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Preface

Power production and its consumption and distribution are among the most urgent
problems of civilization. Despite huge efforts and positive dynamics in introduc-
ing renewable sources of energy such as solar and wind, nuclear power plants still
remain the major source of carbon-free electric energy. However, the deposits of
nuclear fuel are limited. Fusion can be an alternative to fission for the foreseeable
future. Nuclear fusion takes place in the sun and provides energy for life on Earth.
Research in the field of controlled nuclear fusion has been ongoing for almost 100
years. Since 1920, many physics and engineering problems of fusion have been
successfully resolved, and several fusion technologies have been implemented in
other fields of science and technology. Magnetic confinement systems are the most
promising for effective implementation, and the International Thermonuclear
Experimental Reactor (ITER) is under construction in France. ITER is designed to
demonstrate a 10-fold return on energy.

To accomplish nuclear fusion on Earth, we have to resolve a wide scope of scientific
and technological problems. This is why the nuclear fusion international commu-
nity consists of a large number of divisions. For example, nuclear fusion problems
start from those of nuclear physics, which demonstrate the basics of energy release
from the fusion of light atoms to heavier atoms. To realize controlled nuclear fusion,
many schemes have been discovered and suggested, for example magnetic confine-
ment and inertial synthesis. Magnetic confinement systems can be divided into
tokamaks and stellarators. These two types of nuclear fusion devices can in turn

be classified into spheromaks and torsatrons. Plasma is proposed for creating the
conditions for controlled nuclear fusion. Plasma physics and engineering are also a
very large part of physics. Plasma used to be unstable and needed additional efforts
to prevent plasma discharge breakdown. Many physicists have devoted themselves
to studying plasma instabilities and searching for ways to suppress or avoid these
instabilities. Electromagnetic waves propagate in the fusion plasmas. The waves
can be used for plasma heating up to the temperatures of nuclear fusion reactions.
We also have to understand how to excite these waves and how to propagate them.
These waves interact with the plasma, the walls of the chamber, and with each
other, and we need to understand how they are absorbed. Many problems are
associated with designing and constructing the antennae to excite electromagnetic
waves and the power supply for the antennae. We have to know how to extract the
energy from the future thermonuclear power plant. Finally, we need materials to
produce a chamber in which the plasmas can be “boiled.” These materials should be
stable to significant heat and mechanical loads, as well as to undesirable interaction
with aggressive hot plasmas.

For decades, many national and international journals have published papers
devoted to fusion-related topics. It is clear that any single book cannot cover all the
topics of nuclear fusion research. This monograph includes selected chapters of
nuclear physics and mechanical engineering within the scope of nuclear fusion.

In the first chapter, “Nuclear Fusion: Holy Grail of Energy,” harnessing the energy
produced in a nuclear fusion reaction in a laboratory environment is discussed.



Various research programs in the field of controlled nuclear fusion are also dis-
cussed. Emphasis is given to overcoming some of the technological challenges,
such as surmounting the Coulomb barrier, confining the plasma, and achieving the
ignition temperature.

The second chapter, “Fusion Reaction of Weakly Bound Nuclei,” is devoted to
comparison of a semiclassical and full quantum mechanical approach to study the
total fusion reaction cross-section and the fusion barrier distribution for several
systems such as ®Li + ®Ni, "B + Tb, and °C + *Be. The results obtained from the
numerical calculations based on these two approaches are compared with the avail-
able experimental data.

Thorium is a fertile element that can be applied in the conceptual blanket design of
a fusion/fission hybrid energy reactor, in which 22Th is mainly used to breed By by
capture reaction. The activation y-ray offline method for determining the thorium
reaction rates is developed in the third chapter, “Fusion Neutronics Experiments for
Thorium Assemblies” The ***Th (n, > 22Th (n, f), and ®*Th (n, 2n) reaction rates
in assemblies are measured by using ThO, foils and an HPGe y spectrometer.

The fourth chapter, “Mechanical Mockup of IFE Reactor Intended for the
Development of Cryogenic Target Mass Production and Target Rep-Rate Delivery
into the Reaction Chamber” describes the efforts that are underway at the Lebedev
Physical Institute of Russian Academy of Sciences to arrange target production and
delivery into the reaction chamber for inertial fusion. The current status and future
trends of developments in the area of advanced target technologies are discussed.

While fusion plasmas are very hot, magnetic coils should be very cold to provide
stable static magnetic fields of high intensity. The mechanical behavior of the cable
in a conduit conductor is studied in the fifth chapter, “The Mechanical Behaviors of
Cable-in-Conduit Conductor for the ITER Project,” because of its high importance
for understanding the mechanical response and assessing the safety of the super-
conducting structures in the ITER.

This book is intended for nuclear scientists, engineers, and advanced students with
a basic understanding of nuclear fusion and power reactors. It discusses several
issues of nuclear physics as well as those of mechanical engineering related to
nuclear fusion.

Igor Girka, Professor
Corresponding Member of National Academy of Sciences of Ukraine,
V. N. Karazin Kharkiv National University, Ukraine
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Chapter 1

Nuclear Fusion: Holy Grail of
Energy

Quamrul Haider

Abstract

The declining reserves of fossil fuels and their detrimental effects on the environ-
ment have thrust nuclear power based on fission reaction into the limelight as a
promising option to energy-starved economies around the world. However, the 1986
Chernobyl and 2011 Fukushima accidents have heightened our fears about nuclear
technology’s ability to provide a safe way of generating clean power. There is another
kind of nuclear energy that has been powering the Sun and stars since their forma-
tion. It is nuclear fusion—a process in which two lighter nuclei, typically isotopes of
hydrogen, combine together under conditions of extreme pressure and temperature
to form a heavier nucleus. In this chapter, harnessing the energy produced in nuclear
fusion reaction in a laboratory environment is discussed. Various research programs
dedicated to building fusion reactors are also discussed. Emphasis is given on over-
coming some of the technological challenges, such as surmounting the Coulomb
barrier, confining the plasma, and achieving the “ignition” temperature for fusion.

Keywords: nuclear fission and fusion, fission and fusion reactors, fusion in the Sun,
fusion on Earth, cold fusion, Coulomb barrier, fusion “ignition” temperature,
Lawson criterion, Debye length, plasma confinement, magnetic and inertial
confinements, tokamak, stellarators, fusion torch

1. Introduction

The 1930s were heady times for nuclear physics. A “hit parade” of discoveries
gave us new insights into the properties of the nucleus. The means of unlocking
enormous amount of energy stored inside a nucleus seemed at hand. Finally, the
discovery of nuclear fission in 1938 ushered in a new era in the history of mankind
—the nuclear age [1].

Nuclear energy is a technologically proven nonfossil energy source that made
significant contribution to the world’s energy supply in the past 6 decades. There are
two nuclear processes in which enormous amount of energy is released from
nuclear bonds between the particles within the nucleus. They are nuclear fission
and nuclear fusion.

2. Nuclear fission

The importance of nuclear fission for the production of energy is obvious. In
fission reactions, a heavy nucleus is split into two lighter fragments and two or three
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neutrons. About 180 MeV of energy is produced in the fission of an actinide to one
of its most probable daughter pairs. This means that 1 kg of uranium (**U) is
capable of producing enough energy to keep a 100-Watt light bulb running for
about 25,000 years [2].

2.1 Fission reactors

All nuclear power plants in operation today rely on controlled fission of the
isotopes of uranium and plutonium [3]. The reactor functions primarily as an exotic
heat source to turn water into pressurized steam. Only the source of heat energy
differs—nuclear power plants use fissile radioactive nucleus, while nonnuclear
power plants use fossil fuel. The rest of the power train is the same. The steam turns
the turbine blades, the blades generate mechanical energy, the energy runs the
generator, and the generator produces electricity. The major improvement is the
elimination of the combustion products of fossil fuels—the greenhouse gases, which
have destroyed our environment beyond repair.

Because of its abundance in nature, most nuclear reactors use uranium as fuel.
Natural uranium contains 0.7% of the fissile 22°U; the rest is non-fissile 228U. When
23U is bombarded with a slow neutron, it captures the neutron to form 6y, which
undergoes fission producing two lighter fragments and releases energy together
with two or three neutrons. The neutrons produced in the reaction cause more
fission resulting in a self-sustaining chain reaction. A reactor is considered safe
when a self-sustained chain reaction is maintained with exactly one neutron from
each fission inducing yet another fission reaction.

2.2 Problems and concerns with fission reactors

Although fission-based nuclear reactors generate huge amounts of electricity
with zero greenhouse gas emissions, and thus was hailed as a solution not only to
global warming but also to global energy needs, nuclear energy is now seen by
many, and with good reasons, as the misbegotten stepchild of nuclear weapons
programs. Besides, it is by no means certain that the safety systems designed to shut
down the reactor in the event of a runaway reaction are 100% foolproof and will
work as designed. Another area of great concern is the hazards associated with the
disposal of highly radioactive waste products.

What has raised our fear in regard to nuclear power more than anything else are
the accidents at Chernobyl in 1986 and Fukushima in 2011. They were a sobering
reminder of what we can expect from an accident due to catastrophic reactor failure
or human errors. The Fukushima disaster in particular has shattered the zero risk
myth of power reactors and heightened our concern about the invisibility of the
added lethal component, nuclear radiation. Consequently, they have spurred our
interest in the other source of nuclear energy—fusion.

3. Nuclear fusion

Nuclear fusion is the process in which two lighter nuclei, typically isotopes of
hydrogen, combine together under conditions of extreme pressure and temperature
to form a heavier nucleus, resulting in the release of enormous amount of energy.
The fusion of four protons to form the helium nucleus “He, two positrons, and two
neutrinos, for example, generates about 27 MeV of energy.
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In the 1930s, scientists, particularly Hans Bethe, discovered that it is fusion that
has been powering the Sun and stars since their formation [4]. A “fusion reactor”
buried deep in the Sun’s interior produces in one heartbeat the energy of 100 billion
nuclear bombs. Beginning in the 1940s, researchers began to look for ways to initiate
and control fusion reactions to produce useful energy on Earth. We now have a very
good understanding of how and under what conditions two nuclei can fuse together.

3.1 Fusion in the Sun

The fusion of hydrogen into helium in the Sun and other stars occurs in three
stages. First, two ordinary hydrogen nuclei (*H), which are actually just single
protons, fuse to form an isotope of hydrogen called deuterium (*H), which contains
one proton and one neutron. A positron (e*) and a neutrino (v) are also produced.
The positron is very quickly annihilated in the collision with an electron, and the
neutrino travels right out of the Sun:

"H4+'H > ?H+e" 4 0. (1

Once created, the deuterium fuses with yet another hydrogen nucleus to
produce *He—an isotope of “*He. At the same time, a high-energy photon, or y ray,
is produced. The reaction is

H+'H — 3He +7. (2)

The final step in the reaction chain, which is called the proton-proton cycle,
takes place when a second *He nucleus, created in the same way as the first, collides
and fuses with another *He, forming *He and two protons. In symbols,

3He + 3He — “He + 2'H. 3)

The net result of the proton-proton cycle is that four hydrogen nuclei combine to
create one helium nucleus. The mass of the end product is 0.0475 x 10~ kg less
than the combined mass of the 3He nuclei. This mass difference, known as mass
defect in the parlance of nuclear physics, is converted into 26.7 MeV of energy as
known from Einstein’s equation E = mc?.

The proton-proton cycle is particularly slow—only one collision in about 10% for
the cycle to start. As the cycle proceeds, the Sun’s temperature rises, and eventually
three “*He nuclei combine to produce C. Despite the slowness of the proton-proton
cycle, it is the main source of energy for the Sun and for stars less massive than the Sun.
The amount of energy released is enough to keep the Sun shining for billions of years.

Besides the proton-proton cycle, there is another important set of hydrogen-
burning reactions called the carbon-nitrogen-oxygen (CNO) cycle that occurs at
higher temperatures. Although CNO cycle contributes only a small amount to the
Sun’s luminosity, it dominates in stars that are more massive than a few times
the Sun’s mass. A star like Sirius with somewhat more than twice the mass of the
Sun derives almost all of its energy from the CNO cycle.

4. Coulomb barrier

An obstacle called the Coulomb barrier caused by the strongly repulsive electro-
static forces between the positively charged nuclei prevents them from fusing
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under normal circumstances. However, fusion can occur under conditions of
extreme pressure and temperature. That is why fusion reaction is often termed as
thermonuclear reaction.

Nuclei, which have positive charges, must collide at extremely high speeds to
overcome the Coulomb barrier. The speed of particles in a gas is governed by the
temperature. At the very center of the Sun and other stars, it is extremely hot and
density is very high. For the Sun, the temperature is around 15 million degrees
Celsius, and the central density is about 150 times that of water. Under such
extreme conditions, electrons in an atom become completely detached from the
atomic nucleus, thereby forming an ionized fluid called plasma—a “soup” of hot
gas, with bare, positively charged atomic nuclei and negatively charged electrons
whizzing about at extremely high speeds. The plasma as a mixture of positive ions
(nuclei) and negative electrons is overall electrically neutral.

Without the high pressure of the overlying layers, the hot plasma at the solar
core would simply explode into space, shutting off the nuclear reactions. The
pressure, which is about 250 billion atmospheres at the Sun’s core, squeezes the
nuclei so that they are within 1 fm (10~ m) of each other. At this distance, the
attractive strong nuclear force that binds protons and neutrons together in the
nucleus becomes dominant and pulls the incoming particles together, causing them
to fuse.

Additionally, massive gravitational force causes nuclei to be crowded together
very densely. This means collisions occur very frequently, another requirement if a
high fusion rate is to occur. A quick and crude calculation suggests that we need
about 10% collisions per second to keep the Sun going, while within the core we get
about 10%* collisions per interactions per second, implying only one in 10%® colli-
sions needs to be a successful fusion event.

5. Nuclear fusion on Earth

One of the major challenges in initiating a fusion reaction in a laboratory envi-
ronment on Earth is to create conditions similar to that in the Sun—extremely high
temperatures, perhaps more than 100 million degrees Celsius (equivalent to mean
particle kinetic energies of ~10 keV) while simultaneously maintaining a high
enough density for a long enough time so that the rate of fusion reactions will be
large enough to generate the desired power.

5.1 “Ignition” temperature

We can estimate the minimum temperature required to initiate fusion by calcu-
lating the Coulomb barrier which opposes two protons approaching each other to
fuse. With e* = 1.44 MeV-fm, where e is the charge of a proton, and r = 1.0 fm
(separation between two protons), the height of the Coulomb barrier is

€2

U= o= 1.44 MeV. (4)

The kinetic energy of the nuclei moving with a speed v is related to the
temperature T by

1 3
iml)z = i kBT, (5)
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where kg = 8.62 x 10! MeV/K is the Boltzmann constant. By equating the average
thermal energy to the Coulomb barrier height and solving for T gives a value for the
temperature of around 10 billion Kelvin (K).

The above “back of the envelop” calculation, using classical physics, does not
take into consideration the quantum effect of tunneling, which predicts there will
be a small probability that the Coulomb barrier will be overcome by nuclei tunnel-
ing through it. The probability P of such an event happening is

(6)

Z1Z2ac
1} b

P exp (—

where Z; and Z, are the atomic numbers of the interacting particles, a = 1/137 is
the fine structure constant, and v is the relative velocity of the colliding nuclei.
Using the classical turning point 7o and de Broglie wavelength A = h/p = h/mv, the
above expression can be written as

P exp (— %0) @

Thus, large values of v (high energies), or small 4, favor a fusion reaction.
Taking into account the tunneling probability, we can now estimate the
temperature for fusion to occur. In terms of de Broglie wavelength, the kinetic

energy is

2 2
O A
2m 2mi?

(8)

If we require that the nuclei must be closer than the de Broglie wavelength for
tunneling to take over and the nuclei to fuse, then the Coulomb barrier is given by

LS K’
= o A=—.
2 omi2 " 2me ©)
If we use this wavelength as the distance of closest approach to calculate the
temperature, we obtain
3 e’ 2met
o knT=—=""/\ 10
5 ksl =7 =" (10)
Solving for the temperature, we get
dme*  mc*a® 1)

T 3%k,  3ntks

For two hydrogen nuclei (mc? = 940 MeV), this gives a temperature of about 20
million Kelvin.

6. Fusion reactor

Since the 1950s, scientists have been working tirelessly to develop a reactor in
order to harness the nearly inexhaustible energy produced during fusion [5]. The
goals of fusion research at present include the following:
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1. To achieve the required temperature to ignite the fusion reaction.

2.To keep the plasma together at this temperature long enough to get useful
amounts of energy out of the thermonuclear fusion reactions.

3.To obtain more energy from the thermonuclear reactions than is used to heat
the plasma to the ignition temperature.

To date, much headway has been made toward achieving these goals.

6.1 Fuel

Just like the Sun, the fuel for a fusion reactor is hydrogen, the most abundant
element in the Universe. But without the benefit of gravitational force that is at
work in the Sun, achieving fusion on Earth requires a different approach. The
simplest reaction in which enormous amount of energy will be released is the fusion
of the hydrogen isotopes deuterium (*H) and tritium (*H) producing “He and a
neutron. For the sake of brevity, we will use the notation d and t for deuterium and
tritium, respectively.

Deuterium is found aplenty in ocean water, enough to last for billions of years.
This makes it an attractive source of alternative energy relative to other sources of
energy. Naturally occurring tritium, on the other hand, is extremely rare. It is
radioactive with a half-life of around 12 years. Trace quantities of tritium can be
found in cosmic rays. Nevertheless, it can be produced inside a reactor by neutron
(n) activation of lithium (Li), the other raw material for fusion found in brines,
minerals, and clays. Because of the abundance of fusion fuel, the amount of energy
that can be released in controlled fusion reactions is virtually unlimited.

For d-t reaction, we must first create the tritium from either flavor of lithium:

®Li+n —*He+1t, (12)
or

"Li+n— *“He+ *H— *“He+t+n. (13)

The next step in the reaction is

d+t— °He — *He +n. (14)

The neutrons generated from the d-t fusion can be used to bombard lithium to
produce helium and tritium, thereby starting a controlled, sustainable chain
reaction.

The mass of the resulting helium atom and neutron is not the exact sum of the
masses of deuterium and tritium. Once again, because of mass defect, each lithium
nucleus converted to tritium will end up yielding about 18 MeV of thermal energy.
Compared to fission, where each split of uranium releases about 200 MeV of
energy, it might appear that the energy released during fusion is rather small. The
discrepancy in the energies lies in the number of nucleons involved in the reactions
—more than 200 for fission and 5 for fusion. On a per nucleon basis, fusion releases
18/5 = 3.6 MeV, while fission releases 200/236 = 0.85 MeV. So, fusion wins hands
down, by greater than a factor of 4.

The other fusion scheme for which the required fuel (* He) will be produced is
d +d — “*He. Another reaction, ?H+°He—*He + p, is an example of a fusion
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reaction that releases its energy entirely in the form of charged particles, rather than
neutrons, thereby offering the possibility, at least in principle, of direct conversion
of fusion energy into electrical energy. However, the cross sections and reaction
rates for both the reactions are as much as a factor of 10 lower than the d-t reaction.
Moreover, because of the higher Coulomb barrier (~2.88 MeV), the ignition tem-
peratures required for ’H + 3He reaction are much higher than those of d-t fusion.

An interesting fusion reaction is a proton colliding with boron (B). The proton
fuses with B to form >C which immediately decays into three alpha (*H nucleus)
particles. A total energy of 8.7 MeV is released in the form of kinetic energy of the
alpha particles. Since it is relatively easy to control the energy of the proton with
today’s accelerator technology, this fusion reaction can be easily initiated without
involving other interaction channels.

6.2 Conditions for fusion reaction

In order to attain the temperature for fusion to occur, the plasma has to meet
some conditions. They are Lawson criterion and Debye length.

6.2.1 Lawson criterion

In addition to providing a sufficiently high temperature to enable the particles to
overcome the Coulomb barrier, a critical density of the ions in the plasma must be
maintained to make the probability of fusion high enough to achieve a net yield of
energy from the reaction. The condition which must be met for a yield of more
energy than is required for the heating of the plasma is stated in terms of the
product of the plasma density (n,) and confinement time (r). The product has to
satisfy the inequality:

ng7 >3 x 10%° s/m3. (15)

This relation is called the Lawson criterion [6]. Researchers sometimes use the triple
product of ny, 7, and the plasma temperature T. Called the fusion product, the
condition for fusion to take place is

ng7T>5 x 102 s. keV/m3. (16)

To summarize, three main conditions are necessary for nuclear fusion:

1. The temperature must be hot enough to allow the ions to overcome the
Coulomb barrier and fuse together. This requires a temperature of at least 100
million degrees Celsius.

2. The ions have to be confined together in close proximity to allow them to fuse.
A suitable ion density is 2 — 3 x 10% ions/m?>.

3.The ions must be held together in close proximity at high temperature long
enough to avoid plasma cooling.

At higher densities, charged particles in the plasma moving at high speeds may
give rise to bremsstrahlung—radiation given off by a charged particle (most often
an electron) due to its acceleration caused by an electric field of another charged
particle (most often a proton or an atomic nucleus). Bremsstrahlung could become
so dominant that all the energy in the plasma may radiate away. Other radiation
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losses, including synchrotron radiation from charged particles orbiting about mag-
netic fields would be negligible. A fusion reactor, therefore, has to be operated at a
temperature where the power gain from fusion would exceed the bremsstrahlung
losses.

6.2.2 Debye length

A parameter that determines the electrostatic properties of a plasma is called the

Debye length Lp [7]:
LD X kB—T (17)
v na

It is a length scale over which electrons screen out electric fields in the plasma. In
other words, it is the distance over which significant charge separation can occur and
how far its electrostatic effect persists. For distances greater than the Debye length,
the energy of the particles in the plasma balances the electrostatic potential energy.
Using n,; = 10%® particles/m3, the Debye length for a 10 keV plasma is of the
order of 10 nm, and the number of particles in a volume of the plasma of one Debye
length is about 10*. For a more rarefied plasma, say 1, = 10% particles/m3,
Lp =10 pm, and the number of particles in a volume of dimension of one Debye
length is 107. In either of these two extreme cases, there are two basic properties:
the physical size of the plasma is far larger than the Debye length, and there are
many particles in a spherical volume of radius equal to one Debye length. They are
these two properties that describe the hot thermonuclear fuel.

7. Plasma confinement

Just like a conventional power plant, a fusion power plant will use the energy
released during fusion reaction to produce steam and then generate electricity by
way of turbines and generators. But as noted in the above discussions, it is hard to
harness the energy in a laboratory environment.

Each fusion reaction is characterized by a specific ignition temperature, which
must be surpassed before the reaction can occur. In stars, which are made of
plasma, fusion takes place because of immense gravitational forces and extreme
temperatures. Trying to create similar conditions here on Earth has required fun-
damental advances in a number of fields, from quantum physics to materials sci-
ence. Scientists and engineers have made enough progress over the past half
century, especially since the 1990s, so that a fusion reactor able to generate more
power than it takes to operate can be built. Supercomputing has helped enormously,
allowing researchers to precisely model the behavior of plasma under different
conditions.

One of the major requirements in the development of a fusion reactor is the
actual realization of the ignition temperature of d-t reaction, which is 100 million
degrees Celsius. Once all the conditions are realized, the challenge to contain and
control the staggering levels of heat in the plasma is formidable. That is because the
plasma must not only be heated to a temperature of at least 100 million degrees
Celsius, but the energy must also be confined within the plasma without being
carried to walls of the container for times long enough for the relatively infrequent
fusion events to occur. Otherwise, the plasma will exchange energy with the walls,
cool itself down, and melt the container.
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Many techniques have been developed, but the two main experimental
approaches that seem capable of doing this task are magnetic confinement and
inertial confinement.

7.1 Magnetic confinement

This method uses strong magnetic fields to contain the hot plasma and prevent it
from coming into contact with the reactor walls. The magnetic fields keep the
plasma in perpetually looping paths because the electrical charges on the separated
ions and electrons mean that they follow the magnetic field lines. As a consequence,
the plasma does not touch the wall of the container.

There are several types of magnetic confinement system, but the approaches
that have been developed to the point of being used in a reactor are tokamak and
stellarator devices. Because of its versatility, tokamak is considered to be the most
developed magnetic confinement system. Hence, it is the workhorse of fusion.

7.1.1 Tokamak

The tokamak, acronym for the Russian phrase toroiddl’naja kdmera s magnitnymi
katiiskami meaning toroidal chamber with magnetic coils, was designed in 1951 by
Soviet physicists Andrei Sakharov and Igor Tamm [8]. It is a doughnut-shaped
device in which the combination of two sets of magnetic coils, known as toroidal
and poloidal field coils, creates a field in both vertical and horizontal directions. The
magnetic fields hold and shape the charged particles of the plasma by forcing them
to follow the magnetic field lines. They essentially create a “cage,” a magnetic
bottle, inside which the plasma is confined. A strong electric current is induced in

the plasma using a central solenoid, and this induced current also contributes to the
poloidal field.

7.1.2 Stellarators

Unlike tokamaks, stellarators [9, 10] do not require a toroidal current to be
induced in the plasma. Instead, the plasma is confined and heated by means of
helical magnetic field lines. They are produced by a series of coils which may
themselves be helical in shape. As a result, plasma stability is increased compared
with tokamaks. Since heating the plasma can be more easily controlled and moni-
tored with stellarators, they have an intrinsic potential for steady-state, continuous
operation. The disadvantage is that, due to their more complex shape, stellarators
are much more complicated than tokamaks to design and build.

7.2 Inertial confinement

After the invention of laser in 1960 at Hughes Research Laboratory in California,
researchers sought to heat the fusion fuels with a laser so suddenly that the plasma
would not have time to escape before it was burned in the fusion reaction. It would
be trapped by its own inertia, hence the name “inertial confinement,” because it
relies on the inertia of the implosion to bring nuclei close together. This approach
to confinement was developed at Lawrence Livermore National Laboratory in
California [11].

Within the context of inertial confinement, laser beams with an intensity of the
order of 10'* — 10> W/cm? are fired on a solid pellet filled with a low-density
mixture of deuterium and tritium. The energy of the laser vaporizes the pellet
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instantly producing a surrounding plasma environment for a short period of time.
During the process, the density and temperature of the fuel attains a high enough
value to ignite the fusion reaction.

The capability of present lasers does not allow the inertial confinement tech-
nique to obtain break-even conditions, simply because the efficiency for converting
electrical energy into radiation is very low, about 1-10%. Consequently, alternative
approaches are being explored to achieve the ignition temperature. One such
approach involves using beams of charged particles instead of lasers.

8. Cold fusion

In 1989, researchers at University of Utah (USA) and University of Southamp-
ton (UK) claimed to have achieved fusion at room temperature in a simple tabletop
experiment involving the electrolysis of heavy water (deuterium oxide) using pal-
ladium electrodes [12]. According to them, when electric current passed through
the water, palladium catalyzed fusion by allowing deuterium atoms to get close
enough for fusion to occur. Since other experimenters failed to replicate their claim,
most of the scientific community no longer considers it a real phenomenon.

But in 2005, cold fusion got a major boost. Scientists at UCLA initiated fusion
using a pyroelectric crystal [13]. They put the crystal into a small container filled
with hydrogen, warmed the crystal to produce an electric field, and inserted a metal
wire into the container to focus the charge. The focused electric field powerfully
repelled the positively charged hydrogen nuclei, and in the rush away from the
wire, the nuclei smashed into each other with enough force to fuse. The reaction
took place at room temperature.

9. Fusion research

The aim of the controlled fusion research program is to achieve ignition, which
occurs when enough fusion reactions take place for the process to become self-
sustaining, with fresh fuel then being added to continue it. Once ignition is
achieved, there is a net energy yield—about four times as much as with nuclear
fission. As mentioned earlier, such conditions can occur when the temperature
increases, causing the ions in the plasma to move faster and eventually reach speeds
high enough to bring the ions close enough together. The nuclei can then fuse,
causing a release of energy.

The plasma temperature needed for ignition is produced by external heating.
Powerful methods were developed for this purpose. They are:

1. Heating by injection of neutral beams: In this method, neutralized particles
with high kinetic energy, produced in an ion source, are injected into the
plasma, whereby they transfer their energy to the plasma through collisions.

2. Heating by high-frequency radio or microwaves: When electromagnetic waves
of appropriate frequency are beamed into the plasma, the plasma particles
absorb energy from the field of the wave and transfer it to the other particles
through collisions.

3. Heating with current: When an electric current is passed through the plasma, it

generates heat in the plasma through its resistance. As the resistance decreases
with increasing temperature, this method is only suitable for initial heating.
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These methods produce temperatures of 100 million degrees Celsius in present-day
fusion devices.

9.1 Research programs

Experiments with d-t fuel began in the early 1990s in the Tokamak Fusion Test
Reactor in Princeton (USA) [14] and the Joint European Torus (JET) in Culham
(UK) [15]. The world’s first controlled release of fusion power using a 50-50 mix of
tritium and deuterium with a fusion output of 16 MW from an input of 24 MW
heating (Q-factor is 0.67) was achieved in 1991 by JET. The Q-factor is used to
represent the ratio of the power produced in the fusion reaction to the power
required to produce the fusion. It should not be confused with the Q-value of a
reaction, which is the amount of energy released by that reaction. Obviously,
Q-factor of 1 is breakeven. To achieve commercially viable fusion energy, the
Q-factor must be much greater than one.

The 35-nation International Thermonuclear Experimental Reactor (ITER, “The
Way” in Latin) project currently under construction in Cadarache, France, is the
world’s largest tokamak fusion reactor [16]. The goals of ITER are:

1. To operate at 500 MW (for at least 400 s continuously) with less than 50 MW
of input power for a tenfold energy gain (Q-factor is 10).

2. Demonstrate the integrated operation of technologies for a fusion power
plant and test technologies for heating, control, diagnostics, cryogenics, and
remote maintenance.

3. Achieve a deuterium-tritium plasma in which the reaction is sustained
through internal heating and stays confined within the plasma efficiently
enough for the reaction to be sustained for a long duration.

4.Test tritium breeding because the world supply of tritium (used with
deuterium to fuel the fusion reaction) is not sufficient to cover the needs of
future power plants.

5. Demonstrate the safety characteristics of a fusion device, particularly the
control of the plasma and fusion reactions with negligible consequences to the
environment.

Launched in 2006, the project has been beset with technical delays, labyrinthine
decision-making, and cost estimates that have soared. The reactor is now expected
to be completed and become operational by 2030.

According to ITER Newsletter [16], “When completed, the plasma circulating in
the core of the reactor will be 150 million degrees Celsius, or about 10 times hotter
than the Sun. The massive superconducting magnets surrounding the core will be
cooled to —270 degrees, as cold as the depths of space. So many of the technologies
involved are really at the cutting edge.”

There is a considerable amount of research into many other fusion projects at
various stages of development, but ITER is the largest, with 10 times more plasma
capacity than any other reactor. Although China is a participating country in the
ITER project, the Chinese are nevertheless building a tokamak reactor by them-
selves. Known as the Experimental Advanced Superconducting Tokamak (EAST),
they managed to heat hydrogen gas to a temperature of about 50 million degrees
Celsius [17].
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Based on the information, technologies, and experience provided by ITER,
physicists and engineers at the Culham Laboratory in Oxfordshire (UK) are work-
ing to develop a Demonstration Power Station (DEMO) which, if successful in
terms of systems and performance, could be used as the commercial prototype,
creating a fast track to fusion power. In collaboration with the Princeton Plasma
Physics Laboratory, South Korea is also developing a tokamak fusion reactor named
Korean Demonstration Fusion Power Plant (K-DEMO) [18]. Both EAST and
K-DEMO are due for completion by year 2030.

Under an Italian-Russian agreement, Italy’s National Agency for New Technolo-
gies, Energy and Sustainable Economic Development is developing a small tokamak
reactor by the name of Ignitor [19]. The reactor is based on the Alcator machine at
MIT [20] which pioneered the high magnetic field approach to plasma magnetic
confinement. The scientists of the project believe that unlike the larger ITER reac-
tor, Ignitor could be ready to begin operations within a few years.

By using magnetic fields that are twice as strong as those planned for ITER, two
spin-off companies, one in the USA and the other in the UK, hope to create a
sustainable fusion reaction in a machine as small as 1/70th the size of ITER. They
also believe, according to the August 2018 issue of Physics Today, that their reactor
will be able to produce more energy than they consume. It is expected to be
operational before ITER, possibly by the mid-2020s.

The Germans are working on a non-tokamak fusion reactor called Wendelstein
7-X [21]. In a test run, they produced helium plasma that lasted for one-quarter of a
second and achieved a temperature of 80 million degrees Celsius. The Germans
believe that their stellarator design, similar in principal to the tokamaks, will pro-
vide an inherently more stable environment for plasma and a more promising route
for nuclear fusion research in general.

Another stellarator, TJ-II, designed in collaboration with Oak Ridge National
Laboratory (USA), is in operation in Madrid, Spain [22]. This flagship project of the
National Fusion Laboratory of Spain is a flexible, medium-size stellarator—the
second largest operational stellarator in Europe, after Wendelstein 7-X.

In 2014, scientists and engineers at the American aerospace conglomerate
Lockheed Martin claimed to have made a major technological breakthrough in the
development of a fusion reactor [23]. They are cautiously optimistic that an opera-
tional reactor with enough energy output to power a small city, yet small enough to
fit on the back of a truck, can be built before the end of this decade. However,
because of the absence of further details on how their reactor works, some scientists
are skeptical about the claim.

According to MIT Technology Review [24], while ongoing research centered on
large tokamaks may take decades before a commercially feasible fusion reactor is
built, several privately funded companies and small university-based research
groups pursuing novel fusion reactor designs have delivered promising results that
could shorten the timeline for producing a prototype machine from decades to
several years. On the other hand, scientists of the mega-projects believe that fusion
power could become a reality more quickly if the present international funding for
fusion research was increased.

There have also been significant developments in research into inertial confine-
ment fusion (ICF). Research on ICF in the USA is going on at the National Ignition
Facility [25] at the Lawrence Livermore National Laboratory in California and
Sandia Laboratories in New Mexico. At Sandia, an entirely different method of ICF
called the Z-pinch [26], which does not use laser at all, is being investigated.
Instead, it uses a strong electrical current in a plasma to generate X-rays, which
compresses a tiny d-t fuel cylinder. The other notable research activity on ICF is the
Laser Megajoule project in Bordeaux, France [27]. All three projects are designed to
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deliver, in a few billionths of a second, nearly 2 million Joules of energy to targets
measuring a few millimeters in size. The main purpose of these projects is, however,
to support research for nuclear weapons programs.

Thus far, none of the ICF facilities have achieved scientific breakeven, which is a
gain of unity. However, for making fusion energy viable in commercial power
plants, the gain has to be much greater than breakeven. Since lasers are very
inefficient machines, gains of at least 100 are needed for a plant to produce net
power output. To that end, researchers at Lawrence Livermore National Laboratory
are exploring other approaches to developing ICF as a source for energy.

10. Advantages/disadvantages of fusion reactors
There are many advantages of fusion reactors:

1. They will produce at least five times more energy than the amount of energy it
will need to heat the fusing nuclei to the desired temperature. Furthermore, it
is estimated that to run a 1000 MW power plant for a year, a fusion reactor will
require about 3000 m? of water (source of deuterium) and 10 tonnes of
lithium ore, while the current fission reactors consume 25-30 tonnes of
enriched uranium. Clearly, gram for gram, fusion reactor wins the energy race
by a wide margin.

2. Fusion fuels are widely available and nearly inexhaustible. Deuterium can be
distilled from all forms of water, while reserves of lithium, both terrestrial and
sea-based, which would be used to produce tritium, would fulfill needs of
fusion reactors for millions of years.

3. Unlike fission, fusion will have a low burden of radioactive waste. They will
not produce high-level nuclear wastes like their fission counterparts, so
disposal will be less of a problem. Fusions by-product is helium—an inert,
nontoxic, and nonradioactive gas used to inflate childrens’ balloons. Besides,
there will be no fissile material that could be diverted by terrorists to build
“dirty bombs.” Moreover, a fusion power station would not require the
transport of hazardous radioactive materials.

4.Fusion reactors are inherently incapable of a runaway reaction that could result
in a core meltdown, the most serious calamity possible in a fission reactor. This
is because there is no critical mass required for fusion. Besides, fusion reactors
work like a gas burner; once the fuel supply is shut off, the reaction stops.
There will, therefore, be no off-site radiation-related deaths, even from a
severe accident.

5. Despite being technically nonrenewable, fusion has many of the benefits of
renewable energy sources, such as being a long-term source of energy
emitting no greenhouse gases. Besides, because it is not dependent on weather,
fusion could provide uninterrupted power delivery, unlike solar and wind
power.

Although fusion does not generate long-lived radioactive products and the
unburned gases can be treated on site, there are nevertheless few concerns related
to the radioactivity induced by the high-energy neutrons (~14 MeV) that are
produced during the d-t reaction. They are:
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1. Some radioactive wastes will be produced due to neutron activation of lithium
to produce tritium inside the reactor, but their inventory will be much less
than those from fission, and they will be short-lived. Nonetheless, if
accidentally released in the air or water, tritium will remain radioactive for a
period equal to at least 10 half-lives or 120 years.

2. The neutrons will irradiate the surrounding structures giving rise to radioactive
nuclides, which ultimately have to be disposed of in some waste facility. But
their stock will be considerably lower than that from actinides used in fission-
based reactors.

3. Since most of the energy in the d-t reaction is carried away by the neutrons,
this could lead to neutron leakage that could be significantly higher than
uranium reactors. More neutron leakage means more shielding and improved
protection for workers at the power plant.

11. Fusion torch

A fascinating application for the abundant energy that fusion may provide is the
fusion torch, a star-hot flame or high-temperature plasma into which all waste
materials—whether liquid sewage or solid industrial refuse—could be dumped [28].
In the high-temperature environment, the materials would be reduced to their
constituent atoms and separated by a mass-spectrograph-type device into various
bins ranging from hydrogen to uranium. Thus, a single fusion plant could, in
principle, not only dispose of thousands of tons of solid wastes per day but also
convert them into a few reusable and saleable elements, thereby closing the cycle
from use to reuse.

12. Conclusion

Projection for the demand of energy depends on the growth of population,
because the more people there is, the more energy will be used. The current world
population of 7 billion is expected to reach 11 billion in 2100. This means if we want
to maintain a better or at least the same standard of living, global consumption of
energy could double, or perhaps triple, by the end of this century.

With the incorporation of improved safety features and new generation of
reactors, nuclear fission will probably continue to make a major contribution to
electricity generation. However, its growth could be curtailed by issues of public
and political acceptability. Supplies from some renewable sources of energy, such as
solar or wind, are not guaranteed either, because they are reliant on weather
conditions. Technological challenges for other sources, ocean thermal energy and
hydrokinetic energy from rivers, for example, have not yet been fully developed.
So, for future energy security, the answer is nuclear fusion.

Advocates acknowledge that fusion technology is likely many decades away. The
reason, these systems are intrinsically large, so large that we cannot test the physics
and technology of fusion on a lab bench and then mass-produce fusion reactors.
Consequently, these large, first-of-a-kind facilities take time to construct.

Despite the enormity of the projects, we have succeeded in creating a short-lived
artificial Sun on Earth via experimental fusion reactors. Once commercial fusion
reactors become a reality, there will be a paradigm-shifting development in the
global energy mix. In particular, our dependence on the rapidly depleting supply of
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fossil fuels and uranium will be drastically reduced. More importantly, fusion
power can easily secure our planets future, given the abundance of fuels and near-
limitless energy produced from fusion reactions. Additionally, with no risk for
proliferation and minimum radioactive waste generated, nuclear fusion would offer
a clean, relatively safe, zero greenhouse gas-emitting, and long-term source of
energy, with the potential to produce at least 20-25% of the world’s electricity by
2100.

To conclude, nuclear fusion energy may not have the magic wand that would
solve our energy problem. Nevertheless, it has the potential to be an attractive
energy source that can be deployed as major pressures rise on existing energy
supply options. Also, it would go a long way in slowing down, if not mitigating, the
unrelenting climb of the temperature of our planet.
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Abstract

Semiclassical and full quantum mechanical approaches are used to study the
effect of channel coupling on the calculations of the total fusion reaction cross
section oy, and the fusion barrier distribution Dy, for the systems Li + ®Nij,

"B 4+ ™°Tb, and "°C + °Be. The semiclassical approach used in the present work is
based on the method of the Alder and Winther for Coulomb excitation. Full quan-
tum coupled-channel calculations are carried out using CCFULL code with all order
coupling in comparison with our semiclassical approach. The semiclassical calcula-
tions agree remarkably with the full quantum mechanical calculations. The results
obtained from our semiclassical calculations are compared with the available
experimental data and with full quantum coupled-channel calculations. The com-
parison with the experimental data shows that the full quantum coupled channels
are better than semiclassical approach in the calculations of the total fusion cross
section oy, and the fusion barrier distribution D,,.

Keywords: fusion reaction, breakup channel, weakly bound nuclei, fusion barrier

1. Introduction

In recent years, big theoretical and experimental efforts had been dedicated to
expertise the effect of breakup of weakly bound nuclei on fusion cross sections
[1, 2]. This subject attracts special interests for researchers and scholars, because the
fusion of very weakly bound nuclei and exotic radioactive nuclei is reactions that
have special interests in astrophysics which play a very vital role in formation of
superheavy isotopes for future applications [3-8]. Since the breakup is very impor-
tant to be considered in the fusion reaction of weakly bound nuclei, the following
should be considered: the elastic breakup (EBU) in which neither of the fragments
is captured by the target; incomplete fusion reaction (ICF), which happens when
one of the fragments, is captured by the target; and complete fusion following BU
(CFBU), which happens in all breakup fragments that are captured by the target, is
called the sequential complete fusion (SCF). Therefore, the total breakup cross
section is the sum of three contributions: EBU, ICF, and CFBU, whereas the sum of
complete fusion (including two body fusions and CFBU) and incomplete fusion is
called total fusion (TF) [1, 8-10]. Fusion reactions with high-intensity stable beams
which have a significant breakup probability are good references for testing the
models of breakup and fusion currently being developed. The light nuclei such as
®Li breakup into *He+’H, with separation energy Sa = 1.48 MeV; 11B breakup into
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*He+’Li with separation energy Sa = 8.664 MeV and ">C breakup into three
particles induced by neutrons or protons by *C (p, p) 3« [3, 11, 12]. The breakup
channel is described by the continuum discretized coupled-channel (CDCC)
method. The continuum that describes the breakup channel is discretized into bins
[13, 14]. To study the coupled-channel problem, this requires a profound truncation
of the continuum into discrete bin of energy into equally spaced states. The CDCC
method is totally based on this concept. Surrey group extended the discretization
procedure discussed in [14] for the deuteron case to study the breakup and fusion
reactions of systems involving weakly bound nuclei [15, 16]. Recently, Majeed and
Abdul-Hussien [17] utilized the semiclassical approach based on the theory of Alder
and Winther. They carried out their calculations to investigate the role of the
breakup channel on the fusion cross section oy, and fusion barrier distribution Dy,
for “®H halo [17]. Semiclassical coupled-channel calculations in heavy-ion fusion
reactions for the systems *°Ar + "°Pd and "**Sn + *8Ca were carried out by Majeed
et al. [18]. They argued that including the channel coupling between the elastic
channel and the continuum enhances the fusion reaction cross section oy, and the
fusion barrier distribution Dy, calculations quite well below and above the Coulomb
barrier for medium and heavy systems. This study aims to employ a semiclassical
approach by adopting Alder and Winther (AW) [19] theory originally used to treat
the Coulomb excitation of nuclei. The semiclassical approach has been implemented
and coded using FORTRAN programming codenamed (SCF) which is written and
developed by Canto et al. [20]. The fusion cross section oy, and fusion barrier
distribution Dp,, are calculated here utilizing the semiclassical approach. The results
from the present study are compared with the quantum mechanical calculations
using the FORTRAN code (CC) [21] and with the experimental data for the three
systems Li + ®*Ni, B + ®Tb, and °C + °Be.

2. The semiclassical theory
2.1 The single-channel description

The semiclassical theory is used to estimate the fusion cross section in the one-
dimensional potential model which assumes that one can describe the degree of
freedom only of the relative motion between the colliding heavy ions [19, 20]. The
semiclassical theory deals with the Schrédinger equation assuming independent
energy and angular momentum and the potential energy for the radial part of the
relative motion through quantum tunneling:

[—A*V2/2u+V(r) —E] ®(r) =0 (1)

where y is the reduced mass of the system and V(») is the total potential energy
of the system. Semiclassical reaction amplitudes can be evaluated as a function of
time, assuming the particle trajectory to be determined by classical dynamics,
including Coulomb and real nuclear and centrifugal potentials, which can be
written in the form

V(V) = Vc(V> + VN(V') + V[ (V) (2)

In coupled-channel effects on the elastic channel, the imaginary part should be
added to the nuclear potential, represented by complex potential as

Vn(r) = Un(r) —iW(r) (3)
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The method can be extended to describe interference of different [ waves due to
strong nuclear attraction and absorption caused by the imaginary nuclear potential
[6, 20, 22]. When the two nuclei come across the potential barrier into the inner
region, the fusion occurs according to the semiclassical theory, and the penetrability
probability below barrier can be evaluated using WKB approximation [5, 6,19, 23, 24]:

1

Pri(LE) = 0 (4)
1+ exp {2 [ & (V)d?‘:|
’b
Then, the latter can be rewritten as follows:
WKB 1
p Us (17 E ) = (5)

1+ exp [h% (Vy(l) — E)]

where «;(7) is the local wave number and Vé” and " are the inner and outer
classical turning points at the fusion barrier potential. If one approximates the
fusion barrier by a parabolic function, then the penetrability probability above
barrier is given by the Hill-Wheeler formula [3, 19]:

1
1+exp[ (E— vb(Z))}

PYH(LE) = (6)

where V,(I) and ; are the height and the curvature parameter of the fusion
barrier for the partial wave, respectively, and E is the bombarding energy. Ignoring
the I dependence of w and of the barrier position R, and assuming that the /
dependence of V;(I) is given only by the difference of the centrifugal potential
energy, one can obtain Wong’s formula which is given in Section 5. The fusion cross
sections can be estimated by the one-dimensional WKB approximation by the
following relations [21, 24]:

0fus (E e “yar+1 )PYRB(LE) )
fus(l E) i JdV|uYI (k}” V) |2W}m(7‘) (8)

where u, (k,,7) represents the radial wave function for the partial wave [ in
channel y and nyu ;(r) is the absolute value of the imaginary part of the potential

associated to fusion in that channel.

The complete fusion cross section in heavy ions evaluated using semiclassical
theory is based on the classical trajectory approximation . And the relevant intrin-
sic degrees of freedom of the projectile, represented by & with applying the contin-
uum discretized coupled-channel (CDCC) approximation of Alder and Winther
(AW) theory [16], have been proposed [17]. The projectile Hamiltonian is then
given by

b =ho(&) + V(&) 9)

where h(€) is the intrinsic Hamiltonian and V(€,r) = Vy(&,1) 4+ V(§, 1), V(§, 1)
is the interaction between the projectile and target nuclei. The Rutherford trajectory
depends on the collision energy, E, and the angular momentum, /. In this case the
trajectory is the solution of the classical motion equations with the potential
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V(r) = (Wo|V(r,&)|Po), where Wy is the ground state (g.s.) of the projectile. In this
way, the interaction becomes time-dependent in the &-space V(&) = V(Vl(t), 5),
and the eigenstates of the intrinsic Hamiltonian |¥,) satisfy the Schrédinger
equation [25, 26]:

W) = ef¥,) (10)
After expanding the wave function in the basis of intrinsic eigenstates

t) = Ya,(l,t)¥,(E)e "/ (11)

and inserting Eq. (11) into the Schrédinger equation for ¥(¢,¢), the AW
equations can be obtained:

iha, (1) = X (¥, |V(ED)|P, e hye(l,t) (12)

€

These equations should be solved with initial conditions a,(l,t — —o0) = &0
which mean that before the collision (¢t — —), the projectile was in its ground
state. The final population of the channel y in a collision with angular momentum !
is P}u (LE) = |a,(l,t — —o0) ‘2. Eq. (8) gives the general expression for the fusion
cross section in multichannel scattering [26].

2.2 The coupled-channel description

The variables employed to describe the collision are the projectile-target separa-
tion vector 7 and the relevant intrinsic degrees of freedom of the projectile £. For
simplicity, we neglect the internal structure of the target. The Hamiltonian is then
given by [27]

H = Ho(¢) + V(7.¢) (13)

where Hy(¢) is the intrinsic Hamiltonian of the projectile and V(7 , £) represents
the projectile-target interaction. Since the main purpose of the present work is to
test the semiclassical model in calculations of sub-barrier fusion, the nuclear cou-
pling is neglected. Furthermore, for the present theory-theory comparison, only the
Coulomb dipole term is taken into account. The eigenvectors of Hy (&) are given by
the equation [27]

H0|€0/3> = 8/i|(0/3> (14)

where ¢ is energy of internal motion. The AW method is implemented in two
steps. First, one employs classical mechanics for the time evolution of the variable

7. The ensuing trajectory depends on the collision energy, E, and the angular
momentum, ¢. In its original version, an energy symmetrized Rutherford trajectory

r¢ (t) was used. In our case, the trajectory is the solution of the classical equations of
motion with the potential V(7) = (¢o|V (7, &)¢,), where |p,) is the ground state of
the projectile. In this way, the coupling interaction becomes a time-dependent
interaction in the é-space, V(&,t) = V(rs (¢), £). The second step consists in
treating the dynamics in the intrinsic space as a time-dependent quantum mechan-
ics problem. Expanding the wave function in the basis of intrinsic eigenstates [19]
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w(é 1) = %ﬂﬂ(ﬂ t)pp(E)e "M (15)

and inserting this expansion into the Schrédinger equation for y(¢,t), one
obtains the AW equations [27]

ihdp(£,t) = X a,(,0) (g V o (&,0) |y e (=)l (16)

These equations are solved with the initial conditions az(¢,t — —o0) = 0,
which means that before the collision ( — —0), the projectile was in its ground
state. The final population of channel f in a collision with angular momentum ¢ is

Pff ) = |ag(¢,t — —|—oo){2 and the angle-integrated cross section is [19]
T
=530+ 1)PY) (17)
‘

To extend this method to fusion reactions, we start with the quantum mechan-
ical calculation of the fusion cross section in a coupled-channel problem. For sim-
plicity, we assume that all channels are bound and have zero spin. The fusion cross
section is a sum of contributions from each channel. Carrying out partial-wave
expansions, we get [28]

0w =3 | 5T 00 + 1PE) 18)
p k"7
with
PE(p) = ‘fE—kJ WE ()| (k) el (19)

Above, ug, (ks,r) represents the radial wave function for the #th partial wave in
channel g, and Wg is the absolute value of the imaginary part of the optical poten-
tial associated to fusion in that channel.

To use the AW method to evaluate the fusion cross section, we make the
approximation [27]

PE(p) =P TY (Ey) (20)

where F(fﬂ) is the probability that the system is in channel f at the point of closest

approach on the classical trajectory and T;ﬁ ) (Ep) is the probability that a particle
with energy Es = E — €5 and reduced mass y = MpMr/(Mp + Mr), where Mp, M
are the masses of the projectile and target, respectively, tunnels through the poten-
tial barrier in channel g [19].

We now proceed to study the CF cross sections in reactions induced by weakly
bound projectiles. For simplicity, we assume that the g.s. is the only bound state of
the projectile and that the breakup process produces only two fragments, F; and F>.
In this way, the labels # = 0 and f # 0 correspond, respectively, to the g.s. and the
breakup states represented by two unbound fragments. Neglecting any sequential
contribution, the CF can only arise from the elastic channel. In this way, the cross
section o¢r can be obtained from Eq. (20), dropping contributions from g # 0.
That is [19],
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oop = %z (2¢ + )P T (E) (21)
7
where
lﬁurv — =(0) _ 2
;" =P, = |ao(?, 1) (22)

is usually called survival (to breakup) probability [19].

3. Fusion barrier distribution

Nuclear fusion is related to the transmission of the incident wave through a
potential barrier, resulting from nuclear attraction plus Coulomb repulsion. How-
ever, the meaning of the fusion barrier depends on the description of the collision.
Coupled-channel calculations include static barriers, corresponding to frozen den-
sities of the projectile and the target. Its most dramatic consequence is the
enhancement of the total fusion reaction cross section oy, at Coulomb barrier
energies V,, in some cases by several orders of magnitude. One of the possible ways
to describe the effect of coupling channels is a division of the fusion barrier into
several, the so-called fusion barrier distribution Dy,s and given by [20, 29]

d°F(E)

where F(E) is related to the total fusion reaction cross section through [29]
F(E) = Eof,s(E) (24)

The experimental determination of the fusion reaction barrier distribution has
led to significant progress in the understanding of fusion reaction. This comes about
because, as already mentioned, the fusion reaction barrier distribution gives infor-
mation on the coupling channels appearing in the collision. However, we note from
Eq. (24) that, since fusion reaction barrier distribution should be extracted from the
values of the total fusion reaction cross section, it is the subject to experimental as
well as numerical uncertainties [29-31]:

F(E + AE) + F(E — AE) — 2F(E)

Dfus (E)’Q’ AE2

(25)

where AE is the energy interval between measurements of the total fusion
reaction cross section. From Eq. (25), one finds that the statistical error associated
with the fusion reaction barrier distribution is approximately given by [30]

2 2 2
5D (E) s \BF(E + AB) + [oF (Ez— AE)]* + 4[5F(E)]
(AE)

(26)

Uus

where 6F(E) means the uncertainty in the measurement of the product of the
energy by the total fusion reaction cross section at a given value of the collision
energy. Then the uncertainties can approximately be written as [30]

8D (E)z% (27)
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4. Results and discussion

In this section, the theoretical calculations are obtained for total fusion reaction
ofus» and the fusion barrier distribution Dy, using the semiclassical theory adopted
the continuum discretized coupled channel (CDCC) to describe the effect of the
breakup channel on fusion processes. The semiclassical calculations are carried out
using the (SCF) code, while the full quantum mechanical calculations are
performed by using the code (CC) for the systems °Li + **Ni, "B + ™ Tb and
12C 4+ ®Be. The values of the height V,, radius R,, and curvature Ao for the fusion
barrier are displayed in Table 1.

4.1 The reaction °Li + ®*Ni

The calculations of the fusion cross section oy, and fusion barrier distribution
Dy,s are presented in Figure 1 panel (a) and panel (b), respectively, for the system
®Li + ®*Ni. The dashed blue and red curves represent the semiclassical and full
quantum mechanical calculations without coupling, respectively. The solid blue and
red curves are the calculations including the coupling effects for the semiclassical
and full quantum mechanical calculations, respectively. Panel (a) shows the com-
parison between our semiclassical and full quantum mechanical calculations with
the respective experimental data (solid circles).

The experimental data for this system are obtained from Ref. [32]. The real and
imaginary Akyliz-Winther potential parameters obtained by using chi-square

System V. R, hw Refs

OLi + ®*Ni 12.41 9.1 3.9 [32]

g , ¥9Tp 40.34 10.89 4.42 [33]

2¢C 4 °Be 428 7.43 2.61 [34]
Table 1.

The fusion barrier parameters are height V. (MeV), radius R.(fm), and curvature how (MeV).

1 r ™7 T T T T ol | T T T T T T
[ (b)
W 120 |- 3 4
E i
E - [
Ww
E = Ill'l I|I|
W ::r
E w* f = = = £ {necoupling 3
] f — O frampling ] E
0 g f = = « SCFjeaceupliag) M
[} ——— SF hoapling) -‘! £
; ] & B B Dapedment dets 1] -]
10 1 .
& :1 i
L | 1 V, = 1241 MeV E
wt Lo I P P TR T T B .
B0 12 M 1% 18 2N 2 M W 12 W W 18 2 2 M
E .. (MeV) E, . (MeV)
Figure 1.

The comparison of the coupled-channel calculations of semiclassical treatment (ved curves) and full quantum
mechanical (blue curves) with the experimental data of complete fusion (black-filled circles) [32] for

°Li + ®*Ni system. Panel (a) refers to the total fusion veaction cross section cf,s (mb), and panel (b) provides the
fusion veaction barrier distribution Dg,; (mb/MeV).
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method are the strength Wy = 50 MeV, radius 7; = 1.0 fin, and diffuseness

a; = 0.25 fim, and for the real part, the depth is Vj = 35.0 MeV, radius is

ro = 1.1 fm, and diffuseness is ag = 0.8 fim. The x?* values obtained for the total
fusion cross section op,, are 1.5057 and 1.1286 in the case of no coupling for semi-
classical and quantum mechanical calculations, respectively. The y? values obtained
for the case of coupling effects included are 0.2431 and 0.3115 for semiclassical and
quantum mechanical calculations, respectively. The y? values show clearly that
semiclassical calculations including coupling effects are more consistent with the
experimental data than full quantum mechanical including coupling effects. The y?
values obtained using single-channel calculations for the fusion reaction barrier
distribution Dp,, are 0.1823 and 1.1914 for semiclassical and quantum mechanical
calculations, respectively. The y? values obtained when coupled channels are
included are 0.1827 and 0.1321 for semiclassical and quantum mechanical calcula-
tions, respectively; the fusion barrier distribution Dp,s has been extracted from the
experimental data using Wong fit model along with the three-point difference
method. The comparison with the experimental data for D, shows that the
quantum mechanical calculations are in better agreement than the semiclassical
calculations including the coupling effects.

4.2 The reaction I'B + ™°Tb

In similar analysis we compare our theoretical calculations of the fusion cross
section o, and fusion barrier distribution Dy, with the corresponding
experimental data in panels (a) and (b) of Figure 2, respectively, for the system
1B 4 19Th. The experimental data for this system is obtained from Ref. [33].

The real and imaginary Akyiiz-Winther potential parameters are obtained by
using chi-square method: Vo = 126.1 MeV, 1y =12 fm,and ap = 0.5fm and

Wy = 55.9 MeV, 1; = 0.986 fm, and a; = 0.614 fm. The y? values 0.9473 and 0.2486
are obtained for o, using semiclassical and quantum mechanical distribution cal-
culations without including the coupling, respectively, while the y* for oy, using the
semiclassical and quantum mechanical distribution calculations including the

WeErT T T T " T " T 7T 7T 3 1500
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=
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—
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Figure 2.

Thgeummparison of the coupled-channel calculations of semiclassical treatment (ved curves) and full quantum
mechanical (blue curves) with the experimental data of complete fusion (black-filled circles) [33] for

B + *>*Tb system. Panel (a) shows the total fusion reaction cross section of,s (mb), and panel (b) gives the
fusion veaction barrier distribution Dy,; (mb/MeV).
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The comparison of the coupled-channel calculations of semiclassical treatment (ved curves) and full quantum
mechanical (blue curves) with the experimental data of complete fusion (black-filled circles) [34] for

*2C + °Be system. Panel (a) shows the total fusion reaction cross section of,; (mb), and panel (b) gives the fusion
reaction barrier distribution Dy, (mb/MeV).

coupling effects are 0.2681 and 0.1657, respectively. The y? for the fusion barrier
distribution Dy, using the semiclassical and quantum calculations are 0.5828 and
1.2329 for no coupling and 4.5969 and 0.0616 including coupling effects, respec-
tively. The y? values for o7.s and Dy, give clear evidence that the quantum mechan-

ical calculations are in better agreement than the semiclassical calculations as
compared with experimental data.

4.3 The reaction >C + °Be

Figure 3 (panels (a) and (b)) presents the comparison between our theoretical
calculations for of,; and Dy, using both semiclassical and quantum mechanical
calculations with the corresponding experimental data for the system **C + “Be. The
experimental data for this system are obtained from Ref. [34]. The real and imagi-
nary Akyiiz-Winther potential parameters are obtained by using chi-square
method: Vo = 40.3 MeV, ro = 1.11fm, ag = 0.590 fim, Wy = 0 MeV, r; = 1.1fm,
and a; = 0.50 fm. The y* values obtained from the comparison between the results
and experimental data for op,, are 1.0633 and 1.1447 without coupling, and 0.4924
and 0.2072 with coupling, for semiclassical and quantum mechanical calculations,
respectively. The obtained y* values for D, using semiclassical and quantum
mechanical calculations are 1.2383 and 0.6185 without coupling and 0.9875 and
0.1868 with account for coupling, respectively.

5. Conclusion

The semiclassical and quantum mechanical calculations for the total fusion
reaction oy, and the fusion barrier distribution Dy, calculations below and around
Coulomb barrier were discussed for the systems Li + ®Ni, B + ®Tb, and
2C + ?Be. We conclude that the breakup channel is very important to be taken into
consideration to describe the total fusion reaction of,; and the fusion barrier distri-
bution Dy, for reaction of light projectiles. The full quantum mechanical calcula-
tions are closer to the experimental data than the semiclassical calculations;
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however, semiclassical ones can be considered a successful tool for studying fusion
reaction of systems involving light projectiles.
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Chapter 3

Fusion Neutronics Experiments
for Thorium Assemblies

Rong Liu

Abstract

Thorium is a fertile element that can be applied in the conceptual blanket design
of a fusion-fission hybrid energy reactor, in which ***Th is mainly used to breed
33U by capture reaction. It is essential to validate ***Th nuclear data by carrying out
integral fusion neutronics experiments for macroscopic thorium assemblies. The
thorium assemblies with a D-T fusion neutron source consist of a polyethylene shell,
depleted uranium shell, and thorium oxide cylinder. The activation of y-ray off-line
method for determining the thorium reaction rates is developed. The B2Th(n, >
22Th(n, f), and ??Th(n, 2n) reaction rates in the assemblies are measured by using
ThO, foils and an HPGe y spectrometer. From B2T reaction rates, the fuel and neu-
tron breeding properties of thorium under different neutron spectra are obtained
and compared. The leakage neutron spectra from the ThO, cylinders are measured
by a liquid scintillation detector. The experimental uncertainties are analyzed. The
experiments are simulated by using the MC code with different evaluated data. The
ratios of calculation to experimental values are analyzed.

Keywords: neutronics experiment, D-T fusion, thorium assembly,
B2Th reaction rate, neutron spectra, MC simulation

1. Introduction

The fusion-fission hybrid energy reactor, consisting of a low-power magnetic
confinement fusion assembly and a subcritical blanket, is one of the advanced
reactors of applying fusion technology to solve the present energy crisis. Natural
thorium contains one isotope **Th. Thorium is a fertile element that can be applied
in the conceptual blanket design of a fusion-fission hybrid reactor [1, 2]. The actual
neutron spectrum in the subcritical blanket based on the Th/U fuel cycle is com-
posed of fast and thermal spectra. The ***Th capture cross section at fast neutron is
slightly larger than that of ***U, and ***Th is more suitable to breed *°U under fast
spectrum. Since ***Th capture cross section for thermal neutron is about 2.7 times
larger than that of *°U, the conversion rate in the Th/U fuel cycle is more than that
in the U/Pu fuel cycle and the neutron economy of thorium is better. Moreover, the
33U capture cross section for thermal neutron is smaller than that of *’Pu and **U
needs to absorb neutrons many times to produce Pu and long-life Minor Actinides
(MA, such as 237Np, 1Am, and **Cm), whereas Puand MA produced in the
Th/U fuel cycle are one order of magnitude less than those in the U/Pu fuel cycle.
Therefore, the Th/U fuel cycle is beneficial to reduce the long-life nuclear waste
and prevent nuclear proliferation. The feasibility and reliability of the physical
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design for the subcritical blanket based on thorium depend on the accuracy of **Th
nuclear data and calculational tool. It is essential to carry out the fusion neutron-
ics experiments for validating the evaluated **Th nuclear data and studying the
breeding properties.

A small number of fusion neutronics experiments on thorium were carried
out, and there exist essential differences between the calculations and experiments
[3-5]. The ***Th fission rate with fast neutrons was determined by detecting the
gamma rays emitted from "*°Ba and "*’La, and the calculated-to-experimental ratio
was 0.9 based on ENDF/B-IV [4]. The thorium fission reaction rate in a metallic
sphere setup was determined by absolute measurement of the gamma-emission
from "Ce, the experimental uncertainty was 5.2%, and the calculation to experi-
ment ratio was 1.17 employing ENDF/B-IV [5].

The integral fusion neutronics benchmark experiments for macroscopic tho-
rium assemblies with a D-T fusion neutron source were carried out at Institute
of Nuclear Physics and Chemistry (INPC) [6-17]. The method for measuring
integral **’Th reaction rate and its application in an experimental assembly were
developed and investigated [6-8]. In this chapter, the progress in the fusion
neutronics experiments for thorium assemblies is described. The overview of
main results is presented. The thorium assemblies with a D-T fusion neutron
source consist of a polyethylene shell, depleted uranium shell, and thorium oxide
cylinder. The **’Th reaction rates in the assemblies and leakage neutron spectra
are measured separately. The benchmark experiments on fuel and neutron breed-
ing properties derived from the *’Th reaction rates in representative thorium
assemblies are carried out and analyzed. The breeding properties are valuable to
the breeding ratio in the conceptual design of subcritical blanket based on the
Th/U fuel cycle. The experimental results are simulated by using the MC code
with different evaluated data. The ratios of calculation to experimental values
are analyzed.

2. Methods

The fusion neutronics experiments contain the measurements of the Z2Th(n,y),
B2Th(n, f), and 2?Th(n,2n) reaction rates, and the neutron spectra for thorium
assemblies with a D-T fusion neutron source.

2.1 %%’ Th reaction rates

The experimental method of activation of y-ray off-line measurement of **Th
reaction rates is used. The activation y-rays are measured by using an HPGe y
spectrometer.

The 2**Th capture reaction rate (THCR) indicates the fuel breeding, that is, the
production rate of fissile **U (***Pa decay). THCR can be deduced by measuring
311.98 keV v rays emitted from 23p, [6, 7]. The reaction process is as follows:

22y, (1Y) 2337 f,22.3min 23p, f,26.967d 233 )

The ***Th fission (with threshold of 0.7 MeV) reaction rate (THFR) indicates
energy amplification and neutron breeding. The fission fragment yield correction
method is used [8]. THCR can be deduced by measuring 151.16 keV vy rays emit-
ted from the decay of 8mRy from **Th (n, f) reaction. The reaction process is as
follows:
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27, (nf),Yr 85, p A448h R, Q)

The ?**Th(n,2n) ?'Th (with threshold of 6.5 MeV) reaction rate (THNR) indi-
cates neutron breeding. THNR is obtained from measuring 84.2 keV y rays emitted
from **'Th [9]. The reaction process is as follows:

227 (n,2n) Bl f,25.52h Bip, 3)

The **Th reaction rates are deduced from the measured activity and correc-
tions, which include detection efficiency of the HPGe y spectrometer, cited value
of branching ratio, D-T neutron yield during irradiation, self-absorption of gamma
rays in the foils, ®™Kr yield only for THFR, etc. The ***Th reaction rates are normal-
ized to one source neutron and one **’Th atom.

2.2 Breeding properties

The breeding ratio in the conceptual design of subcritical blanket is more than
one [1]. The experiment on breeding properties of thorium is used to support the
design [17]. The breeding properties are relevant to the reaction type, cross sec-
tion, and neutron spectrum. The breeding properties contain the fuel breeding and
neutron breeding. The fuel breeding is derived from the reaction rate ratio of **Th
capture to fission, and neutron breeding from the 22Th(n,2n) and fission reac-
tion rates. The different neutron spectra are constructed by using the macroscopic
assemblies in which the material is relevant to that of the conceptual design. The
breeding properties under different assemblies are obtained and analyzed from the
measured “*Th reaction rates.

2.3 Neutron spectra

The neutron spectra leaking from the ThO, cylinders of different thickness are
measured by the proton recoil method and the liquid scintillator [16]. The n-y pulse
shape discrimination is based on the cross-zero method. The spectra are resolved by
using iterative method, and their range is from 0.5 to 16 MeV.

3. Assemblies

The experimental assemblies are composed of polyethylene shell, depleted
uranium shell, and ThO, cylinder with a D-T fusion neutron source and thorium
samples.

3.1 Polyethylene shell

One can assume the elastic scattering cross sections of H and C, which are
widely used as standard cross sections [18] to be reliable. The polyethylene (PE)
shell is adopted for checking the method of measuring the ***Th reaction rates. The
inner radius (IR) and the outer radius (OR) of the PE shell are 80 and 230 mm [11],
respectively. Five slices of ThO, (concentration > 99.95%) foils are put in the radial
channel at 0° to the incident D* beam, as shown in Figure 1. The mass and size of
foils are about 4.2 g and $30 x 1 mm, respectively.
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Figure 1.
Polyethylene shell assembly.

Figure 2.
Depleted uranium shell assembly.

A D-T fusion neutron source is located in the center of the shell. The 14 MeV
neutrons are produced by a neutron generator at INPC. The energy of D* beam
bombarding a T-Ti target is 225 keV. An Au-Si surface barrier semiconductor
detector is at an angle of 178.2° to the incident D* beam in the drift tube and used to
measure the absolute yield by counting associated « particles [19, 20]. D-T neutron
yield is about 3 x 10%s.

3.2 Depleted uranium shell

In the conceptual design of a subcritical blanket based on thorium, the neutrons
from the U reaction process are used to maintain the Th/U fuel cycle. The depleted
uranium (DU) shell is adopted for studying Th reaction. The IR/OR of the DU shell
is 131/300 mm [12]. Six slices of ThO, samples are put in the radial channel at 90° to
the incident D* beam, as shown in Figure 2. ThO, samples are foils made from ThO,
powder filling a plexiglass box with IR/OR of 9/9.5 mm. The mass of ThO, powder is
about 0.45 g, and the thickness is about 0.7 mm. The D-T neutron source is located
in the center of the shell.

3.3ThO, cylinders
3.3.1ThO5/DU cylinders

The thorium oxide (ThO,) cylindrical assembly with the thickness of 150 mm is
produced and consists of three ThO, cylinders with the thickness of 50 mm and the
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diameter of 300 mm. The ThO, cylinders are made by pressing ThO, powder using
PEO (CH,CH,O0) as the binder and their densities are 4.25-5.59 g/cm3 [9,10]. The
structure of the ThO, cylinders as benchmark is simple. To change neutron spectra
in ThO, cylinders, the latter can be combined with DU cylinders. The combination
of two ThO, cylinders and one DU cylinders is shown in Figure 3. Three slices of
the ThO, samples are put in axial channel of the assembly. The front surface of the
assembly is 113 mm from the center of a tritium target.

3.3.2 ThO; powder cylinder

Based on thorium oxide powder, the ThO, assembly is produced, as shown in
Figure 4 [13-15]. ThO, powder fills a stainless steel/aluminum cylinder container
with IR/OR of 93.4/96.2 mm. The height of the ThO, cylinder is 168.9 mm and the
density 1.5 g/cm’. Five pieces of ThO, foils are put at 0° to the incident D* beam
and fixed using holders consisting of aluminum plate and stainless steel. The mass
and size of ThO, foils are about 5.0 g and $30 x 1 mm, respectively. The distance
between the tritium target center and the front end of the cylinder is 78.8 mm.

3.4 Neutron spectra in three assemblies
The neutron spectra in PE, DU, and ThO, assemblies are simulated by using the

MCNP4B code [21] with ENDF/B-VIIL.O [22], in which the S (a, p) thermal scat-
tering model in PE is considered. The angular dependences of the source neutron

a detector i'. 7;Thnn'um oxide

ThO: sample

Figure 3.
ThO,/DU assembly.
. D" ben
s v /} ; Thi sarmple
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Figure 4.

ThO, powder cylindrical assembly.

37



Nuclear Fusion - One Noble Goal and a Variety of Scientific and Technological Challenges

o —#— ThO2/d=145.5mm - \
0.1 r —s— DU/d=161mm
F —a— PE/=111.5mm "
0.01 = * — -
]
L r 5
1E-3 !- .
- E
g L ]
g "
il [
= 1E-5 r 3 =] 1
1E-6 I- 'E
F 1
L 1
1E-7 !' e . .
. Nifhiren EmrpyMeV 12
IH i Linanul A aaul PEEWTTII | T | T | A Freer | A Freer |
1E-6 1E-5 1E4 1E-3 0. [N ] 1 11]

Meutron Energy/MeV

Figures.
Neutron spectra at foils in three assemblies.

energy and intensity are calculated by “DROSG-2000" code [23]. The neutron
spectra at foils with different distances d to the neutron source in three assemblies
are relatively compared, as shown in Figure 5. The ordinate is a normalized neutron
fraction, that is, the proportion of the neutron number in each energy segment to
the one in the whole energy range [11, 13]. The results show that the differences of
the fractions are very obvious, especially in the low-energy region.

4, Results
4.12’Th reaction rates in PE shell

The PE shell assembly for measuring ***Th reaction rates is shown in Figure 1.
THCR is deduced from measuring 311.98 keV y rays emitted from ***Pa (its half-life
is 26.967 days, it is obtained from **Th decay). THFR is deduced from measuring
151.16 keV v rays emitted from Bmgy decay (its half-life is 4.48 hour), which is one
of the fragments of **Th(n,f) reaction, and using the fragment yield correction
method. THNR is deduced from measuring 84.2 keV y rays emitted from **'Th (its
half-life is 25.52 hour).

The experimental uncertainty of THCR is 3.1%, including neutron yield 2.5%,
y-ray detection efficiency 1.0% (HPGe-GEM 60P), self-absorption 1.0%, char-
acteristic gamma branch ratio 1.0%, **Th nucleus number 0.5%, and counting
statistics 0.3-0.6%.

The experimental uncertainty of THFR is 5.3%, including neutron yield 2.5%,
y-ray detection efficiency 1.0%, self-absorption 1.0%, average fission yield of Smyy
4.3%, characteristic gamma branch ratio 0.7%, 22Th nucleus number 0.5%, and
counting statistics 0.8-1.0%.

The experimental uncertainty of THNR is 6.8%, including neutron yield 2.5%,
y-ray detection efficiency 1.0%, self-absorption 1.0%, characteristic gamma branch
ratio 6.1%, **Th nucleus number 0.5%, and counting statistics 0.5-0.6%.

The experiment is simulated by using the MCNP code with evaluated nuclear
data from different libraries, including ENDF/B-VII.0, ENDF/B-VII.1 [24] and
JENDL-4.0 [25]. The model is completely consistent with the structure of the
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assembly; it takes into account the target chamber and experimental hall. The calcu-
lated statistical uncertainty is less than 1%. The ranges of C/E with ENDF/B-VII.O0
are 0.96-1.02 for THCR, 0.95-0.97 for THFR, and 0.89-0.91 for THNR. The results
show that the experiment and calculation for THCR and THEFR are well consistent
within the range of experimental uncertainties, respectively. It is shown that the
y-ray off-line method is feasible for determining the ***Th reaction rates.

The distributions of **Th reaction rates obtained from the experiments and
calculations with ENDF/B-VII.O are shown in Figure 6. The reaction rate ratio of
*Th capture to fission gives fissile production rate in unit of fuel burn-up [12]. The
relative ratios measured are about 10.76-20.17 with the increase of radius in PE shell.

The ratios of calculation to experimental values (C/E) are analyzed. The C/E
ratios of 232Th reaction rates are shown in Figure7, and the 22Th(n,f) reaction
results for different evaluated nuclear data are shown in Ref. [11]. The calculations
with ENDF/B-VIL.0 and ENDF/B-VIL1 for THNR underestimate the experimental
values. Meanwhile, large differences still exist in the B2Th(n,2n) B Th cross sec-
tions among different evaluated data [26]. Fractions with different energies in the
PE shell are calculated by using ENDF/B-VII.O, and neutrons of energy more than
6.5 MeV account for 33-48% in the whole energy range, as shown in Figure 5. Since
the neutron spectra in the PE shell are reliable, it is suggested that B2Th(n,2n) reac-
tion cross sections should be studied further.

4.2 22Th reaction rates in DU shell

The DU shell assembly for measuring **Th reaction rates is shown in Figure 2.
The *°Th reaction rates are measured by the same method as described above.

The experimental uncertainties are 3.1% for THCR, 5.3-5.5% for THFR [6, 8],
and 6.8% for THNR in DU shell.

The experiment is simulated using the MCNP code with different evaluated
data, including ENDF/B-VIIL.0, ENDF/B-VIL1, JENDL-4.0, and CENDL-3.1 [27].
The distributions of **Th reaction rates from the experiments and calculations with
ENDF/B-VII.O are shown in Figure 8. The ranges of C/E ratios with ENDF/B-VIIL.0
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Figure 6.
B2Th reaction rvates in PE shell.
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C/E ratio of **Th reaction rates in PE shell.

are 0.97-1.04 for THCR and 0.95-1.02 for THFR [8, 12], respectively. The results
show that calculations and experiments are well consistent within the range of
experimental uncertainties. The ratio of **Th capture to fission is about 6.71-12.23
with the increase of radius in DU shell.
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B2Th reaction vates in DU shell.

The C/E ratios of **Th reaction rates with different evaluated data are shown
in Figure 9. The calculations for THNR overestimate the experiments. Meanwhile,
large differences still exist in C/E of THNR. The range of C/E with ENDF/B-VII.0
is 1.07-1.12. Fractions with different energies in DU shell are calculated by using
ENDEF/B-VII.O0, and neutrons of energy more than 6.5 MeV account for 4-9%
in the whole energy range, as shown in Figure 5. Since U(n,f) cross sections are
standard in the wide energy range, it is suggested that U inelastic cross sections and
22Th(n,2n) reaction cross sections should be studied further.

4.3 ’Threaction rates in ThO, cylinders
4.3.1%°Th fission and (n,2n) reaction rates in ThO, cylinder

The ThO, assembly for measuring **Th reaction rates in three ThO, cylin-
ders with the thickness of 150 mm (without DU cylinder) is shown in Figure 3.
The ?*?Th fission and (n,2n) reaction rates are measured by the same method as
described above.

The experimental uncertainties are 5.3-5.5% for THFR and 7.1% for THNR [9, 10].

The *’Th reaction rates are calculated by using MCNP code with ENDF/B-VILO.
The ranges of C/E are 0.77-0.91 for THFR, and 0.92-1.0 [12] for THNR, respec-
tively. The results show that the calculations generally underestimate the experi-
ments for THFR. The PEO influence on THFR is described below. The distributions
of 2*Th reaction rates by the experiments and calculations are shown in Figure 10.

4.3.223°Th fission rates in ThO,/DU cylinders

Experimental and simulative studies of THFR are carried out on three sets of
ThO,/DU cylinder assemblies to validate the evaluated thorium fission cross section
and code [9, 10]. The size of each ThO, cylinder and DU cylinder is $300 x 50 mm.
The ThO, cylinders with PEO contents of 7.28, 1.1, and 0.55% are named as number 1,
number 2, and number 3, respectively. The DU cylinder is named as number 4. Three
sets of cylinder assemblies are combined with different cylinders, and named as
“3+2+17“ +2+1” (as shown in Figure 3) and “3 + 4 + 2 + 1” assembly, respectively.
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THEFR in the axial direction of the assemblies is obtained by using the activation
method as described above, with experimental uncertainties about 5.6-5.9%.

THFRs are calculated by using MCNP code with ENDF/B-VII.0 and ENDF/B-
VIIL1. The calculations are 5-21% smaller than experimental ones, while the
calculations with ENDF/B-VII.0 show better agreement with experimental ones.
C/E distributions in the three assemblies are presented in Figure 11. The influence
of the PEO in the ThO, cylinders is also evaluated by MCNP simulation employing
ENDF/B-VIL.O. The results show that the PEO influence on THFR under the mea-
sured level is negligible.

In order to gain more experimental results, it is necessary to design a new inte-
gral experiment employing thorium transport medium in which the ingredient is
single and precisely known, and to determine THFR based on more kinds of fission
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Figure 11.
C/E distribution in the three sets of assemblies.
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products, as described below. The stage results could provide reference for the
evaluation of neutron-induced thorium fission cross section, and the conceptual
design margin of the subcritical blanket.

4.3.3 T veaction rates in ThO, powder cylinder

The ThO, power cylinder assembly for measuring *Th reaction rates is shown
in Figure 4. The *’Th reaction rates are measured by the same method as described
above.

The experimental uncertainties are 3.1% for THCR, 5.5% for THFR, and 7.0%
for THNR in the ThO, powder cylinder.

The experiment is simulated by using the MCNP code with different evaluated
data [10, 11]. The C/E ratio of ***Th reaction rates with ENDF/B-VII.O are shown in
Figure 12. The ranges of C/E ratio are 0.96-0.98 for THCR, 0.96-0.99 for THFR,
and 0.74-0.76 for THNR. The results show that calculations and experiments for
THCR and THFR are well consistent within the range of experimental uncertain-
ties. The distributions of **’Th reaction rates in the experiments and calculations are
shown in [13-15].

The calculations for THNR underestimate the experiments. Fractions with dif-
ferent energies in ThO, powder cylinder are calculated by using ENDF/B-VII.O, and
neutrons of energy more than 6.5 MeV account for 62-72% in the whole energy range,
which is the largest among the assemblies, as shown in Figure 5. The suggestion
described above is that 2**Th(n,2n) reaction cross sections should be studied further.

4.3.4 °Th fission rate based on "I in ThO, powder cylinder

The ThO, power cylinder assembly for developing the activation method of
measuring THFR is shown in Figure 4. THFR in the axial direction of the cylinder
is determined by measuring the 1260.409 keV gamma emitted from ***Th fission
product "I, with experimental uncertainties of 6.2% [14]. The experiment is
simulated by using the MCNP code with ENDF/B-VII.0, ENDF/B-VII.1, JENDL-4.0,
and CENDL-3.1. The calculations and experiments are in good agreement within
experimental uncertainties. The activation method to determine THFR is developed
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Figure 12.
C/E ratio of **Th reaction vates in ThO, powder cylinder.
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and the data obtained in this work could provide reference for the validation of
thorium fission parameters. The C/E ratio of ***Th fission rates based on different
evaluated data is presented in the [14].

4.4 Breeding properties
4.4.1 Fuel breeding

The primary conversion rate is one of the important parameters in the concep-
tual design of subcritical blanket. The relative reaction rate ratio of ***Th capture to
fission as the fissile production rate indicates fuel breeding in the fuel burn-up unit
[12]. The ratios of ?**Th capture to fission measured in PE shell, DU shell, and ThO,
powder cylinder are obtained.

The ratios are about 10.76-20.17 with the increase in radius of the PE shell. It is
demonstrated that the fuel breeding efficiency under the neutron spectra in the PE
shell is quite high.

The ratios are about 6.71-12.23 with the increase in radius of the DU shell. It is
demonstrated that the fuel breeding efficiency under the neutron spectra in DU
shell is high.

The ratios are only about 0.11-0.19 with the increase in radius of the ThO, pow-
der cylinder. It is demonstrated that the fuel breeding efficiency under the neutron
spectra in ThO, powder cylinder is low.

The results show that the ratios are relevant to neutron spectra in the assemblies.
The ratios in the three assemblies are compared and shown in Figure 13.

4.4.2 Neutron breeding

The bred neutrons from *Th(n,2n) and ?**Th(n,f) react with thorium or rel-
evant nuclides to maintain the Th/U fuel cycle. THNRs in three assemblies, that is,
under different neutron spectra, are compared and shown in Figure 14. The results
show that the **Th(n,2n) reaction rates are relevant to the fraction of high-energy
neutrons in the assemblies as described above, and the decreasing trend of THNR
with the increase in distance to the neutron source are similar for three assemblies.
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Figure 13.
Ratios of **Th capture to fission in the three assemblies.
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Since 2°Th half-life (754 x 10* years) is very long, measurement of 22Th(n,3n)
20Th (with threshold of 11.6 MeV) reaction rate by the activation method is very

difficult. The **Th(n,4n) reaction has high threshold 19 MeV and is not involved in
this work.

The prompt neutron and delayed neutron yields from *Th(n,f) reaction are
about 3.7 and 0.0265 per fission at 14.1 MeV [28], respectively. THFRs in three assem-
blies, that is, under different neutron spectra, are compared and shown in Figure 15.
From Figures 14 and 15, THNRs are higher than THFRs in the three assemblies.

4.5 Leakage neutron spectra

Three assemblies consist of the ThO, cylinders with thicknesses of 50, 100,
and 150 mm (without DU cylinder), respectively, as shown in Figure 3. The front
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Leakage neutron spectra from ThO, cylinders.

surface of the assembly is 0.22 m from the center of a T-Ti target. The leakage
neutron spectra are measured by using a 50.8 mm diameter and 50.8 mm length
BC501A liquid scintillator coupled to a 50.8 mm diameter 9807B photomultiplier
[16]. The distance from the detector to the neutron source is 10.75 m. The detector
isata 0° to the incident D* beam and arranged in shielding room. The influence of
background neutrons is negligible.

The leakage neutron spectra from the three assemblies are measured. The spec-
tra are normalized to one source neutron and unit area. The experimental uncer-
tainties are 9.7% for 0.5-1 MeV, 6.7% for 1-3 MeV, and 6.3% for 3-16 MeV. The
experiments are calculated by using MCNP code with ENDF/B-VII.O. The results
show that the experiments and calculations are generally consistent within the
range of experimental uncertainties, and the spectra (<5 MeV) should be analyzed
further, as shown in Figure 16.

5. Conclusions

To validate **Th nuclear data, the fusion neutronics experiments for the three
kinds of thorium assemblies with a D-T neutron source have been carried out. The
two spherical assemblies based on the DU and PE shells, and the cylindrical assem-
blies based on ThO, have been designed and established. The assembly materials
are referable to the conceptual design of subcritical blanket of a hybrid reactor. The
22Th(n,y), 2*Th(n,f), and **Th(n,2n) reaction rates in the assemblies are measured
by the foil activation technique. The results show that the developed activation
approach can work well for the experiments, and the ***Th reaction rates are relevant
to neutron spectra in assemblies. The reaction rate ratios of *Th capture to fission
are obtained. The fuel and neutron breeding properties under different neutron
spectra are compared and analyzed. The leakage neutron spectra from ThO, cylinders
are measured. The experimental results are compared to the numerical results calcu-
lated by using the MCNP code with different evaluated data. The results show that
the experiments are benefit to validate Th nuclear data and support the conceptual
design of subcritical blanket with thorium in a hybrid reactor. Furthermore, it should
be beneficial to measure relevant **Th excitation curve at white neutron source of
China Spallation Neutron Source (CSNS) [29] for verifying 22Th nuclear data.
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Chapter 4

Mechanical Mockup of IFE
Reactor Intended for the
Development of Cryogenic Target
Mass Production and Target
Rep-Rate Delivery into the
Reaction Chamber

Irina Aleksandrova, Elena Kovesheva, Evgeniy Koshelev,
Boris Kuteev and Andrei Nikitenko

Abstract

Target production and its delivery into the reaction chamber of high repetition
rate facilities are the most challenging issues in inertial fusion energy (IFE) research.
At the Lebedev Physical Institute of Russian Academy of Sciences (LPI), efforts are
underway on creation of the mechanical mockup of IFE reactor (MM-IFE) for devel-
oping the reactor-scale technologies applicable to mass production of IFE targets and
their delivery with a repeatable rate into the chamber of IFE reactor. In this chapter,
we discuss the current status and further trends of developments in the area of
advanced target technologies underlying the research and development program on
MM-IFE.

Keywords: inertial fusion energy, free-standing target systems, mass production,
repeatable operation, noncontact delivery

1. Introduction

The goal of IFE research is development of high-precision and mass production
technologies for fueling a commercial power plant at the rate of ~10 Hz [1]. The
conventional approach to solid layering based on the beta-layering method [2] is
unable to ensure the IFE requirements, as it (a) works with targets fixed on a
suspension (no repetition rate operation), (b) has a long layering time (more than
24 h that leads to a large tritium inventory), (c) shows the grain boundaries
dynamic under thermal and mechanical loads in time between the moment just
after target preparation and the laser shot, which results in roughening of the layer
surface and may lead to implosion instabilities, and (d) has a high production cost
(more than $1000/target).

The beta-layering method can form a spherical fuel layer in a uniform thermal
environment; however, it is inefficient in preventing local defects. Therefore, the
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modern requirements are asking for development of structure-sensitive methods
aimed at new layering techniques meeting the IFE needs. This is due to the fact that
the progress in plasma implosion up to intensive fusion reactions lies in formation
of a given fuel structure that must be isotropic for reaching fusion conditions.

At the LPI, the concept of a mechanical mockup of IFE reactor has been pro-
posed [3] to develop reactor-scale technologies applicable to mass production of IFE
targets at significant rates (Figure 1). The LPI program also includes extensive
development work on creation of different designs of the hybrid accelerators for
IFE target transport with levitation (noncontact acceleration systems).

The MM-IFE is a modular facility representing in essence a free-standing target
(FST) transmission line (integral part of any fusion reactor) designed to produce
IFE targets and to provide their noncontact delivery at the laser focus and synchro-
nous irradiation by a laser (1-10 Hz). It consists of 3 main blocks: (1) cryogenic
target factory (CTF) operating with isotropic fuel layers of 200-300 pm thick
(Figure 1a) [1]; (2) cryogenic IFE-target injector operating at accelerations <500 g
and injection velocities Vi, > 200 m/s [4-8]; and (3) tracking systems for online
characterization and control of the injected targets [9-12]. Replacement of the FST-
layering module, being the main part of CTF, on the extruder of the solid fuel
pellets allows developing the technologies for continuous fuel supply into magnetic
fusion energy (MFE) facilities (Figure 1b).

Basic elements of the MM-IFE have been tested at LPI as prototypes for risk
minimization at the stages of MM-IFE construction and startup. We especially
highlight that moving targets are the necessary condition for realizing the repeat-
able target production at required rates, their mass manufacturing and noncontact
delivery.

In this chapter, we discuss some challenging scientific and technological issues
associated with IFE targets, the current status of the R&D program on MM-IFE, and
further trends in developing the advanced IFE technologies for high-repetition rate
laser facilities.

Figure 1.

Repeatable and mass production of the fuel targets/pellets for IFE (a) and for MFE (b) reactoys. In (a):
1—fuel-filled polymer shell, 2—FST-layering module, 3—cryogenic targets batch, 4—shuttle, 5—pusher,
6—target carrier (sabot), 7—drum of a revolver type, 8—extruder for protective cover production, 9—coin for
the protective cover formation and delivery, 10—field coil for “sabot + target + protective cover” pull out and
delivery to the stavt point of injector. In (b): 1—extruder of solid fuel pellets, 2—pellet carrier (sabot), made
from superconductor or ferromagnetic, 3—module for sabot-repeatable delivery to the rotating drum,
4—rvotating drum for vep-vate assembly of the units “sabot + pellet,” 5—heater for pellets production,
6—pusher, 7—linear electromagnetic accelerator (injector), 8—sabot brake.
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2. Target mass production

The fuel structure is very important for the progress toward ignition. Consider-
ing the issue of high-quality cryogenic layer fabrication, we have to rely, first of all,
on structural properties of hydrogen isotopes and their mixtures. Survivability of
the fuel layers subjected to the environmental effects during target delivery may
depend on the layer structure as well.

2.1 Structure-sensitive methods

Many important properties of materials are structure-sensitive, and often a
relatively small number of defects have a disproportionately large effect on the
material properties. Material structuring is very promising for creation of fusion
materials with required properties. The role of structure-sensitive methods when
developing new functional materials is especially underlined in [13]: “All materials
have different chemical composition, aggregate states (solid body, liquid, and gas),
allotropic modifications (graphite-diamond), or can be a mix of several substances
(clay) that can be written as definition (1):

MATERIAL =

[Chemical composition (A) + Aggregate state (A) + Allotropic modification (A)]+

[Chemical composition (B) + Aggregate state (B) -+ Allotropic modification (B)] + ...”
1)

However, this is obviously an inexact characteristic. The natural or introduced
imperfection in the material is more important. Defects or, more generally, micro-
structure, define many major structure-sensitive properties of the materials. Critical
for material property parameters are the type of available defects, their spatially
organized packing, and interaction at multiple hierarchy levels. Chemical composi-
tion, aggregate state, and allotropic modification as a cooperative characteristic can
be replaced with a more common concept “Phase.” Then, the previous definition
(1) can be transformed in (2):

Material = Phase(s) + Microstructure 2)

The defect structure plays an important role in determining many material
properties. From technological applications, a particular interest is the mechanical
and thermal characteristics. In the IFE, a practical tool for correlating the structure
and properties of the hydrogen fuel is the thermal target environment; cooling
rates, fuel doping, periodic mechanical influence on the target under the cryogenic
layer freezing, etc. [1]. For example, depending on the cooling rates, the solid fuel
layer can be in the state with a different microstructural length or grain size:
isotropic ultrafine layers and anisotropic molecular crystals (real single crystals,
coarse-grained crystalline). This becomes particularly important if one takes into
account the properties of the hydrogen isotopes.

In the equilibrium state, the solid hydrogen isotopes consist of anisotropic
molecular crystals. In our analysis, we are guided by the fact that the angular
dependence of the sound velocity, V, is known for a number of substances crystal-
lizing in the hexagonal close-packed (hcp) phase. As found in [14], the sound
velocity anisotropy is inherent to hcp-H; and hep-D; as well, and makes nearly 20%
(longitudinal sound) and 33% (transverse sound). In accordance with the Debye
theory, the lattice thermal conductivity is directly proportional to the value of V.
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Then, even in the case of a uniform thermal environment on the target surface of
the anisotropic single-crystal layers, there is a difference in the radial target tem-
perature in time. Therefore, under uniform target heating or cooling, the normal
temperature gradients onto the inner surface of such layers become different. This
initiates the spherically asymmetrical sublimation (or condensation) of fuel in the
target cavity and results in the layer degradation with respect to roughness and
thickness.

A conventional approach to solid layering (known as beta-layering method [2])
involves crystallization from a single-seed crystal in the fixed target under
extremely slow cooling (q ~ 3 x 10> K/s) and precise cryogenic temperature
control (<100 pK) for obtaining the layers like a single crystal. In a uniform
thermal environment, the beta-layering method can form a spherical fuel layer, but
it is not efficient in preventing the local defects. The target lifetime (layer roughness
is less than 1-pm rms) is of a few seconds after reaching the desired temperature [2].
This is implication of the fact that D-T layers formed by beta-layering are obtained
as a result of almost equilibrium process of the crystal growth, and all the features of
the equilibrium crystalline state will be inherent in such layers, including the
temperature-dependent behavior of the local defects on the inner D-T surface.
Besides, the total layering time is ~24 h or even more [2]. Thus, the beta-layering
method is not efficient for mass target fabrication for IFE. It is of one-of-a-kind
technique, and this is very expensive [2].

In [1], it is shown that the fuel structure dominates among the important
remaining risk factors because the progress in plasma implosion up to intensive
fusion reactions lies in formation of the fuel structures which must be isotropic for
reaching the fusion conditions. Figure 2 illustrates the cooling rates required to
obtain isotropic fuel layers to withstand the thermal and mechanical environment
during target fabrication and delivery.

2.2 FST layering method for high-repetition rate facilities

The LPI program on the target science and technology has recently been focused
on the ability to inexpensively fabricate large quantities of targets by developing a
specialized layering module of repeatable operation. The targets must be free-
standing, or unmounted. At the LPI, the experience gained in the technology
development based on rapid fuel layering inside moving free-standing targets
(which refers to as FST layering method) can be used for creation of a next-
generation FST layering module for high-repetition rate facilities. For typical shell
sizes (1-4 mm), the FST-layering time is very small (<30 s, see Section 2.2) in
comparison with the beta-layering method usually applied in the compression
experiments (>24 h [2]).

FST layering is a structure-sensitive method to govern the fuel layer micro-
structure. Such approach has been developed at LPI [1] to form an isotropic
ultrafine solid fuel (submicron crystalline called “fine-grained” crystalline and
nanocrystalline) which supports the fuel layer survivability under target injection

10°°
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o Ultra-fine layers films
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Figure 2.
The fuel structure of the cryogenic layers depends on the cooling rates, and so on the layering method.
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and transport through the reaction chamber. During the FST layering, two pro-
cesses are mostly responsible for maintaining a uniform layer formation:

* first, during the target rolling along the spiral layering channel, the forced
target rotation results in a liquid layer symmetrization;

* second, the heat transport outside the target via conduction through a small
contact area between the shell wall and the wall of the layering channel (metal

hollow tube helium cooled outside) results in a liquid layer freezing.

Figures 3 and 4 show the operational scenario of the FST layering module
(FST-LM):

* it works with a target batch at one time at cooling rates of q = 1-50 K/s;

FST layering does not require the target surface to be near to isothermal;
* targets remain unmounted (or free-standing) in each production step;

* transport process is the target injection between the basic units: shell container
(SC), layering channel (LC), test chamber (TC);

SC holds the fuel-filled shells until the beginning of the FST layering process;

Figure 3.

FST-LM: (a) overview, (b) single spival LC in assembly, (c) schematic of the FST-LM maintaining repeatable
operation: 1—gravitation loading of the target with liquid fuel from SC to LC, 2—LC, 3—vertical target
collector, 4—horizontal target collector.
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Figure 4.

The FST-LM operation with a rate of 0.1 Hz at T = 5.0 K. In (a) FST-layering vesults: 1—40-um-thick layer
(D, + 20% Ne) in the CH shell of 1.23-mm diameter (20% Ne-additives ave used for modeling T, in the D-T
fuel), 2—44-pm-thick H, layer with (H, + 5% HD) in the CH shell of 1.2-mm diameter; in (b) horizontal
TC: 1—1 target (0 s), 2—10 targets (100 s); in (c) vertical TC: 12 targets in 100 s.

* LC is a special insert into the layering module cryostat; it is manufactured as a
spiral (cylindrical or conical);

* combined LC (CLC) is one of the most interesting cases, which consists of two
spirals (acceleration spiral and deceleration spiral) in order to reduce
practically to zero the target speed at the CLC output;

* TC has two types of target collectors: vertical and horizontal;

* targets move top-down in the LC in a rapid succession of one after another that
allows to realize a high injection rate during finished target delivery to the TC
(Figure 3);

* TC is a prototypical interface unit between the layering module and target
injector;

* TC is currently used for finished target quality control using precise
tomographic and threshold characterization.

The goal of the target characterization program is to provide reliable data in an
available time. In this respect, two technologies are important: (1) fuel layering
technique development (detailed information about the spatial modes, which break
the target symmetry) and (2) reaction chamber fueling of a commercial power
plant (targets must be injected at significant rates (~10 Hz) which indicates evi-
dence of a threshold behavior of the characterization process).

The first technology requires enhancing the obtained data, and the second needs
shortening the characterization time. This indicates that the process details for the
characterization technology dealing with the operational times and information
content are of critical importance.

A hard development work is needed to take into account the specifics of both
technologies for developing a reliable characterization system to control the IFE
target parameters. In the FST-LM, the reconstruction algorithms for tomographic
data processing of the target layering stage are used in a hundred-projection
microtomograph with a spatial resolution of 1 pm [9, 10]. Moving target tracking
is a challenge task and it is becoming increasingly important for IFE applications.
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A promising way for online measurement of the actual position and quality of the
flying target in the reaction chamber is automatic target tracking algorithm based
on the Fourier holography [11, 12].

The targets’ gravitational loading (one-by-one target injection) from the LM to
the TCs (vertical and horizontal) with a rate of 0.1 Hz at T = 5 K is shown in
Figure 4.

Peculiarities of the FST layering process consist in the following:

1. A fundamental difference of the FST layering from the generally accepted
approaches is that it works with free-standing and line-moving targets that
allow starting developments on the FST transmission line of repeatable
operation.

2. High cooling rates combined with high-melting additives to fuel content
(Figure 4a) result in creation of a stable ultimate-disordered structure with a
high defect density or isotropic medium (ultrafine fuel layers).

3. Additives work as stabilizing agents keeping the grain size stable and, as a
consequence, keeping the thermal and mechanical stability of the ultrafine
cryogenic layers.

4.For D-T mixture (having the molecular composition: 25% of D5, 50% of DT
molecules, and 25% of T,), just T, is considered as a high-melting additive with
respect to D, and DT (Figure 4).

5. Isotropic ultrafine layers have an adequate thermal and mechanical stability for
the fuel layer survivability under target injection and transport through the
reaction chamber [1, 15-19].

6.An important parameter is the target lifetime within a temperature interval
AT, in which a stable ultrafine fuel structure can exist. Our study shows that
the fuel doping in the range of n = 0.5-20% (neon, argon, tritium) makes this
interval greatest possible, from 4.2 K right up to the temperature of fuel
melting [1, 19].

7. Vibrations during FST layering are additional and effective means to meet the
demands on the fuel layer formation with inherent survival features. Periodic
mechanical impact on the fuel is one more option to a fuel structurization.
Therefore, we plan experiments using a classical FST-LM combined with a
special vibrator for launching the high-frequency waves in the top part of the
LC which in turn will work as a waveguide, maintaining a vibration loading on
the moving targets during their layering [1, 22].

2.3 FST layering time for direct-drive high-gain targets

In [15], we proposed a model for rapid fuel layering inside moving, free-
standing targets. It is based on solving the Stephen’s problem for moving boundaries
between the fuel phases (gas, liquid, and solid) and for nonlinear boundary condi-
tion onto the outer shell surface. The heat transport through the target is conduction
through a small contact area. The computational tools allow one to model the
layering time as a function of the target and LC parameters and other experimental
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conditions. The total layering time is typically less than 15 s (for targets less
than 2 mm in size).

At the current stage of research, the FST model was adaptable and scalable for
IFE targets (~4 mm). For comparison, in our analysis, we consider several direct-
drive target designs for different laser energies E;:

* OMEGA (EL = 30 kJ) baseline target [23]: a 0.46-mm-diameter polymer (CH)
shell with a 3-ym wall and a fuel layer of 100-pm thick;

* High-power laser energy research (HiPER, E; = 200 kJ) baseline target (BT):
the HiPER-scale targets are of two types [18]. The first one (BT-2) is a
2.094-mm-diameter CH shell with a 3-pm wall. The solid layer thickness is
211 pm. The second (BT-2a) consists of a 2.046-mm-diameter CH shell with a
3-pm wall having fuel-filled CH foam (70 pm) on its inner surface. Onto the
foam, there is a 120-pm-thick pure solid fuel;

* Classical high-gain target (CHGT, E, = 1.3 MJ KrF laser) developed by Bodner
and coauthors [24]: “...a new direct-drive target design that has a predicted
energy gain of 127 using a 1.3 MJ KrF laser, and a gain of 155 using 3.1 MJ.” For
1.3 MJ KrF laser, the target specifications are as follows: the vapor cavity has a
1500-pm radius. The pure D-T (190 pm) fuel is surrounded by an ablator that
consists of a CH foam (~10 mg/cm3) filled with frozen D-T (261 pm). The
ablator is surrounded by a 1-p plastic coating (polystyrene, polyimide, etc.) to
contain the D-T fuel. The plastic coating is then surrounded by an overcoat of a
thin high-Z material such as gold to withstand the thermal chamber
environment.

Figure 5 scales the FST layering time for cryogenic targets of a few millimeters
long.

Table 1 presents our new modeling results obtained for CHGT, which is of
special interest. The FST layering time (T¢orm) does not exceed 23 s for D, fuel and
30 s for D-T fuel. In order to overcome the gravitational fuel sag to the shell
bottom, the FST layering uses a moving target that allows avoiding the difficulties
inherent in the cryogenic layer formation in the fixed targets. The shell rotation
causes a spread of liquid fuel over the inner shell surface, and under certain
conditions (sufficient value of Tjjquia), it results in a uniform layer formation. This
important effect makes topical to study a dynamical spread of the liquid fuel
inside the moving target and to develop numerical models of the process. The
obtained results (theoretical and experimental) can be found in [10, 15].

Thus, for dynamical fuel symmetrization in a batch of rolling targets (Figure 3),
the time of liquid phase existence, Tjiquia, i a key parameter and must be sufficient
for a cryogenic layer symmetrization. This depends on a temperature T;, of the
target entry in the LC (initial target temperature before FST layering). Decrease in
temperature Tj, will lead to decrease in the total layering time at the expense of
Tiiquid (Table 1). Therefore, when designing the FST-LM for CHGT, it is essential to
manage the value of Tj, in a way that limits the risks and achieves maximum
possible growth of Tjiguia.

In near-term plans, we consider the approach based on the FST layering method
as a credible path for creating a repeatable operating FST supply system (FST-SS).
The first step in this direction is the development of the next-generation FST-LM
for high-gain direct-drive targets, which are the shells of ~4 mm in diameter with
the shell wall of different designs from compact and porous polymers. The layer
thickness is ~200 pm for pure solid fuel and ~300 pm for in-porous solid fuel. Most
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Figure 5.
The FST layering time for several direct-drive target designs was calculated using the computational codes
developed at LPI [15].

D, fuel D-T fuel
Tin (K) Tliquid (8) Tform (S) Tin(K) Tliquid (8) Tform (8)
35.0 17.48 22.45 375 2214 28.52
275 7.08 12.05 28.0 7.87 14.25

Table 1.
FST layering time for CHGT.

of the theoretical efforts have focused on the development of computational models
of the IFE target response during FST-formation cycle [1]: fuel filling—fuel layering—
target injection. Using the codes allows planning experiments and studying the
behavior of these targets in the FST-LM.

Current status of the FST technologies underlies the future research that focuses
on the FST-LM prototype development, challenges and advances in IFE target
fabrication. We use the CHGT to design a high rep-rate FST-LM and analyze recent
experiments with different LCs. Our experiments were made with the mockups of
different designs, and the required LC geometry was found. The time-integral
performance criterion is that the target residence time t,.s in the LC must be more
than the fuel layering time T¢,,. Figure 6 shows three mockups: mockup 1 M-1
(one-fold spiral), tyes = 9.8 & 0.5 s; mockup 2 M-1 (two-fold spiral), tes = 23.5 £ 1.7 s;
mockup 3 M-2 (three-fold spiral), tyes = 35.0 £ 2.0 s.

Figure 6.
Different LC mockups which are planned to be used in the FST-LM to promote development of effective
affordable technology alternatives.
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These measurements show that 4-mm targets can be manufactured by the FST
layering method using n-fold-spiral LCs at n = 2, 3, because they maintain the gain
in time of the target residence in the LC and in fuel layer symmetrization during
target rolling. Note that currently only curved LCs in a specialized geometry and
moving targets are successful for developing the FST-LM of repeatable operation,
which works with a target batch rolling along the LC.

Our latest effort underlies the future research on creation of the FST-LM as a
means of a steady-state target-producing device, which is compatible with a
noncontact schedule of the target delivery to the reaction chamber.

3. Target repeatable delivery

During the target delivery, it is necessary to maintain the fuel layer quality in the
process of target acceleration and injection. For this reason, the target must be
placed into a special target carrier (sabot). Using sabots, there occur some contact
problems. Because of a tight seal between the sabot and the barrel, any damage of
the barrel and the sabot surface will affect the injector performance and sabot
reusing.

Recently, we have started the investigation into magnetic levitation as an alter-
native technology of noncontact manipulation, positioning and transport of the
finished cryogenic targets. From the moment of discovery of bulk high-temperature
superconductors (HTSC), which can stably levitate above the permanent magnets,
the magnetic levitation (maglev) transport systems are of great interest for their
potential application. The transport process with levitation results from the direct
use of the diamagnetic characteristics of the HTSC materials. Their unique features
can be exploited in the process of levitation and guidance of a HTSC-sabot as well.

In IFE research, this approach attracts a significant interest due to maglev
potential for almost frictionless motion. The challenging scientific and technological
issues associated with this task are being addressed through a combination of
material selections and material property measurements, mathematical and experi-
mental modeling, demonstration of the HTSC-sabot acceleration in laboratory-scale
tests.

3.1 Noncontact acceleration system

A noncontact acceleration system proposed at the LPI is a combination of three
basic elements: (1) electromagnetic acceleration system (EM-AC), which includes
the field coils generating the traveling magnetic waves, (2) levitation system
(permanent magnet guideway or PMG), which includes a magnetic rail (or magnetic
track), and (3) sabot including several HTSC components. Figure 7 illustrates the
operational principle of the system. During acceleration, the target is protected with a
levitating HTSC-sabot, and the diameter of the barrel exceeds the sabot diameter.
This is a small-scale prototype under construction of a hybrid accelerator “EM-AC-

+ PMG?” at the LPI. The concept of “EM-AC + PMG” is completed and the proof-of-
principle (POP) experiments have confirmed the benefits of this approach.

The prove-of-principle (POP) experiments (Figure 8) on magnetic acceleration
of the levitating HTSC-sabot are made in the mutually normal magnetic fields:
the first is B1 (from the field coil to move the HTSC-sabot) directed along the
acceleration length and the second is B2 (from the permanent magnets to counter-
act the gravity) directed normally to the acceleration length (Figure 7c). The
Meissner effect [25] dictates that both magnetic fields generate the surface currents
around the superconductor (in our case, it is the HTSC-sabot) in corresponding
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Figure 7.

Schematic of “EM-AC + PMG”. In (a): 1—target, 2—conical support of the target nest, 3—sabot matrix
(polymer), 4—HTSC-coils (driving body based on superconducting MgB2-cables), 5—HTSC-plates for
providing a stable levitation along the magnetic track, 6—magnetic track, 7—field coils, 8—protective cover; in
(b) and (c): parameters and a side view of the experimental setup with directions of the driving force B1 and
the levitation force B1 (9—ferromagnetics, 10—permanent magnets).

directions that leads to its simultaneous acceleration and levitation (simultaneous
presence of the driving force along the vector Bl and of the levitation force along
the vector B2).

The experiments were conducted under the following conditions.

* To ensure the successful acceleration, the field coil and HTSC-sabot are fixed
over the magnetic track of the PMG-system so that the horizontal axis of the
coil and the HTSC-sabot coincide (Figure 8b).

* The HTSC-sabot motion has been driven by the electromagnetic pulse
generated by the field coil, that is, by using a running gradient of the magnetic
induction (accelerating running pulse, or ARP).

* Asthe HTSCs are diamagnetic, the HTSC-sabot is pushed out from the area of
a stronger magnetic field.

* The starting parameters of the coil pulse: the pulse duration is 1 ms, the current
amplitude is 200 A, the maximum magnetic induction is 0.35 T.

* The temperature in the experiments was T = 80 K for the following reason. Our
previous studies have demonstrated a high efficiency of “HTSC-PMG”
interaction in a wide temperature range AT = 5-80 K [4]. Consequently, it is
possible to study the HTSC-sabot acceleration at temperatures close to 80 K,
that is, under the nitrogen cryogenics. This is especially important because it

Figure 8.

HTSC-sabot friction-free acceleration by the driving electromagnetic pulse generated by the field coil

(T = 80 K). In (a): HTSC-sabot before acceleration; in (b) HTSC-sabot starts motion, in (c) and (d): in-time
development of the acceleration process (the gap between the HTSC-sabot and the magnetic track is keeping
unvarying with time).
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allows the acceleration experiments to be feasible at T~80 K taking into
account that such experiments at T~18 K are unpractical inside a small test
chamber of the cryostat.

Figure 8 shows the results of the demonstration tests: a set of freeze-frame shots
of the acceleration process of the levitating HTSC-sabot at T = 80 K using the linear
PMG-system.

The HTSC-sabot is trapped (Figure 8a) and accelerated in front of a magnetic
traveling wave (Figure 8b-d). It reaches a velocity of 1 m/s and keeps this velocity
on all sabot-track length of 22.5 cm (motion time is t = 0.22 s). The levitating drift is
not observed. Technologically, this allows a convenient spacing of the multiple coils
(also called a multiple-stage accelerator, Figure 7a), and leads to realizing very high
velocities of the HTSC-sabot. It is necessary to highlight that in the experiments, we
did not use a special driving body, and the obtained result of 1 m/s is due to the
surface currents in the HTSC material itself arising from the magnetic field B1
generated by the field coil.

Thus, a friction-free HTSC-sabot transport can be realized with the levitation
devices using superconductors and permanent magnets. The continuous space
range of the stable position of the levitated HTSC-sabot has been demonstrated by
the experimental results. Features of the device concepts and their future applica-
tions in the noncontact delivery system are discussed below.

3.2 HT'SC materials

Generally, superconducting material selection for sabot manufacturing is defined,
first of all, by the temperature requirement for IFE targets which must be at
T = 18.3 K [1-3]. Superconductors are classified into two types [25], called type-I and
type-II, based on their diamagnetic properties (magnetic susceptibility y < 0). Type-I
superconductors (low-temperature superconductors) are in the state which is called
“perfect diamagnetism” (the Meissner effect at which the magnetic lines bend around
the superconductors). As the applied magnetic field increases, so does the opposing
magnetization until the field reaches the critical field B¢, whereupon the supercon-
ductivity disappears. Since the type-I superconductors have the critical temperature
Tc < 10 K (i.e., their heating above 10 K destroys their superconductivity), they
cannot be considered as candidates when developing a maglev transport system for
application to IFE. Besides, type-I superconductors typically have the critical field
values too low for practical applications.

In the study, we use the samples from HTSCs, which are known to be type-II
superconductors. They have two values of the critical magnetic field B¢ (called first
Bc; and second B,). Below Bg, type-II behaves similar to the type-I. When the
applied magnetic field is between B¢; and Bc,, the magnetic field penetrates the
type-II superconductors in the form of quantized magnetic flux lines (either tube or
vortices), and they become a mixture of the normal and superconducting states.
Emphasize that inside each magnetic flux tube, superconductivity is locally
destroyed. Such materials can be subjected to much higher external magnetic fields
and remain superconducting. This property is used for obtaining strong magnetic
fields under the conditions of no thermal losses when the high currents are passing
through HTSCs. In addition, the HT'SC materials with critical temperatures in the
range of 90-120 K have received a great deal of attention because they can be
maintained in the superconducting state with liquid nitrogen (77 K).

The second issue under superconducting material selection is structural charac-
teristics of HTSCs, which influence on the potentialities of their levitation proper-
ties. The authors of [13] revealed many interesting features related to this problem.
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Different HTSC materials can have different microstructures, from so-called
“superconducting glass” (superconducting ceramics) to microstructures like a type
of “mosaic” with macro-, meso-, and microlevels of material ordering. This creates
favorable conditions for obtaining an optimal HTSC microstructure just for taking
into account the design specifics of a noncontact delivery system intended for the
IFE experiments.

At the same time, it is necessary to note one more important feature related to
type-II superconductors. It is a flux (or vortex) pinning. Vortex pinning results
from spatial imperfections (or defects) in the material that produces local reduc-
tions of the free energy of a flux line [25], thus attracting and holding vortices to
these locations. In many respects, the basic magneto-mechanical phenomenon
responsible for levitation is a result of the magnetic flux pinning inherent in the
interaction between a magnet and a type-II superconductor. In the mixed state,
the flux lines interact with different defects and may become pinned to them
(frozen in the bulk superconductor). Such defects (e.g., crystal lattice defects, grain
boundaries, twin planes, stacking faults, etc.) always exist in real superconducting
materials. They could work as pinning centers (including pinning by surface
roughness or at a step-like surface relief), avoiding the vortex motion and conse-
quently the energy dissipation. A vortex state looks like a “frozen” in the
superconducting material, and any spatial motion of the superconductor will cause
the flux tubes to move. In order to prevent that, the superconductor remains
“trapped” in its original state (be it levitating at the fixed point or under motion
along a magnetic track).

Thus, the bulk of type-II, HTSC materials breaks down into two regions:
superconductive—from which the external field is completely expelled, and nor-
mal—through which the external field penetrates. The diamagnetic characteristics
of the material are more or less pronounced depending on its “degree of super-
conductivity.” These features can be exploited in the process of HTSC-sabot
levitation and guidance. Therefore, the superconducting material science and
technology is of critical importance. Currently, there are many structural efforts
to enhance the pinning properties in HTSCs by creating structural defects in them
using different techniques. These structural defects can be in the form of periodic
pinning arrays or random pinning distributions (i.e., with different ordering
states of a vortex lattice) to improve the maglev properties of the HTSCs.

In our experiments, the HTSCs are superconducting ceramics based on
YBa,Cu307_y (or Y123; production of LPI) and superconducting tapes of second
generation (2G HTSC) based on GdBa,Cu30;_ (or Gd123; production of SuperOx,
Ltd.). The obtained results have shown that these HTSCs can be successfully used to
maintain a friction-free motion of the HTSC-sabots, and also to provide a required
stability of the levitation height over the whole acceleration length due to the pinning
effect. This becomes more viable because the critical temperature of Gd123 and Y123
is Tc ~ 90 K, which is nearing the boiling point of nitrogen (Table 2).

The HTSC-sabot designs were in the form of an “open parallelepiped” (its cross
section forms a trough) or in the form of a “hollow parallelepiped” (its cross section
forms a square).

HTSCs Density (p, g/cm®) Bcat 0K (T) Tc (K)

Y123 [4, 6] 4.33 >45 91

Gd123 [5, 26] 3.25 > 45 92
Table 2.

Parameters of the HTSC materials used in the experiments.
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Figure 9.
Usual HTSC-sabot designs used in the experiments. In (a): “open parallelepiped” (model#1); in (b): “hollow
parallelepiped” (model#2 + polymer foam (1)); in (c): model#3— " hollow parallelepiped” (empty).

Here, we set the task of accelerating different HTSC-sabots (Figure 9) over
different PMG-systems to study the stability of the main levitation parameters:
the load capacity (mass of an object which HTSC-sabot can maintain), the space
locking (three-dimensional stability of HTSC-sabot), and the gap between the
HTSC-sabot and the magnetic track (levitating drift). The HTSC-sabot parameters
are as follows:

* Model #1, “open parallelepiped”: Gd123 tape thickness is 0.5 mm, length inside
is 25 mm, width inside is 8 mm, height is 4 mm, total mass is 1.26 g;

* Model #2, “hollow parallelepiped”: Gd123 tape thickness is 0.3 mm, internal
sizes are 4 x 4 x 24 mm?>, total mass is 0.97 g (together with filling of polymer
foam which mass is 0.38 g);

* Model #3, “hollow parallelepiped”: Gd123 tape thickness is 0.3 mm, internal
sizes are 4 x 4 x 30 mm?, total mass is 0.59 g (no polymer filling).

In the experiments, the force F driving the diamagnetic Gd123-tapes is given
by [27]:

_x , 4B
eyl 3)

where g is the permeability of vacuum, Vj is the superconductor volume, x is
the acceleration axis, B is the magnetic induction produced by the field coil (in our
case B1). Since for diamagnetic y < 0, then this force is contrariwise to the gradient
of the magnetic induction in the x-direction. Therefore, the HTSC-sabot is pushed
out from the area of a stronger magnetic field that defines its behavior in the PMG-
systems.

3.3 PMG-systems

The characteristics of the permanent magnets composing the PMGs are very
important for their performance in terms of levitation force and stability. The PMG-
systems of different configuration were used in the experiments (Figures 8, 11-14).
Our goal was to demonstrate not only the levitation stability of the HTSC-sabots,
but also their transport over the PMGs with a guidance force resulting in either
linear or circular motion in a “tight space.”

The PMGs [4, 5] were constructed on the basis of neodymium permanent
magnets with an axial magnetization (MIDORA, Ltd.). A magnetometer with a
sensitivity of 280 mV/T was applied with the following performance data: the
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positioning accuracy of a sensitive element is 0.1 mm, the measuring range is +1 T,
and the absolute error is +0.005 T. The maximum magnetic induction (0.33 T right
at the track’s surface) was for the linear PMG (Figure 11) along the acceleration
direction OX for a magnetic track of 24-cm long.

Note that the PMG optimization is the most critical problem of practical interest
since it serves as a continuous magnetic track to generate the required magnetic
field by rare-earth permanent magnets (made from an alloy of neodymium, iron,
and boron to form the Nd,Fe;4B) and inserts of soft magnetic (ferromagnetic).
Therefore, a feasibility study of the key technical issues such as influence of the
PMG-fields of different configurations on the mechanical and timing performances
of the HTSC transport process and active guidance due to different driving pulses
(mechanical and electromagnetic) are under way.

In this chapter, we present an analysis of dynamic behavior for two proposed
PMGs consisting of different arrangements of the permanent magnets (different
shape and size). The levitation experiments in specifically designed configurations
(Figure 10) with strongly pinned superconductors (Gd123 and Y123) display a
repeatable PMG operation, allowing a simultaneous demonstration of linear and
lateral stability. We have also studied the issues of how the geometrical and loading
characteristics of the HTSC-sabots can affect their levitation capability at different
constraints of the PMG cross section.

The main idea in the PMG construction is that the magnetic track must allow the
HTSC-sabots to move freely only in one direction in order to avoid any contact with
a stronger magnetic field, which pushes out them and return them to their initial
trajectory (according to the Eq. (3)). This is due to the fact that any spatial motion
of the HTSCs will cause the magnetic flux tubes to move. A reasonable plan to
prevent this effect in the lateral direction is to made the linear PMG with the
magnet poles aligned antiparallel to each other (N-S-N) for producing a consider-
ably strong gradient for a side-to-side motion (Figures 7, 8,10a). The circular PMG
consists of a disk of NdFeB permanent magnet (OD = 100 mm, ID = 50 mm, 5 mm
thick) embedded in the soft ferromagnetic holder to realize a required distribution
of the magnetic field along the width of the magnetic track (Figure 10b). Since the
flux tubes are magnetic fields frozen in the superconducting material, the very
superconducting material itself creates a force to inhibit any motion in relation to
the magnetic field, and the HTSC-sabot remains “trapped” in its trajectory. This is
an efficient scheme for optimizing the levitation and guidance forces which is
considered as a base to perform the search of an optimal PMG.

We have found that not only the linear PMG-systems (Figures 8 and 10a) but
also the circular ones are promising candidates aimed at development of HTSC-
maglev transport system for high-velocity target applications, target trajectory cor-
rection, and creation of a precise injector. The circular PMG testing under a typical
optimization of the levitation stability has proven its robustness and efficiency.
Figure 11 demonstrates the HTSC-sabot motion with different velocities over the
circular PMG shown in Figure 10b. In the experiments, we use a mechanical

Figure 10.
Acceleration of the HTSC-sabot (model #3, Figure 9c) over the linear (a) and civcular (b) PMGs at T = 8o K.
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A

Figure 11.
Different velocities of the HTSC-sabot (model #3, load capacity: a piece of wood) over the circular PMG at
T = 80 K. In (a): internal orbit; in (b): external orbit.

driving pulse to simply change the initial conditions related to placing the HTSC-
sabot on different trajectories. The findings accessible from these experiments are
the bases to provide the conditions when the HTSC-sabot can be accelerated in a
stable orbit under different load capacities, which is directly related to the safe
operation and design of the whole system. Below, we present the experimental
results obtained in this area. Figures 12 and 13 show a stable acceleration of HTSC-
sabot (Model #1) over the linear and circular PMGs with several samples surrogat-
ing both spherical and cylindrical targets.

In both cases, after being disturbed during motion, the HTSC-sabot has a
disturbance-induced velocity that, in general, can result in changes in the levitation
and guidance forces and can cause some serious malfunctions. If these induced

Figure 12.

Acceleration of the HTSC-sabot over a linear PMG at T = 80 K. In (a): HTSC-sabot moves along the magnetic
track; in (b): 1—HTSC-sabot is on the middle of the track, 2—HTSC-sabot exit out of the track (load
capacity: 5 spherical tavgets of 0.6 mg each).

PR —=
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Figure 13.

Acceleration of the HTSC-sabot over the circular PMG at T = 80 K. In (a): before acceleration; in (b) and (c):
during acceleration (load capacity: three cylindrical targets of 1.1 g each); in (d): before acceleration; in (e)
and (f): during acceleration (load capacity: two cylindrical targets of 1.1 g each are placed in the same HTSC-
sabot in such a way that one of them is vertical, and the other is horizontal).
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external disturbances are considerable, vertical and lateral displacements of the
levitating body may occur simultaneously. In this connection, it was very important
to study the levitation stability of the HTSC-sabots.

Our findings (Figures 8, 10-13) have shown that a basic phenomenon respon-
sible for the levitation stability is the flux pinning effect inherent in the interaction
between a type-II superconductor and a permanent magnet. For specifically
designed configurations of PMGs (peculiar distribution of the magnetic field), the
flux-pinning is tending to enhance the stability of HTSC-sabot levitation, and
strongly pinned superconductors (Gd123) display high stability, allowing the
demonstration of striking effects, such as vertical, lateral, or inverted levitation.
They look like they are pinned to a magnetic track so they can stably levitate over
permanent magnets without any active control. Thus, the HTSCs can be designed to
enhance the effect called “enhanced flux pinning.” It is of a great importance for
target trajectory correction during its delivery inside the assembly of “HTSC-sabot +
target.” Several remarks should be made here.

An idea of using the magnetic field to control the “HTSC-sabot + target” trans-
port is very attractive for the following reasons. In HTSC-maglev, the stable
transport with levitation is caused by a combination of the Meissner effect (quan-
tum levitation) and the flux pinning in HTSCs (quantum locking).

As it is mentioned above, in HTSCs the magnetic field is not excluded
completely, and the superconductor tries to keep the magnetic flux or vortexes
pinned in weak areas (e.g., grain boundaries or other defects). Energetically, this
means that the vortexes favor to be located in the bulk of HTSCs where defects
exist. Any spatial displacement of the HTSCs causes the magnetic flux motion.
Using the vortex physics [26] under the PMG construction, we have succeeded in
controlling the magnetic field so that there are some directions where the HTSC-
sabots can move, and there are some directions where the HTSC-sabots remain
“trapped” (located in a “tight space”).

Along the magnetic track (or acceleration length, both linear and circular), there
are no magnetic field changes, which allows the HTSC-sabots to move forth and
back with no energy loss. Normal to the acceleration length, the magnet poles
are aligned antiparallel to each other (N-S-N, see, for example, Figure 7b) that
produces a considerably strong gradient along the width of the magnetic track.
This gradient prevents the motion of HTSC-sabots, and they remain located in the
transverse direction. In other words: (1) flux-pinning makes the HTSC-sabot
motion trapped in the space within a PMG field; (2) flux-pinning makes the HTSC-
sabot orientation fixed in the space so that they will not reorient themselves without
any external action (so-called a three-dimensional locking of type-II superconduc-
tors). This process of locking by height and orientation reduces any undesirable
wobble during HTSC-sabot movement. Thus, the obtained results indicate that we
have an effective set of tools (quantum levitation and quantum locking) for a
noncontact acceleration of the HTSC-sabots in the mutually normal magnetic fields
generated by the field coil and the PMG-system.

3.4 HTSC-sabot design
The HTSC-sabot design is a vital point in the process of its transport with
levitation. The most striking examples are the HTSC-sabots, the shape of which

corresponds to Model #4 and Model #5 (Figure 14):

* Model #4, “hollow parallelepiped + 5 wings”: Gd123 tape thickness is 0.3 mm,
Model #2 (4 x 4 x 30 mm?>) + 5 wings (12 x 12 mm?), total mass is 1.46 g.
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* Model #5, “hollow parallelepiped + 5 wings” on a Gd123 tape
(35 x 12 x 0.3 mm”): total mass is 1.97 g.

Nevertheless, Figure 15a shows that the Model #4 (the Model #2 in assembly
with five wings) as an independent target carrier is inefficient. The wings keep
the Model #4 “nonlevitated” so that it comes into contact with the magnetic
track. However, if using the same Model #5 (the Model #4 placed on a super-
conducting Gd123 tape), the levitation effect occurs again (Figure 15b), because
the Model #5 is a combination of the levitating Gd123 tape and the Model #4 as a
load capacity.

These results can be explained by a special mapping of the magnetic lines which
are bending around the Model #4 creating the magnetic field close to the second
critical value, B¢y, or even more this value (T = 80 K is close to TC = 92 K). At a
step-like surface relief (critical bending of the magnetic lines), the magnetic field is
able to considerably slip through the HTSC material of the Model #4, and the
normal cores of vortexes begin to adjoin and then the volume superconductivity
disappears. In other words, under roughening of a surface, the number of vortices
becomes so numerous that there is no space left for superconductivity, and the
superconducting material becomes less and less diamagnetic.

3.5 HTSC-driving body

The driving body is a component of the HTSC-sabot (Figure 7). In our study, we
consider a superconductor on the basis of MgB,-cables because of its potential for
applications at high magnetic field [28, 29]. However, under using MgB,-driving

Figure 14.

HTSC-sabots with several detached wings. In (a) and (b): overview of model #4 and model #5; in (c) and (d):
accelevation (T = 80 K) of the different components of model #4 (1—hollow parallelepiped, 2—uwing) along
the magnetic track 3 by the field coil 4.

e _ .

Figure 15.

Levitation of the model #4 and model #5 at T = 80 K. In (a): lack of levitation for the model #4 (its motion is
caused by a magnetic track inclination, that is, by gravity under the inclination angle less than 10°); in (b): the
same HTSC-sabot (model #4) levitates just on a Gd123 tape (i.e., model #5 levitates stably).
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body, the acceleration parameters which are of interest for IFE (injection velocity
Vinj = 200 m/s) become unsuitable for the laboratory-scale tests. Therefore, the POP
experiments (Figure 8) have been carried out with HTSC-sabots (Gd123) without
any MgB,-coils in their design. The HTSC-sabot (Model #2) is accelerated using the
magnetic field B1 generated by the field coil (ARP). The acceleration process main-
tenance is caused by the surface currents induced in the bulk Gd123 itself due to
ARP, which results in arising the driving force along the acceleration length. The
HTSC-sabot obtains a velocity of 1 m/s and keeps it over the whole magnetic track
(22.5 cm). This is a demonstration of the one-stage accelerator.

Below, we discuss the issue related to a multiple-stage accelerator. The first
problem is as follows: what characteristics of MgB,-cables are required to reach the
required lower limit on the injection velocity Vi,; = 200 m/s. We list below some
distinguish features of MgB,, which are important for our study [28, 29]:

* MgB; critical temperature is TC = 39 K, which is twice above than for Nb;Sn,
and four times above than for Nb-Ti;

* MgB, is a promising superconductor for applications in the temperature
range 15-20 K which meets the temperature tolerance for the IFE targets
which must be at T = 18.3 K before the laser shot to obtain the maximum
energy yield from the fusion reaction [1-3];

* MgB, possesses high values of the critical current at a rather small sensitivity to
intergranular contacts;

* simple chemical composition and low cost of the initial components for its
synthesis;

* achievement of typical magnetic fields more than 1.5-2.0 T at lower capital
investments and at lower cost of commercial operation;

* stability of MgB, characteristics under the conditions of radiative environment;

* due to a weak anisotropy of the critical properties, the MgB,-cables can be
well-shaped that is of a great importance for optimizing the current density in
superconducting coils. Besides, the MgB,-cables can be of round or rectangular
cross section and have a small weight. These are most important parameters
for practical applications of MgB,-cables in the HTSC-sabot design.

For estimations of the acceleration length, La, for a multiple-stage accelerator
with a superconducting driving body (in our case MgB,-cables), we use the follow-
ing ration [8]:

T 2 Rrc M

L = — . e — 5
“ 2 "™ Ry FpinVs

Fyin =Jc(Bo, Ts) - Bo, 4)

where Mg, is the mass of the “HTSC-sabot + target” assembly, Rgc is the field
coil radius, Rgc is the radius of the superconducting coils (Rgc/Rsc = 5), Fpin is the
pinning force density, J¢ is the critical current density, which depends on the
magnetic induction in the coil center By and superconductor temperature Ts. The
value of ] (defined as the current density where the pinning force and the Lorentz
force become equal) determines the onset of resistivity [28-30]. In (4), a difficulty
arises in calculation of L, because only knowing the relationship between J¢ and B,

71



Nuclear Fusion - One Noble Goal and a Variety of Scientific and Technological Challenges

External field (T) [30] 1 0.5 0.25

Critical current (A) [30] 2500 4000 5000

Sabot acceleration (g) 800 640 400

Acceleration length (m) 2.5 3.125 5.0
Table 3.

MgB,-driving body acceleration efficiency at Ts = 20 K.

the pinning force density F;, can be found for the superconducting coils proposed
for the sabot acceleration. For MgB,-cables of 1.18 mm in diameter, the critical
current vs. the magnetic field at temperatures of 4.2, 9.8, 15, 20, and 25 K was
measured in [30]. Using these data, we have made the calculations under the actual
operating conditions: (a) the target design is CHGT, and its mass is 5 mg

(see Section 2.2); (b) the HTSC-sabot is “open parallelepiped” to exclude a bend of
the Gd123 tapes (see Section 3.2); and (c) the mass of the assembly “HTSC-sabot-
+ CHGT” is 0.5 g. The calculation results are presented in Table 3.

Thus, using the MgB,-driving body allows not only to accelerate the reactor-
scaled targets to the required injection velocities, but also to provide the system
performance without exceeding the acceleration limits at 500 g. As one can see from
the Table 3, the MgB, coils (with parameters 2nRsc = 24 mm, By = 0.25 T, J¢ = 5000
A) yield Vi,; = 200 m/s at 400 g on the acceleration length of 5 m.

Note that several important aspects related to a practical engineering are
as follows:

* In our study, we have proposed the PMG configuration allowing in-space
equilibrium position of the HTSC-sabot during its acceleration (it goes along a
whole magnetic track with the same levitation height and orientation).

* Taking into account that experimentally the HTSC-sabots keep their speed
after acceleration pulse, they can be extra accelerated by using a multiple-stage
accelerator.

* Superconducting cables can be used not only in the driving body but also in the
field coils. If these coils carry a current, which is less than the critical current,
then large magnetic fields can be generated without heat generation.

* In our model, the MgB,-driving body represents a magnetic dipole (MD). The
MD acceleration is carried out by a traveling magnetic wave or ARP at the
consecutive switch of the field coils. From the view point of a relative
positioning of the ARP and MD, the steady case is realized when the ARP
pushes the MD but does not pull it for itself, that is, the area of a phase
(longitudinal) stability is on a forward slope of the ARP [31]. In the
accelerating equipment, it is referred to as a principle of automatic phasing.
This principle will be inherent for the MgB,-driving body, because, as a
superconductor, it will be pushed out from the area of a stronger magnetic

field.
Especially, note that the injection velocities Vi,; > 200 m/s are not a problem for

the proposed noncontact schedule of the target delivery. It can successfully be used
in creation of a hybrid accelerator for future IFE power plants.
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4. Target protection system

Target delivery into IFE power plant requires target acceleration (accompanied
with mechanical and thermal loads) and repeatable injection into the reaction
chamber (additional thermal loads). For this reason, the problem of using the
cryogenic targets in the IFE experiments or in a future reactor includes not only an
issue of fabricating the qualitative cryogenic fuel layer (nonuniformity <1%,
roughness <1 p), but also an issue of target delivery at the laser focus under
conditions of the layer parameter survival. In our study, a number of protection
techniques have been proposed and examined with the aim of risk minimization in
the process of target acceleration and injection.

A promising direction for survivability of fuel layers is application of external
target protective coatings, which reduce the risks of the fuel damage under the
radiation exposure from the hot walls of the reaction chamber: cryogenic coatings
(from the solid D5, H,, or Xe), metal coatings from Au, Pt, Pd, and their alloys,
application of a double protection: “metal + cryogenic” (Figure 16a). Below, we
demonstrate the practical possibilities of this direction.

To obtain the results in Figure 16b, an additional procedure is added in the FST
formation cycle. First, the metal coating made from Pt/Pd is deposited on the
CH-shell. Then, the shell is filled with the D, gaseous fuel with 3% Ne as doping
agents. The next step is D, layer fabrication by the FST layering method.

The sabot is also a special element of the target protection system [12]. An
important feature of its design is the shape of a target nest. Our study shows that a
proper choice of the nest shape makes it possible to significantly increase the upper
limit of the permissible overloads and to minimize the injector size. Being based on
the discrete-continuous physical model of the shell stress, a simulation code
SPHERA is developed that makes it possible to define the stress and deformation
arising in the target during the acceleration. A shape analysis of the sabot bottom (in
the target nest area) during the target acceleration is carried out for three suffi-
ciently different cases: (1) flat bottom, (2) semispherical bottom with R,, > R (R,
and R; are the nest and the target radii, respectively), and (3) conical bottom
(Figure 7). Important conclusions followed from these calculations are listed below:

* Permissible target overloads for a flat bottom are 50 times smaller than those
for semispherical supports with clearance less than 5 pm; at clearance higher
than 20 pm, the stresses growing in the target are close to those of the flat
bottom.

* Use of a conical bottom with the angle in cone basement equal to 87° provides a
20-times increase of the permissible overloads; technologically, the conical
bottom has much better predictive estimate than the semispherical one.

Figure 16.

Different protective coatings. In (a): double protection “Pd-coating of 150 A thick and cryogenic O,-coating” 1
—1.2-mm CH-shell at 14.6 K before the experiment (liquid H, inside as temperature indicator), 2—in the top
part of the shell (from the outside), there is a solid deposit of oxygen (T, = 54.3 K), 3—after operation of the
piezoelectric vibrator [22], the oxygen snow becomes redistributed onto the outer shell surface; in (b): single
protection “Pt/Pd-coating of 200 A thick”: 1—1.5-mm CH-shell before the experiment, 2—cryogenic target at
5.0 K with a uniform D, layer of 50 um fabricated by the FST-layering method.
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The next step is a shield (or cover) for application to protect injected target from
a head wind of a residual gas. It has been considered since 1982 [32]. In [16], we
have proposed a new design of a protective cover made from solid xenon or deute-
rium. At the current research stage, we have analyzed the cover and the target
interaction with the reactor chamber environment using the direct simulation
Monte Carlo (DSMC) approach as well as using the results of numerical studies of
gas flow interaction with bodies. The following relations were considered:

* motion equation

L = Ut — Fpt*/2M,,, (5)

* velocity in a laminar circular wake behind the cover [33]:
u(x,y) = U[(nCp)/32] - [(2R/x)RFp] exp (—772), (6)

* drag force equation for a sphere [34]:

Fp = —(3/4)a’nu(mgksT /2) V25 k. 7)

Here Fy = F1, + Fip, F1o = 81(8 + m)/9, Fyp = —21.28/€* (for two equal spheres),
k is the unit vector in a target motion direction, L is the distance between the body
(target or cover) and the burn area, R is the characteristic dimension (target or
cover), t is the in-flight time, Fp is the drag force, M, is the mass (target or cover),
U is the injection velocity, u(x, y) is current velocity, n and v are the dynamic and
kinematic viscosities of a residual gas, M is the Mach number, m, is the mass of
residual gas, a is the sound speed in gas, kg is the Boltzmann constant, Fy, and Fy,
are the dimensionless drag coefficients, £ is the dimensionless distance measured in
target radii, and Cp is the coefficient of gas molecule accommodation by the target
surface. The following parameters are used in our estimations: velocity is 250 m/s,
residual gas is Xe at 0.5 Torr, reactor chamber radius is 5 m, cylindrical cover from
solid Xe with a mass of 87 mg, and target mass is 5 mg (CHGT).

In the drag force estimations, two cases were considered: solitary and joint flight
of target and cover. Correction for the solitary case (effect of wake) is about 30%.
The estimations show that due to the drag force action, the distance between the
target and the cover rises from the initial 1 mm at the moment of injection up to
15 mm at the center of reaction chamber. Thus, the drag force provides necessary
separation of the cover and target inside the reaction chamber. The protective cover
forms a wake region (Figure 17a) with reduced flow velocity and temperature and
effectively reduces the gas heat flow by a factor of 4:5, which is in a good agree-
ment with calculations in [35]. Thus, the concept of protecting the direct drive
target in the reactor chamber by a cover moving ahead can be considered as a
possible way of solving the target delivery problem.

Note that the problem of target survival is the more difficult the higher the
target temperature at the moment of injection. Estimations show that radiation heat
flow from the chamber wall is an order of magnitude higher than the gas heat
transfer (Figure 17b). Therefore, target injection at 5 K is more preferable than at
17 K. This can be realized only with an ultrafine fuel structure [1] because the single
crystalline fuel reveals undesirable roughness on target cooling [2].
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Figure 17.

Protective cover: (a) protective cover forms a wake area in the fill gas to protect a target from the head wind and
to avoid the convective heating; (b) target theyrmal history in IFE chamber under exposure of the wall radiation
and gas convection: 4-mm targets with D, fuel (200 um), reactor wall temperature is 1773 K, residual gas

Xe — 0.5 Torr (1—target without reflecting layer, 2—target with reflecting layer, 3—injection at 17 K, 4—
injection at 5 K, 5—18.5 K, point of destination).

Basing on these results as well as on the results presented in Sections 2 and 3, we
propose a multiple target protection system for the effective delivery of a cryogenic
target without its damage.

1. Cryogenic layer formation with an isotropic ultrafine fuel structure (which can
be referred to as layers with inherent survival features) to reduce the target
sensitivity to the external thermal and mechanical loads.

2. Use of friction-free acceleration of the “HTSC-sabot + target” assembly to
reduce the heat flux on the target under development of a noncontact delivery
system with linear or circular accelerators.

3. Use of conical supports for a target nest in the sabot to reduce the mechanical
loads during acceleration of the “HTSC-sabot + target” assembly.

4.Use of outer coatings (cryogenic, metal) in the target design to reduce risks of
cryogenic layer damage as a result of target heating by thermal radiation of the
hot chamber walls.

5. Coinjection of a target and a protective cover from frozen gases (D,, Xe) to
reduce risks of cryogenic layer damage as a result of target heating by hot
residual gases in the reaction chamber.

The important remaining factors of the research include issues of complex
technology optimization and system integration.

5. Conclusion

The purpose of this work was to study a repeatable target production and
methods of their noncontact delivery in accordance with the scope of MM-IFE
program. Various physics and technology problems accompanying IFE target-
fueling development were considered, and approaches to their solution were pro-
posed and experimentally tested partially. Our thermal, mechanical, and levitation
modeling (theoretical and experimental) are important tools in planning future
experiments on MM-IFE and studying IFE reactor fueling.
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A particular interest from scientific and technological points of view in IFE
progress deals with a cryogenic target that could be delivered to the center of
reaction chamber at significant rates. Therefore, our study is devoted to the IFE
target fabrication with focusing on methods, which provide a high rep-rate and
cost-effective target production. The top-level requirements necessary to achieve
successful target fabrication and injection deal with target material selecting and
fuel layer structuring. The following issues are of key importance:

1. For target mass-production those are:

* Target materials must satisfy a wide range of required and desirable
characteristics because the optimal microstructural design and material
selection do allow one to obtain chemical, physical, and mechanical
characteristics for specific applications.

* Target fabrication capabilities and technologies must take into account the
structure particularities of the solid structure of fusion fuel.

* Fusion fuel must have an adequate thermal and mechanical stability for
their quality survival in the process of target acceleration and delivery to
the reaction chamber.

2.For cost-effective target production those are:
* Minimization of time and space for all production steps.

» Moving targets cooperate all production steps in the FST transmission line
that is considered as a potential solution of passing from one-of-a-kind
techniques to about 1 million targets per day.

* Moving targets are the necessary condition for realizing a repeatable
target production at required rates and their noncontact delivery at the
laser focus.

3.For survivability of a fuel core (cryogenic layer) those are:

* Layers with inherent survival features (fuel layer structuring—the grain
size should be scaled back into the nanometer range).

* Noncontact delivery system.

* Multiple target protection methods including: (a) outer protective
cryogenic layers, (b) metal coatings of different configurations and
compositions, (c) nanocoatings for specific applications, and
(d) coinjection of a special protective cover ahead of the target, etc.

For the IFE, all techniques must be integrated into an FST transmission line
capable of producing about 1 million targets per day. Therefore, further studies are
needed on MM-IFE connected to guide other R&D programs and to predict the
behavior of IFE targets during their layering, delivery, and transport through the
chamber environment. In addition, the MM-IFE allows reducing the cost of devel-
opments because it is intended to test the reactor-scaled technologies and to identify
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key issues for IFE commercialization. Implementation of MM-IFE program will be

useful for working-out and substantiating the technical requirements needed for
creation of a laser energy power plant.
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Chapter 5

The Mechanical Behavior of the
Cable-in-Conduit Conductor in
the ITER Project

Donghua Yue, Xingyi Zhang and Youhe Zhou

Abstract

Cable-in-conduit conductor (CICC) has wide applications, and this structure is
often served to undergo heat force-electromagnetic coupled field in practical utiliza-
tion, especially in the magnetic confinement fusion (e.g., Tokamak). The mechanical
behavior in CICC is of relevance to understanding the mechanical response and
cannot be ignored for assessing the safety of these superconducting structures. In this
chapter, several mechanical models were established to analyze the mechanical
behavior of the CICC in Tokamak device, and the key mechanical problems such as
the equivalent mechanical parameters of the superconducting cable, the untwisting
behavior in the process of insertion, the buckling behavior of the superconducting
wire under the action of the thermo-electromagnetic static load, and the Tcs (current
sharing temperature) degradation under the thermo-electromagnetic cyclic loads are
studied. Finally, we summarize the existing problems and the future research points
on the basis of the previous research results, which will help the related researchers to
figure out the mechanical behavior of CICC more easily.

Keywords: Nb3Sn, cable in conduit conductor (CICC), cable stiffness, coefficient
of thermal expansion, untwisting, current sharing temperature

1. Introduction

The ITER program is one of the largest and the most influential international
energy technology cooperation projects, to verify the engineering feasibility of the
magnetic confinement fusion. The core device of the magnetic confinement fusion
reactor is the cable-in-conduit conductor (CICC). CICCs were used to build up the
superconducting coil for generating strong magnetic fields to confine the high-
temperature plasma in a confined space and maintaining the fusion reaction [1].
The ITER superconducting magnet systems mainly consist of four kinds of coils: 6
central solenoids (CS), 18 toroidal field (TF) coils, 6 sets of poloidal field (PF) coils,
and 9 pairs of correction fields coils (CC) [2].

As early as the 1960s, the low-temperature superconducting material NbZr was
processed into round wire and cables [3]. Subsequently, the superconducting mag-
nets were wound with the structure of an internally cooled conductor (ICS) [4].
The superconducting strand is cooled to the superconducting state by the heat
transfer copper tube with liquid helium in it [5]. But, the contact cooling method of
ICS is inefficient, and the superconducting material is inclined to have a magnetic
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flux jump which will make the magnetic system to be quenched. In 1975, Hoenig

et al. suggested subdividing the superconductor into strands to suppress the flux
jump and twisting them into a cable to reduce the AC losses [6]. In 1980, Lue et al.
proposed a cable-in-conduit design, and the innermost part was a perforated copper
tube or a high-hardness stainless steel spring to form a liquid helium fast-flowing
channel [7]. These two designs are the prototypes of modern CICC conductors.
Nowadays, the CS and TF conductors with higher magnetic fields in the ITER
project were fabricated by more than 1000 Nb3Sn wires. Disadvantageously, the
superconducting properties of Nb3Sn are sensitive to mechanical deformation,
which means that the tensile, compressive, and torsional deformations all lead to
the reduction of the critical current [8]. Therefore, the strain state of the Nb3Sn
strand cannot be ignored. Therefore, during its design, manufacture, and operation
stage of the CICC, the mechanical analysis is needed.

Many studies have been published on the equivalent mechanical parameters of
the twisted cable with two dimensions, such as the compression modulus of the
cross section [9, 10], rather than built a complete three-dimensional model of the
twisted cable. Feng et al. have applied the thin rod model to CICC conductor
analysis and established the spatial geometry of each superconducting strand in the
CICC conductor [11]. Qin et al. have applied the thin rod model to the mechanical
analysis of superconducting cables and derived the axial stress—strain curves of
primary cables and high-order strands [12]. The influence of pitch on the elastic
modulus of the stranded cable and the curvature of the strand has been discussed.
The introduction of the copper strand has been found to greatly reduce the axial
stiffness of the strand, and the contact deformation between the strands has been
found to have a great influence on the stiffness of the strand. The theoretical
calculation results have appeared to be in good agreement with the experiments
[13, 14]. Yue et al. have conducted a systematic mechanical analysis of the CICC in
the design, preparation, and operation stage [15-18].

In this chapter, first of all, we focus on the equivalent mechanical parameters of
the superconducting cable; second, we concentrate on the untwisting behavior in
the process of insertion; third, we want to explain the buckling behavior of the
superconducting wire under the action of the thermo-electromagnetic static load;
and finally, the Tcs degradation under the thermo-electromagnetic cyclic loads is
studied. Our goal is to relate the cable stresses and buckling behavior to the thermal
and electromagnetic loads so that relations between cable stress and current trans-
port characteristics are built completely.

2. The equivalent mechanical parameters of the CICC

The mechanical behaviors of CICC have two main problems of structure and
operation. On the one hand, the equivalent modulus of the cable is dependent on
the manufacture parameters such as pitch, porosity, and radius. On the other hand,
the electromagnetic load and the extremely low temperature make the internal
stress and strain state of the cable difficult to analyze. Therefore, the thin rod model
is applied to calculate the equivalent mechanical parameters of CICC conductors.

2.1 The tensile stiffness of the triplet

From the geometry characteristics of the cable, we know that the CICC
superconducting cables have a complex structure with five stages of spirals.
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Figure 1.
The position of a spival rod (a) and loads acting on the wire (b) [19].

Therefore, each wire in the cable can be simplified into a thin rod which is elongated
in the axial direction under the axial tensile load, and the wires can be contacted
tightly or rotate in the lateral direction. The deformation and the force analysis of
the wires are shown in Figure 1(a) and (b), respectively.

The curvature and torsion of the spiral are as follows:

, wvdtcos?a cos’a vdt cosasina  cosasina

k=0 = s r 0 rds o r @

The equilibrium equation of forces and moments can be expressed as

dG
%+TK’—N’T+X:O; 3 CGTHHK N +K=0;
dN’ G
?—Tk—i—Nr—}—Y:O; %_Hk+GT+N+K':0; (2)

dT i o N dH
& Ne+Nk+Z=0; SZ_Gi' 1 Gk+0=0.

Assuming that the thin rod is isotropic and elastic, the moments in any cross
section with respect to the axis x, y, z can be written as Iy, Iy, I, and the constitutive
equations are given by

G = EI,Ax; G' = EI,AK; H = Gl Ar. (3)

In the result of solving Eq. (3) with the account for the temperature terms, the
expression of the equivalent coefficient of thermal expansion in the axial direction
of the triplet can also be given by [15]

ay, — ar cos’a

(4)

Qeff = -
eff sin?a

In Eq. (4), aef is the equivalent coefficient of thermal expansion of the strand,
ay, is the coefficient of thermal expansion of the strand in the longitudinal direction,
ar is the transverse coefficient of thermal expansion of the strand, and a denotes the
helix angle.
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2.2 The tensile stiffness of the higher stage strand

Based on the equivalent modulus and thermal expansion of the triplet, the space
and the 2D view of the triplet and single wire are shown in Figure 2(a) and (b),
respectively.

The conversion relationship between the local coordinates of the triplet and the
higher-level strand can be expressed as

— cos Oy — sin Gy 0
Tk= | sinfcsinay —cosOcsina, cosay |. (5)

—sinfcosa, cosOcosa  Sinay

The curvature and torsion of the secondary stage strand can be given by

- 0 0

ko | =ToT{TT] O |+ O |sinayp. (6)
cos ap cos

K2 75 V1

According to the geometric compatibility of the secondary-stage strand, the
deformation of the triplet is equal to the tangential strain of the secondary-stage
strand, and the torsion of the triplet is equal to the twist angle of the secondary
cable. The axial loads and torque of the secondary-stage strand can be obtained. The
equilibrium equations can be expressed as

0 Fp
0 | =3"3"TT, | Fy, @
Fy Fyo

s 'l'llﬂ“.iﬂ'l.
' r g \Linel a0,
I / -
o o
; :"x_"f_[ .
K x:t)
K
T : [';1 }’
r 2
r./ g
¥ ."._ ':-ﬂn
Y
(a) (b)
Figure 2.

Space line of the triplet and single wire (a) and 2D view of the triplet and single wire (b).
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My M, 72(Fy sinay + Fpy cos a) sin 6,
My | =3T5 | My, | + 3| = (Fasina; + Fpy cosap) cos 6, | . (8)
My My 72(Fio cosay — Fpy sinay)

Theoretically, the tensile stiffness of the conductor can be deduced by four times
transformations as the CICC conductor has a five-stage twist structure.

3. Rotation analysis of the CICC

In the CICC conductor manufacture process, they twist a superconducting cable
and penetrate it into the stainless steel tube. However, due to the friction between
the superconducting cable and the stainless steel armor, the drag force of the cable
is as high as several tons during the cable penetration. The friction force of the pipe
leads to the axial elongation of the superconducting cable, accompanied by the
untwisting of the cable, which causes the cable pitch to increase. This makes that
the pitch is much larger than the ITER requirement [20]. Therefore, the untwist
behavior of the cable must be controlled [17].

In this section, the untwist model is described. The large-scale cable is consid-
ered, e.g., ITER TF, CS, and CFETR CSMC. The components of the final cable
include petals, central cooling spiral, and wrap, as shown in Figure 3. The model
ignores the friction between the jacket and the cable, only modeling de-twists of the
cable under the insertion force F,s.

The cable is divided into three parts in the model: central cooling spiral, six
petals, and the wrap. The twist direction of wrap and cooling spiral is left and with
the reverse direction for the petal. The torsion constraint is free for the cable when
there is undering the uniaxial tension. Therefore, the boundary conditions can be
set as F = Fo; M = 0. The force of the whole cable is from those acts on wrap, sub-
cables, and central cooling spiral, which can be described as follows:

F:Fin+Fp+Fst:F0:

9
M = M, +M, +M; = 0. ®

In Eq. (9), F is the insertion force in the axial direction for the cable. Fy, F), Fi,
are the forces loading on the stainless steel wrap, petals, and inner cooling spiral,

Petal wrap @ 1men thick -{mu;;&ruﬁ-lilur;.m-lhhi:
T coverage A0P% overlan
- - A ;
d=0,82mm T
- o =
O 8.8 =t
"\.
MB35 Wlng DRI S s o b
3#375%4 petal
n"[\':.‘ll czhle
A= E 2
-

©

Cu wine
Central spiml 1mm thick

Figure 3.
The dimensions and parameters of a lavge-scale cable (e.g., CFETR CSMC).
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/ \ (A) (B} 8]

Figure 4.
Force distribution (A) and spatial velationship (B and C).

respectively; M represents the torque of the whole cable. M, M,,, Mj, denote the
torques of stainless steel wrap, petals, and inner cooling spiral.

The force distribution and spatial relationship are shown in Figure 4. G,, G, H,
are sectional moment components of the thin rod. Ny, N, T are the sectional force
components. X, is the contact force. ay is the spiral angle of each component. 7,
is the distance between the centroid and the center of the cable, and L, is the twist
pitch.

We simplified the central cooling spiral into a single helical thin plate. The
change of spiral angle, radius, and the axial strain are defined as Aa, %, Ess
respectively. Then, the geometrical equations of the He-inlet spiral, six petals,
and stainless steel wrap can be deduced by Costello-Velinsky theory [19]; we
can obtain

A(X,‘n
g0 = & + ana;’
He — inlet :
; 1 Arn
ﬂO = 5171 + — - Aaim
tana;, tano, 7,
A(lp
Eg = + 5
0=¢p tan ap
Petal (10)
1 Ar
ﬁO = ‘):P + _P - A(Zp,
tanap tanap 7p
Aayg
€0 = 6y + 5
0 gst tan o,
Wrap — stiffness
1 Ar
Bo = —§St + < — Aoy

tano; tanog 7y

In the equations, the axial deformation and torsion angle of the cable are
expressed as &, fy. The only axial tension is considered for central cooling spiral
and wrap. Therefore, the equations can be updated as
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Gin = 0;G, = 0;H;, = 0

He — inlet :
Tin = EinAinfz‘n
GP = O,' G;; = EPPIC;AK}),' HP = GPI'IZ;ATP
Petal : (11)
Tp = EpApép

Gy=0;G, =0;H, =0
Wrap — stiffness :
Ty = EstAstgst

In the equation systems, E refers to Young’s modulus of each component. A
refers to the cross section of each component. Epl§, Gplp are the bending and
torsion stiffness of petals, respectively. Akp, Azp are the changes in curvature and
twist, respectively. £p is the axial strain of petal.

The balance equations and the compatible equations of central cooling spiral,
subcables, and wrap can be obtained as

N, = G,tx + Hykl,

! /
X, = N1, — T,

(12)
F, = Ty sina, + N, cos ay,
M, = H,sina, + G, cos ay + Tyry cosay — N7y sin ay.
Vin = Rin;rp = Ry + Rp; 74 = Ry + 2Rp,
(13)

Ary, = ARy, Arp = AR, + ARp; Ary = AR;, + 2ARp.

where x stands for anyone of in, p, st, which represent inner He-inlet spiral,
petal, and stainless steel wrap, respectively; R, denote the twist radius of petal, and
ARp = —uRpép, v is Poisson’s ratio of the petal.

The contact force loading on the petal can be written as follows:

6XvP _ Xt o Xin

; =— ; (14)
sinap sinay sinay,

where Xp stand for the line pressure between the petal and inner He-inlet spiral;
X is the uniform force between the stainless steel wrap and petal; and Xj, is the
reaction force between inner He-inlet spiral and petal.

From Egs. (9)-(12), one can get

F=Fy= 6(Tp sinap + NE, cos ap) + Ty sinag + Ty, sin oy,
M =0 = 6(Hpsinap + G cosap + Tprp cosap — Nprpsinap) (15)

—Trg cosdg — Tty COS iy,

From the above Egs. (10)-(15), we can obtain
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L . A N S DU S S R fo =0
a — 3 in — ageo — Py =
tan oy P )t anag vy + 2Rp L " tandagry, +2Rp " $tE0 0
1 l)Rp 1
0- tana, — 0-¢ Ary — tanapeg — o = 0
Gt <tan ay + P tanapry, + Rp) €+ 0-Sint tanapri, +Rp " re0 = Fo

1 1
0'§:z+0'§1>+<tan(lin+ >§in+ Ariy — tanazeo — fo = 0
tan a;, 7ip tan a;y,

sin ap
6sina;,

sin ap

(EA) K, &; + [GBrp + HBk) — (EA)pk}|&p + (EA);,Kinin + (GDzp + HDK},) Ariy

 6sin oy
+ (GEtp + HExp)eo + 0 - By =0

(EA),, sinag&y + [6GB‘rp cosap + 6HBKp, cos ap + 6(EA)p sin ap] ép + (EA),, sinaiyé;,

+ 6(GDTP + HDK};) cos apAri, + 6(GE1P + HEK})) cosapeg + 0 - fy = Fo

— (EA),, cos agray + [GHB sinap + 6GB cosap + 6(EA),(riy + rp) cosap — 6(GBTp + HBK},)VP sin ap} &p
— (EA),, cos ainTiné;y, + [6HD sinap + 6GD cosap — 6(GDrp + HDIHP)VP sin ap} Ar;y,

+[6HE sin ap + 6GE cos ap — 6(GEtp + HEK},)rp sinap|eg + 0 - fy = My
(16)

The twist angle f, can be computed from the equation system (16). So, the
rotation of cable can be evaluated [17].

The experimental and numerical results are shown in Figure 5. First, it is easily
found that the cabling tension has less impact on cable rotation. Taking the wrap-
ping tension with 200 N, for example, there is no deviation between two different
cables with cabling tension 200 N and 800 N, respectively. This result is in good
agreement with the numerical model results. Second, the untwisting of the cable
was mainly controlled by wrapping tension. Therefore, we can reduce the rotation
significantly by increasing the wrapping tension. When insertion force is about
40 kN, the untwisting angle of cables with 600 N wrapping tension is about half of
those cases with 200 N.

- - F,=200NF, =200N S00N Theory

1004 —F_~=600N F, _=200N 800N Theory e
4 F, =600NF  =200N Experiment -.2=-7 -7~
80 L F__‘_"__=EIIIEIN FI__.M=EIIIEIN Ezperiment _ =

—4—F, =200NF =200N Experment -
1 —+F, =2000 F =800 Experment

Rotated angle per meter[?)

Force[kM]

Figure 5.

Rotated angle per meter as a function of the force: Numerical and experimental results.
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4. Buckling behavior in the CICC
4.1 Analytical model without the electromagnetic force

It is known that all the ITER CS and TF coils are wounded by CICCs, which
made up of five-stage sub-cables formed around a central cooling tube. The petals
and the sub-cables are wrapped with stainless steel tapes. Then, let the wrapped
cable inserted into a stainless steel tube, which act as an amor. We assume that the
total length of free segment of the superconducting strand on the surface of the
cable is L (equal to the twist pitch), and set the fixed constraints on both sides, the
wrap band as a uniform spring constraint. The schematic of this analytical model is
illustrated in Figure 6. The lengths of spring constraint on both sides are equal to L;
and L3, respectively. The length of the free fraction of the strand is of L,; we can get
Li+Ly+L3=L.

Since the coefficient of thermal expansion of stainless steel between 923 and
4.2 K is approximately twice that of the Nb3Sn strand, then the superconducting
cable is in compression at the end of the cooling. The thermal shrinkage of the cable
is denoted by eryerma. Other than this, the strands of the cable can be squeezed into
another side of the conduit by the large electromagnetic force; then, there will
generate a large void on the other side of the conduit. Due to the gap, the friction
force between the strands and the stainless steel armor decrease significantly. As
there is no lateral restraint by wrap or friction, the surface strands around the void
will show bending deformation by the thermal mismatch. In addition, the strand
will slide into the high magnetic field region that will aggravate its bending behav-
ior. g4 is the stand for this slid strain. Therefore, the total compression strain of the
strand er is the sum of eg;; and e7y¢9,4. In this case, e7 = erpemma + Estia-

The mechanical analysis of the strand microelement is shown in Figure 7. The
equilibrium equations for the moments are as follows:

dM dy

E—HVE_Q”_O (17)
In Eq. (17), Q,, M, N denote the vertical shear force, the bending moment, and

the compression force along the axial direction, respectively. After submitting

M = —EI(d%/dx") into Eq. (17), and making a substitution dQ, /dx = ky, we can

get the differential equation of the rod with the spring constraints:

d* d>
d—{—N ) tky=0 (18)

E ey
x dx

Figure 6.

Schematic of the strand model ignores the EM force. L, L1, L, and L3 denote the length of the twist pitch, left
spring constraint, free segment, and vight spring constraint, respectively. k denotes the rigidity of the bandaging.
EI is the bending stiffness of the strand. er is the total compression strain, which is equal to the sum of permal
and egjig.
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|
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Figure 7.
Mechanical analysis for the strand microelement.

If the strand has no wrapping, one can get

d'y d*y

where k denotes the stiffness of the wrapping.
The continuity of displacements, twist angles, bending moments, and shear
forces across the coverage/free strand require

Wi = Wi

dw;  dw;
dx;  dxi

dw; _ d*wi (20)
dx}  dx}

. 3 - . 3
dxz dxi+1 dx1+1 dxi+1

B [Ndwi n d3wi] L [Ndwi+1 n d3wi+l‘|

In Eq. (20) the subscript i represents the number of wrapping/free segments.
The fixed boundary conditions at the coverage fraction have the form:
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w|x:0 = w|x:L =0

dw dw (21)
7 |x=0 = 7 |x=L — 0
dx dx
Thus, the general solution of Eq. (18) is obtained as
w; = aj1 cos (Ax;) + ap sin (Ax;) + a;x; + aia (22)

This general solution can be divided into three situations with a variation of the
external force P [21-23]:

1.If P <2+/Elk, the general solution has the form as

w; = a;;cosh (/1196'1‘) + appcosh (ﬂzxi) + a,gsinh (/lei) + a;4sinh (/1296'1‘) (23)

2.If P = 2+/Elk, it becomes

w; = a1 cos (Ax;) + a;; cos (Ax;) + ajzx; sin (Ax;) + a,ax; sin (Ax;) 24)

3.1f P > 2/ Elk, it becomes

w; = a1 cos (A1x;) + aip cos (Apx;) + a3 sin (A1x;) + a4 sin (Aox;) (25)

Here, 4, 41, 4> and 43 are the eigenvalues, respectively; and a;; is the constant
coefficients.

The axial compression strain can be neglected when the strand gets into the
buckling state, as the compression force N is small. Therefore, the total compression
of the strand can be expressed as

L
%J (w')’dx = Ley — % (26)
0

Here, w’ denotes the curvature of the strand transverse deflection. The radius of
curvature p has the form

B d*w

= 27)

p
Here, w stands for the strand transverse deflection. The corresponding maxi-
mum strain is

(28)

Emax =

D
2

Here, D stands for the diameter of the strand. If the maximum strain is larger
than 1%, the strand would be considered as cracking [10, 24-26]. Based on these
equations, the coefficient a;; can be calculated, as well as the buckling deflection, the

91



Nuclear Fusion - One Noble Goal and a Variety of Scientific and Technological Challenges

relationship between the radius of curvature, and the thermal compression strain
EThermal OF slid straineg;g.

4.2 Analytical model with the electromagnetic force

As we know, the magnetic field is maintained at 13 T in the Tcs test procedure,
and the electromagnetic force rises with the increasing the current. Therefore, the
electromagnetic force is a cyclic load. The strand on the surface of the cable where
the gap is formed is selected in this model. The EM force Fgy is perpendicular to the
Nb3Sn strand, and its direction points to the inner part of the cable. Thus, the
strand at the lower loading side has the least lateral constraint that means the strand
most likely to have a buckling behavior in the lateral direction. Therefore, the only
thing that can prevent the buckling of the strands is the friction force against the
cable. The friction factor can be written as a symbol p.

In Figure 8, y; and u; are the axial friction factor and lateral friction factor,
respectively; L; and L denote the slipping length and buckling length, respectively;
L + 2L, is the twist pitch of the first stage; Fgy stands for the EM force, and
then in the buckling area yFgy is the lateral constraint on the strand; and Py and
P are the compression force of the strand in the slipping and buckling area,
respectively.

Accordingly, by the torque balance of the microelement, as shown in Figure 9.
The equilibrium equation is as follows:

Ry — prFem (L \(L _ \ _prFeml (L
Ely" =Py + 5 (2 x)(z x> > 5% (29)

In Eq. (29) EI stands for the bending stiffness of the Nb;Sn strand; y stands for
the deflection of the buckling. After simplifying formula (29), one can get

2
Ely" + Py +'“TFEM (l;_x2> =0 (30)

2 4

y.
I‘I"I‘FIC.\I
L, L
> > > > | _ — - - - ----= - « « = xh

B Fpy L M Feu

Figure 8.
Schematic of the analytical model with the EM force.
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P—§> uTFEM

Figure 9.
Schematic view of the mechanical analysis for the microelement.

The general solution [27] of formula (30) is given as

w2 n2L2
y =— |Acos(nx) + Bsin (nx) — —— T (31)
n4 2 8
InEq. (31),m = "Tng ,n* = L. Two boundary conditions are needed to solve the

undetermined coefficients. After applying y’x:i L2 = 0,)'|x=0 = 0 to formula (31),
one can get

y:

m [ —cos(nx) n’x* n’L?
n#

cos(nL/2) 2 * 8 +1] (32)

If we substitute the boundary y’ |x:i 12 = 0 to Eq. (32), Eq. (32) becomes

y' = tan(nL/2) —nL/2 =0 (33)

We can deduce that nL = 8.9868... from Eq. (33). Therefore, the axial compres-
sion force in the buckling area is P = 80.76EI/L?. There must be a balance in the
axial direction between the buckling and slipping segments; we can get that

#FemL
2

Py—P= + pup FemLs (34)

The geometric compatibility equation of the strand can be expressed as

L/2
(P — P)L J py FemL}
Al s Zol e + BT 2MTS
EA 2 T A
-L)2

=0 (35)

Submitting Eq. (32) into Eq. (35), one can get the relation between axial force
and the length of the buckling area:

Py — P)L F FemL3
(Po — P)L A )L 1597 < TEIEM) U7+ BEES — 0 (36)

93



Nuclear Fusion - One Noble Goal and a Variety of Scientific and Technological Challenges

Submitting Eq. (34) into Eq. (36) and eliminating the L;, one can get

2
Po=P+ \/ 1.597 x 10 SEAp; Fau (%) L7 — L (u, F)?, in which

P = 80.76EI/L*.

Consider the special case Ls = 0 that means the end of the strand is locked and
the length of the buckling is equal to the twist pitch. In this case Eq. (36) can be
simplified as follows:

EI Fev 2
Py = 80.76 71597 10 5EA (’%) LS (37)

Based on these equations, the critical buckling load Py can be calculated, as well
as the relationship between the buckling length, bending stiffness, and the friction
factor.

We can know that the strand buckling behavior is depending on the twist pitch
of the first stage; the shorter the lay length, the lower the possibility of the strand
buckling. The higher the wrap rigidity, the stronger the strand. Furthermore, if we
fixed the coverage rate, and with a narrow wrap, which would lead to almost
uniform lateral supporting, it can also prevent the strand slid into buckling. This
mechanism of buckling is shown in Figure 10.

When there is no thermal load and EM force, the original strand in the CICCs is
shown in Figure 10(a). When the temperature is cooled down, the axial strain
caused by thermal mismatch and the lateral compression raised by the EM load are
applied to the strands. We can see that the initial “straight” strand was keeping its
shape by well lateral support. When the strand working in a large magnetic field
(including self-field), it bears a huge EM force. A large void is generated, at the
same time, some strands bending, which is shown in Figure 10(b). Additionally,
this bending strain is not the only factor to make the strand fracture. For the
SULTAN measurements [28], the samples is about 3.6 m long, and the high-field

Steel congdunt - i

O

E1

herma

Slidd-

Blicld
—_— e—1 Tk

(<) Shde process

Figure 10.
Mechanism of the strand buckling behavior during the cooling and conducting processes.
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region is about 0.4 m. During the EM cyclic loading, the cable can slide into the
high-field region, which can accelerate the wire bending and leading the strand to
fracture. This process is shown in Figure 10(c).

5. Mechanical behavior of the CICC caused by electromagnetic force
and thermal mismatch

The CICC qualification test samples show gradual degradation of the current-
sharing temperature (Tcs) under several hundreds of EM cycles [29, 30], which
leads to the Nb3Sn strand’s bending or compressing deformation. In this section, we
focus on the relationship between Tcs and axial strain of the cable.

It is known that the ITER CS and TF coils are wounded by CICCs, which made
up of five-stage sub-cables formed around a central cooling tube. The fourth petals
and the sub-cables are wrapped with stainless steel tapes. Then, the wrapped cable
were inserted into a stainless steel tube, which act as an amor, as illustrated in the
cross-sectional view in Figure 11. The inner diameter of the CS armor is equal to 36
and 37 mm for TF, respectively. The side length of CS conductor is 49 mm, and the
diameter of the TF conductor is of 40 mm. More than 1000 Nb3Sn strands were in
the CICC conductors. In this section, the conductors can be simplified into a rope
and the petals with circle cross section, as shown in Figure 11. Thus, the cable could
be analyzed by using the thin rod model as shown in Figure 12.

During the calculations, the parameters R, R;;,, and twist pitch (h) are 6, 6, and
450 mm, respectively. According to the geometric relation # = 2nr tan a, as shown
in Figure 13(b), we can get a = 80.5°, where a represents the initial helix angle.
Figure 13(a) also displays the loads acting on the petal and the geometric relation of
the petal centerline.

JGImim

40mm : 49mm
TF CS
Figure 11.

Schematic illustration of the CS and TF CICC cross sections. The symbols R;, and R denote the radius of the He
channel and petal, respectively; v is on behalf of the sum of R;, and R: v = Rj, + R.

(a) ()

Figure 12.
(a) The deformation of the cable caused by the axial compression; (b) the cross section of the cable.
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Figure 13.

(a) Uniform forces acting on the petal; (b) geometric relation of the petal centerline.

Assume that the petals were contact with each other in the original state. The
curvature and the twist per unit length of the petal is &, k', z; then the changes can be
written as Ak, Ak, Az, They can be expressed as [19]

p- 2 2 :
cos“@ cos“a —cos‘alr sina cosa
A =——— = — -2 Aa (38)
7 r r r r
cosasin@ cosasina —sinacosaAr (1—2sin’a
At = — - = — (—) Aa (39)
7 r r r

In Egs. (38) and (39), a and @ is the initial and final helical angle of the petal, Aa
and Ar stand for the change of helical angle and radius of the petal, and » and 7
denote the original and final radius, respectively. The loads and moments can be
deduced as.

EnR* EnR*
G — ’1 Ak H = ﬁm; T = nER% (40)

Here, T, G, H stand for the axial load, bending moment, and twist moment of
the petal, respectively; E is of the axial stiffness of the petal, v is Poisson’s ratio, and
£ stands for the strain in the axial direction of the petal. If the petal is free in the
initial state and there is no contact force under the compression state, then the
uniform load between the petals is equal to zero. According to the thin rod model
presented by Costello [19], the following equation is satisfied:

, sinacosa cos’a
-T =

X =N =0 (41)
r r
N,_Hcosza_G, sina cosa (42)

r r

In Egs. (41) and (42), X stands for the resultant contact force per unit length of a
petal; N’ is of the shear force acting on the petal. From Egs. (38)-(40) and Eq. (42),
the shearing force N’ acting on the petal can be written as

N gmovsinacos3a Ar mcos?a (1—23in2a

- 1+o

- = - s 2
ER 4G /R)(1+0) 7 + 40/R)? + 2sin a) Aa (43)
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Substituting Egs. (40) and (43) into Eq. (41), the axial strain of the petal £ which
is only related to the Ar and Aa can be written as

vsinZacos?a Ar  sinacosa (1 —2sinZa

= .,
_4(V/R)2(1+u) r + 4(r/R)? 1t + 2sin a)Aa (44)

The deformed configuration of the petal in Figure 13 yields

g:h_h:§+ Aa (45)

h tana

From Egs. (44) and (45), one can get

vsinZacos?a Ar

ST AR A H0) T

cosa sinacosa <1 — 2sin?a

2sin’a | |Aa (46
sina+ 4(V/R)2 1o + 2sin a)} a (46)

The angle of twist per unit length 7 of the petal can be defined by the expression

0—-0 1 1
T =r 4( +fAcr) 47)
h 7 \tana tana
That is,
vsinacos?a  cosal| Ar cos?a (1-2sin%a .9
rT, = 3 — — — 3 +2sin‘“a | —1|Aa
4(r/R)"(1+v) sina| r 4(r/R) 1+
(48)
At the two ends of the petal per twist pitch, the rotation is zero, and the
compression strain obeys: ¢ = —gg; then, Eq. (46) and Eq. (48) become
vsin2acos?a Ar cosa sinacosa [1— 2sin’a . 9
= ———+ | —+ 5 +2sin‘a | |Aa
4r/RP( o) [sina a(/RP \ 1
0= usinazcosza _ fosa Ar coszoz2 (1 — 2sin’a N 23in2a> 1| Aa
4(r/R)"(1+v) sma| r 4(r/R) 1+
(49)

The relation between axial strain g9 and transverse strain e7,,,, = % can be
expressed as

Cs

__r 0
CyCs — C1Ca ° (50)

ETrans =

__ vsin’acos’a __ cosa | sinacosa (1-2sin%a i02
where C; = PTATSIEN C =32+ 4(r/R)? e+ 2sinca),

3 2 2 in2 .
Ca = st — S Co = oo (e + 2sina) — 1
It is found that the coefficient between transverse and axial strains is affected by
the helical angle a and Poisson’s ratio . When the twist pitch of the fifth stage cable
is of 427, 450, and 476 mm, the corresponding helical angle of the petal equals to 80,
80.5, and 81°, respectively. Substituting these values into Eq. (50), one can see that
the axial strain of the cable &y has a linear relationship with the transverse strain

€Trans> Which is displayed in Figure 14. We carried out an experiment by
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Relationship between the axial strain ey and the transverse strain er. The colored lines are obtained by using the
presented theovetical model. The green triangle symbols denote the experimental results.

compressing a CS cable which was fabricated in CASIPP to validate the analytical
model. When the CS cable specimen is compressed along axial direction, it extends
transversely with high resolution. The transverse extension can be measured by
using a laser sensor. The experimental setup is schematically illustrated in the inset
of Figure 14. One can find that the theoretical model shows perfect consistency
with the experiment.

In Figure 14, we can get that the CS conductors with baseline and LTP (long
twist pitch) shows a Tcs degradation after EM cycles, while for the samples with
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Figure 15.
A comparison of the experimental results and theovetical vesults based on the presented model [18].
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STP (short twist pitch) shows an opposite phenomenon, the Tcs becomes a constant
even have an enhanced. These experimental results presented in Ref. [30] have a
contrast with analytical prediction for many years. Using the theoretical model
proposed in this chapter, the Tcs enhancement and degradation behaviors can be
predicted quantitatively. Figure 15 shows a comparison of calculated results and
experimental results, where the lines show the theoretical results and the dots are
the experimental results. It is found that during the primary stage of the EM cycle
there was a quick increase of axial strain that will lead to the Tcs drop dramatically.
With the same reason, samples with LTP and baseline show an obviously degrada-
tion; this same rule applies to TF conductors. However, several STP CS conductors
have an increase of Tcs, which means that the initial axial compression strain has
been released by the EM loads, squeezing the cables at the high-field zone into the
low-field region.

While it is easy to imagine when the expansions of the cable in the high-field
zone get stacked, the strain will not be released and the Tcs will drop (see the black
dash line in Figure 15). If the inner part of the conductor is smooth enough, the
axial compression strain is released completely, the Tcs reaches its upper boundary
which is shown by the orange dash line with circle symbol corresponding to the
length of the high-field region is 400 mm. If the high-field region’s length is
1000 mm, then the lower boundary of the enhancing Tcs is given with purple line
with triangle symbol. We can find that the theoretical results agree with the exper-
imental results very well.

6. Discussion

In the past half-century, the structure of CICC conductor was under continuous
optimization and improvement. The CICC conductors have so many advantages
such as good self-support, high operational stability, high current carrying capacity,
low AC loss, etc., and they are widely used in the superconducting magnets. The
nuclear fusion device CFTER built by China has also chosen the CICC conductors.
However, there still have some problems to be solved: (1) there is a necessity for
theoretical model to explain the degradation of critical current caused by mechani-
cal deformation for the Nb3Sn strand; (2) accurate description of the mechanical
response of complex strand structures in the coupling fields remains a challenging
problem; (3) the untwisting behavior during the cable penetration is still not
suppressed completely. One needs a more effective model to optimize the
manufacturing process; and (4) the long-term stability and real-time monitoring of
superconducting magnets are also a challenge for the engineers. Based on this, the
equivalent mechanical parameters of CICC conductors and their mechanical
behavior under coupled fields will be further studied. The authors hope that these
models can provide a valuable reference for the related researchers.
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Power production and its consumption and distribution are among the most urgent
problems of mankind. Despite positive dynamics in introducing renewable sources
of energy, nuclear power plants still remain the major source of carbon-free electric
energy. Fusion can be an alternative to fission in the foreseeable future. Research in
the field of controlled nuclear fusion has been ongoing for almost 100 years. Magnetic
confinement systems are the most promising for effective implementation, and the
International Thermonuclear Experimental Reactor is under construction in France.
To accomplish nuclear fusion on Earth, we have to resolve a number of scientific and
technological problems. This monograph includes selected chapters on nuclear physics
and mechanical engineering within the scope of nuclear fusion.
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