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This comprehensive review delves into nuclear fusion, elucidating its underlying principles, persistent challenges, and recent
advancements. Exploring both magnetic confinement fusion and inertial confinement fusion, this study provides a detailed analysis
of the complexities involved. In the realm of magnetic confinement, the article meticulously examines two leading configurations:
tokamak and stellarator. By dissecting their operational mechanisms, energy hurdles, and computational intricacies, the review
offers profound insights. Furthermore, the discussion extends to material challenges, focusing on the selection of suitable fusion
materials crucial for the success of magnetic confinement fusion. In the field of inertial confinement fusion, we discuss direct
drive inertial confinement. Computational challenges surrounding instabilities and ignition are discussed. Additionally, material
challenges concerning diverse target materials are explored, illuminating the complexities in material science central to inertial
confinement fusion success. The section culminates in the latest progress in inertial confinement fusion. The review illuminates the
complexities of nuclear fusion and highlights the evolving strategies and innovations propelling fusion research into a promising

future.
Introduction

Nuclear fusion is an option for meeting humanity’s long-term en-
ergy needs. This process involves the process of two light atomic
nuclei combining into a singular, heavier nucleus, unleashing
a tremendous amount of energy. To initiate this reaction, it is
crucial to overcome the coulombic barrier, arising due to the pos-
itive charges of the nuclei involved. The release of energy, in the
form of binding energy, occurs when particles combine to create
larger entities. Notably, these fusion reactions transpire within
a distinct state of matter called plasma—a high-temperature
gas where positively and negatively charged particles coexist in
equal numbers. Plasma is indispensable as it is the sole state
in which thermonuclear reactions can autonomously sustain
themselves.

The coulombic barrier is the energetic barrier that two nuclei
must cross to be near enough to engage in a nuclear reaction.
The potential energy of the coulombic barrier is given below:
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where ¢ and ¢ are the charges of the interacting particles, &
is the permittivity of free space, and r is the interaction radius.
When the coulombic barrier is overcome, two atomic nuclei
will collide with each other. Considering that hydrogen has the
weakest charge, most experiments focus on the fusion reaction
between deuterium (D) and tritium (T), nuclear isotopes of
hydrogen:

D+T — 4He(3.5 MeV) +n(14.1 MeV) )

The D-T reaction has a Q-value of 2.8 x 10712 joule, where
the Q-value is defined as:

Q:4BHe +B,—Br—Bp (3)

where B is the binding energy. Binding energy is related to mass
defect, which is given by:

Am = Zm,, + (A - Z)mn — Mpyc (4)
where Zm,, is the total mass of the protons, (A — Z)m, is the
total mass of the neutrons, and m, is the mass of the nucleus.
According to Einstein’s special theory of relativity, the formation
of a nucleus from a system of isolated protons and neutrons
releases energy. The energy emitted is the binding energy (Ep):

Ep = (Am)c? (5)

where c is the speed of light. Energy is released if the standard
atomic weights of the final elements are lighter than iron, as
shown in Fig. 1.

Nuclear fusion, despite its challenges, offers numerous ben-
efits, driving ongoing scientific pursuit. Firstly, it generates
abundant energy, releasing nearly four million times more en-
ergy than coal combustion and four times as much as nuclear
fission at an equivalent mass. Secondly, fusion utilizes readily
available elements: deuterium, extractable from various water
sources, and tritium, producible during the fusion reaction itself.
Thirdly, fusion stands out for its environmental friendliness, as
it emits no greenhouse gases and primarily produces helium as
a by-product. These advantages position fusion as a valuable
contributor to addressing our resource challenges.
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Fig. 1 Binding energy per nucleon (BEN = E/A, the mass number A is shown in Fig. 1) reaches the highest number near Fe. The elements
lighter than Fe have small masses and large BEN. The heavier nuclei need to overcome the higher barrier, so it cannot generate net energy. .

In the past few decades, nuclear fusion research has split
into two main pathways: magnetic confinement fusion and iner-
tial confinement fusion. Magnetic fusion plasmas are intricate
systems with diverse spatial and temporal scales, necessitating
advanced numerical techniques and algorithms. Inertial con-
finement employs high-power laser systems. Moreover, fusion
occurs in an environment characterized by intense irradiation,
plasma fluxes, and exceedingly high temperatures and pressures.
Both pathways encounter computational science and materials
science challenges, albeit with distinct advantages.

Magnetic Confinement Fusion

DT fusion can be realized at ~ 1500°C. Such temperatures can
be reached in the devices that confine heated fuel by magnetic
fields. In such devices, charged particles in strong magnetic
fields feel the Lorentz force and hence are confined to the mag-
netic field lines, following helical paths. According to the for-
mula of the radius of gyration (also known as the Larmor radius):
rp= %, where v | is the particle’s velocity perpendicular to the

direction of the magnetic field, and @, = % is the angular cy-
clotron frequency (g, is the particle’s charge, m is the particle’s
mass, and B is the strength of the magnetic induction), the orbit
of particles is affected by the strength of the magnetic field.
An electron’s Larmor radius is of the order of 0.1 mm?. The

nonuniform magnetic fields in space result in a phenomenon
where the guiding center drifts from the field line, and it is bad
for confinement. To deal with drift and other hydrodynamic
instabilities, different configurations were tested.

Scientists have discovered that drift can be rectified by twist-
ing the magnetic field line. In simple terms, a section of the
field line is twisted outward while the other part remains in-
side the configuration. This twisting causes particles to drift in
various directions along different parts of their trajectory, effec-
tively nullifying the drift. In general, there are two machines
employed to generate toroidal magnetic fields: the tokamak and
the stellarator.

Tokamak

How It Works

The tokamak achieves magnetic field twisting by circulating a
current around the plasma, creating an additional magnetic field
component. Consequently, the tokamak requires a substantial
current passing through the plasma. In its early stages, this phe-
nomenon was understood through electromagnetic induction. To
maintain a constant plasma current, the voltage of the loop must
consistently maintain the same sign. This requires the primary
current to be continually varied in the same direction, according
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Total magnetic field line

Fig. 2 In the concept of a tokamak, coils are twisted around a vacuum
vessel. A toroidal flow of ions and electrons is driven by the electric
field induced by the central ohmic transformer coils. The whole
tokamak can be seen as a kind of transformer that ohmic transformer
coils act the primarélwinding and the plasma torus act the huge
secondary winding.

to Faraday’s law of electromagnetic induction. Despite decades
of development, the tokamak still faces various challenges.

Energy Challenges

For the tokamak, energy challenges have limited its develop-
ment. Because P = RI;, where P is the heating power, R is the
electrical resistance of the plasma torus, and I, is the plasma
current, /, must be increased to reach the fusion temperatures
(150 million °C). Paradoxically, in a tokamak, there are some
surfaces covered by the magnetic field lines. Each surface has
a safety factor ¢, which is related to the ratio B/I,, where B is
a given magnetic induction that is limited by the design. Insta-
bilities can destroy the magnetic confinement process whenever
q gets close to or below two, so the maximum of [, cannot
be very largem. Moreover, the heating power provided by the
current decreases when the electrical resistance of the plasma
is reduced. It decreases with 72/ 3 where T is the plasma
temperature. This will happen when the plasma is heated many
times2. In conclusion, operating a tokamak alone cannot reach
the sufficiently high temperature that is needed for fusion.
Fortunately, there are some ways to generate additional heat-
ing. The first way is called neutral-beam injection heating. By
injecting fast neutral particles, which are not confined by the
Lorentz force, to transport energy into the plasma. The neutral
particles collide with the plasma and get ionized, becoming part
of the plasma. Injection heaters can supply 60 kW to the plasma
per injectorm. The second way is called auxiliary heating, which
makes the transfer of power more efficient by injecting electro-
magnetic power. The electromagnetic waves are absorbed if
they can match the frequency of the moving plasma particles in

the orbit and resonate with the particles.

Four different systems are under consideration to provide
additional thermal energy: electron cyclotron waves at a fre-
quency of 170 GHz; fast waves operating in the range 40-70
MHz; lower hybrid waves at 5 GHz; and neutral beam injection
using negative ion beam technology for operation at 1 MeV
energy. Several of these systems might be used in parallel@.
These heating methods are sufficient in providing extra heating,
but this still proves difficult.

To generate fusion energy, the plasma must follow the Lawson
criteria2>:

3)

where n; is the number density of the ions and 7 is the energy-
confinement time. The efficiency of the auxiliary method de-
creases with the increase of the injected power, failing to meet
the expectation (tg o< 1/ /P, where P is the amount of injected
heating power).

The improved concept is called High Confinement Mode
(H-mode): when the input power is high enough, the plasma
density rises at the edge of the plasma, and the density can
reach a higher peak in the center, generating larger fusion power.
However, instabilities like Edge Localized Mode (ELM) are
the problems that hinder the development of H-mode. ELM is
excited in an H-mode plasma and leads to the explosion of it,
which damages the divertor (a configuration that separates the
plasma from the material surface of the device in both tokamak
and stellarator) and the first wall?. It is estimated that the heat
flow density released by the ELM burst can reach 100 MW /m?.
In contrast, the maximum heat flow density that is known to
be tolerated by the divertor is only 10 MW /m?. H-mode is
considered as the basic requirement to generate fusion power for
future reactors, so minimizing the damage to the reactor from
ELM is an essential task.

nitg > 2 X 109m3s7!

Computational Challenges

In a tokamak, toroidal plasma is contained within twisted mag-
netic field lines. These twisted lines serve to counteract particle
drifts; otherwise, charge separation would lead to the emergence
of a vertical electric field, resulting in the loss of plasma confine-
ment. To maintain tokamak operation and plasma control, calcu-
lations involving equilibrium and microscopic stability are con-
ducted within the Magnetohydrodynamics (MHD) model. This
model employs a hydrodynamic description, treating the plasma
as an ideal gas with infinite electrical conductivity. This is valid
for plasma because the electrical conductivity ¢ increases with
electron temperature 7, (O o< Tez/ 3). Furthermore, the cross prod-
uct of the ideal MHD force balance reads Vp = j x B, and the
magnetic equilibrium is well described by this relation?, where
p is the plasma pressure, j is the plasma current density, and
B is the magnetic induction. In conclusion, the stability of the
system can be assessed using the MHD model.
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Large-scale MHD instabilities pose significant limitations
on tokamak operation. The macroscopic plasma equilibrium
is threatened by pressure gradients and current density!’. To
simulate the maximum stable pressure under a given value of
plasma current, Troyon -limit (the ratio of the plasma pressure
and the magnetic-field energy density) is used in the design of
devices. However, MHD instabilities can cause the sum of the
ion and electron pressure to surpass the B-limit’l. Operation at
a high B-value is crucial to the stable operation of the tokamak,
emphasizing the importance of mitigating these instabilities.

In recent years, there has been a profound understanding of
the limitations imposed on the tokamak by MHD stabilities.
The heating and current-drive (H&CD) systems used to heat the
plasma to the necessary temperatures can be used to optimize the
limitations. Besides, using external coils and local current drive
can neutralize the growth of MHD instabilities'?. However,
whether these methods can effectively and stably mitigate the
instabilities still require further evaluation.

Stellarator

How It Works

Research on stellarators started later than that on tokamaks. In
contrast to tokamaks, stellarators employ helical coils around
the plasma to twist the magnetic fields. This design eliminates
the need for a plasma current that twists the magnetic field lines,
reducing operational risks, while engineering these coils is a
complex task. Optimized stellarators, such as quasi-helical and
quasi-axisymmetric configurations, minimize plasma particle
drift. The most recent optimized stellarator in Europe is Wen-
delstein 7-X1¥'in Germany.

Energy Challenges

The concepts mentioned in the previous section, including heat-
ing the plasma, the H-mode, and the divertor, can also be applied
in stellarators with some differences. Due to the lack of axisym-
metry, the plasma heat loss in a stellarator is larger than in
a tokamak®, The instabilities caused by the plasma current
only occur in tokamak because there is no plasma current in
stellarators, which is a great advantage.

Computational Challenges

Stellarators require more intricate optimization techniques than
tokamaks to achieve configurations with effective confinement
of thermal particles, as well as favorable Magnetohydrodynam-
ics (MHD) stability properties. The optimization of stellarators
began in 1985, and one significant breakthrough> pertained
to the method for confining particles. As long as the magnetic
field’s strength B has a near-symmetrical coordinate, particles

can be confined in the absence of perfect axial symmetry of
the magnetic field. This discovery led to the design of config-
urations like quasi-helical symmetric stellarators, or the quasi-
axisymmetric stellarator.

A new method has been found to optimize a fixed-boundary
stellarator equilibrium'®. The first step is to minimize the de-
viation from quasi-axisymmetry on a single flux surface. The
next step is maintaining the improved quasi-axisymmetry while
minimizing the analytical quantity I'c. This work is performed
at B = 4.3% (the volume-averaged ratio of plasma pressure
to magnetic pressure), with collisional energy losses between
6.6%—7.4%. Although there are some flaws in the methods,
for example, the choices of temperature and density profiles
are better to be different, the method is still successful. Opti-
mizing quantities like I'c is a promising way to realizing good
confinement in the stellarator.

Another approach to optimization is to restrict particle drift
motion across magnetic surfaces, which motivates the design
of Wendelstein 7-X. It has a major radius of 5.5 m, a mi-
nor radius of 0.5 m, plasma volume of 30 m3, and heating
power for the plasma of 14 MW'Z, With the biggest modular-
superconducting-coils stellarator in the world, it has made
plasma discharges lasting up to 30 minutes. By contrast, the
world record made by a tokamak is 390 seconds. However, stel-
larators are not the short-term solution. The confinement time
of stellarators is below that of tokamaks by a factor of 10, and
the triple product (nT 7g) of stellarators is inferior to tokamaks.

Material Challenges

Advanced structural materials will be needed to address the
challenges posed by the environment. Typically, crystalline
materials can satisfy the requirements. There are three kinds of
Bravasis lattices: body-centered cubic (BCC), shown in Fig. 3,
and face-centered cubic (FCC), and hexagonal closest packed
(HCP), shown in Fig. 4. BCC and FCC metals are more widely
used because the HCP lattice has anisotropy. FCC metals usually
offer higher ductility and BCC metals offer higher strength'8,
Over the decades, much work has been done to find the
appropriate materials that are capable of resisting radiation
damage, caused by phenomena like low-temperature embrit-
tlement?Y, radiation-induced segregation, and radiation-induced
precipitation in different materials*'2Z, irradiation creep?, vol-
umetric swelling?#, and Helium embrittlement of grain bound-
aries>2%, When designing materials, it is crucial to account
for these phenomena. Three kinds of materials have emerged:
ferritic/martensitic steels (BCC), vanadium alloys (BCC), and
SiC/SiC ceramic composites with multiple crystalline struc-
tures2/"2%. Compared to conventional materials, the steels have
better mechanical strength up to ~500-550C, alloys can provide
higher thermodynamic efficiency up to ~700-750C, and sili-
con composites offer the possibility to operate at temperatures
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Fig. 3 The diagram of the body-center cubic. In the unit cell of the
body-centered cubic lattice, eight atoms are at the corner of the cube,
one atom is in the center of the cube, and eight atoms are in the

corner. L)

Fig. 4 HCP (left) and FCC (right) close packing of spheres. In the unit
cell of the face-centered cubic lattice, atoms are on each of the eight
corners, forming a square. In the center of the cube, each has an
original atom. The unit cell of the hexagonal closest packed involves
17 atoms, one atom at each top corner of the hexagonal cone crystal,
one atom on the upper and lower bottom surfaces, and three atoms
inside the unit cell. It can be seen in the figure that the arrangement
sequence of the atom varied in different directions. This is the reason
why the HCP lattice has anisotropy"12.

greater than 1000C'8. Experiments have proved that BCC con-
veys radiation resistance, which makes the steels and the alloys
good candidates.

In fusion reactors, the choice of first-wall materials holds im-
mense importance (the first wall is a barrier between the plasma
and the magnets, safeguarding outer components from radia-
tion damage). Carbon was historically employed in numerous
fusion experiments due to its relatively high sublimation tem-
perature. However, a drawback arises when carbon atoms cool
at the plasma’s edge, leading to the formation of hydrocarbon
compounds that redeposit in various areas. This situation poses
significant safety concerns=?. Tungsten is now regarded as a
candidate material and is used in the Axially Symmetric Divertor
Experiment—Upgrade tokamak. Many fusion studies assume
tungsten as the material for the divertor>!. It is necessary to
conduct further experiments to assess the properties of tungsten.

Inertial Confinement Fusion

How It Works

Inertial confinement fusion (ICF) is another scheme that might
realize controlled nuclear fusion. ICF is different from magnetic
confinement fusion due to that the fusion fuel is compressed
and maintained at fusion densities and temperatures by its own
inertia. At present, the focus of international ICF research is
laser driven ICF(LICF). Basically, there are two approaches to
LICF: direct drive and indirect drive. In direct drive the target is
irradiated by the laser beams directly and in indirect drive the
laser beams do not irradiate the target directly. The differences
between indirect drive and direct drive ICF are shown in Fig. 5.
The review below is mainly focused on direct drive ICF.

Compared to indirect drive, direct drive can use the energy of
the laser beam more effectively and the structure of the target
is easier. The disadvantage is that the laser beam must irradiate
the target uniformly to reduce the possibility of hydrodynamic
instabilities. The target is a sphere a few millimeters in diameter,
containing DT fusion fuel. The implosion of the fusion particles
should be symmetrical, and the instabilities, which can form
turbulence, interrupt the condensed plasma, resulting in bad
confinement.

The physical process of implosion in direct-drive LICF can
be summarized into four steps: absorbing the laser beam, con-
densing the target, fusion ignition, and fusion burning=Z. After
condensing, the laser pulse intensity increases, resulting in shock
towards the target. At shock stage, the target evolves as the re-
sult of Richtmyer Meshkov-like instabilities. The interactions
between laser and plasma can generate hot electrons that lead to
preheat. These factors should be considered while designing the
target, ignition plan, and conducting experiments.

© The National High School Journal of Science 2023
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Fig. 5 In indirect drive, the laser beams are used to irradiate the hohlraum to generate X-rays. X-rays drive the target to reach the ignition and
self-maintaining burning conditions. In direct drive, the laser beams irradiate the target directly and condense the fusion fuel to reach the ignition

and self-maintaining burning conditions3.

Computational Challenges

Direct-drive implosions require extremely uniform irradiation
to minimize the impact of hydrodynamic instabilities. It is gen-
erally considered that the overall level of nonuniformity should
be <1% root mean square@. Schmitt shows the possibility of
obtaining a high level of uniformity with a small number of
beams*#. He indicated that uniform illumination is possible
with as few as six beams, as long as the absorption profile of
each beam is proportional to cos® 6, where 0 is the angle be-
tween an incident ray and the target normal at the aim point of
the ray on the target surface. In addition, implementation of
phase plates at the end of each beamline and adding bandwidth
to the laser can lead to smooth drive.

The Inertial Confinement Fusion (ICF) target must remain
spherically symmetric because even small deviations from sym-
metry are amplified by instabilities. The instabilities include
Richtmyer-Meshkov (RM) instability caused by the rippled
outer surface, Rayleigh-Taylor (RT) instability@ caused by
the acceleration field, and Kelvin-Helmholtz (KH) instability
caused by the rate of shear. RM instability is when shock waves
impact the interface of different substances, forming complex
wave systems and vortices, which in turn leads to interface insta-
bility and turbulent mixing. This instability significantly affects
parameters like energy convergence, eventually causing igni-
tion” failure. Therefore, suppressing the occurrence of interface
instability is the key to successful "ignition.” The initial situation
of the surface is essential to the formation of RM instability,
but the generation of the three-dimensional initial surface is
complex, and convergent shock waves are difficult to produce in
the laboratory. RT instability occurs in the acceleration field

when two fluids of different densities meet each other. The effect
of RT instability is shown in Fig. 6. KH instability occurs when
there is a velocity difference across the interface of two different
fluids or a velocity shear in a continuous fluid. It causes the fluid
to flow from one side to the other side. In inertial confinement
fusion, the fuels in different layers can be mixed up because of
it, resulting in energy loss.

In an Inertial Confinement Fusion (ICF) implosion, ignition is
extremely important. There are three different types of ignitions:
conventional hot-spot ignition, shock ignition, and fast ignition.
Compared to the conventional way of hot-spot ignition, these
new concepts are likely to provide higher fusion gainm‘. The
background and history of fast ignition are in the passage written
by Tabak et al®0 There are three steps in fast ignition. First,
the DT capsule is imploded. Second, a short-pulse laser is
injected to form a channel through the plasma. Third, the fast
electron produced by the laser would ignite the fuel®2. When
the fusion fuel is uniformly compressed to the maximum density,
an ultrashort pulse intense laser is focused on the surface of the
target. The ignition starts in the small region at the core. Because
the two processes, condensing and ignition, are separated in fast
ignition, the requirements of symmetrical implosion and energy
input are remarkably reduced. The minimum ignition energy
that must be coupled into the DT fuel to initiate a burn wave is
~10 kJ for an idealized target design@. The potential available
high gain is shown in Figure 7.

However, fast ignition encounters several challenges. Firstly,
the varying intensities and pulses of laser beams have differ-
ent effects on the target, making it unclear which choice is
the most suitable. Secondly, the transportation of fast electrons
through the plasma when creating a channel remains unknown!
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Fig. 6 The figure shows the simulations done by the National Ignition Facility (NIF). Figure A) is the result of a 3D implosion simulation for the
low-adiabat, four-shock low-foot drive of an NIF capsule implosion at 170 ps before bang time. The peak temperature in the hot spot is 3—4 keV,
and the spatial scale corresponding to 120 um. Figure B) is the result at bang time. Both A) and B) should be perfect spheres, but clearly, they
are not. There is no center hot spot, so the energy released is not enough to heat the fusion fuel. In conclusion, the instabilities badly affect the
fusion gain. The resolution of the instabilities in the Inertial Confinement Fusion (ICF) still requires deeper research?.

200 -
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0 L | 1 [ :
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Driver energy (MJ)

TC1211811

Fig. 7 Predicted gain versus compression driver energy for fast-ignition targets with various assumed coupling efficiencies 7. It should be noted
that 15 kJ of fast-particle energy is assumed to be coupled into the compressed core in each caseBZ,
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Thirdly, in the cone-in-shell variation of fast ignition, where a
cone guides the short-pulse laser and fast electrons are gen-
erated closer to the core, preventing electron divergence is a
challenge. Although the concept of fast ignition has been tested
theoretically, further experiments are necessary to confirm its
feasibility.

In shock ignition, an intensity spike pulse is added to the
compression pulse. By reducing the power of the drive pulse, the
fuel implodes slower than conventional ignition. In conventional
hot-spot design, targets implode with velocities at 4 x 107 cm/s.
By contrast, shock ignition targets implode at a velocity of
2.25 x 107 cm/s®2. After reaching a low enough velocity, the
intense laser spike launches a spherically symmetric converging
shock wave into the target. The shock ignition target can be
more massive compared to the conventional hot-spot ignition
driven by the same input laser energy, so it can generate higher
gain at low laser energy. Besides, the massive target is more
stable to hydrodynamic instabilities>2.

However, there are also problems with shock ignition. The
hot electrons generated by the laser-plasma instabilities (LPI)
were thought to be used to generate a strong shock, but some
experiments have shown that if the electrons are not properly
utilized, they may also destroy the ignition. Simulations have
shown that hot electrons enter the target faster than the main
shock wave and preheat the fuel, resulting in low reaction ef-
ficiency. The effect of the electrons might be determined by
the design of the target and the laser. Further experiments and
simulations are needed to fully understand shock ignition*2.

Material Challenges

The material challenges in Inertial Confinement Fusion (ICF)
focus on the selection of target materials. To achieve better
spherical implosion, the requirements for the target include sev-
eral aspects. First, the shell material should be mainly composed
of atoms with low atomic number, such as hydrogen, beryllium,
boron, and carbon. Second, the dimensions and surface smooth-
ness of the shell. Third, the impurity content, deponent element
content, and distribution within the shell.

With these requirements, the following targets show great
potential.

Glow discharge polymer (GDP) target is one of the first-used
concepts. The GDP shell is mainly made of carbon and hydro-
gen, which can resist erosion in the environment. It also has high
surface smoothness and abundant experimental data. Be (Cu)
target (beryllium doped with copper) has a defect volume below
0.1um?, and its surface smoothness can achieve 20 nm*?. It can
be used at lower radiation drive temperatures. The main draw-
back of this target is the high level of difficulty in preparation
because beryllium is poisonous.

Other alternative concepts include the polyimide (PI) target
(surface smoothness of 7 nm*¥), high-density carbon target

(surface smoothness of 20 nm™3), and boron-carbide target with
high hardness, all require further discussion to ensure their
feasibility.

Latest Progress

Although many people consider Magnetic Confinement Fusion
(MCF) as a better scheme than Inertial Confinement Fusion
(ICF), the recent experiments done at the Lawrence Livermore
National Laboratory (LLNL) are such a monumental achieve-
ment that proves the worth of ICF and greatly promotes the
development of fusion physics. On Dec. 5, 2022, a team at
LLNL conducted the first controlled fusion experiment in his-
tory. This is the first time that humanity has produced more
energy from fusion than what was required to start the fusion. In
December 2022, the reported energy input is about 2.05 million
joules while the energy output is about 3.15 million joules*#, Tt
is reported that the researchers at LLNL achieved fusion gain
for the second time on July 30, 2023, and the energy generated
this time is higher than the one in December.

Conclusion

Nuclear fusion, as explored in this review article, poses a sig-
nificant challenge due to the formidable Coulomb barrier. Over
the years, two primary approaches have been pursued to realize
nuclear fusion: magnetic confinement and inertial confinement.
Within magnetic confinement, the tokamak and stellarator con-
figurations have emerged as the most successful. Each configura-
tion comes with unique advantages and faces distinct challenges,
particularly in the fields of energy production, computational
science, and material science. This article focuses on direct
drive inertial confinement. In the pursuit of ICF, challenges in
computational modeling and material science have been pivotal.
Overcoming these difficulties is crucial for advancing the feasi-
bility of inertial confinement fusion as a viable energy source.
A noteworthy milestone is the achievement of net energy gain
in inertial confinement fusion in LLNL. This is the beginning of
a new era for nuclear fusion research and shows a bright energy
future for humanity. In summary, the review underscores the
ongoing efforts and notable achievement in the realm of nuclear
fusion. There is a famous saying that nuclear fusion is 30 years
away and always will be, but it seems like nuclear fusion will
be realized sooner than we think.
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