokamak produced the largest fusion triple product of density, temperature, and
confinement time. (Courtesy of Princeton Plasma Physics Laboratory, European Fusion
Development Agreement, Japan Atomic Energy Agency.)

fusion gain @y, =0.65 (32,33), and made significant contributions to the complex
technology of nonsuperconducting coils, plasma heating, fuel pellet injection and
tritium recovery, plasma facing components, and plasma diagnostics. Because of
its geometric symmetry, a tokamak provides good confinement and was selected
for the next important advance of producing a significant fusion power output in
International Thermonuclear Experimental Reactor (ITER) (Section 3).

Reactor
conditions

.

1980's

Fusion product, fyre.T; (x1 020 M3 s kev)

® D-D experiments 1970's
© Full D-T experiments

0.1 1 10 100
Central ion temperature T; (keV)

Fig. 5. Lawson diagram for magnetic confinement fusion illustrating progress over 50
years. Qs =1 is the breakeven condition, whereas the reactor conditions require at least
Qs> 5. ITER aims at achieving Qg =10 (15). (Courtesy of Japan Atomic Energy Agency.)
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The steady-state operation of a large fusion power plant is essential (15) and
requires either a stellarator or a tokamak operating with long current pulses. A
lower-hybrid current drive (LHCD) (39) boosts the toroidal electron motion and
operates by injecting radiofrequency waves into the plasma via phased wavequide
arrays, but for dense plasmas of fusion power plant reactors requires further
developments (40). As demonstrated in the Japanese TRIAM-1M tokamak, LHCD
can sustain currents for over 5h (41). Steady-state tokamak operations are being
actively pursued with the EAST reactor in China, JT-60SA reactor in Japan, and
KSTAR reactor in Republic of Korea. Low aspect ratio tokamaks improve plasma
performance and several machines have been built to study their performance
gains (20,42).

The term “stellarator” is used generically to describe those toroidal devices
that produce closed magnetic surfaces by means of external conductors, and there
are different coil designs that employ this concept (classical stellarator, torsatron,
and heliotron) (43). The Large Helical Device (LHD) is an experimental heliotron
reactor located in Toki, Japan and became operational in 1998 (44). It employs two
helical coils that wind around the torus and two pairs of poloidal and resonant
magnetic perturbation coils that further shape the plasma in the torus (Fig. 6). The
LHD’s specification is provided in Table 2 and since it began operating has

(b)

Fig. 6. (a) Large Helical Device in Toki, Japan. (b) This stellarator employs two helical coils
winding around the torus and two pairs of poloidal field coils to shape the plasma. (Courtesy
of Japan Atomic Energy Agency.)
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Fig. 7. (a) Cutaway drawing of W7-X with plasma (front), 70 superconducting coils (blue),
central support ring (green), cryostat vessel (gray) with ports. (b) View of W7-X during
construction in 2013 (38). (Courtesy of Max Planck Institut fiir Plasmaphysik.)

achieved (not at the same time) #=0.05, n=102°m ™3, ion and electron tempera-
tures of 13 keV, and steady-state operation for 1h (44-46). Although the LHD has
so far achieved only 50% of n;tzT; required for breakeven, it has demonstrated that
the vacuum chamber and high magnetic field producing coils can be manufactured
to the required tolerances and that the stellarators can operate with higher s than
tokamaks.

Wendelstein 7-X (W7-X) is an experimental modular optimized stellarator
that will not burn DT. It is located in Greifswald, Germany, became operational in
October 2015 (47), and its specification is provided in Table 2. W7-X’s coils consist
of 50 nonplanar and 20 planar poloidal coils arranged in five modular units
producing a pentagon shape of the torus and a helical shape of the plasma
(Fig. 7). This machine was designed to operate continuously for 30 min and it
employs a five-island structure divertor to control the power and particle exhaust.
These targets were designed for heat fluxes up to 10 MW/m? and are made of
CuCrZr cooling structures and CFC tiles bonded to the target surfaces. The surface
of the blanket facing the plasma is designed for heat fluxes up to 0.3 MW/m?
(38,48). The first operational phase started on February 2016 and produced
hydrogen plasma at 80 x 10°K for 0.25s (49).

The tokamaks JET and TFTR demonstrated that it is possible to produce
controlled fusion and that long confinement times can be achieved (DD plasmas in
JT-60U). The development of stellarators is, however, lacking the development of
tokamaks, but this technology may ultimately prove to be the preferred choice for
magnetic confinement of plasma because of its advantages to operate in steady
state without plasma disruptions. The characteristics of these machines are
summarized in Table 2 and the achieved plasma conditions (n;,z5zT; and T;) of
many tokamaks are reported in Figure 5.

The next step in tokamak development aimed at producing net fusion power
output is the ITER. This reactor is currently being built in France by an interna-
tional community and by 2035 aims to demonstrate ignition (Table 2) and help
build MCF demonstration fusion reactors by 2050 (Section 3).
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Fig. 8. (a) Inertial confinement fusion involves rapidly heating with laser or ion beams a
capsule containg a fuel and employing the outwardly expanding plasma of capsule ablator to
compress the fuel to high density and temperature before the capsule material flies apart.
The process involves four stages: target heating, outward ablation of capsule, inward
compression of fuel, and fusion burn. (b) A typical DT fuel target is surrounded by low-Z
materials (carbon or beryllium) to achieve optimum shock heating and is introduced into the
fusion chamber at a cryogenic temperature to achieve maximum compression (50). (Cour-
tesy of National Academy of Sciences.)

2.4. Inertial Confinement Fusion.

Plasma Confinement Principles. Inertial confinement fusion involves no exter-
nal means of confinement and relies exclusively on the mass inertia, where the
high densities of 600—1000 g/cm® and temperatures 10°~10°K must be achieved in
the fuel before it disassembles in 100—-200 ps. This is achieved by supplying energy
to a fuel target whose outer layers consist of a low-Z material and whose interior
contains the (DT) fuel in both solid and gaseous forms. The ICF ignition process
illustrated in Figure 8a involves four stages: (1) symmetrical and very fast (few
nanoseconds) delivery of energy from a suitable source or driver to the outer layers
of a target of several millimeters in diameter, (2) ablation or evaporation of the
outer layers of the target causing outward expansion of the ablated material, (3)
implosion of the interior of the target toward the center of the capsule causing
compression of the fuel to very high mass density (10 kg/m?®) and core temperature
(>10keV) in a very small size (typically 10™°m) to initiate thermonuclear
reactions, and (4) outward propagation of the fusion burn front causing the
remaining fuel to ignite before the target explodes or disassembles. The time of
confinement is the time required for the shock wave at the thermodynamic
conditions of the target in that moment to travel from the fuel target surface to
the center of the fuel and is on the order of 100-200 ps. Fuel ignition occurs when
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the rate of energy gain in the fuel exceeds the rate of energy loss and this requires
implosion velocities on the order of 300 km/s (50). The ablating outer shell of the
target is made of low-Z materials for the purpose of absorbing the energy
efficiently, whereas the adjacent inner shell of the target contains a cryogenic
solid (DT) fuel for efficiently compressing it. The (DT) fuel gas within the target
serves the purpose of igniting the hot-spot at the center of the target (Fig. 8b). A
near steady-state power production can be achieved through rapid and repetitive
thermonuclear explosions where the energy output is limited by the capacity of the
fusion energy conversion system to remove the fusion energy produced.

The figure of merit Qg for ICF power plant is also defined as the ratio of
fusion energy produced Eg, to the auxiliary energy required E.... The target
energy gain G is another useful parameter for ICF and is defined as the fusion
energy released Ep,c by one target to the energy delivered E4 to the target by a
driver, ie,

E fus

G=Ed

. (15)

Given the driver efficiency 74, blanket efficiency 7, and recycling power fraction f,
the figure of merit and gain are then related as follows:

1
s = Gng = —. (16)
Qs Md ’7bf

This implies that for a 15% efficient driver, 40% efficient blanket, and 20% (large)
recirculating power we need the target gain of 83 and figure of merit of 12.5. By
halving the driver efficiency and keeping other parameters the same, doubles the
required target gain. With E4=(2-5) MdJ and G = 100, the fusion energy released is
200-500 MJ per target, and if 10 targets can be burned every second, the fusion
power release would be between 2 and 5 GW. The amount of fuel contained within
the fuel capsule must be limited, however, because it depends not only on the
driver energy but also on the fusion energy release that the fusion chamber can
safely handle. (Burning only 12 mg of a 50-50 DT mixture yields 4.2 GJ of energy,
which is equivalent to the energy release of 1 ton of TNT.) Producing high gain
targets and high blanket efficiencies is the key for designing viable inertial fusion
energy (IFE) power plants.

A Lawson-type expression for the confinement parameter n,r. can also be
defined for ICF, where n,=p/m:is the ion number density, p is the mass density,
myis the average mass of fuel ions, 7, = R¢/c is the confinement time of fuel, Rris
the fuel radius at the moment of maximum compression, and ¢s = \/2kgT/m¢ is the
isothermal speed of sound (11). The fuel compression can be estimated from the
burn efficiency

~_ PEr

~ R, +H; amn
where for the DT fuel the burn parameter Hg = 8csmg<ov> is between 60 and 90 kg/
m?2. For ®=0.3 and Hg="70kg/m? pR;=30kg/m?, and since the fuel radius Ry is
expressible in terms of fuel density and mass of fuel (m¢=47zpR¢*/3), we obtain for
me=10"3g that the required density p=3x10°kg/m® for fusion is 1500 times
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higher than the density of fuel before compression. The corresponding compressed
core radius is R¢=100 pm.

This fuel compression requirement demonstrates the outstanding feature of
the inertial approach to fusion that since the early 1950s could only be achieved
uncontrollably with thermonuclear weapons (51). Since then both the United
States and the USSR supported classified research programs to develop control-
lable thermonuclear explosions, but it was not until the development of lasers in
1960s and their continuing improvements (52—-54) that the controllable inertial
fusion progress took notice. Laser-driven implosions with the emission of thermo-
nuclear neutrons were first reported in 1971 by the Lebedev Laboratory in Moscow
(55) and in mid 1970s KMS Fusion and Laboratory for Laser Energetics (LLE) in
Rochester followed suite. Laser fusion started to be declassified and during the
ECLIM Conference in Madrid in 1988 (56) the leading scientists agreed on
international collaboration. By the end of 1990s a rather complete ICF picture
became available (57-59).

Large Nd-doped glass lasers were built at the Lawrence Livermore
National Laboratory (LLNL) in the United States, with names like Janus, Shiva,
Nova, and National Ignition Facility (NIF) in late 2000s (60). The ANTARES CO,
laser technology at LANL was abandoned in early 1980s due to its poor efficiency,
whereas the krypton-fluoride (KrF)laser, heavy-ion, and pulsed power systems have
received substantial support. The United States has major ICF facilities at LLNL
(lasers, NIF), Naval Research Laboratory (NRL) (lasers, NIKE), Sandia National
Laboratories (SNL) (Z pulsed power system, MagLLIF), Laboratory for Laser Ener-
getics (LLE) (lasers, OMEGA), and Virtual National Laboratories (VNL) consisting
of several facilities (heavyion fusion, HIF). In Europe, High Power Energy Research
(HiPER) facility is a power plant study involving 12 countries, including Russia, and
European Union has a major laser fusion research facility located in France (Laser
Megadoule, LMJ). Japan has a major laser facility GEKKO XII, which is being
upgraded with fast ignition system LFEX that is similar to PETAL associated with
LMJ in France. China, Germany, Russia, Spain, and United Kingdom are also
working separately on developing the ICF technology (50,61).

Fuel Target Energy Supply Concepts. The ICF drivers must supply energy to
induce fusion reactions in fuel targets and there are different ways that this may be
accomplished. Laser and ion beams and pulsed-currents are the principal methods
being considered for supplying the energy and the direct-drive and indirect-drive
are the principal methods being employed to distribute the energy to the fuel
targets. The choice of a driver is complicated because it involves not only different
physical considerations, but also the design of targets and fusion chambers, target
injection and alignment tolerances, and fusion reactor safety. The driver efficiency
is the ratio of “wall-plug” electrical energy E.; supplied to the fuel target and the
energy supplied to the driver E4. The advanced laser efficiencies do not exceed
15%, ion beam accelerators are 30% efficient, and pulsed-power systems are 60% or
more efficient. The laser systems drivers are more developed than the ion beam
drivers and appear to have higher prospects for being employed in first-generation
IFE plants. The ion beam drivers offer, however, the efficiency and target energy
delivery advantages that with further technological developments should be more
beneficial for use in commercial energy production environments.
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Fig. 9. (a) The direct drive involves heating the capsule directly with laser or ion beams.
(b) The indirect drive involves placing a capsule with fuel within an enclosure called
hohlraum and heating its inside surface to produce X-rays for uniformly illuminating
the capsule and inducing fusion reactions. (Courtesy of National Academy of Sciences.)

In the direct drive (Fig. 9a), the energy is supplied directly to the target and to
maximize the driver efficiency and achieve fusion it is necessary to illuminate the
target as uniformly as possible with many highly accurate (20 pm) energy beams.
The most important advantage of direct drive is the high efficiency of coupling the
driver energy to the fuel target (which is reflected in the high gain) and the
simplicity of the target. In the indirect drive (Fig. 9b) the beam alignment accuracy
is less stringent (80 pm), because the energy is supplied to the inside of an
enclosure called hohlraum in which the target is suspended (50). This enclosure
consists of high-Z material that upon being struck by laser light or ion beams emits
X-rays that then bath the target uniformly and drive the implosion of the fuel
within the target. In a cylindrical hohlraum the main laser or ion beam is divided
into two separate groups of beams that are focused onto the internal faces of the
cylinder through the two small openings located on the side surfaces of the
cylinder. The indirect drive has several advantages over the direct drive: the
beams do not have to impinge directly on the target and thus the beam design is
simpler, the target is illuminated (with X-rays) more uniformly and is less
sensitive to hydrodynamic instabilities discussed below, and the target physics
is largely decoupled from the driver. The disadvantage of indirect drive is that only
a fraction of laser energy (about 15% at NIF (62)) is deposited and absorbed by
the fusion target; the rest is lost through radiation, electrons, and heating of
hohlraum. Another disadvantage is that the laser light interacting with hydrogen
or helium gas in the hohlraum can cause laser—plasma interactions that degrade
capsule implosion symmetry (63). Both lasers and ion-beams can be used in the
direct and indirect drive mode to compress the targets.
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In a pulsed-power system the electrical energy stored in capacitors is dis-
charged in about 100 ns through a specially designed hohlraum (such as a
cylindrical wire array) containing a fuel target. The strong axial current passing
through this hohlraum produces a strong electric field, which in turn produces a
strong azimuthal magnetic field and an inward radial force capable of compressing
the fuel in the target to thermonuclear ignition conditions. The Z-machine at SNL
used this Z-pinch principle with current discharges of some 30 MA to produce
plasmas of several billion degrees but not the ignition of plasma (64). This
technology opens the way to produce fusions of hydrogen atoms with heavier
atoms such as lithium and boron without producing neutrons (Table 1).

A successful ICF mini-explosion vaporizes the target and hohlraum, and the
fusion chamber must be cleared from debris before the next shot. With 250 MdJ of
energy liberated during each shot, a practical 1 GWe base-load inertial fusion
power plant with 40% thermal efficiency and 10% power recycle would require
about 10 shots each second. This is an extraordinary requirement, considering
powering, discharge and possible cooling of driver, time required for introducing
and aligning fuel targets within the chamber, and clearing of the chamber from the
products of fusion reactions. Pulse-power drivers can liberate tens of GJ of energy
during each shot and this energy must be safely and efficiently removed with
minimal damage to the materials of fusion chamber.

Fuel Target Ignition. The design of fuel targets can vary, depending on the
driver and method of ignition, but they are typically spherical shells containing
solid and low pressure gaseous fuels (Fig. 8b). The outer shell of the target consists
of an ablator, the concentric inner shell is made of a solid (DT) fuel, and within this
shell is placed the gaseous (DT) fuel for initiating thermonuclear reaction. The
ablator shell is made of low-Z materials (C, Be) for optimum heating and the target
containing the fuel shell is introduced into the fusion chamber at a cryogenic
temperature to minimize the work of compression.

The simplest method of igniting fuel in the target is through the process of
hot-spot ignition as illustrated in Figure 8a. Hot-spot ignition requires the creation
of a small central mass of fuel that is heated to the mean temperature of about
10keV to initiate fusion for burning the rest of the fuel. The entire process takes
about 100 ps. In the experiments this temperature has been achieved, but the
simultaneous achievement of this temperature and density of 10°kg/m?® has not
yet been accomplished. Asymmetric compression produces the Rayleigh-Taylor
instability and the interaction of the driver with the surrounding plasma can
produce fast electrons that penetrate and preheat the target, both of which
degrade the quasi-isentropic compression process (see below). The hot-spot igni-
tion has been the main route to inertial fusion and requires compression symmetry
to avoid the hydrodynamic instability. A target energy gain of G > 10 is required for
demonstrating full burn propagation (50).

In addition to the hot-spot ignition, three other methods have been proposed
to ignite the fuel within the target. These are the fast ignition, shock ignition, and
Z-pinch or magnetic ignition. Fast ignition decouples target compression and hot
spot formation. It still requires fuel compression to at least 30 kg/m? (65) to keep
the ignition energy low, but it relaxes the speed of compression and compression
symmetry and offers the possibility to ignite a pure deuterium fuel through a
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localized DT seed. The target compression is still being accomplished by the
traditional direct or indirect driver until the implosion reaches the maximum
density. Then a second ultrashort (10-100 ps) laser pulse of ultrahigh petawatt
power is activated that, after boring a hole in the plasma, guiding the beam
through a cone inserted into the fuel target, or converting the laser or ignitor pulse
into an intense electron or ion beam, provides its energy to the compressed fuel for
initiating fusion (50,66). Fast ignition involves extremely high energy-density
physics and picosecond petawatt lasers (67) that are becoming available in high
energy laser facilities such as OMEGA, NIF, PETAL, and FIREX. The principles of
fast ignition were first demonstrated at the Institute of Laser Engineering in
Osaka, Japan (68). Hot-spot ignition and fast-ignition are the main ignition modes
for the indirect mode (50).

Shock ignition is usually associated with the direct drive and is a method for
minimizing the driver energy requirement. Here, rather than using a separate,
high intensity, ultrashort-pulse laser to heat the central spot as in fast ignition, a
short and high intensity “spike” is added to the end of the main drive pulse shape to
launch a very strong shock into the fuel. The inward-propagating shock collides
with the outward-propagating shock from the central spot, which increases the
pressure and triggers ignition of the central spot. This has been demonstrated in
the experiments involving the OMEGA laser at LLE (69). Shock ignition should be
able to achieve gains exceeding 100 at laser energies smaller than 500kdJ (70).

Z-pinch ignition is being developed at Sandia National Laboratories (SNL)
and employs pulsed-power drive integrated into the Z-machine (71). This machine
can store some 30 MJ of energy and when discharged through Marx generator
electrical circuits can produce 15-30 MA of current in 10600 ns current pulses.
When such a current is passed through a specially designed DT fuel target it can
produce magnetic fields of hundreds of teslas that compress the fuel to gigabars of
pressure. The Z-pinch driver can use large targets and thus has the potential to
produce high gains and energy yields (400 MJ). It is more efficient than the laser
driver (Table 3), can achieve very high compression temperatures (several billion
degrees), and is being considered as a viable option for developing future IFE
plants (72,73). The development of Z-pinch technology intensified in recent years
with magnetized linear inertial fusion (MagLIF) concept, following the failure at
NIF to produce fuel ignition with the indirect-drive laser system (74). In MagLIF,
the magnetic force produced by the current discharged from the Z-machine is used
to implode a gas-filled and premagnetized cylindrical target, and when the
implosion of the cylinder is initiated a laser beam preionizes and preheats
the gaseous fuel in the interior of the cylinder. This process was demonstrated
in the laboratory with a cylindrical target containing deuterium gas

Table 3. Reference Examples of Drivers, Targets, and Fusion Chamber Walls (50)

Driver Electrical Energy (MdJ)/ Target type Target Chamber
efficiency repetition gain G wall
(%) rate (Hz)
DPSS laser 16 1.8-2.2/16 indirect 60-90 solid
KrF laser 7 0.5-2.0/10 direct 100-250 solid
heavy ion 25-45 1.8-3.3/5 indirect 90-130 liquid

pulsed power 20-50 33/0.1 magnetic direct 300 liquid




28 FUSION ENERGY HARNESSING, REACTOR TECHNOLOGY

precompressed by the 10 T axial magnetic field. A laser of 1 TW power and the Z-
machine discharging 19 MA current in 100 ns were then employed to produce 3 keV
(35 x 10°K) stagnation temperature and about 10'? DD neutrons (75).

Magneto inertial fusion (MIF) describes a class of fusion systems where the
magnetic fields are first used to compress fuel targets and then lasers or particle
beam are employed to further compress the targets to fusion ignition conditions.
MIF is a hybrid between MCF and ICF approaches and allows a wide range of
driver-target combinations, such as the direct-drive laser implosion of targets,
implosion of targets with plasma jets, field reversed configuration, MagLIF
discussed above, etc. MIF can access 1-1000 Mbar pressures and magnetic fields
of hundreds of tesla, with plasma densities (10*°m™>) that are intermediate
between those of MCF (102°m~?) and ICF (10> m™®). In comparison to classical
ICF, MIF driver power requirements and velocities of compression are reduced,
compression times are increased, and with the possibility of producing GJ energy
yields lower repetition rates (0.1-1 Hz) can be used (76).

All of the fuel ignition concepts considered above are supposed to ignite only a
small fraction of the fuel in the center of the target to initiate fusion reactions, with
the thermonuclear burn subsequently propagating into the bulk of the fuel and
consuming the rest of the fuel before the target disintegrates. This process has,
however, not yet been fully demonstrated in the experiments and remains today
the main obstacle for claiming the scientific feasibility of controlled inertial fusion.
One-dimensional modeling simulations show that there are definite energy utili-
zation advantages of fast ignition, shock ignition, and KrF lasers (77).

The inertial confinement fusion is also prone to instabilities; to those associ-
ated with the target density nonuniformity and to those caused by laser radiation
which produces parametric instabilities. The driver beam-target surface interac-
tion phase determines the success of the compression stage, since the microscopic
and macroscopic illumination nonuniformities can cause instabilities that render
this process ineffective. Macroscopic instabilities can be controlled by using many
beams, but then this makes such systems very expensive and technologically
challenging. As in MCF, the Rayleigh-Taylor instability occurs when there are two
different density material layers pushing against each other. In ICF, the hot
ablated material of the capsule expands outwardly and pushes against the colder
nonablated target material and any deviation from smoothness in either the target
or laser light causes the ripples at the interface of the layers with different
densities to grow and destroy the compression process. The incoming laser radia-
tion interacts with the outgoing blown-off plasma and creates a wave whose high
density on the crests reflects the incoming light and thus the incoming and
reflected waves interfere constructively, leading to more incoming light reflection
and weakening of energy delivery to the target. The Stimulated Raman Scattering
(SRS) instability is caused by the electrons accelerated by the plasma wave
(electron plasma wave) because these suprathermal electrons preheat the DT
fuel and degrade the compression process. The Stimulated Brillouin Scattering
(SBS) instability is produced by the ion acoustic wave generated by the acoustic
vibration of the medium caused by the variation of the beam’s electric field. Both
SBS and SRS can produce very strong (hundreds of tesla) magnetic fields. These
and other instabilities can, however, be minimized by shaping the driver pulses
with ever increasing intensities and using high frequency lasers whose beams
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penetrate more deeply into the collisional dense plasma. The challenge in igniting
the thermonuclear fuel resides with high fuel compression and highly symmetric
spherical implosion.

The ion beam targets are similar to the laser targets, with the ion range or
penetration depth being a function of mass and kinetic energy. The range
decreases with increasing mass and increases with kinetic energy, and since it
is easier to focus ions at higher kinetic energies and with larger masses the current
emphasis is on heavy-ion (Cs or Pb) fusion rather than on light-ion (Li) fusion. The
primary difference between the laser and ion beam drivers lies in the physics of
beam-target interaction and conversion of beam energy into radiation. Limited
data show that the ion-beam indirect drive can produce gains as high as 130 at
3 MJ. The heavy-ion fast ignition requires different accelerators and is currently
under study in both the United States and abroad (50,65).

Current ICF targets are made by hand and cost several thousand dollars
each, and their cost for use in fusion reactors will depend on many factors (78,79).
Projected target yields range between 100 MdJ for laser drivers to 10 GJ for pulsed
power drivers (50). The direct-drive targets are coupled to laser-driven drivers,
whereas the indirect-drive targets employ hohlraums and are coupled to laser,
heavy-ion, or pulsed-power drivers. The fuel capsule design must include consid-
erations whether the hot-spot ignition, fast-ignition, shock-ignition, or Z-pinch-
ignition is employed.

The products of fusion reactions do not only depend on the type of fuel used
but also on the materials employed to contain the fuel. The ablating shell of the
target can be made of plastic, carbon, beryllium, or some other low-Z material,
whereas the hohlraum containing the target can be made of gold, lead, or other
high-Z material. A variety of different ions and a radiation spectrum can be
therefore produced in an inertial fusion chamber and will have to be considered
when designing the chamber and its associate energy removal system. After each
thermonuclear burn the chamber must be cleared from debris and Table 3 gives an
indication of what types of fusion chambers may be compatible with different
drivers and are discussed in Section 3.

Laser, Heavy-lon, and Pulsed-Power Drivers. Currently, there are four main
ICF drivers being considered for delivering megajoules of energy in several
nanoseconds: diode-pumped-solid-state-lasers (DPSSLs), KrF gas lasers, heavy-
ion beams from accelerators, and pulsed-power drivers (50). The outstanding issues
remaining with these drivers are the quality, reliability, maintainability, and
availability for providing some 10 shots per second for many years of operation.
High power lasers are described in the book of Injeyan and Goodno (80). Solid
state and gas lasers are two classes of high power lasers suitable for ICF and they
are distinguished by the laser medium used. In a solid-state laser, the medium is
an insulated crystal or glass, and the impurity ions are the active or gain medium
with the properties that allow the energy supplied (with flashlamps or lasers) to
drive the electrons in the active medium into excited states from where they
rapidly decay to one or more metastable states and remain there for a sufficient
time to create a population inversion. The decay of electrons from a metastable
energy level to the ground state produces the emission of a coherent (laser) light.
Neodymium-glass (Nd:glass) laser lases at A=1.06 pm and higher harmonics, KrF
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gas laser lases at 1=0.25um, CO5 gas laser lases at 1=10.6 um, and so forth.
Higher frequencies produce higher energy and are more resistant to instabilities,
but lower the coupling efficiency. The flashlamp-pumped Nd:glass laser working
with the third harmonic (3w) is employed at both NIF (62) and LMJ (58,81) for
single-shots target studies only, because the waste heat generated in large glass
disks has to be removed before reusing the disks. These two facilities are very
similar in design but differ in details. The OMEGA laser system at LLE in
Rochester has 60 beams and can operate up to 30kdJ of energy and 60 TW of
power in the direct-drive configuration mode, but so far has not been able to
achieve the breakeven condition (82).

The NIF facility at LLNL (Fig. 10) was commissioned in 2009 and during the
National Ignition Campaign (NIC), ending in 2012, delivered more than 300 shots
with up to 1.8 MJ of energy per shot (83). NIF’s laser system consists of 192 beams
that are directed on fuel targets of about 1 mm in size contained in about 1 cm-sized
hohlraums. A typical hohlraum design and an experimental hohlraum before and
after being irradiated with laser beams in the fusion chamber are shown in
Figure 11. The fuel targets are cooled to cryogenic temperatures before being
irradiated with laser beams and because the hohlraum is only 25% efficient at
converting the ultraviolet beams into X-rays, the target is irradiated with only
450 kd of energy. The NIF campaign did not achieve breakeven (G = 1) as projected,
but it did achieve alpha heating of the targets during the compression process and
yield significant advances in laser and target development and some 10** neutrons
at 1.4-1.6 MJ drive energy (50,62,65). The breakeven requires the production of
more than 5 x 10'7 neutrons (84).

The KrF gas laser contains argon, krypton, and less than 1% fluoride. It is
pumped by electron beams and is suitable to illuminate direct-drive targets
because of its ultraviolet wavelength of 1=0.248 um. It has a low efficiency (about
8% compared to 10% for 3w DPSSLs) and thus requires high gains of more than 140
and direct-drive energy of 2.4 MdJ. This energy can be reduced by employing the

Fig. 10. (a) The National Ignition Facility showing two laser bays, switchyard, target
chamber area, operational support building, and optics assembly building (62). The facility’s
optics consists of some 40,000 pieces and 60,000 points controlled by two million lines of
software (84). (b) NIF’s laser system consists of flash lamps for powering the Nd:glass lasers,
amplifiers, and optics for focusing 192 beams on fuel target (85). (Courtesy of Lawrence
Livermore National Laboratory.)
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Fig. 11. (a) NIF’s fuel target design (62). (b) Cryogenic layered target shot on September 29,
2010 before and after being shot in the NIF target chamber (84). (Courtesy of Lawrence
Livermore National Laboratory.)

laser with shock ignition, or with fast ignition where the driver energy can be
reduced from the conventional direct-drive of 2 MdJ to 400 kJ. The heat generated in
KrF laser can be removed by a circulating coolant and appears to have large
advantages when used with both fast ignition and shock ignition targets. The KrF
lasers developed at NRL have operated continuously for 10 h at 2.5 Hz (86) and it is
projected that a 500 kJ KrF laser system can be built with laser modules of 20 kJ
and attain the driver efficiency of 7% with repetition of 5-10 Hz (50).

The DPSSLs can be used for sustaining high repetition rates at high
efficiencies. An example of DPSSL is the Nd:YAG laser that can be used with
frequency doubling (1=0.532 pm) or quadrupling (A=0.263 pm) and can operate
close to 20% efficiency (50). DPSSLs can be employed to drive either the direct-
drive or indirect-drive targets, and when integrated into laser modules have been
proposed to drive the Laser Inertial Fusion Energy (LIFE) plant (79). China,
Japan, and Russia are pursuing similar laser developments, including the Yb:YAG
ceramic lasers (50,87). IFE power plants call for robust laser drives with modular
architectures and the diode laser arrays are being evaluated to fulfill this require-
ment. The projected operational lifetimes of such arrays exceed 35 years at the
10 Hz repetition rate (88).

Heavy-Ion Fusion (HIF) drivers are the accelerators of particles and there are
many design options, but the most promising for fusion are induction and radio-
frequency (RF) accelerators. Russia and Germany are building HIF facilities and
the United States is planning to resume the development of this technology. Heavy
ions can deliver tens of MdJ (and higher) of energy that can not only penetrate the
fast ignition targets and their hohlraums but also the liquid films protecting the
fusion chamber walls. Heavy ion beam driver accelerators have energy efficiency of
30—40% (89) but the current fusion ion beam drivers are less than half as efficient
as these. Heavy ion beams possess high pulse rate, high reliability, integration
with diverse target ignition options, beam energy of 100kdJ, and are thus
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Fig. 12. (a) The Z-machine at Sandia National Laboratories with the Beamlet Laser for
preheating fuel targets. (b) Cross section of Z-facility showing the constituent parts (92).
(Courtesy of Sandia National Laboratories.)

considered as viable candidates for future IFE power plants. It is anticipated that
the HIF progress will lead in two decades to the construction of a 2-3 MJ HIF
ignition test facility with 5 Hz driver (90).

The pulsed-power approach to IFE intends to utilize currents in excess of
50 MA to generate high magnetic pressures to compress and heat magnetized and
preionized DT fuel contained in cylindrical targets of about 1cm in size. The Z-
machine at SNL (Fig. 12) was developed for this purpose and is capable to store
22 MdJ of energy and discharge 27 MA of current in 100-200 ns pulses, producing
1000-5000 T magnetic fields and 1-100 Mbar pressures. It is envisaged that the
pulsed-power will have relatively low cost and high efficiency and it promises to be
scalable for use in IFE plants where the anticipated fuel and power delivery to the
fuel is by the Recyclable Transmission Line (RTL) (50). The performance of this
line and of thick-liquid-wall protecting the metal wall of reactor chamber from
fusion reaction products have not yet been adequately investigated (73,91).

There are thus different approaches to ICF, involving different combinations
of drivers, targets, and fusion chamber walls (Section 3). The driver-target can be
integrated into the direct-drive, indirect-drive, and magnetized-drive configura-
tions, and the chamber can be constructed from solid- and liquid-protected walls
facing the products of fusion reactions. Which of these combinations are techno-
logically and economically feasible remains, however, to be seen and will likely
take several decades before an IFE demonstration plant can be built.

3. Fusion Reactor Technology

3.1. Roadmaps to Fusion Energy. Roadmaps to fusion energy suggest
further research on plasma confinement issues and the development of fusion
reactor technologies leading to the design and construction of demonstration
reactors (DEMOs). The near-term research phase requires achieving ignition
and the development of technologies for tritium breeding and energy exhaust
from the reactor. ITER is the most visible intermediate tokamak machine sched-
uled to produce net fusion power output by 2035, and the Wendelsten-7X is the
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most visible stellarator machine scheduled to produce nonburning plasma condi-
tions during the same time frame. Z-pinch, NIF, LMJ, and similar intermediate
inertial confinement plasma projects are still striving to demonstrate fusion
breakeven. The International Fusion Materials Irradiation Facility (IFMIF)
was initially scheduled to be built in Japan to develop and test materials for
withstanding high heat and neutron fluxes typical of DEMOs and commercial
reactor environments (93,94), but currently only a prototype of this facility, called
IFMIF EVEDA (Engineering Validation and Engineering Design Activities), is
being built in this country.

DEMOs will be the scaled versions of commercial fusion reactors and several
countries have active research programs dealing with the design and development
of these technologies. The tokamaks are the European DEMOs A,B,C,D,1,2,
American ARIES-AT, Chinese Fusion Engineering Test Reactor (CFETR), Korean
K-DEMO, and Japanese DEMO-CREST (95). The stellarators are Japanese Force
Free Helical Reactor (FFHRZ2) based on LHD, German HELIAS based on W7-X,
and American ARIES-CS. Table 4 summarizes the available design and opera-
tional parameters of these reactors aimed at building large-scale Fusion Power
Plants (FPP) and are further discussed below.

A similar roadmap leading to the development of ICF technologies was
commissioned by the U.S. Department of Energy before committing to any specific
DEMO. This would require the demonstration of ignition, gain >10, driver life with
>10" pulses, automation of target fabrication, and the development of chamber
design, including neutron shielding, tritium breeding, and materials survival, for
laser, heavy-ion, and pulsed-power systems (50). Following the integrated
research experiments, there would be two additional major facilities: a Fusion
Test Facility (FTF) for demonstrating repetitive DT target shots exceeding 10° per
year and a DEMO that would bring the ICF to the prototype demonstration level.
The goal is to focus on the development of a single DEMO. Table 5 provides the
design parameters of some ICF power reactors that are also discussed below.

The fastest path to plasma ignition favors magnetic confinement fusion
because it leads the inertial confinement fusion development. The tokamak reactor
concept is ahead of the stellarator concept, but the latter offers steady-state
operation and may be the best choice for commercial fusion power plants. Direct
and magnetized target ignitions appear to offer the best chances leading to IFE
power plants. But there still remain some outstanding physics issues of plasma
confinement and engineering solutions for reliable superconducting coils and the
associated cryogenic systems, vacuum systems, materials for plasma facing com-
ponents, multi-MW auxiliary heating systems, plasma fueling systems, remote
handling of activated components, plasma energy conversion systems, precision
targeting of ICF fuel targets, etc. We will first discuss ITER and materials and
coolants for blankets and divertors and then follow with magnetic and inertial
confinement fusion reactor technologies.

3.2. International Thermonuclear Experimental Reactor. In 1987,
the European Union, Japan, Soviet Union, and the United States agreed to build
a large fusion energy facility that became known as the ITER (36,96). After many
design modifications and negotiations where to construct such a facility it was
decided to build the reactor in Cadarache, Southern France. The IFMIF was
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projected to be built in Japan (97), but as noted above only a prototype of this
facility IFMIF EVEDA is currently being built (93). The current ITER partners
(China, the European Union, India, Japan, Republic of Korea, Russian Federation,
the United States) are providing reactor components and the construction of the
reactor was projected to be completed by 2025 (118). It is projected that by 2035
ITER will achieve ignition by burning deuterium and tritium plasmas (99).

The plasma volume of ITER is 10 times larger than that of JET, which will
improve the magnetic confinement and make available more a-particle energy for
heating the plasma. Recall that the neutrons in DT reactions carry 80% of the
fusion energy that cannot be used to heat the plasma, whereas the remaining
energy carried by a-particles can because the ions can be confined by the magnetic
field. This requires a Qg greater than five for the fusion heating power to be
greater than the external heating power, and a @y, of 10—20 when taking into
consideration heating power and electrical system efficiencies and power recircu-
lation fractions of less than 20%. ITER was designed to operate with @, > 10 and
aims to produce 500 MW of fusion power during 300-1000s of continuous opera-
tions. The cutaway views of the reactor, showing the locations of poloidal, vertical,
and toroidal magnetic field coils, blanket, divertor, vacuum vessel, and various
ports for plasma heating, fuel injection, and diagnostics, are shown in Figure 13.
The design parameters of ITER are summarized in the first column of Table 4 for
comparison with fusion power reactors discussed below.

The control of impurities in ITER and other tokamaks will be achieved by
employing open magnetic field lines residing on the outer edge of the plasma
volume. These lines intersect at an X-point and belong to the scrape-off-layer (SOL)
of plasma volume whereby all of the ions contained in this layer are routed to the
divertor where they deposit their energies (Fig. 14a). The main function of the
diverter is to remove a-particles, unburnt D and T ions, and impurities originating
from plasma-wall interactions. The blanket and associated shields have the
threefold purpose of removing the energy of neutrons and plasma ions crossing
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Toroidal field vessel
18 Nb3Sn coils 9 seclors
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Fig. 13. (a) Cutaway of ITER showing the size relative to a human and the magnets
surrounding the reactor chamber. The D-shaped cross section of plasma chamber with the
divertor at the bottom, shaping poloidal field coils, vertical stabilization coils, and central
solenoid coils, are clearly visible (36,96). (b) ITER’s confinement structure. (Courtesy of
ITER Organization.)
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Fig. 14. (a) ITER’s four principal regions where dominant physics differ. The separatrix
forms the boundary between regions II and III and possesses a point of null poloidal field
strength where it has the X crossing. The four regions are the core, edge pedestal region just
inside the separatrix, scrape-off layer plasma just outside the separatrix, and the divertor
chamber plasma region. (b) ITER’s fusion chamber consists of 420 blanket and 54 divertor
modules, which can be periodically replaced. The first wall is built from Be and Cu-alloy heat
sink panels and the blanket modules are cooled with water at 150°C. (¢) The divertor’s first
wall is protected with tungsten and the cassette modules are cooled with water or helium
jets at high pressure. (d) The divertor cassette armors employ tungsten mounted on
monoblocks (36,96,123). (Courtesy of ITER Organization.)

the surface of the plasma volume and converting this energy into useful forms,
breeding tritium in several breeding blanket modules to test different blanket
designs, and protecting the superconducting magnets and personnel from neu-
trons and radiation (119-122). ITER requires an external supply of tritium and its
plasma facing components will be cooled with water at about 150°C.

The D-shaped cross section of ITER’s reaction chamber with the divertor
located on the bottom of the chamber is shown in Figure 14b. The side and upper
parts of the chamber are made of 420 blanket modules and the divertor is
constructed from 54 divertor cassettes. These are the plasma facing components
(PFCs) of the reactor whose sides exposed to plasma incorporate protective armors,
called the first wall of the reactor. During the normal operation of the reactor the
blanket modules absorb the energies of about 97% of fusion neutrons, radiation,
and some ions escaping from the plasma volume. For ITER, the maximum
anticipated neutron and heat fluxes on the first wall of the blanket are less
than 1 MW/m?, whereas the heat flux on the divertor surfaces can be as high
as 10 MW/m?. The DEMOs are expected to operate with neutron fluxes of up to
2 MW/m? and heat fluxes in the divertor up to 20 MW/m? during the steady-state
and 100 GW/m? during millisecond plasma disruptions. These loads require
advanced materials and solutions for PFCs.

The ITER’s typical blanket module is constructed from 15cm thick front
panel consisting of 1cm Be armor protection, 1cm Cu to diffuse heat load, and
about 10 cm thick back steel structure. The first wall panels will be damaged by
heat and neutron fluxes and will require frequent replacement. Beryllium has the
advantage of being a good thermal conductor and a low-Z material that is
nonreactive with hydrogenic isotopes escaping from the plasma volume, but is
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(a) (b)

Fig. 15. (a) Planned layout of the ITER site in Cadarasche, France. (b) View of the
construction site and reactor’s foundation in April, 2016. (Courtesy of ITER Organization.)

toxic and easily sputters. The current ITER design of divertor cassettes (Fig. 14c)
will support armor built from the high thermal conductivity tungsten mounted on
monoblocks (Fig. 14d) where the peak heating locations exist. CFCs are not
employed in this design because they deteriorate substantially under neutron
irradiation and carbon reacts chemically with tritium and readily absorbs this fuel.
Both C and W are employed for their good thermal shock and fatigue resistances.
The structures of both the blanket and the divertor are made from the austenitic
stainless steel and are cooled by water. Only about 1% of tritium will be burned in
the reactor and the rest will be exhausted and recycled, and it is anticipated that
some of the fusion energy produced will be employed to power the magnets, neutral
particle injectors, and other auxiliary systems.

The mission of ITER is to improve plasma confinement and spur the
development of technology for building demonstration reactors, and because
the plasma instabilities can produce plasma disruptions with high heat loadings
(124), the ITER campaign aims to find the best way to avoid disruptions by
operating the reactor within the plasma stability limits. The instabilities called
edge-localized modes (ELMs) and resistive-wall modes (RWMs) tend to dump
plasma in preferred locations and are planned to be controlled in ITER by placing
coils in strategic locations inside the chamber. The construction of ITER started
with the preparation of site in 2007 and 10 years later several key buildings and
reactor’s foundation have been built (Fig. 15).

3.3. Materials and Coolants for Blankets and Divertors. Fusion
power reactors will have to be designed for the neutron loads up to 2 MW/m?
and heat loads up to 5 MW/m? on the first walls of blankets and heat loads up to
20 MW/m? on the divertors’ plasma facing surfaces, while also managing milli-
second energy releases from ELMs and maintaining the structural integrity from
electromagnetic forces. When neutrons interact with the atoms of materials they
produce atomic rearrangements or microstructural defects in the form of edge
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dislocations, voids, vacancies, impurity substitutions, etc, that distort the lattice
structure. These distortions lead to chemical, physical, mechanical, and geometri-
cal changes of the materials that affect the material capacity to conduct heat,
sustain mechanical and electromagnetic forces required for structural stability,
and resist corrosive coolants and tritium breeding materials.

The effect of atomic collisions is measured in terms of the displacements per
atom (dpa), or the number of times that, on average, each atom in the material is
displaced from lattice by atomic collision processes. This damage increases with
the service life of the material and during the operational life of ITER is not
expected to exceed 5 dpa, whereas in a demonstration fusion reactor this damage in
steels is estimated to be about 150 dpa for 5 full power years (fpy) of service when
operating at temperatures 500-1000°C (125). The neutron damage to materials
decreases rapidly from the first wall surfaces, such that in a steel blanket and 1 m
from the first wall the neutron flux and nuclear power generation are already
reduced by several orders of magnitude (126).

High energy neutrons can produce helium and hydrogen atoms that can
coalesce into gas bubbles that grow and produce voids, swelling, and embrittle-
ment of materials. In addition, neutrons can be absorbed by the atoms and produce
transmutations or impurities that are radioactive. Transmutations are measured
in atomic parts per million (appm) and they severely limit the life of some key
elements commonly used for producing high quality structural materials (127).
Cyclic loadings as in ICF and from ELMs can cause material fatigue and loss of
ductility and strength and thus render the materials less resistant to mechanical,
thermal, electromagnetic, and nuclear loads (128,129).

Future fusion power plants will have to incorporate low-activation and low
tritium retention, good shock and thermal fatigue resistance over a wide tempera-
ture range, coolant corrosion tolerant, and high strength materials. Be and Pb can
be used for neutron multiplication and the liquids Li, Li—Pb, Li—Sn, flibe and
flinabe, and solids LisO, Li,SiOy4, Li,TiO3, and LisZrO; as tritium breeders, while
the blanket coolants can be gases such as high pressure He and CO, and liquids
H,0, Li, Li—Pb, Li—Sn, flibe, and flinabe. The candidate structural materials for
blankets are the reduced-activation ferritic/martensitic steels (RAFMs) in which
Ta and W are alloyed to replace Nb and Mo in conventional steels, vanadium and
niobium base alloys, and silicon carbide with silicon carbide fibres reinforced (SiC/
SiCy) composites. The blanket and shields must transform most (>95%) of the
incident fusion energy into heat and shield the superconducting magnets from
neutrons. The divertors are not envisaged to breed tritium and can employ similar
structural materials and similar coolants as the blankets, but because their
surfaces will be exposed to more intense and sustained fluxes of ions and
impurities than those of the blankets they require special armor of refractory
metals and ceramics to minimize wall erosion and tritium retention (130).

It is necessary that the exposure of materials to temperature is maintained
above the metal’s ductile-to-brittle transition temperature (DBTT) and below the
high temperature recrystallization (RCT) regime whenever a stress is applied. The
vital elements for building high strength steels are low-activation elements C, Cr,
Fe, Si, Ta, V, and W used to produce RAFM steels and SiC/SiC¢composites. RAFMs
such as EUROFER97and F82H can be used within the limited operating temper-
ature window of 350 and 550°C, whereas the W- and V-base alloys Ta-8W-2Hf and
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Fig. 16. Operating temperature windows of some fusion reactor materials with neutron-
induced damage from 10 and 50 dpa. The minimum and maximum allowable operating
temperature limits of these materials are delineated by embrittlement and thermal creep
regimes. Green areas indicate safe and yellow areas marginal operating ranges. (Adapted
from Reference 130.)

V-4Cr-4Ti can be employed below 1000°C. The oxide-dispersion-strengthened
(ODS) ferritic steels (containing Ti-, Y-, and O-rich nanoclusters) provide signifi-
cant strength and creep resistance to 700°C and more and can thus significantly
improve the operating temperatures of steels (128,129,131,132). With the excep-
tion of V-alloys, even the refractories require additional improvements to reduce
the accumulations of H, He, and radioactivity.

Figure 16 summarizes the operating temperature windows of materials
capable of sustaining neutron irradiation levels up to 50 dpa. The material radia-
tion embrittlement regime defines the lower temperature limits, whereas the
thermal creep, coolant corrosion, and H and He implantation regime defines the
upper temperature limits. Increasing neutron exposures of materials increase
DBTT limits at low temperatures and decrease the upper operating temperature
limits, while the irradiation creep and transmutation produce a significant
decrease of thermal conductivity and thus the operating temperature window
of SiC/SiC¢ composites above about 10 MWy/m2. The neutron displacements
tolerances of materials do not necessarily correspond to their tolerances of H
and He transmutations and radiation doses (130).

The RAFM steels and in particular the ODS steels and vanadium-base alloys
are the candidate structural materials for future fusion reactors because they are
resistant to helium embrittlement at high temperatures and suitable for a variety
of coolant and tritium breeding options. The ferritic/martensitic steels are chemi-
cally compatible with He/Li—Pb, HyO/Li—Pb, He/Li ceramic, and flibe/flinabe
coolants/breeders, whereas the vanadium alloys can be used with Li/Li cool-
ants/breeders. The refractory alloys are compatible with the liquid metals and
salts, with the impurities in the coolants being of major concern for corrosion. The
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chemical compatibility data of Li—Pb and Li—Sn mixtures with other potential
structural materials appear to be lacking, but the promising candidates for Li—Sn
cooled systems are V alloys and SiC/SiC; composites (133). The SiC/SiC¢ compo-
sites have significant safety and waste disposal issues, but can be employed with
He/Li—Pb, He/Li ceramic, and flibe/flinabe coolants/breeders (134) operating at
temperatures below about 1050°C (128).

The refractory metals Cr, Ti, V, and W and their alloys with Hf, Nb, Ta, and Zr
are suitable for PFCs and are highly resistant to creep at high temperatures. Of
these, tungsten has the highest melting point temperature (3422°C) and low
physical sputtering yield, no chemical sputtering in hydrogen plasma, does not
codeposit with hydrogen isotopes, possesses high thermal and shock resistant
capacities, and is the preferred choice for the first wall and divertor target surfaces.
Its shortcomings are that it loses ductility with temperature cycling from below
and above DBTT and under neutron irradiation it suffers from H and He bubble
formations that cause material swelling. Carbon has a good power handling and
thermal shock resistance and preserves its shape under extreme temperature
excursions, but its physical and mechanical properties degrade significantly under
neutron irradiation. Fibre reinforcement improves its strength and was considered
as the material of choice in ITER for the strike zone of the separatrix in the divertor
(135), but was recently replaced with tungsten as noted above. The SiC/SiCy
composites have high thermal conductivities, but their high H and He generation
rates and tritium absorption raise concerns for applications in neutron-intensive
and tritium handling environments (136).

In very intensive radiation and particle environments such as IFE chambers,
liquid metals lithium, gallium, tin, and their compounds flowing along the plasma
facing metal walls can remove large heat loads (50 MW/m?), but their high
evaporation rates (especially Li) at high temperatures, high corrosion, adverse
MHD effects, and safety considerations degrade their practicality. Liquid metals
are affected by He bubble formation from alpha ions that may lead to liquid surface
erosion and splashing and may damage the metal surface being protected. Plasma
disruptions crossing the SOL layer and reaching the liquid metal surface can also
disrupt the efficiency of fusion energy removal, whereas the first walls made of
capillary porous systems with Li flowing within Mo, stainless steel, and W meshes
could mitigate the effects of these disruptions (137).

The useful materials for neutron multiplication and tritium breeding are Be,
Pb, and its compounds for the former and Li, Li—Pb, Li—Sn, and Li-base ceramic
materials (Li»O, Li,SiOy, etc) for the latter. These substances produce, however,
copious amounts of H and He isotopes and cause large MHD pressure drops when
used as the coolants. Tritium can diffuse rapidly through most materials and
coolants, and thus its containment is difficult at elevated temperatures. Most of
tritium (99% in ITER and 80% in DEMOs) in the plasma volume will not burn,
however, and will be exhausted through the divertor and will have to be recovered.

The blanket modules of ITER are being built from beryllium, Cu—Cr—Zr alloy,
and austenitic stainless steel (316 SS), because these materials are compatible
with water for heat removal and able to resist modest neutron fluxes. The armor
tiles of divertor are built from W to mitigate the effects of high ion fluxes and
minimize tritium retention, whereas its substructure is built from the austenitic
stainless steel (138). The coolant tubes are built from Cu—Cr—Zr alloy. Beryllium
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has a low risk of plasma contamination, but its physical sputtering yield is high, is
toxic, codeposits with tritium, and the neutron irradiation causes brittleness. The
eroded carbon also codeposits with tritium and when it enters the plasma volume
reduces the plasma quality. The materials of blanket and divertor depend on both
their years of service and on their locations in the chamber (127).

Fusion reactor coolants should be compatible with tritium breeding in the
blanket, removal of large steady-state and transient neutron and ion-generated
heat loads in the blanket and divertor, remain compatible with structural materi-
als of the reactor’s chamber, produce minimal pumping powers, possess high
thermal capacities, operate at high temperatures for maximizing the power plant
efficiency, and satisfy the operational safety and practicability limits. The coolants
being considered are water, helium at high pressures, and lithium-based liquid
metals and molten salts. When judged in terms of material, functional, thermo-
dynamic, and safety requirements, each of these coolants has positive character-
istics and shortcomings. A high operating temperature of the coolant produces a
high energy conversion efficiency, which implies a lower fuel cost and less
generation of waste per unit of energy produced. This also demands more advanced
materials for PFCs, blankets, and divertors than are currently available.

Water should be used whenever possible because of its good heat transfer
characteristics, practicality, tolerable pumping power requirements, and non-
reactivity with stainless steels, but it cannot be used with the low-activation
refractory materials which require elevated operating temperatures (above 700°C
for W) to avoid embrittlement. Vanadium- and niobium-base alloys may also
produce substantial levels of corrosion in water, titanium alloys are not suitable
because of hydrogen embrittlement, whereas the high nickel-base alloys are
acceptable. The extraction of tritium from water is also difficult when it leaks
into the coolant system (136). Water is very reactive with liquid metals and poses
safety concerns in the event of blanket rupture.

Helium is inert and transparent to neutrons and integrates well with ceramic
and liquid tritium breeders, but at low pressures requires large pumping powers
and manifolds for effective heat removal. Much smaller pumping powers of He are
required at high pressures (10—-20 MPa) (139) and temperatures (500-1000°C) and
can be used in Brayton cycles with low reactivity refractory metals and ceramics to
obtain high thermal conversion efficiencies (50—60%). Helium is also compatible
with stainless steels and titanium and high nickel-base alloys (<650°C), but with
trace impurities (Hy, H,O, CO, COg, CHy, N3, O5) can lead to corrosion-embrittle-
ment of vanadium, niobium, and molybdenum alloys (136). Use of He at high
temperatures requires that tritium breeding is compatible with refractory metal
alloys and SiC/SiCy composites (140).

Li and Li—Pb are typical liquid metals considered for fusion reactor cooling
because of their excellent heat transfer and neutron absorption qualities, tritium
breeding potential, and low melting and high boiling temperatures at low vapor
pressures. Li—Sn (eutectic mixture of 25 mol% Li and 75 mol% Sn) tritium breeding
potential is significantly lower than that of Li or Li—Pb. Liquid metals easily react
with oxygen, are difficult to handle, corrode structural materials, and can produce
large MHD pressure drops. Austenitic stainless steels (such as 316 SS) corrode in
lithium above 400-450°C, ferritic steels are more corrosion resistant, and both
high nickel and titanium alloys are unsuitable because of high solubility of alloying
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elements in lithium. Vanadium and niobium alloys have good corrosion resistance
to lithium up to 800°C (136).

Molten salts do not exhibit relevant MHD pressure drops as liquid metals and
come as nitrate, sulphate, and carbonate salts containing oxygen. The chloride
salts are corrosive and become neutron activated, and are therefore unsuitable.
The fluoride salts flibe (LiF-BeF5) and flinabe (LiF-NaF-BeF,) are chemically
stable at high temperatures, and can be employed for the dual purpose as reactor
coolants and tritium breeders when used in conjunction with Be as the neutron
multiplier. The constituents of fluorides react with Cr, Fe, Mo, and Ni and produce
corrosion, but they do not react with SiC composites. The transmutation of lithium
in flibe and flinabe produces very corrosive tritium fluoride species that can
rapidly degrade the structural materials of the reactor (141,142).

3.4. Magnetic Confinement Fusion Reactors. More than 60 large-
scale conceptual power plant designs have been considered (143) based on toka-
mak, stellarator, spherical torus, reversed-field pinch, spheromak, field-reversed
configuration, tandem mirror, and other concepts. A typical configuration of an
MCF power plant is illustrated in Figure 17. Here the tritium-breeding blanket is
surrounded by the fusion plasma, radiation shields, vacuum vessel, and coils, and
its first wall intercepts radiation and ions and in its interior the fusion neutrons
deposit their energies and are used to breed tritium. Most of the fusion energy is
removed with the primary coolant and the tritium is recovered with either a
stationary or fluid circulating Tritium Processing System (TPS) or Isotope Sepa-
ration System (ISS). The rest of fusion energy is removed by the shield and vacuum
vessel coolants (not shown). As discussed earlier, both liquid and gaseous coolants
and different tritium breeding media can be employed. Lithium and deuterium are
supplied to the reactor from external sources whereas the tritium is supplied by

N\ Maintenance

Breeding blanket
Poloidal field coil

Toroidal field coil

, hlsotope separation
¢ system (1SS)

Fig. 17. Schematic of a tokamak fusion power station. Adapted from Reference 144.
(Courtesy of European Fusion Development Agreement.)
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Fig. 18. Representative fusion chamber designs of MFE plants. (a) ARIES-AT advanced
tokamak (109). (b) ARIES-CS compact stellarator (110). (¢) ARIES-ST spherical torus (145).
(d) A spheromak has no hole in the chamber and the toroidal and poloidal magnetic fields are
generated through the self-organization of plasma (146,147). (Courtesy of U.S. Department
of Energy.)

TPS. Various systems of the reactor must be monitored continuously to assure safe
operation in normal and off-normal conditions and loss of coolant flow to the
blanket. Table 4 summarizes the design parameters of some proposed fusion power
reactors and Figure 18 illustrates four representative fusion chamber designs.
The reactor’s breeding and energy removal functions require the operation of
external auxiliary systems that remove and recycle tritium and transfer energy to
secondary energy conversion system for producing electricity. The choice and
design of the blanket are therefore crucial for the operation of the entire fusion
power plant and it has a long history of development by China, the European
Union, Japan, Korea, Russia, and the United States (130,148). The Test Blanket
Module (TBM) programme of ITER will offer the possibility to test some of the
blanket modules for future DEMOs in three of its equatorial ports with the aim to
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gain operational experience and information on their behavior in an integrated
fusion environment.

The tokamak and stellarator DEMOs that are currently being evaluated are
about three times larger than ITER and are designed to operate with two to three
times larger ion temperatures, remove large heat fluxes from the divertor (up to
20 MW/m?) and neutron fluxes from the first wall (up to 2 MW/m?), breed tritium in
the blankets with TBRs greater than 1.1, and operate with high thermal cycle
efficiencies (Table 4). These machines will also have to operate with minimal or no
plasma disruptions and with the advanced materials without frequent replace-
ments of blanket and divertor modules, and other critical components. High
reliability of a fusion reactor requires a long service life (preferably 30-50 years)
of its components and much simpler and more reliable fusion energy conversion
schemes that are currently being evaluated (130). This calls for the reactor’s
performance level that is significantly higher than being achieved in current
tokamaks.

The European Union’s Power Plant Conceptual Study (PPCS) (98,144)
examined four fusion reactor designs (A, B, C, D) as possible candidates for
DEMOs (Table 4). Models A and B are based on the extrapolation of ITER
performance, whereas models C and D assume progressive improvements in
plasma performance, use of advanced materials and coolants for neutron modera-
tion and reactor cooling, and operation at high temperatures for producing high
thermal efficiencies. All designs assume 1.5 GWe delivered to the grid and to meet
this demand the fusion power decreases from 5GW for Model A to 2.5 GW for
Model D (98). Model A employs water at 300°C to cool the blanket and divertor, and
liquid Li—Pb (17 mol% Li and 83 mol% Pb) for breeding tritium. Model B employs
helium at 8 MPa and temperature of 300-700°C for blanket and divertor cooling,
and alternate layers of solid pebbles of Li;SiO4 and Be for breeding tritium and
neutron multiplication, respectively. Model C employs a dual-coolant configura-
tion for cooling the blanket, where He is used to cool the blanket structure and Li—
Pb for removing neutron-generated heat from the breeding zone of the blanket.
Model D employs Li—Pb for cooling both the blanket and the divertor and for
breeding tritium in the former.

The current European DEMO effort involves DEMO1 and DEMO2 designs.
DEMO1 is a conservative baseline design with its blanket required to resist the
neutron damage of at least 20 dpa. The blanket sectors fit between the toroidal
field coils and each sector is divided into several segments and each segment into
several blanket modules (149). Tritium will be produced in the blanket with the
ceramic breeder and beryllium multiplier or with the Li—Pb breeder and multi-
plier. It is anticipated that this demonstration reactor will be built in about
20 years from now. DEMO2 is a more advanced and higher performance
steady-state fusion reactor that is based on the less mature physics and technol-
ogy. Its fusion power of 3.25 GW will be produced with a smaller volume than
DEMO1 and is expected to have comparable neutron and heat loadings on the
blanket and divertor surfaces. DEMO2 will utilize Li—Pb for both breeding and
neutron multiplication, and both reactors will produce tritium in the blankets with
TBR>1.1.

ARIES-AT (Fig. 18a) is an advanced 1000 MWe tokamak fusion power plant
design developed in the United States. This reactor employs liquid metal Li—Pb at
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about 1000°C for cooling the blanket and divertor and for tritium breeding in the
former. The liquid metal loop is coupled to a high pressure helium loop for
producing electricity or hydrogen. Li—Pb flows through the channels with silicon
carbide liners to reduce MHD pressure drop. A movement to reduce the large
aspect ratios of Wendelsteins has resulted in the shrinking of the major radius and
aspect ratio of stellarators well below 10. These are the compact stellarators of
which the National Compact Stellarator Experiment was supposed to be an
experiment and ARIES-CS a power plant design (Table 4, Fig. 18b).

The Spherical Torus (ST) reactor (Fig. 18c) has a low aspect ratio that is
skinny radially and tall with a central hole to accommodate the inner legs of
toroidal field coils and their shielding. The plasma in this machine is different from
the D-shaped plasmas of tokamaks and because its magnetic field is 2—-3 times
smaller it does not require superconducting magnets. This produces large resistive
losses and thus requires large recirculating powers.

The Spheromak reactor (Fig. 18d) employs a torioidal plasma in a chamber
with no hole in the middle and thus there cannot be any coils going through the
hole to generate a toroidal magnetic field. Once the plasma with embedded fields is
injected into the chamber from external sources it self-organizes into a toroidal
shape with both toroidal and poloidal magnetic field components. The external
coils help maintain this self-organization and remove plasma ash through the top
and/or bottom of the fusion chamber. Shown in the figure is a design with molten
salt liquid walls being maintained by the centrifugal force and the breeding
blanket situated on the top and bottom of the chamber. The seed magnetic field
is introduced into the chamber at the bottom with “plasma guns.” The self-
organization issues of spheromaks makes them, however, unlikely candidates
for fusion reactors.

The Reversed Field Pinch (RFP) configuration is similar to a tokamak
concept except for an order of magnitude weaker toroidal magnetic field and its
directional reversal at a certain radial position. This has positive attributes of
high mass power density, compact design, easy maintenance, normal coils, and
favorable economics. An intense neutron flux is a negative attribute of this TITAN
power plant design (150). RFP suffers from magnetic fluctuations caused by
tearing mode instabilities and self-organization and is thus not considered as a
good candidate for fusion reactors.

The blanket is a complex part of the reactor and is envisaged to be
constructed from meter-size modules for easy manufacturing, safety, and remote
maintenance. The Tritium Breeding Blanket (TBB) is a key component of DT
MFE plant because it manages about 85% of the total power (151). TBB has two
key functions: (1) produce tritium used in the reactor, and (2) absorb the fusion
energy and deliver it to an energy conversion system for producing heat/elec-
tricity. For this purpose, a wide variety of TBB technologies have been proposed
during the past decades for both MFE and IFE, but the near-term focus has been
the development of TBB mock-ups or test blanket modules (TBMs) for testing in
ITER. TBB concepts for IFE tend to be different from MFE because of different
operating conditions and constraints. The expectations of both concepts include
safe operation at both steady-state and off-normal conditions, operations at high
temperatures for producing high thermal efficiencies, high reliability, easy mainte-
nance, and low environmental impacts from radioactive waste streams.
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ITER will be equipped with three ports for evaluating TBMs for the eventual
use in DEMOs. The designs of these modules are based on the materials and
coolants identified above and our purpose here is to summarize some salient
features of these designs. Some of these MCF energy conversion and tritium
breeding components may also prove useful for the designs of ICF reactor blankets,
but the radiation and ion fluxes in these reactors will be different and more severe
than in MCF reactors.

Within the European Power Plant Physics and Technology (PPPT) pro-
gramme there are six blanket module prototypes being evaluated for cooling
the blankets of DEMOs (100,126,149). These modules are: Helium Cooled Pebble
Bed (HCPB) — European design with solid pebble beds LisSiO4 or LisTiO3 as
tritium breeder, Be as neutron multiplier, and He as coolant at 300/500°C; Helium
Cooled Lithium Lead (HCLL) — European design with liquid metal Li—-Pb as
tritium breeder and neutron multiplier, and He as coolant at 300/500°C; Water
Cooled Ceramic Breeder (WCCB) —Japanese design with solid pebble beds LisTiO3
as tritium breeder, Be as neutron multiplier, and H>O as coolant at 280/325°C;
Dual Coolant Lithium Lead (DCLL) — American and Korean design with liquid
metal Li—Pb as breeder, neutron multiplier and coolant, and He as coolant of the
structure at 300/500°C; Helium Cooled Ceramic Breeder (HCCB) — Chinese design
with pebble beds Li,SiOy4 as tritium breeder, Be as neutron multiplier, and He as
coolant; Lithium Lead Ceramic Breeder (LLCB) — Indian and Russian design with
pebble beds of Li,TiO3 and Li—Pb as breeders, He as coolant for FW, and liquid Li—
Pb as coolant for pebble beds at 300/500°C. The dimensions of these blanket
modules are typically 1-2m long (poloidal), 0.5 m wide (toroidal), and 0.50-0.70 m
deep (radial), and their structures are made of EUROFER or equivalent steel for
operations below 550°C.

Three of these module designs (HCPB, HCLL, DCLL) are illustrated in
Figure 19. The solid breeder concept HCPB employs the ternary Li-ceramics in a
“bier-box” concept with two tritium breeder boxes in each row and several boxes
in each column, with the stiffening steel grid holding the boxes in place. The
newest design employs, however, a “sandwich” design with only one box per row,
which has the possibility to increase TBR to 1.2 (149). As shown schematically
with the drawing on the right of Figure 19a, low pressure helium gas is slowly
circulated through the breeding boxes for removing tritium and high pressure
helium is used as the coolant of the module. Instead of employing a solid breeder,
the HCLL concept (Fig. 19b) employs the eutectic of Pb and 15.8 atom percent Li
enriched to 90% ®Li as the breeder material. Li—Pb slowly circulates through the
module to avoid a large MHD pressure drop and for removing tritium. The
typical “bier-box” design shown in this illustration has also the potential of
producing TBR of 1.2. The large heat carrying capacity of Li can be taken to
advantage for both tritium breeding and removing fusion energy and this is
employed in the DCLL module concept shown in Figure 19¢. Here the Li—Pb
eutectic is used for both of these purposes and He at high pressure to cool the
structure of the module. To reduce large MHD pressure drop, Li—Pb flows
through the SiC/SiC¢insulating flow channel inserts spaced by the He carrying
RAFM channels. The fusion energy absorbed by both Li—Pb and He is transferred
to a secondary coolant in either Rankine or Brayton cycle of the fusion plant
energy conversion system. The energy conversion with He can be significantly
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improved with heat transfer enhancement techniques and operation at high
pressure (8 MPa).

Tritium Management. Tritium must be produced in fusion reactors in sufficient
quantities to compensate for its losses through unavoidable permeations through
blanket materials and TPS and through its radioactive decay. A sufficient inven-
tory of tritium must also be produced to start the reactor, run the reactor at high
power, and (preferably) to provide initial fueling of one or more reactors. A TBR of
1.1 or 10% margin of safety is most likely unacceptable, because only few percent of
tritium injected into the plasma actually fuses with deuterium, and since a large
number of tritium ions are ejected through the divertor and not immediately
recycled, it can take many years to produce tritium self-sufficiency. Since it will
require some 10 kg of T just to get started a DEMO it is of great urgency to develop
breeding blankets with high TBRs (9,152).

HCLL, WCLL, and DCLL breeder blanket concepts employ liquid metal Li—
Pb loops that must be heated at all times above the melting temperature of Li—Pb,
carry tritium produced within the blanket to ISS on the outside of the vacuum
vessel, control the Li—Pb chemistry by separating hydrogen isotopes and helium
and removing impurities produced by corrosion, ensure gravitational draining of
liquid metal, and in the case of DCLL blanket transfer a large amount of fusion
energy to a secondary energy conversion system. The Li—Pb loops must function
within the Tritium Fuel Cycle (TFC) that must also process the plasma from
scrape-off layers through the ISS. TFC must necessarily involve tritium waste
treatment and storage management. The fueling system recovers tritium from the
storage or external sources and then injects frozen pellets of tritium and deuterium
into the center of the plasma. There is no necessity to recover deuterium because it
is harmless and easy to produce, but is necessary to process all water and air in the
plant environment through a detritiation system to recover tritium. The tritium
containment is well developed within the nuclear fission industry, but the fusion
industry will have to deal with orders of magnitude larger quantities of this
material and this experience is currently lacking.

Some of these issues are currently being addressed within the EUROfusion
DEMO blanket studies where it is noted that the tritium extraction can be
performed with several technologies, but that the control of tritium migration
and permeation into the steel structures and flow channel inserts of DCLL
blanket concept still pose significant challenges (149). A detailed DEMO design
is supposed to start after 2020, when the critical issues of MFE technology have
been resolved.

3.5. Inertial Confinement Fusion Reactors. There are over 50 concep-
tual designs of inertial fusion power plants (143) and herein we will discuss some
representative concepts. A typical IFE power plant (Fig. 20) employs a laser or an
ion beam driver to compress DT targets managed by the target factory and injector
system, TPS system, power conversion system that manages the fusion energy
produced, and fusion chamber whose design depends on the driver, fusion reaction
products, safety, energy conversion efficiency, and breeding potential. Since we
already discussed drivers and tritium management, our discussion here will be
limited to fusion chambers and DT target management.
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Fig. 20. Schematic of IFE power plant. Reference 153. (Courtesy of U.S. Department of
Energy.)

An inertial confinement fusion chamber should be designed for repeated
(5—-10Hz) supply and burn of DT fuel targets with laser or ion beams, repeated
clearing of fusion reaction products from the chamber following each microexplosion,
protection of PFCs from ions, radiation, and fusion reaction products, capturing
and transferring of fusion energy to energy conversion system, breeding tritium,
operation at high temperature for efficient energy conversion, easy maintenance,
safe operation, and minimal environmental impact. The threats to chamber compo-
nents depend on the driver (laser and ion beams) and on the target type design
(direct and indirect illumination of DT capsules), because the direct illumination
produces more ions and the indirect more X-rays. The ion beams are generally more
energetic than laser beams and thus their potential for damaging PFCs is signifi-
cantly greater and requires protection to increase the lifetimes of these components.

As a consequence, three different chamber first walls have been considered
for IFE power plants. These are the dry-walls where the blankets are protected
with high-Z gases, magnetic fields, or specially engineered surfaces, thin-liquid-
walls where the blankets are protected with thin layers of liquid metals Li, Li—Pb,
flibe, or flinabe, and thick-liquid-walls where the blankets are protected with thick
layers of liquid metals Li, Li—Pb, flibe, or flinabe flowing along the plasma facing
surfaces of blankets. Thick-liquid-walls have the advantage of lowering the costs of
replacing blankets and developing low-activation materials, but their stabilities in
fusion environments are poorly understood. Table 5 lists the drivers, targets, and
chamber wall characteristics of some representatives IFE power plant studies and
Figure 21 illustrates some fusion chamber designs.

Osiris (Fig. 21a) is a 1 GWe power plant design that employs the indirect
driver consisting of 12 Xe ion beams operating at the repetition rate of 4.6 Hz with
hot-spot ignition. Its fusion chamber blanket employs porous low-activation
carbon-fabric filled with flibe and thin liquid layer of flibe flowing along the inner
chamber wall to protect the structure from X-rays and debris. The evaporated flibe
is condensed with 500°C jets at the bottom of the chamber where the 650°C hot
flibe is collected for delivery to the intermediate Pb coolant loop containing steam
generators. The 12-unit design of FW can be easily replaced after draining flibe
from the chamber, whereas the recovery of tritium is carried out with a TPS. Both
the blanket structure and vacuum vessel walls are constructed from the carbon/
carbon composite (C/C) structures. The energy conversion efficiency of this design
is 45% (111).
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Fig. 21. IFE plants fusion chambers of (a) Osiris, (b) Sombrero, (¢) HYLIFE-II, (d) KOYO-F,
and (e) Z-IFE. See Fig. 21 caption on the following page for more detailed explanation.
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Sombrero (Fig. 21b) is also a 1 GWe power plant design that employs a 60-
beam KrF laser driver operating at 6.5 Hz with hot-spot ignition. The chamber’s
first wall is protected from X-rays and debris by Xe gas at 0.5 torr and the blanket is
cooled with mm-size Li;O granules. Low pressure He is used to circulate granules
through the blanket and intermediate Pb heat exchanges and for removing tritium
from the breeding granules. The chamber is constructed from 12 FW and blanket
modules made of C/C composites that require replacement every 5 years.
Sombrero’s vacuum vessel walls are also made of C/C composites and because
of its final focusing optics it requires a large (110 m diameter) reactor building.
Both Sombrero and Osiris designs require the development of appropriate target
injection and tracking systems (111).

HYLIFE-II (Fig. 21c) is a power plant concept where its chamber wall is
protected with a thick-liquid-wall of flibe and its DT targets are illuminated
indirectly with either a heavy-ion driver operating with hot-spot ignition or a
laser driver operating with fast ignition. The liquid wall of about 0.8 m thickness is
produced by the stationary and oscillating liquid flibe jets (Fig. 21c inset) which are
much more effective than thin-liquid-walls in absorbing shocks from the energies
of ions, neutrons, and radiation. Such a design is compatible with high yield
targets and allows for a compact design of the chamber, but at the expense of the
complicated arrangement of the jets and the driver beams that have to penetrate
through the jets to reach the targets at the center of the chamber. Flibe from the
jets is collected at the bottom of the chamber and from there is pumped through a
vacuum disengager to remove tritium and transfer heat in steam generators. Since
flibe does not react with water there is no need for an intermediate heat transfer
loop and its high temperature of 650°C produces high energy conversion efficiency.
This power plant concept has the untested technologies of managing targets, jets,
and tritium, jets interacting with ions, neutrons, and radiation, and clearing of the
chamber after each microexplosion (113).

KOYO-F (Fig. 21d) is a Japanese design of an IFE power plant that employs
Yb-YAG lasers for illuminating direct fast ignition DT targets. Its fusion chamber
allows for the penetration of 32 beams and its porous first wall is cooled with a thin-
liquid cascading film of Li—Pb, which is mixed with the cooler blanket coolant Li—
Pb as it flows downwards along the inner surface of the chamber (Fig. 21d inset).
The blanket coolant at 500°C is collected at the bottom of the fusion chamber and is
pumped through the steam generators to produce electrical energy. This design
has the critical issues associated with fast ignition target fabrication and plasma
ignition, first wall surface ablation, and tritium management (116).

<

Fig. 21. Representative fusion chamber designs of IFE plants. (a) The fusion chamber of
Osiris features a porous carbon-fabric blanket filled with flibe and a thin layer of liquid flibe
protecting the first wall from X-rays and debris (111). (b) The chamber of Sombrero features
carbon/carbon composite first wall and blanket structure and LiOs as the breeder and
coolant (111). (¢) In the HYLIFE-II energy plant heavy-ion beams ignite DT targets
indirectly from two sides and the wall of the chamber is protected with thick curtains of
liquid flibe jets (inset) (113,114). (d) KOYO-F fusion chamber employs 32 beams for
compression and one heating beam. Shown in the inset are first wall cooling channels
(115). (e) Schematic of the Z-IFE fusion power plant concept showing the pulse power driver
and recyclable transmission line that provide ignition of fuel targets. Flibe jets serve the
purpose for breeding tritium, wall protection, and fusion energy removal (73,117).
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Fig. 22. Laser driver of LIFE’ plant. The driver is composed of 384 DPSSL laser modules,
with each module (right) having the dimensions 10.5 x 2.2 x 1.4 m® and rated at 100 kW (50).
(Courtesy of Lawrence Livermore National Laboratory.)

The Z-pinch (Fig. 21e) inertial fusion concept offers some unique advantages
that have been built into several Z-IFE plant configurations with different number
of chambers and fusion power outputs (73,117). Laser and heavy-ion plants require
vacuum conditions in chambers to produce unobstructed paths to targets whereas
the Z-pinch driven plants do not because the targets and power sources (drivers)
are managed at single locations with Recyclable Transmission Lines (RTLs). RTL
connects the target to the driver where a significant portion of it is destroyed
during each shot and the rest can be recycled. When flibe is used for the chamber
wall protection and as a coolant for the blanket, the RTL cartridge containing the
target can be made of ferritic steel and frozen flibe, with the former requiring a
significant amount of energy to remanufacture. This power plant concept allows
for different protections of chamber walls, such as with liquid flibe or tin flowing
along the wall to remove the fusion energy released in the chamber. The 600°C
coolant is collected at the bottom of the chamber, processed for solids and tritium,
and subsequently circulated through the steam generators.

The Laser Inertial Fusion Energy (LIFE) power plant employs DPSSL lasers
as the drivers for hot spot ignition of indirectly illuminated DT targets. LIFE
beamlines are configured into 384 boxes and arranged into an annual array to
allow offsite manufacturing (Fig. 22). Xe gas is used to protect the first wall of the
chamber and the liquid lithium is employed for both cooling of the first wall and
interior of the blanket and for breeding tritium (154). The chamber consists of eight
identical sections with openings for laser beams and its first wall is constructed
from horizontal pipes and the blanket interior from vertical trapezoidal cooling
channels (Fig. 23). The fusion chamber is enclosed within a larger vacuum vessel
and both are constructed from ODS ferritic steel. It is projected that this power
plant will utilize about one million targets per day and that the targets will be
produced by a target production system that has been under development at LLNL
for some time. Without demonstrating ignition at NIF in 2012, the planned
operation of LIFE (155) was postponed (156).

The European High Power laser Energy Research (HiPER) facility was
supposed to follow-up on NIF’s ignition and develop commercial power production
by employing the direct instead of the indirect laser drivers to eliminate complex
targets and X-rays (157). The current strategy is to use LM facility to investigate
the physics of direct drive shock (and possibly fast) ignition of DT targets and
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Fig. 23. LIFE’s fusion chamber consists of eight identical modules cooled by lithium. The
first wall and blanket cooling passages consist of horizontal tubes and vertical trapezoidal
channels, respectively (154). (Courtesy of Lawrence Livermore National Laboratory.)

employ this scheme in the HiPER power producing reactor that should begin
operation by 2050 (158). Its laser driver would operate at 10—20 Hz with a yield of
at least 100 MJ and the power produced would be 1-3 GW. The design of fusion
chamber and the rest of plant components have not yet been finalized.

Whether the thin-liquid-wall IFE power plant concepts (such as Osiris and
KOYO-F), thick-liquid-wall concepts (such as HYLIFE-II and Z-IFE), or some
other designs will produce the best IFE option remains to be seen. Thick-liquid-
wall chamber designs reduce the need for expensive testing facilities to produce
low-activation materials, produce compact chamber geometries, reduce plant
capital cost, improve heat removal and tritium management, and increase the
plant availability. Their disadvantages are that for high driver repetition rates the
debris clearing rates will prove to be too low, heavy-ion driver beams may not be
able to penetrate to the targets, and when the laser drivers are used the ablated
liquid will condense on the transparent windows of the chamber and block the
penetration of laser light to the targets (159).

4. Sustainability of Fusion Energy

Sustainability of fusion energy should represent a concept where the introduction
of fusion energy by humanity will sustain its development without threatening the
exchange processes between the humanity and the natural environment in which
the humanity is expected to survive for an indefinite time. We can then assign
values to this concept, such as: (1) the fusion energy produced from natural
resources should not exceed the sustainable yield of these resources, (2) the fusion
energy produced should be socially acceptable, (3) releases of waste products and
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pollutants from operations of fusion energy plants into the environment should be
limited and not cause health problems, and (4) the fusion energy produced should
be affordable for promoting sustainable development. More specifically, we should
be able to answer the following questions: Can controlled and sustained plasma
ignition be produced in fusion reactors without frequent shutdowns? Do sufficient
resources of materials exist to build and run fusion energy plants? Can appropriate
fusion reactor materials and high efficiency fusion energy conversion systems be
developed? What are the safety and environmental issues associated with fusion
energy? We have already addressed some of these issues in previous sections and
in this section we will only concentrate on the availability of critical fusion energy
materials and safety and environmental issues associated with fusion energy
plants.

The reactions between deuterium and tritium are the easiest to achieve and
will most likely power the first-generation commercial fusion power plants.
Deuterium is plentiful and inexpensive to produce, while tritium must be produced
from lithium (Section 2.1) and therefore the sustainability of lithium comes into
question. Be and Pb are useful for neutron multiplication in the blankets and the
rare earth elements Nb and He are currently necessary for building and cooling
superconducting coils and removing heat from the blankets. When high energy
neutrons interact with blanket materials they produce radioactive streams of
materials that must be safely handled during reactor maintenance and managed
once they have been removed from the reactors. Accidents in coolant supply and
tritium management systems can also pose serious hazards to both plant person-
nel and to the environment surrounding a fusion power plant. In the following, we
will examine these issues more closely and refer the reader to the extensive safety
and environmental studies of ITER that are reported in several studies (160).

4.1. Prospects for Achieving Fusion Ignition. As discussed above,
fusion was demonstrated in the tokamaks of JET and TFTR, and the plasma
densities, temperatures, and confinement times are steadily increasing with each
new tokamak and stellarator machine. There is considerable optimism that LHD,
W7-X, and ITER will pave the way to commercial MFE and that ICF will
demonstrate DT ignition in the foreseeable future (156,161). The accomplishment
of the goal of building and operating DEMOs would produce the technological
feasibility of fusion power. But the speed of this development will be driven by our
needs to replace fossil fuels with alternative energy sources and on our concerns for
the future.

4.2. Sustainability of Fusion Materials. The first generation fusion
power plants will need adequate supplies of deuterium and tritium for fueling
the reactors and helium for cooling the blankets and divertors and maintaining the
superconducting states of magnets. Deuterium will not become a problem because
it is plentiful in water (1 part of DO for every 6400 parts of H,O) and can be easily
extracted by electrolysis of heavy water obtained via isotopic exchange (162).
Tritium, however, does not occur naturally because it is radioactive with the half-
life of 12.3 years, but can be produced from lithium via the reactions expressed by
equations 8 and 9. The abundance of °Li is 7.5% and that of "Li is 92.5%. The
tritium production from fusion neutrons and lithium in the blanket of a fusion
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reactor is, however, insufficient for powering reactors and for this purpose the
neutron producing materials such as Be and Pb can be used (Section 2.1).
Beryllium is normally used in solid breeders and lead in liquid breeders and
coolants (Section 3.3). Unless extracted from the seawater, adequate supply of Li
could be problematic if it is also used in lithium-ion batteries, Be is significantly
rarer and is a potential problem, and Pb resources are in the gigaton range and
thus not critical. In the DT fusion cycle, D, 6Li, Be, and Pb are actually the fusion
fuels. It is anticipated that He at high temperatures will be used extensively in
energy conversion systems of fusion reactors, while He at cryogenic temperatures
will be employed to maintain the magnetic field coils of these reactors super-
conducting. Let us look more closely at the availabilities of these materials.

The U.S. Geological Survey estimates that the world’s Li reserves and
resources in the crust are about 13 and 40 Mt, respectively, and can be extracted
economically. Lithium concentration in seawater is on average 0.17 ppm or some
230,000 Mt. Beryllium has a crustal abundance of 2.8 ppm, its separation is
expensive, and its resources are more than 80kt. Lead fairs much better at
1.5 Gt and the crustal resources of He are some 10 Mt. Niobium is an important
constituent of superconducting magnets (NbsSn and/or NDbTi) and its world
reserves exceed 4 Mt (163).

Iflithium-ion batteries are implemented on large scale for electric vehicles, it
will require by 2050 some 10 Mt of Li that will significantly deplete the world’s
reserves but not the resources. To run 5000 power plants with each producing
2.4 GW of fusion power and employing HCPB breeding blankets would require
about 1.5kt of °Li and 19kt of natural Li annually and take about 700 years to
exhaust the lithium’s 13 Mt reserves from the crust and 12 million years from the
seawater. To run all power plants with fusion would require about 250 kt of natural
lithium and would deplete the crust’s Li resources by several percent, and
significantly more if lithium-ion batteries are implemented on large scale. The
use of Be in 5000 HCPB power plants would require about 500 t annually and more
than 600kt for initial loading. This would exceed considerably the resources of
80 kt and we would have to develop Li—Pb-based tritium breeding blankets (HCLL
and DCLL) instead (164,165).

Helium and niobium are not fusion fuels but are required for manufactur-
ing and cooling of superconducting magnets, and since He is being produced in
DT fusion reactors it should be recoverable. Helium in the Earth is produced by
the nuclear decay of uranium and thorium and when it escapes to the atmo-
sphere it readily disappears from this environment, because the Earth’s gravity
cannot confine it for long. Its concentration in the atmosphere is only 5.2 ppm
or 3.5Gt. Helium’s reserves of 1.3Mt and resources of 8.5Mt trapped by
impermeable rocks can be exhausted rapidly (without being conserved) during
the next 100 years with the consumption of natural gas (166). The 5000 fusion
power plants above would consume the nonatmospheric He resources in about
200 years and in the longer term He in the atmosphere would have to be
extracted. A DEMO reactor would require the He inventory of about 60t and
the losses could amount up to 2t/y. With the above 5000 fusion power plants
operating there would be the need for 0.3 Mt of He and it would take 210 years to
exhaust the resources. ITER requires about 200t of Nb for its coils and if this
amount is used in the above 5000 fusion power plants it would require 1 Mt of
niobium or a quarter of current reserves (165).
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Boron B is employed in the reaction p + !B — 3a (Table 1), and since only
0.19% of the reactions ' B + a produce neutrons, B may one day be the fusion fuel of
choice, especially in ICF reactors. Boron does not occur in nature in an elemental
state but combines with oxygen and other elements to form boric acid or inorganic
salts called borates. Boron’s world-wide reserves are estimated at 210 Gt (163).

This brief overview of Li, Be, Pb, He, Nb, and B reserves and resources
suggests potential sustainability issues for all of these resources except lead and
boron, but it is probably only He that will become scarce during the course of this
century unless more effective methods are found to produce it or substitute it
with more sustainable coolants and high temperature superconductors. Pb can
substitute Be for breeding tritium, high temperature superconductors may
replace the need for Nb, and the lithium-ion batteries may become obsolete
and thus release plenty of Li for use in fusion power plants. These resources
sustainability issues will therefore continue to be relevant during this and the
following centuries.

4.3. Safety and Environmental Issues. A fusion reactor will contain a
small amount of fuel inventory and low level of power density following the
termination of fusion reactions. No fissile materials will be produced and only
tritium and neutron-activated materials will present potential radiological haz-
ards. Fusion scientists set forth two central goals for the development of fusion
technology (167,168): (1) the worst possible accident must not constitute a major
hazard to populations outside the plant perimeter that might result in evacuation,
and (2) radioactive waste from the operation of a fusion plant should not require
long-term isolation to be a burden for future generations. These objectives should
be accomplished by careful selections of plasma confinement concepts and appro-
priate choices of materials for power plant components. Even in a severe accident,
the temperature excursions should not produce melting of reactor materials and
the confinement integrity must be maintained. The neutron and radiation spectra
of MFE and IFE are expected to be different because of the differences in fuel
targets and chamber wall protection, but in both concepts the loss of vacuum in the
chamber will rapidly terminate fusion reactions. The tritium inventory of either an
MFE or an IFE power plant will be no more than several kilograms, and in both
plants the tritium processing rates scale as 1-®, where @ is the tritium burn
fraction or efficiency (167). For IFE, @ is typically 30% (equation 17) and for MFE is
only a few percent. We will first discuss safety and environmental issues for MCF
and ICF reactors and then the management of fusion-activated materials.

MCF Safety and Environmental Issues. The European Union sponsored
several studies pertaining to safety and environmental impact of fusion and
here we will summarize some of these results (168). For this purpose, six different
blanket concepts were evaluated corresponding to a power plant with fusion power
of 3GW, blanket life of 5 fpy, and neutron wall load of 2.1 MW/m?. These are the
WCLL MINERVA-W and HCLL MINERVA-H blankets that have been under
development for many years and the blanket Models 1-4 of more advanced designs
that have not yet been fully developed. The plasma-facing surfaces of these
blankets and divertors are covered with Be or W armors, except for SiC/SiC¢
blankets of Models 5 and 6 that do not employ such a protection. The shields,
vacuum vessel, and coil casings of each design are built from steel and the cryostat
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Fig. 24. Peak temperatures for the six SEAFP blanket studies (168). (Courtesy of European
Fusion Development Agreement.)

vessel surrounding the magnet and vacuum vessel is built of reinforced concrete
with an inner liner of steel. This first confinement structure is situated within a
second confinement structure that houses the primary coolant loops of blanket and
divertor and the steam generators. Both of these structures are equipped with
rupture disks and stack scrubber for managing overpressures produced from the
reactor’s loss of coolant flow. Once the supplies of D and T to the reactor are
terminated, the fusion reactions will terminate within 1min and the energy
inventories will be those stored in plasma, blanket, coils, and primary coolant
(1.5 TJ for MINERVA-W and 1TdJ for MINERVA-H). Accident analyses show that
these energies are too small to breach the confinement.

The decay heat in the blanket is the energy released by the decay of activated
materials and if this is too high it could cause temperature excursions following a
loss of coolant flow through the blanket. For all blanket designs considered, the
temperatures of blanket materials do not exceed 1200°C and after 50 days begin to
decrease (Fig. 24). About 1 kg of tritium accumulates in the armor of Be and 50 g in
the armor of W, and together with the tritium bred in the blanket and processed
through TPS, the total estimated inventory of T in the reactor is about 1.5 kg. The
neutronics and activation modeling of reactor components can then be used to
show that the potential biological hazards to both inhalation and ingestion after a
few decades fall to the levels that are 1000-10,000 times lower than those of
similar materials of fission power reactors, or by a factor of 10 greater than the
radiotoxicity of coal ash.

Potential hazards to the plant operators and public come from the normal
operation of a fusion power plant and from plant accidents. The occupational doses
from activated components during maintenance and other operations for the He-
cooled blanket come to about 0.2 man-Sv/y, whereas for the HyO-cooled blanket
most of the doses of about 2 man-Sv/y come from the activated products in coolant
loops. Exposures to magnetic fields above 4 T bring about detrimental effects on
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health. Tritium effluents via both atmospheric and aqueous pathways can origi-
nate from cooling loops and tritium handling and processing systems, and for the
fusion power plant designs considered their doses do not exceed 1 uSv/y for each
pathway. Plant accidents can result from a failure of the primary coolant loop, loss
of heat removal with the secondary coolant circuit, breaches of fusion chamber and
vacuum vessel, loss of cryogenic helium flow through the coils, external events
such as earthquakes, etc. Calculations show that the complete loss of primary
coolant loops will not produce peak FW temperatures above 1400°C for He-cooled
blanket and 950°C for HoO-cooled blanket. A contact between beryllium and water
can produce hydrogen and aggravate the accident situation, and needs to be
evaluated when this possibility exists.

A break of the secondary heat transport loop can result in the break of steam
generator tubes and of the primary coolant loop. This would cause some 10 kg of
dust to be mobilized inside the vacuum vessel and less than 6g of dust would
propagate to the outermost environment through the open pathways of confine-
ment vessels. From worst-case accidents and one kilometer from the plant, an
individual would be exposed to less than 2.6 mSv/y, which is within the dose limits
(1-3 mSv/y) of natural radioactivity (167). An earthquake scenario releasing 1 kg of
activated material close to the plant would result to an increase of radioactivity of
0.4 Sv.

Fusion power stations will require replacements and decommissioning of
their components and a study shows that the activated volumes would be similar to
the corresponding volumes from fission reactors and do not require cooling (168).
But as noted above, the decay heat and radioactivity of fusion materials are 100
and 1000-10,000 times lower, respectively, and the activated materials do not
require cooling. This suggests that after several decades most of the activated
materials can be recycled and thus do not require permanent waste storage. The
potential release rates of chemically toxic elements Li, Be, V, Cr, Zr, Sn, and Pb
into the atmosphere are several orders of magnitude lower than those permissible.

The worst possible MFE tokamak plant accident does not appear to consti-
tute a major hazard to populations outside of the plant perimeter and the
radioactive waste from the operation of the plant does not appear to require
long-term isolation, thus satisfying the two central goals of the development of
fusion energy technology stated earlier.

ICF Safety and Environmental Issues. The same conclusions regarding the
safety and environmental effects of MFE plants can also be reached for the
corresponding inertial fusion energy plants. In an IFE plant, the driver energy
and the fuel target system are separated from the reaction chamber, and one
cannot directly inject D and T into the reaction chamber as in MFE plants. The IFE
fuel cycle inventories range from several hundreds grams to several kilograms,
depending on the target type and filling method employed to produce targets (167).
The indirect targets have high proportions (up 99% by mass) of high-Z materials
whereas the direct targets have significant amounts of low-Z materials like carbon,
and the exhausted debris from both types must be separated from the unburnt
fuel. About 0.4 g/target will activate in indirect drive targets and this amount will
keep increasing as the target material is recycled through the target factory.
Taking this activated target mass, a driver with the repetition rate of 5Hz
and 1-week turn-around cycle shows that the recirculating inventory of activated
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target material will be 1200 kg. The activation of IFE blankets is different from the
activation of MFE blankets, because the neutron spectra of the former are softer
due to significant neutron moderation within the targets and the means employed
to protect FWs. This then implies that the low-activation blanket materials may
last for the entire lifetime of IFE plant.

The target type and fill technology determine the time to fill targets and since
a 3 GW fusion power plant consumes about 500 g of tritium per day with 30% burn
efficiency, the required amount of tritium in the target factory must be at least
1.7 kg. The maximum offsite doses from tritium and activation products effluents
were estimated to be in the range from 4.5 to 45 pSv/y and the major contributions
to tritium effluents in IFE are expected to occur from fuel processing and cooling
systems. As in MFE plants, the release of chemical effluents Li, Be, V, Cr, Zr, Sn,
and Pb will have a minor impact on the overall releases.

IFE studies lack detailed maintenance assessments, but because the
driver is separated from the reaction chamber most of it should not require
remote maintenance, except when the driver involves heavy-ions. The reaction
chamber will require remote maintenance and if the FW does not require
maintenance during the lifetime of the plant the reactor may be decommissioned
hands-on after several decades of repose. The exhaust from the reaction
chamber will have activated products from high-Z indirect targets and will
require remote maintenance, while the ISS may not. The debris of high-Z
indirect targets in target factory emit y-rays if this debris is recycled, whereas
the debris from low-Z direct targets do not, which may or may not require remote
maintenance, depending on whether or not low-activation materials are used or
the holdup time allows decay. The primary coolant system will require remote
maintenance.

For a 3 GW fusion power, 600 MJ blast, and 5 Hz repetition rate, the plant will
have to withstand some 5 billion pulses during its lifetime and the FW will require
protection as discussed earlier. The chamber will also require a vacuum of less
than 1kPa for the laser and ion-beam drivers in order to deliver their energies to
the targets. A reactor chamber failure will prevent further fusion reactions but
may suffer additional damage if the driver does not immediately terminate
supplying energy. If the primary cooling system fails the fusion reactions will
also terminate, because some materials will be evaporated from the FW and spoil
the chamber vacuum condition. Because most IFE designs use low-activation
materials that have low decay heat, their removal by conduction and radiation is of
even lesser concern than in MFE plants where no active heat removal system is
necessary.

Some coolants such as Li readily react with oxygen, whereas the Li—Pb
eutectic, flibe, or LizO granules do not but are corrosive. Carbon and beryllium are
also reactive. Hot liquid metal coolants and molten salts can damage the equip-
ment during spills, but cannot endanger the public outside of the plant. The stored
energy in drivers depends on the drivers. Lasers can typically store up to 50 MdJ
and heavy-ion beams up to 600 MJ of energy, and if the driver beams do not
intercept the targets their energy could be deposited on the chamber wall where
they may produce pathways for the activated materials to escape from the
confinement. The detailed studies of such accidents and their inhalation and
ingestion pathways are lacking for IFE plants, but some design studies claim that
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the release of 100 g of tritium would produce the worse-case doses of 50 mSv, which
is not sufficient for public evacuation (167).

Management of Fusion-Activated Materials. One of the key advantages of
fusion is that its waste does not contain long-lived radionuclides. This eliminates
the need for storing the waste for thousands of years in geological repositories and
requires only the management of short-lived waste in temporary and shallow-land
burials. All main fusion fuels produce neutrons and to remove neutrons from fusion
reaction products requires advanced fuels (Table 1), but these reactions are much
more difficult to produce than the DT reactions and may be eventually incorpo-
rated into the second- or third-generation fusion power plants.

As discussed above, and as a study of the ARIES-CS fusion power plant
confirms, the recycling doses of reactor components strongly depend on the
materials of these components. The FW and blanket of this reactor are made of
ferritic steel and are the most intensively irradiated components that for the first
50 years or so cannot be handled without remote maintenance tools after being
removed from the reactor. The shield, vacuum vessel, coils, cryostat, and the
surrounding containment building (bioshield) emit reduced levels of radioactivity
and can be hands-on managed after several decades. Seventy percent of the waste
(FW/blanket/back wall, divertor, shield/manifolds, and NbsSn coils) are classified
as Class C of low level waste (LLW), whereas the remaining 30% (coil casings,
cryostat, and bioshield) are classified as Class A of LLW and can be cleared (169).
This example attests to the validity of the above-noted advantage of fusion and
suggests that the neutron-irradiated components of first generation fusion power
plants should be constructed from best low-activation materials and that the
activated materials removed from the plant should be recycled after their radio-
activity drops to safe handling levels.

The fusion power core of ARIES-CS comprises some 2000 m? of irradiated
blanket, divertor, shields, vacuum vessel, coils, and bioshield materials (169), and
if we assume 5000 of such plants producing about one-third of the world’s power
needs (12 TW) we would have to continuously manage in the future some 10 million
cubic meters of waste. This volume exceeds the amount of waste currently being
produced by fission reactors, but with the important difference that this inventory
has a very short lifetime. The current management of nuclear waste from hospi-
tals, laboratories, and fission reactors (90% of which is LLLW) is sporadic and highly
ineffective in both the United States and abroad and there is no consensus for a
large-scale recycling and clearance of waste from future fusion reactors. Both the
U.S. Nuclear Regulatory Commission and International Atomic Energy Agency
recommend individual dose standard of 10 pSv/y for cleared nuclear material
(170,171), which is very low in comparison to the natural background radiation
of 2.4-3.6 mSv/y.

None of the fusion materials considered are subject to the Treaty on the Non-
Proliferation of Nuclear Weapons, because the blankets surrounding plasmas use
the neutrons to produce heat for powering energy conversion systems and not for
producing nuclear reactions. When, however, the neutrons can be absorbed by the
nuclei of some heavy elements they can split these elements and produce chain
nuclear fission reactors. Nuclear fusion can then be used to produce neutrons for
nuclear fission and thus change the character of nuclear waste as in fission power
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reactors. In these so called fusion-fission hybrids being studied in the United
States, Russia, and elsewhere, it is envisaged that the fusion neutrons can manage
nuclear waste from nuclear stock pile and commercial fission reactors, generate
fissile fuel for light water reactors, and produce energy as in the current commer-
cial nuclear reactors (172).

5. Conclusion

We examined future energy needs and availability of fossil fuels and their
consequence on global warming and discussed whether fusion energy can be
harnessed and technology developed to replace the fossil fuels that are becoming
increasingly problematic with the passage of time. Nuclear fusion has been
achieved in deuterium and tritium plasmas confined by magnetic fields and there
is high optimism that this can also be achieved with lasers and ion beams. The
behavior of plasmas in tokamaks is best understood while the stellarators may
offer better solutions for future fusion power plants. The experimental machines
are paving the way for building demonstration fusion reactors by the middle of this
century, and if this is successful for building commercial fusion power plants
during the second half of this century. The development of fusion as a sustainable
energy source requires achieving sustained ignition, developing materials suitable
for the fusion environment, sustainability of fusion fuel and power plant materials,
development of high efficiency energy conversion and fuel processing technologies,
and ensuring that fusion power plants operate safely and do not pose burden to
future generations. Some of these goals will be difficult to achieve and will take
perseverance, but ultimately the nuclear fusion will become a sustainable energy
source.
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	2.3 Magnetic Confinement FusionTokamak and StellaratorA nonrelativistic charged particle moving in an electric field E and a magnetic field B is subjected to the Lorenz force and the equation of motion mdvdt=q(E+vxB), where v is the velocity, q is the charge, and m is the mass of the particle. Such a particle gyrates or rotates about the magnetic field line (with a radius that is inversely proportional to the strength of the magnetic field) and at the same time moves along this line and drifts in the direction that is perpendicular to both the magnetic and electric fields. The ions and electrons gyrate in opposite directions and the particle's orbit is therefore a slanted helix with a changing pitch. This implies that any device that aims at confining charged particles cannot have magnetic field lines that are either zero or terminate on material surfaces, because these particles will be expelled from the device at these locations. This then excludes those plasma volumes in the form of spheres and suggests those in the form of doughnut-like configurations where the magnetic field lines close on themselves and do not interact with the material wall of the reactor. Such field lines can be toroidal, where the magnetic field lines go around the torus the long way and encircle the hole, and poloidal where the field lines go around the short way and do not encircle the hole of the torus.A toroidal magnetic field in a torus can be generated by passing the electrical current through a coil wound in the poloidal direction. This produces smaller separations of coils on the inside than on the outside of the hole of the torus and thus generates a nonuniform toroidal magnetic field that is stronger on the inside than on the outside of the torus. The charged particles in such an environment will now drift perpendicularly to the magnetic field gradient and cause positive and negative charge separations, with the ions and electrons gyrating in opposite sense and moving in opposite directions. This charge separation will produce an electrical force that will expel the plasma through the outer wall of the torus and can be mitigated by twisting the torus into the shape of figure-eight. Spitzer () named this configuration a stellarator and several such devices were built in 1950s in the Plasma Physics Laboratory at Princeton University. But it was not this configuration that was immediately developed to confine the plasma within the torus, but the simple doughnut-shaped schemes with improved magnetic and electric field configurations.The first of such machines was built by Russians in the 1950s and is called tokamak (toroidalnaya kamera magnitnaya katushka-toroidal chamber magnetic coils). This design employs poloidal coils to produce the toroidal magnetic field and the toroidal current in the plasma to produce the poloidal magnetic field. The result is a twisting or helical magnetic field where the particles remain on nested concentric surfaces within the torus (Fig. a). This twisting action in the torus can also be produced without the externally generated toroidal current by the carefully shaped toroidal and poloidal coils. This is the modern stellarator concept (Fig. b) whose complex magnetic field must be produced with coils developed with the help of advanced computational and manufacturing techniques. But in 1950s the plasmas in the experiments using these confinement methods exhibited strong instabilities that prevented fusion reactions. Since 1960s a strong foundation of plasma physics has been developed, however, which became the cornerstone for building modern MCF machines with large plasma densities, temperatures and confinement times, and being less prone to plasma disruptions ().The purpose of producing helical magnetic field lines is to allow for the cancellations of vertical ion and electron drifts discussed earlier. These fields do not have to meet their own tails as they circle around the torus the long way and cannot end on material surfaces. The average number of times a field line goes the short way around a cross section for each time that it goes the long way around the torus measures the amount of twist and is called the rotational transform. The rotational transform has important implications for designing stable fusion energy producing machines based on the tokamak concept. As we will explain below, a particle that always remains on the same nested magnetic surface has a higher chance for interacting or fusing with other particles, but this is not easy to achieve because of the nature of plasma and requirements for practical operations (fuel supply and energy removal) of fusion reactors. The road to MCF is being actively investigated in many small and large tokamaks and stellarators and some of these systems are discussed below.Plasma Confinement PrinciplesAn important measure of the efficiency of a fusion reactor is the figure of merit Qfus=Pfus/PauxPfus is the fusion power produced and Paux is the external power introduced into the plasma to keep its operating conditions. The thermonuclear ignition occurs when Paux&thinsp;=&thinsp;0 or Qfus is infinite as in the Sun. On Earth, however, Qfus should be kept sufficiently high and above Qfus&thinsp;=&thinsp;10, and 50 or so in a practical fusion power plant.A confinement parameter specifying the product of particle density and confinement time can be derived by equating the power produced from external auxiliary heating and internal α-particle heating with the power loss from radiation (bremsstrahlung) and diffusion, ie, nτE=3kBT14(1/Qfus+1/5)QDT-CbT1/2, where QDT is the energy release in the DT fusion reaction. This confinement parameter is called the Lawson Criterion () and expresses the relationship between the plasma density n, confinement time of reacting particles τE, Qfus, and ion temperature kBT (). The ideal breakeven condition for the DT fusion with QDT&thinsp;=&thinsp;17.6&thinsp;MeV, Qfus&thinsp;=&thinsp;1, and  evaluated with kBT&thinsp;=&thinsp;12&thinsp;keV (Fig. b) produces the minimum value of nτE of about 1020&thinsp;s.m-3. Note that this is the condition where as much fusion power is produced as heating power is absorbed. For minimal ignition with Qfus&thinsp;&ge;&thinsp;10, 10% or less of the fusion power would be used to make the fusion reactions self-sustaining, which suggests that the confinement parameter should be at least an order of magnitude higher or greater than 1021&thinsp;s.m-3. For a reasonable plasma density of 1020&thinsp;m-3 (), the confinement time for breakeven is 1&thinsp;s and for (minimal) ignition is 10&thinsp;s.With the plasma particle density of 1020&thinsp;m-3, it is currently impossible to track each particle's behavior and we must resort to the plasma's kinetic or fluid description. The kinetic description is based on the particle distribution function determined from the Boltzmann equation, whereas the fluid description relates the plasma's macroscopic properties (density, pressure, temperature, current, electric and magnetic fields, etc) through the transport equations obtained by taking the moments of the distribution function. We will not dwell on these models in this work but want to point out that the force balance on a small macroscopic portion of plasma involves the inertial effects (due to acceleration), pressure gradient, gravity, and Lorenz force, and that as a consequence the plasma equilibrium is largely maintained between the pressure gradient and electromagnetic forces, ie, &Del;P=JxB,J=σE+vxB, where J is the current density and σ is the electrical conductivity of plasma. If we now form the scalar product of B with the first equation and use the identity Bx(JxB)=Jx(BxB)=0, we obtain Bx&Del;P=0 or that the magnetic field lies on the constant pressure surface and that the plasma is confined on concentric magnetic surfaces as depicted in Figure a. The current J and pressure P are the sources of plasma instabilities whereas the geometrical symmetry of the tokamak provides robustness in maintaining nested flux surfaces against various operating parameters.Plasma InstabilitiesA magnetic field produces a pressure that resists the destabilizing kinetic pressure P of plasma (equation 14) and in a plasma tube where the plasma is confined entirely by an axial current the associated azimuthal magnetic field is proportional to the current and inversely proportional to the radial distance from the axis of the tube. The collisions in the plasma are necessary for fusion reactions, but in the long run these collisions deteriorate the confinement on magnetic surfaces because the colliding particles temporarily disconnect from these surfaces and move or diffuse to the neighboring surfaces and thus produce inward and outward bulging ripples of the tube. These ripples are unstable and can cause the particles to leave the plasma volume. This is the pinch instability. A similar type of instability, called the kink instability, occurs in a torus when the toroidal current is sufficiently large, because the magnetic forces closer to the hole are larger than farther from the hole and tend to push the plasma outwards. The kink is stabilized by the toroidal field and the limiting current for stable operation is called the Kruskal-Safranov limit and is expressed in terms of the rotational transform. The transforms smaller than one are stable to kinks and interesting things happen when the inverse of the rotational transform called safety factor q is a rational fraction or when the current channel joins up to itself after several trips around the torus. When the safety factor is below 2 or 3 the global kink instability can lead to plasma disruption and detrimental plasma-wall interactions.The second process that deteriorates the confinement is caused by the charged particles, ions and electrons. This is because the charged particles can clump together and create their own electric force that can also take the particles across the magnetic field lines. Such plasma instabilities have been slowing MCF research for decades and even today there are some plasma instabilities that cannot be explained ().Ions and electrons in plasma have vastly different masses and thus velocity distributions and mean temperatures. The electrons can travel around the torus many times before interacting with ions and the plasma can behave as a superconductor. The perpendicular electric and magnetic fields produce ion and electron drifts in the direction perpendicular to these fields, but they gyrate in opposite sense. If the ions and electrons are subjected to a plasma pressure gradient perpendicular to the magnetic and electric fields as in a tokamak, these particles will drift in opposite directions and produce no charge separation as long as the plasma potential energy is minimal produced by the balance between magnetic and kinetic (plasma) pressures. A ripple on the magnetic surface will, however, disturb this balance and cause separation of negative and positive charges and generation of an electric field and an associated E&thinsp;x&thinsp;B related force that will cause more charge separation and growth of the ripple and exchange a plasma tube with high magnetic pressure from inside the plasma with a tube that has low magnetic pressure from farther out (like a ripple on a planar surface in normal fluid exchanging two fluid layers, with the top heavier layer exchanging place with the lower lighter layer to reduce the overall potential energy of the system). This is the interchange instability where the radial variation of the magnetic energy acts like gravity in the Rayleigh-Taylor instability, driving the interchange of plasma layers at different pressures. The interchange instability can be stabilized by means of the magnetic shear or a sheared helical magnetic field whereby the magnetic field on each magnetic surface has a different twist angle (Fig. a).The magnetic field lines in a magnetic well are everywhere smaller than on its boundary or are convex. They have good curvature in contrast with tokamaks' mostly concave field lines with bad curvature. In a torus plasma, the radial pressure gradient competes with the curvature of magnetic field and drives interchange instabilities into the low field side of the plasma (outer-side of torus). These are called ballooning modes and to mitigate them modern tokamaks employ cross sections that have D-shapes. Such a cross section is slightly elongated, the inner surface is almost vertical, top and outer boundaries have gentle concave curvatures, and the bottom surface is reserved for the exhaust of charged particles such as alphas and unburnt DT fuel ions from the plasma volume. The special corner of D-shape is called the divertor and the particle exhaust is accomplished by shaping (with locally placed coils) the last closed magnetic surface in the torus in such a way that the field lines on this surface intersect at the entrance of the divertor (called X-point) and thus lead the particles into the divertor (Fig. a).The collisional processes can produce plasma losses through various diffusion processes. Classical diffusion across the magnetic field lines is computed from the random walk trajectories of charged particles using their gyration (Larmor) radii as the step-sizes of their radial displacements in collisions. This diffusion is inversely proportional to the magnetic field and temperature (). A much faster diffusion, called the neoclassical diffusion, produces banana orbits of particles and is caused by the magnetic drifts in hot plasmas and step-sizes between collisions that are 10 times larger than the Larmor radii. A still larger diffusion rate leading to the disruption times in milliseconds is the Bohm diffusion across the magnetic field. This diffusion is proportional to the temperature and inversely proportional to the magnetic field () and is caused by the randomly fluctuating electric fields in the plasma. The excess transport above the collisional one is called anomalous transport and in tokamaks is assumed to be dominated by turbulence.Plasma with a finite resistivity can also produce nonconcentric magnetic surfaces and magnetic islands. This comes from the tearing of magnetic field lines at q&thinsp;=&thinsp;2,3, and so on, whereby the concentric magnetic surfaces break into magnetic islands with the field lines hopping from one island to the next and returning to the same islands but not to the same places. The tearing instability associated with this transport produces the escape rates that are faster than classical just as in banana diffusion. The locations of islands depend on the radial distribution of current, which to some extent depends on the ways the plasma is being heated with external means.Microinstabilities in plasmas arise from nonuniformity, anisotropy, finite size of Larmor orbits, plasma density gradients, production and dissipation of turbulence energy at different scales, etc. These effects give rise to non-Maxwellian distribution functions in different regions of the plasma and can cause tearing of electrical currents into filaments, drifting of electrons and ions, wave breakup leading to the transport of plasma in blobs of density, etc. These effects produce ion diamagnetic drift, density wave instability, convective cells of alternate positive and negative charges that tend to transfer the plasma outwards, etc. These and other microinstabilities are a large and complex field and the reader is referred to the plasma literature for further details. They have typical frequencies of 10&thinsp;kHz and wave periods of 100&thinsp;μs, while the growth of turbulence takes about 1&thinsp;ms. These times are much smaller than several seconds required for the attainment of quasi -steady-state plasma profiles.Besides the toroidal and poloidal magnetic fields, a tokamak also needs a vertical magnetic field for stabilizing the outward expansion of hot plasma. The internal plasma pressure pushes the plasma outwards, tending to make the cross section flatter and expanding the ring radially. The toroidal current also produces a hoop force in the plasma that tends to expand its major radius. A vertical magnetic field, produced by toroidal coils arranged above and below the torus, can stabilize this expansion by producing an inward Lorenz force on moving charges and thus prevent the outward expansion of plasma (Fig. a). The plasma's vertical position needs to be controlled by the externally imposed radial fields with fast-acting feedback power supplies and feedback systems. Plasma position instabilities can also lead to disruptions.Recall that the safety factor q&thinsp;=&thinsp;1 represents the boundary of kink instability and that the magnetic field lines on neighboring magnetic surfaces cannot be parallel because of the required shear to stabilize the instabilities. Since q&thinsp;<&thinsp;1 occurs near the center of the torus where there is no magnetic confinement and the plasma is the hottest and offers least resistance, the current in this location tends to increase, change the current distribution elsewhere, and cause severe sawtooth oscillations of ion and electron temperatures that eject hot plasma near the center and inject cooler plasma from more distant locations. Sawteeth can help drive the impurities out of the plasma because their interaction with electrons produces bremsstrahlung radiation that cools the plasma. This is a self-healing feature of tokamaks and does not appear in stellarators where the magnetic field is predefined by the external coils.Stellarators operate with much smaller toroidal currents than tokamaks and their plasmas are thus much less sensitive to kink modes, sawtooth, and resistive tearing modes of instabilities that limit plasma performance. The toroidal magnetic field and pressure gradient produce, however, a small poloidal plasma current which, in turn, generates a toroidal current to satisfy the Maxwell's incompressibility condition (divJ&thinsp;=&thinsp;0). Heating of plasma (see below) can also produce a toroidal current, but the total current produced in stellarators is much less than in tokamaks. The plasma-terminating disruptions are therefore reduced and the stellarator operates with a larger margin of safety than the tokamak. In stellarators, as opposed to in takamaks, the plasma density is not limited by the Greenwald limit () and thus they can operate at higher densities and βs (β is the ratio of plasma pressure nkBT to magnetic pressure B2/2μ0), as demonstrated in the Large Helical Device (see below) where the plasma core density reached ne&thinsp;=&thinsp;1021&thinsp;m-3 and β&thinsp;=&thinsp;0.05. When comparing a stellarator to a tokamak, the macroscopic stability is better, neoclassical confinement is worse, turbulence and edge plasma performance appear comparable, and because the magnetic field is less symmetric the particle orbits are less understood ().When the loss of plasma stability and confinement occurs, very rapid (tens of milliseconds) plasma thermal and electromagnetic energies are released from the plasma volume and strong electromagnetic forces and large thermal loads are induced in the surrounding components. Studies of the disruptions in the JET tokamak in the United Kingdom show that their root causes were neoclassical tearing modes and human errors associated with the control of the reactor (). Plasma disruptions are actively being investigated because of their potential to degrade the performance and utility of fusion reactors ().Plasma HeatingHeating of plasma has some very important and unexpected consequences. A toroidal current J in a tokamak is needed to produce the poloidal magnetic field for generating the rotational transform and to heat the plasma, but there is a limit of how much current and for how long it can be sustained. This toroidal current can also be generated through external waves that push the electrons along the magnetic field lines and by the bootstrap current Jb produced by the toroidal electron drift. Such a drift of electrons is caused by the radial plasma pressure gradient and the perpendicularly oriented poloidal magnetic field (see earlier discussion). Both the toroidal current J and the bootstrap current Jb always flow in the same direction, and it is anticipated that in commercial fusion reactors the bootstrap fraction of the current will be more than 90% (). The stellarators do not need an inductive current drive.The currently preferred method used for heating the plasma is by neutral beam injection (NBI). Here the hydrogen or deuterium atoms with energies 100-200&thinsp;keV are injected into the plasma to heat the plasma. Similarly, ion cyclotron resonance heating (ICRH) and electron cyclotron resonance heating (ECRH) are also used to heat the plasma by affecting the gyration frequencies of ions and electrons and thus influencing the collisions of particles.When the neutral beam heating of plasma is used with a divertor as discussed above, the plasma can achieve the high confinement mode, called the H-mode. This was first observed in the experimental ASDEX tokamak () when the heating power was increased and since has been observed in other toroidal machines and with different heating methods. What happens is that at the outer minor radius of plasma volume a thin (1-2&thinsp;cm) transport barrier or pedestal is formed that prevents the plasma to diffuse to but not to escape readily across this barrier. This pedestal is characterized by large and sheared E&thinsp;x&thinsp;B drifts of particles in the toroidal direction that stabilize the microinstabilities. In the H-mode, the confinement time improves by a factor of 2 and the plasma pressure almost doubles. This improvement is very significant and forms a necessary design strategy for magnetic confinement fusion reactors. And yet, the plasma energy can also find ways to escape from the transport barrier through another instability, called edge localized modes (ELMs). We will describe ELMs in Section  where we discuss reactor designs.Tokamak and Stellarator OptimizationsThe research in 1960s demonstrated that minimum-B or magnetic well configurations stabilized the interchange instability, and that the plasma resistivity and magnetic shear can also increase the plasma stability. This and the oil embargo of 1973 encouraged the construction of medium-size tokamaks and by the end of the decade large tokamaks (TFTR in the United States, JET in the United Kingdom, JT60 in Japan, and T15 in the Soviet Union) (). Auxiliary heating and H-mode came of age in early 1980s and in late 1983 Alcator C tokamak achieved nτE&thinsp;=&thinsp;6&thinsp;x&thinsp;1019&thinsp;s.m-3 and T&thinsp;=&thinsp;1.5&thinsp;keV (), but the temperature was still an order of magnitude too low.The safety factor q typically increases from 1 at the core to less than 10 at the periphery of the minor plasma radius and the changing degree of twist provides a shear stabilization of instabilities. Since q is an important machine design parameter all large tokamaks have been able to produce the so called hollow current profiles whereby the current is almost zero near the center and edge of plasma cross section and peaks in between. This produces a q that is large at the center (small twist), drops to a minimum (large twist), and then rises slowly toward the plasma edge. Such profiles decrease the plasma turbulence and increase confinement. At the locations where q is a minimum, most of the instabilities are quenched as if exists an internal transport barrier (ITB). These barriers have been produced in all large tokamaks in operation (ASDEX upgrade in Germany, DIII-D of General Atomics in the United States, JT-60U of Japan, JET of the European Union). ITB is able to reduce the total diffusivity to very low values in large parts of the torus ().The three large tokamaks TFTR, JET, and JT60 (Table , Fig. ) demonstrated in the 1990s that the 200 million-degree plasma temperature and Lawson confinement parameter nτE for breakeven (Qfus&thinsp;=&thinsp;1) in DT plasmas are achievable (Fig. ). In the fall of 1997, JET reached fusion power levels of 16&thinsp;MW for 1&thinsp;s and fusion gain Qfus&thinsp;=&thinsp;0.65 (), and made significant contributions to the complex technology of nonsuperconducting coils, plasma heating, fuel pellet injection and tritium recovery, plasma facing components, and plasma diagnostics. Because of its geometric symmetry, a tokamak provides good confinement and was selected for the next important advance of producing a significant fusion power output in International Thermonuclear Experimental Reactor (ITER) (Section ).The steady-state operation of a large fusion power plant is essential () and requires either a stellarator or a tokamak operating with long current pulses. A lower-hybrid current drive (LHCD) () boosts the toroidal electron motion and operates by injecting radiofrequency waves into the plasma via phased wavequide arrays, but for dense plasmas of fusion power plant reactors requires further developments (). As demonstrated in the Japanese TRIAM-1M tokamak, LHCD can sustain currents for over 5&thinsp;h (). Steady-state tokamak operations are being actively pursued with the EAST reactor in China, JT-60SA reactor in Japan, and KSTAR reactor in Republic of Korea. Low aspect ratio tokamaks improve plasma performance and several machines have been built to study their performance gains ().The term ``stellarator´´ is used generically to describe those toroidal devices that produce closed magnetic surfaces by means of external conductors, and there are different coil designs that employ this concept (classical stellarator, torsatron, and heliotron) (). The Large Helical Device (LHD) is an experimental heliotron reactor located in Toki, Japan and became operational in 1998 (). It employs two helical coils that wind around the torus and two pairs of poloidal and resonant magnetic perturbation coils that further shape the plasma in the torus (Fig. ). The LHD's specification is provided in Table  and since it began operating has achieved (not at the same time) β&thinsp;=&thinsp;0.05, n&thinsp;=&thinsp;1020&thinsp;m-3, ion and electron temperatures of 13&thinsp;keV, and steady-state operation for 1&thinsp;h (). Although the LHD has so far achieved only 50% of niτETi required for breakeven, it has demonstrated that the vacuum chamber and high magnetic field producing coils can be manufactured to the required tolerances and that the stellarators can operate with higher βs than tokamaks.Wendelstein 7-X (W7-X) is an experimental modular optimized stellarator that will not burn DT. It is located in Greifswald, Germany, became operational in October 2015 (), and its specification is provided in Table . W7-X's coils consist of 50 nonplanar and 20 planar poloidal coils arranged in five modular units producing a pentagon shape of the torus and a helical shape of the plasma (Fig. ). This machine was designed to operate continuously for 30&thinsp;min and it employs a five-island structure divertor to control the power and particle exhaust. These targets were designed for heat fluxes up to 10&thinsp;MW/m2 and are made of CuCrZr cooling structures and CFC tiles bonded to the target surfaces. The surface of the blanket facing the plasma is designed for heat fluxes up to 0.3&thinsp;MW/m2 (). The first operational phase started on February 2016 and produced hydrogen plasma at 80&thinsp;x&thinsp;106&thinsp;K for 0.25&thinsp;s ().The tokamaks JET and TFTR demonstrated that it is possible to produce controlled fusion and that long confinement times can be achieved (DD plasmas in JT-60U). The development of stellarators is, however, lacking the development of tokamaks, but this technology may ultimately prove to be the preferred choice for magnetic confinement of plasma because of its advantages to operate in steady state without plasma disruptions. The characteristics of these machines are summarized in Table  and the achieved plasma conditions (niτETi and Ti) of many tokamaks are reported in Figure .The next step in tokamak development aimed at producing net fusion power output is the ITER. This reactor is currently being built in France by an international community and by 2035 aims to demonstrate ignition (Table ) and help build MCF demonstration fusion reactors by 2050 (Section ).
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