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Abstract
Focused Energy is a new startup company with the goal of developing laser-driven inertial fusion energy for electrical

power production. The company combines the results from decades of fundamental research in inertial confinement fusion

at universities and national laboratories with the flexibility and the speed of a startup company. Focused Energy has chosen

the direct-drive, proton fast ignition approach to reach ignition, burn and high gain as the most promising approach.

Located in Austin/US and Darmstadt/Germany, supported by the science community and private investment Focused

Energy is paving the way to inertial fusion energy combining the best skill set and state-of-the-art technology from both

sides of the Atlantic Ocean. In this paper we discuss the details and reasoning for the approach and the technical directions

we have chosen. We will outline our roadmap for getting to a fusion pilot plant in the mid to late 2030s.
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Introduction

Fusion energy has been among the most challenging

problems addressed by the science community since the

1950’s. While fusion research has been largely academic

and programmatic within large national laboratories, recent

progress has now made it plausible to commercialize

fusion energy within less than two decades. This has led to

an exuberant establishment of private industry start-ups

devoted to realizing this commercialization. The essence of

the challenge is well known. First, a burning plasma must

be achieved, which mandates sufficiently high temperature,

one in which the self-heating of the plasma by the fusion

products overcomes the energy losses. However, hot

plasma is subject to several cooling mechanisms: as it

expands, it will cool adiabatically. In addition, energy loss

by bremsstrahlung radiation is important, particularly if the

fusion fuel is composed of ions of higher atomic number

(bremsstrahlung scales as Z2, where Z is the ionization

degree) or if there are high Z impurities in the plasma.

Hence, the plasma must be kept at a high temperature and

needs to be confined so that the energy gain from fusion

reactions replenishes the energy that is lost, and the plasma

can be used for energy production.

The metric to overcoming this balance is quantified by

the well-known Lawson criterion [1], which is given for

deuterium tritium (DT) fusion plasmas by the equation:

ns[ kBT= \rv[Efusð Þ � 1014s=cm3;

where n is the plasma density, s is the confinement time,

kBT is the thermal energy with kB the Boltzmann constant

and T the fuel temperature,\ rv[ is the probability of a

fusion reaction averaged over a Maxwellian distribution of

velocities of the particles, and Efus is the energy released in

the fusion reaction. Until recently this metric has not been

reached in controlled laboratory conditions. However, in

December 2022 this was exceeded for the first time [2].

Breaking this threshold is one of the principal motivations

for attempting now to commercialize fusion energy. There

have been traditionally two distinct approaches to
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controlled fusion, magnetic confinement fusion (MCF) [3]

and inertial confinement fusion (ICF) [4–6], although there

are many variations of both concepts and several other

exotic approaches. MCF has not yet reached break-even.

The Joint European Torus (JET) facility reported recently

that they broke their previous yield record by[ 2 9 gen-

erating 59 MJ over a 5 s duration with an average power

of * 11 MW. But the plasma heating power was upgraded

to almost 40 MW to do so resulting in a gain or Q value of

0.33 compared to Q = 0.67 in the 1997 record shot [7–9], It

is the ICF approach, which led to scientific breakeven from

the now well-known result on the National Ignition Facility

(NIF)[2, 10] at Lawrence Livermore National Laboratory

and it is this approach, which we are exploiting as a path to

commercialize fusion energy.

Inertial Confinement Fusion

To match the Lawson criterion, hot plasma can be either

confined at a low density (1014/cm3) for a long time ([ s)

(MCF) or for a very high density (1026/cm3) for a very

short time ([ ps) (ICF). This separates the two main

approaches in fusion energy research. The different stages

of ICF are illustrated in Fig. 1 and the concept is well

discussed in Refs. [4, 5]. ICF places itself at the high-

density end of the Lawson criterion. The underlying idea is

to compress a spherical target to roughly a thousand times

of solid density. The confinement time s = Rf/cs is gov-

erned by the size of the assembled fuel (Rf) divided by the

maximum speed the fuel can expand, which is determined

by the sound velocity of the plasma: cs = (2kBT/mi)
1/2,

where mi is the mass of the ion. There is a practical upper

limit to the compressed fuel mass that can be employed in a

fusion reactor, since released energy above a few GJ (1

GJ * 240 kg TNT equivalent) cannot be handled

mechanically by any realistic reactor vessel. The way the

fuel is assembled and compressed is by using a spherical

rocket effect. A small capsule (mm size) is composed of a

thin shell of an outer ablator layer and a solid (cryogenic)

DT fusion fuel layer. The outer part of the capsule is

promptly irradiated with energy (lasers, x-rays, heavy

ions). This ablating plasma forms the spherical rocket

engine, where the ablation pressure drives the inner part of

the capsule inwards forming the dense fusion fuel close to

the center.

The most widely pursued ICF approach, and the one that

led to ignition on the NIF, is the so-called central hot-spot

ignition approach [5, 9]. The capsule is compressed in such

a way that the entropy of the dense shell is kept at a

minimum so that the incoming fusion fuel shell can be

compressed to high density. The high-density shell

encapsulates a lower density fuel plasma at the center,

which is formed from the initial gas in the capsule and from

ablated material of the inside wall of the shell. When the

implosion reaches stagnation, the kinetic energy of the

incoming shell is transferred into thermal energy in the hot-

spot fuel plasma and raises its temperature to ignition

conditions. As the fuel starts burning in the center, alpha

particles produced as one of the products of each fusion

reaction deposit their energy in the hot spot, which laun-

ches a spherical burn wave that propagates through the cold

fuel shell faster than the main part of the fuel can expand at

the local sound velocity.

In conventional hot-spot ignition, only a small amount

of the fuel is brought to ignition conditions. The

Fig. 1 Inertial confinement fusion stages with a irradiation of the outer layer, b ablation of the outer material and implosion of the payload,

c central ignition, and d burn and explosion
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temperature is provided by thermalization of the kinetic

energy of the cold, dense fuel shell compressing and

heating the low-density part of the fuel in the center. To

achieve ignition it is vital to provide a) a high shell velocity

([ 350 km/s for DT), b) a close to perfect spherical

implosion, c) negligible contamination with any high-Z

material as radiation losses scale with Z2, and d) an areal

density, ðqRÞhot, of the hot spot that matches the range of

the alpha particles to deposit the fusion energy in that

volume. ðqRÞhot �
R Rhot

0
qdr, where Rhot is the hot spot

radius, q is the mass density, and r is the radius. If these

conditions are fulfilled the plasma in the hot spot undergoes

a bootstrapping in energy and temperature increases where

the fusion energy diffuses into the cold fuel as a supersonic

burn wave that consumes a certain fraction of the sur-

rounding initially cold fusion fuel, depending on the total

areal density of the fuel. The yield of the igniting target

only depends on the amount of the assembled fuel mass

and its total areal density, which are limited by the amount

of available drive laser energy and, ultimately, by the

maximum yield that can be handled by the reactor vessel.

Figure 2 illustrates a typical hot spot ignition target (a) for

direct laser irradiation with the power history of the laser

and (b) the time history of the radial propagation of the

various shocks and the trajectory of the compressed shell,

reaching ignition at roughly 11 ns after the ablating com-

pression pulses have begun [11].

Direct and Indirect Drive

The goal of achieving a symmetrical implosion has been

approached by two different schemes: indirect drive and

direct drive, illustrated schematically in Fig. 3. In indirect

drive [5], the fuel capsule is embedded in a high-Z con-

tainer (a hohlraum), whose inside surface is heated by the

primary laser driver. The laser beams enter the hohlraum

through laser entrance holes and irradiate the inner surface

of the container. The resulting homogeneous, soft x-ray

radiation immerses the fusion capsule at the center of the

hohlraum and the deposited x-ray energy then ablates the

outer surface of the capsule. In the direct-drive approach

[11], a homogeneous radiation field on the outside of the

capsule is established by using numerous laser beams with

overlapping focal spots. Both concepts have been pursued

in the US ICF program, with the National Ignition Facility

(NIF) [12, 13] at Lawrence Livermore National Laboratory

(LLNL) leading the indirect-drive development and the

OMEGA laser [14] at the Laboratory for Laser Energetics

(LLE) at the University of Rochester leading the direct-

drive approach.

One drawback for the commercialization of the indirect-

drive approach in an inertial fusion energy (IFE) program

is the inefficiency of the hohlraum. Typically, only

10–15% of the energy ends up being absorbed by the

capsule. This is because roughly 50% of the laser energy

ends up in the hohlraum wall and about 30–35% is radiated

out of the laser entrance holes (the balance of about 5% is

used to heat up materials inside the hohlraum) [15]. There

can also be additional laser-plasma-instabilities [15, 16],

which backscatter laser light back out of the hohlraum–in

current low hohlraum gasfill designs, the losses due to

backscatter tend to be small [17]. This inefficiency makes it

difficult to achieve high gain that is needed for IFE. In

comparison, the efficiency for direct drive is about a factor

of 5 higher [18].

Hot spot ignition

In ICF, ignition and propagating burn occurs when there is

a sufficient temperature (5–10 keV) reached within a mass

Fig. 2 Ignition design of a hot spot ICF target with a target and laser

pulse shape for direct-drive irradiation and b contour plot in the

(radius, time) plane of the inverse pressure scale length showing the

trajectories of the various shocks and the in-flight shell trajectory. A

thin payload is required to reach the high inflight velocity. Once the

kinetic energy is thermalized at stagnation and ignition is reached, a

supersonic burn wave propagates outwards. Figure reproduced from

Ref. [11], American Institute of Physics

Journal of Fusion Energy (2023) 42:27 Page 3 of 16 27

123



of DT fuel characterized by an areal density greater than an

alpha particle range (qr)a[ 0.3 g cm-2 [4, 5, 19]. The

necessary conditions are achieved by an appropriate bal-

ance between the energy gain mechanisms and the energy

loss mechanisms. As it would be a waste of energy to heat

the entire fuel to ignition temperatures only a part in the

center of the compressed fuel is brought up to sufficiently

high temperatures. To save energy, the main part of the fuel

is kept at the lowest possible temperature as any increase in

pressure of the cold fuel must be compensated by addi-

tional driver energy during compression. Indirect drive hot-

spot ignition has been extensively explored since 2009 with

the commissioning of the NIF. Much knowledge has been

gained in the last 12 years [9, 20–23] and NIF has recently

demonstrated a yield of more than 3100 kJ of fusion

energy with a gain of 1.5 [10].

While these are encouraging results, showing the pro-

gress in understanding of compression and heating, the hot-

spot conditions (temperature, pressure, and areal density)

still must be improved. For this, the crucial, underlying

challenge is that with one driver to compress and heat

simultaneously, there are four requirements that must be

met at the same time, which are illustrated schematically in

Fig. 4:

(1) The fuel must be compressed to a mass density of

about 500 g/cm3 and total areal density exceeding

1 g/cm2. To do that using limited laser energy there

must be no significant rise of the temperature in the

cold fuel shell to avoid additional pressure increase

in the dense shell. The extent to which that happens

is characterized by the adiabat parameter a, which is

defined as the ratio of plasma pressure inside the

dense shell to the pressure of a Fermi-degenerate

plasma.

(2) The shell velocity must reach at least 350 km/s to

have enough kinetic energy to heat the low density

hot-spot plasma to a temperature of[ 5 keV upon

stagnation and thermalization. To reach that velocity

in less than 20 ns, an acceleration of 1.75 9 1012 g

is required.

(3) The fuel capsule is first accelerated inwards and then

deaccelerated when approaching stagnation, which

Fig. 3 Indirect drive a and

direct-drive b ICF approach

Fig. 4 The four principal

challenges for successful central

hot spot ignition. All must be

met simultaneously
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are both hydrodynamic unstable regimes. The inter-

face between a heavy fluid and a light fluid in an

accelerating field pointing toward the light fluid is

Rayleigh–Taylor unstable.[24, 25] A small perturba-

tion grows exponentially in time, � ect, at a certain

growth rate c determined by the perturbation wave

number, the ablation velocity, the acceleration, and

the Attwood number [26–28]. This poses a signifi-

cant trade-off with requirement 2, which requires a

thin shell with high velocity for hot-spot ignition,

which is more hydrodynamically instable than a

thick shell imploding with a low velocity. If the shell

breaks up from hydrodynamic instability growth, the

cold outer fuel mixes with the high temperature hot

spot region, so that ignition becomes impossible.

Both indirect- and direct-drive experiments on NIF

and OMEGA have struggled with underperformance

at low adiabat [29–32]. While the physics is not fully

understood, the main hypothesis is that low adiabat

hot-spot ignition implosions are more susceptible to

hydro-instability growth and mix.

(4) The coalescence of all the incoming fuel to an ideal

hot spot demands a nearly perfectly round shape,

which might be affected by non-uniformities in the

driving radiation field [21, 33, 34].

The Focused Energy Ignition Concept

Controlled fusion in the laboratory is difficult; no one has

demonstrated controlled fusion burn in a laboratory with a

scheme ready for energy production. However, based on

decades of research by the community, we have developed

a basic design for a successful ignition target for fusion

energy commercialization that is based on multiple, inter-

national studies [35–38]. Recently, a comparison of those

studies suggests that there is a common focal point in the

parameter space that we can attack. Essentially our

approach is a result of decisions between several ways of

achieving compression and heating.

Fast Ignition

An alternative is to perform the heating not through the

compression but to separate it in a subsequent step by

means of inputting additional energy into the pre-com-

pressed fuel and creating a hot spot in that manner, a

process known as the fast ignition [39] (FI) approach. This

idea is schematically illustrated in Fig. 5. This path for a

successful IFE commercialization separates the compres-

sion of the fuel and the heating of the required hot spot in a

direct drive configuration. This is an approach, which has

become possible in the past two decades through devel-

opments in new laser technologies and a better under-

standing of laser acceleration of particles. FI was proposed

to increase the gain, reduce the laser energy, and relax the

symmetry requirements for compression, primarily in

direct drive. FI has being extensively studied by many

groups worldwide [16, 17, 35, 37, 40–49]. It circumvents

the roadblocks of conventional hot spot ignition and offers

a higher energy gain for a given drive energy. This results

in a smaller facility and the potential use of advanced

fusion fuels that might offer enhanced reactor lifetime and

less activation.

The idea behind fast ignition is to compress fuel first to

high densities and then to heat a small volume in the dense

fuel to ignition temperatures. The heated region has to

provide the start of a self-sustaining burn wave into the

surrounding fuel and thus has to reach the same (qr)a-
[ * 0.3 g cm-2 conditions as in the conventional igni-

tion scheme. There is a tradeoff between required

compression of the fuel and the required energy to heat the

hot spot by an external source. The higher the density, the

smaller the hot spot, the lower the required ignition energy,

but the shorter the time window for delivering the ignition

energy. Extensive studies have been made on this

scheme numerically and benchmarked by experiments

[35]. A common finding is that there is a ‘‘sweet spot’’ for

the balance between compression and ignition energy for

densities around 500–800 g/cm3, which requires between

10 and 20 kJ of energy delivered to the hot spot in a period

of 10 to 35 ps. Such theoretical studies are reported in Ref.

[43, 50], showing in Fig. 6 a minimum in required ignition

laser energy as a function of the density of the pre-com-

pressed fuel.

The energy to heat the hot spot must be delivered to the

dense part of the fuel. The laser is not able to reach that

Fig. 5 Basic concepts of the central hot-spot (left) and the fast

ignition (right) approaches. Fast ignition separates the compression

from the ignition phase by adding a high intensity charged particle

beam to ignite the fuel in a small volume on the left side of the dense

fuel assembly
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region as it is stopped at the critical density nc, roughly one

percent of solid density. This stops the laser at a surface

well outside of the region of highly compressed fuel, pro-

hibiting the laser heating the hot spot directly by classical

collisional absorption. The deposited laser energy must be

transported to the dense fuel at 1000 times solid density.

The initial proposal and much of the research on the fast

ignition approach for the past two decades focused on

laser-generated electron beams [38, 39, 43, 45, 47, 48]. The

biggest challenge to use electrons is the fact that their

trajectories are easily bent by collisions and by self-gen-

erated electromagnetic fields inside the plasma that sig-

nificantly degrades the coupled energy into the high-

density fuel [47].

Our approach to FI was triggered by the discovery of

intense, short, energetic, directed beams of protons off the

rear surface of solid foil targets irradiated by ultra-intense

lasers [51–58]. The ultra-intense laser generates fast elec-

trons that propagate through a thin foil setting up space

charge fields, which transfer energy from the electrons to

the protons. With the discovery of intense, short ion bursts

with excellent beam quality, we proposed the idea of using

those beams for FI [59], the so-called proton fast ignition

(PFI) approach. Using protons instead of electrons to ignite

the fuel has several advantages. Protons penetrate deep into

a target to reach the high-density region, where the hot spot

is to be formed. Protons maximize the energy deposition at

the end of their range to heat a more localized volume (via

their Bragg peak). The basic idea, illustrated in Fig. 7, is to

use multiple, short pulse lasers irradiating a thin foil that is

mounted inside a cone structure to generate the igniting

proton pulse. The protons are accelerated off the rear sur-

face of the foil and, due to the curved shape of the foil are

focused into the compressed fuel [60–62]. The higher mass

makes them less likely to be subject of instabilities, which

provides excellent focusing. Furthermore, the pulse dura-

tion is short, and the particle numbers are high.

The PFI scheme we are pursuing is to fabricate targets

composed of a capsule of cryogenic DT fuel (of 1 -2 mm

diameter) and a high Z cone is inserted. The capsule is

compressed by direct drive. As Fig. 7 illustrates, after

compression, a thin (lm thick) foil in the shape of a

hemisphere inside the cone is irradiated by picosecond

pulses (in our scheme a 3 ps pulses with total energy

of * 150 kJ). This generates a focused proton beam which

will form the hot spot.

In a fast ignition target the shell is thicker than in con-

ventional ignition, so the target is less sensitive to hydro-

dynamic instabilities. The lower in-flight velocity (no

thermalization of the kinetic energy is required) reduces the

growth rate of instabilities and the larger amount of dense

fuel offers a higher yield, which is required for commercial

IFE. FE uses the direct drive approach, omitting the

hohlraum and associated losses in efficiency. Modern laser

pulse shaping techniques combined with an increase in

laser bandwidth are a promising path forward in the sup-

pression of laser-plasma-instabilities (LPI) [15] and are

opening the possibility to apply 527 nm rather than 351 nm

wavelength light for target compression. FE is planning to

use the second harmonic light of the 1 lm wavelength light

from a Nd:glass laser (instead of the third harmonic light)

for compression (discussed in more detail below). This

allows for a smaller, more cost effective and more efficient

laser facility that reduces the wear and tear on the optics in

high repetition rate operation.

The target uses a cone-in-shell geometry. The laser-

driven proton beam is poly-energetic and needs to be

focused to around 30–40 lm. The ion beam must be pro-

duced close to the fuel, as scattering and velocity disper-

sion will enlarge the irradiated area and pulse duration,

requiring more proton beam energy. We use a high-Z cone

inserted into the capsule, driving the proton beam down a

shielded path into the compressed fuel, which will slide

along the cone wall. This scheme provides an efficient

irradiation pattern and a relaxed short pulse laser focusing

with a larger f/# focusing optics to provide a large stand-off

distance of the optics from the reactor chamber. The cone

has three additional advantages: (1) During injection of the

capsule into the reactor chamber, the cone can serve as a

heat shield against thermal radiation from the residual gas

in the chamber, protecting the cryogenic fuel. (2) During

the acceleration of the target for insertion into the reactor

vessel, the cone acts as a contact for the inserter and sabot.

(3) Use of a cone into a fuel pellet speeds up the fueling

process with DT fusion fuel. The fuel can be applied in a

drop of liquid fuel though the laser-drilled opening in the

capsule where the cone will be inserted during fabrication

and then closed by the cone and frozen together. A rapid

Fig. 6 Ignition laser energy for electron fast ignition as a function of

the density of the pre-compressed fuel. A hot spot radius of 20 lm
and an ignition laser beam energy coupling efficiency of 25% are

assumed for different values of f Rkig (particle range parameter times

laser wavelength). The dashed curve assumes a particle range that is

independent of the beam intensity and shorter than 1.2 g/cm2; the

dotted-dashed line is the ignition scaling law that assumes optimal

particle range and optimal beam radius. Figure reproduced from Ref.

[43], American Institute of Physics
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target filling scheme reduces the number of targets in

process and the total inventory of tritium in the plant. An

example picture of a fabricated cone-in-shell target (non-

cryogenic) is depicted in Fig. 8 [45].

A summary of the decision process in choosing our IFE

approach is illustrated by the flow chart diagram in Fig. 9.

(1) The choice between indirect and direct drive com-

pression is based on the difference in efficiency of com-

pression. (2) The choice between direct central hot spot

ignition and separating the ignition mechanism in a two-

step process is motivated by the fact that lower implosion

velocities are required, resulting in lower susceptibility to

hydrodynamic instabilities and the fact that higher mass

can be imploded leading to higher net yield. (3) The choice

of cone-in-shell geometry and a non-spherical implosion

relaxes the high symmetry requirements of a spherical

implosion. (4) Finally, protons are preferred over hot

electrons for ignition as they can be focused to a smaller

volume and better coupled to the dense fuel than electrons.

Current Understanding of the Underlying
Physics of
Proton Fast Ignition

Compression

The FE PFI approach requires compression to a density

between 300 and 500 g/cm3. That range of compression

has been demonstrated experimentally at the NIF using

351 nm light [63]. We plan to use 2 x (527 nm) light

instead of the conventional 3 x (351 nm) for the com-

pression because it has considerable long-term benefits for

a fusion power plant, in terms of lower facility costs and

optics damage. However, most of the work that has been

done on fuel compression and laser-plasma instabilities

(LPI) is at 3 x. Simple scaling relations imply that the

ablation pressure scales as Pabl � I
2=3
absk

�2=3, where Iabs is

the absorbed laser intensity and k is the laser wavelength

[64]. Assuming constant absorbed intensity, the simple

model predicts that the ablation pressure is reduced by

Fig. 7 Schematic illustration of

the PFI approach of fast ignition

with protons with a cone-in-

shell target and proton

acceleration from a curved foil

inside the cone. First, the shell is

compressed by a high-energy,

nanosecond laser driver so that a

dense fuel assembly is formed at

the cone tip. Then, multiple

ultra-intense short pulse laser

beams generate the intense

proton beam inside the cone

from a curved foil. The protons

stream through the cone tip into

the dense DT fuel and release

most of their energy in a small

volume, which leads to ignition

Fig. 8 Example of a cone-in-shell target used in integrated FI

experiments on OMEGA. Figure reproduced from Ref. [45], Amer-

ican Institute of Physics
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* 25% when going from 3 to 2 x. In addition, the

absorbed intensity might be lower because of a decreasing

efficiency in bremsstrahlung absorption. Detailed radiation

hydrodynamic modeling will be performed at 3 x and 2 x
to find the best tradeoff between physical risk and technical

benefits. While the ablation pressure is reduced at 2x, the
increased stand-off distance of the critical surface from the

ablation front (factor of * 7 longer for 2 x than for 3 x)
may be beneficial for mitigating laser imprint.

There is also good experimental evidence that the non-

spherical implosions needed in a cone-in-shell geometry

are possible. For PFI, we do not have to coalesce all

incoming shock waves at one point at the center and can

employ thicker fuel layers than in hot spot ignition. Thus,

the onset of hydrodynamic instabilities is less of a threat to

achieving the correct fuel assembly compared to hot spot

ignition. Experiments at OMEGA have shown good

agreement between simulated and measured fuel assembly

of a cone-in-shell target, giving confidence in the concept

[65]. Figure 10 shows an experimental x-ray radiograph

(left) of a cone-in-shell implosion on OMEGA at peak

compression, which is in good agreement with the simu-

lated radiograph (right).

Laser-Plasma Instabilities and Mitigation: 2 x
versus 3 x Compression

In terms of the choice of wavelength for the compression

pulses, the ICF community prefers the shortest wavelength

as it improves the absorption of laser energy in the target

[66–68] and it reduces laser plasma instabilities (LPI)

[69, 70]. For this reason the Nd:glass ICF facilities such as

NIF, Omega, and LMJ in France are all designed to operate

at the 3rd harmonic of the 1053 nm fundamental of Nd:-

glass, a wavelength in the near UV at 351 nm. For similar

reasons there are also proposals for use of KrF or ArF

lasers operating further into the UV (e.g., 248 nm when

KrF is employed) [65, 66].

These short wavelengths are not ideal for an actual

commercial IFE plant. Optics are much more susceptible to

optical damage at shorter wavelengths. Figure 11 shows

the experimentally determined damage threshold for

DKDP crystals (typically used for frequency doubling and

tripling of Nd:glass lasers) as a function of wavelength for

10 ns duration pulses [71]. As it can be seen, 351 nm

pulses damage at almost 1/3rd the fluence compared to

527 nm light. This is already a problem for single shot

lasers such as NIF and it presents a severe problem in high

repetition rate lasers needed for IFE. Therefore, we have

decided that use of 527 nm light is desirable and perhaps

even necessary for a successful commercial IFE scheme.

This is FE’s baseline approach for the compression lasers.

Furthermore, use of 2 x light allows the frequency

Fig. 9 The decision point flow chart which illustrates why Focused Energy has chosen proton fast ignition as its preferred approach to

commercial IFE

Fig. 10 Comparison of simulated and experimental x-ray radiograph

of a compressed cone-in-shell target at the OMEGA laser. Figure re-

produced from Ref. [63], Macmillan Publishers Limited
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conversion to be done back at the laser chain and the

527 nm can be transported with high damage threshold

mirrors and lenses. This allows one to avoid having to put

high value frequency conversion optics right at the reactor

vessel wall (i.e., the target chamber) where neutron flu-

ences might be high, which could lead to color center

formation in the crystals.

The challenges that this choice poses are in reduced

absorption efficiency and in the lower thresholds for the

onset of deleterious LPI mechanisms that can significantly

impact the implosion through reduced laser-target cou-

pling, increased asymmetry, and hot electron preheat. The

main concerns are Two Plasmon Decay (TPD) [67].

Stimulated Raman Scattering (SRS) [68]. Stimulated

Brillouin Scattering (SBS) [15], and Cross Beam Energy

Transfer (CBET) [72]. Recent theoretical studies have

shown great progress in mitigating those instabilities

[73, 74], opening the possibility to use 527 nm laser light.

Our main strategy to suppress LPI is to use high-bandwidth

pulses, which studies predict to be effective [73, 74]. We

might also explore the use of spiked trains of uneven

duration (STUD) pulses [75–77] and target solutions

[78, 79] to mitigate LPI and to improve laser-target energy

coupling. FE is currently performing 2x LPI experiments

on the European Light Infrastructure (ELI) L4 ATON laser

[80, 81] and will use the green high-energy laser PHELIX

for studying LPI mitigation techniques. Eventually, the

effect of multi-beam LPI at 2 x will be studied in the

future at FE’s own facility. There is some good evidence, at

least with 351 nm light, that the introduction of broad

bandwidth onto the pulse increases the intensity threshold

for the onset of LPI. The essence of the physics is that

broad bandwidth decreases the coherence time in the laser

pulse and inhibits coherent plasma wave formation.

Figure 12 reproduces data from Ref. [72] plotting the

intensity threshold for SRS onset as a function of band-

width on the laser for three plasma density scale lengths.

These data show a factor of 5 increase in the threshold

intensity when 1.5% bandwidth is introduced. In the

1053 nm fundamental 1% bandwidth is 10 nm. This is

challenging because of gain narrowing in the amplifiers of

the laser but it can be achieved by use of very broadband

front ends to inject pulses into the main amplifier chain. FE

has developed a design for amplification of beamlines up to

7 kJ per beam at 2 x with 1% bandwidth.

Ignition

While separation of compression and heating in PFI has

significant advantages in reducing laser drive energy and

accessing high gain, it also poses challenges in generating

the required particle beam to heat and ignite the com-

pressed fuel. Detailed studies [82] have shown that these

requirements can be met by a 20-kJ proton beam of radius

15–20 lm, with a particle distribution equivalent to a beam

temperature of 4–8 MeV generated at most 1 mm away

from the fuel. A conversion efficiency (CE) of 10–15%

from a 150–200 kJ short pulse laser is required to deliver

the necessary proton energy to the fuel within its disas-

sembly time of 10–20 ps. Once the fuel is assembled the

goal is to deliver a power density of * 1022 W/cm3

(* 18 kJ in * 25 ps within a volume of linear dimen-

sion * 40 lm) to a compressed DT fuel at * 500 g/cm3

with areal density of 2 g/cm2. The energy must be deliv-

ered to the cold and dense part behind the cone tip. By

curving the ion emitting target foil, ballistic focusing of ion

beams down to a few 10 lm has been demonstrated [61].

The ion acceleration mechanism is known as the Target

Normal Sheath Acceleration (TNSA) mechanism [49, 50]

that has been extensively studied on many facilities over

the last two decades. Several techniques have been found

Fig. 11 Experimentally determined damage threshold for * 10 ns

pulses on deuterated KDP crystals as a function of laser wavelength.

Figure reproduced from Ref. 69. American Physical Society

Fig. 12 Theoretically determined threshold for the onset of stimulated

Raman scattering instability with 3 x light as a function of the laser

bandwidth. Adapted from Ref. [72]
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to optimize laser-to-proton CE, including the use of mass-

limited targets [53, 54, 83], heavy metal hydride coatings

[51, 52], and laser pulse-shaping. The highest reported CE

is 15% [84, 85]. Uncertainty remains in how CE will scale

with more complex targets and an increase from experi-

mentally studied drive laser energies of 10–1500 J to the

required 150–200 kJ. Uncertainty also exists in the effect

of overlapping multiple picosecond beams [42, 86].

Experiments have shown that the ions have the right

energy spectrum needed for PFI and the conversion effi-

ciency has reached a record of close to 15% from laser

energy into useful ion beam energy, as illustrated in Fig. 13

[78]. A compilation of proton conversion efficiencies from

many experiments as a function of laser energy is repro-

duced in Fig. 14 from Ref. [79]. These data suggest that at

laser energy above a kJ, at least 10% energy efficiency into

protons can be expected. This assertion drives the design

for the short pulse lasers in an ignition machine and indi-

cated that * 180 kJ is needed to get the neces-

sary * 18 kJ into a hot spot.

As mentioned above, the proton pulse broadens in time

as it propagates due to a spread in velocities, which is

mitigated to some degree by the cone-guided approach to

maintain the short pulse duration. In addition, as the most

energetic ions penetrate the fuel, they start to heat up the

fuel and the stopping power of the fuel to the lower ener-

getic particle that arrive later decreases rapidly [87, 88].

Honrubia et al. predicted this range lengthening for the

proton velocity range and DT plasma temperature range of

interest for PFI, using the standard stopping power formula

for classical plasmas [89]. One of the very few experi-

mental results of proton stopping power in warm dense

matter shows a decrease of the proton stopping power

compared to that of cold solid matter [59]. The fortunate

result is that, using an appropriate velocity distribution, all

ions tend to stop at the same depth, effectively adding up

their kinetic energy in a narrow region.

Energy Production by IFE and Reactor Threat
Spectrum

Inertial fusion energy (IFE) has several aspects which,

from the standpoint of energy production are different than

in magnetic fusion energy (MFE). Some are advantageous

from the standpoint of ultimately constructing an energy-

producing reactor. The released fusion energy is distributed

among the fusion reaction products, which include charged

particles, electromagnetic radiation, and neutrons. Each of

the components takes part of the outgoing energy flux of

the fusion fuel and must be dealt with to convert it effi-

ciently into useable energy. The biggest difference between

the two confinement schemes is that while MFE provides a

steady stream of energy into the plasma facing wall

material (first wall), in IFE the energy is delivered in short

pulses, that cause a dynamic wall loading.

The released electromagnetic (EM) radiation is pre-

dominantly in the soft to mid x-ray region (photon energies

of 1–50 keV), whose spectrum is determined by the tem-

perature of the plasma. In addition, gamma radiation can be

emitted from internal nuclear deexcitation processes after

fusion events. While in MFE the radiation can cause

embrittlement and sputtering of the first wall, the pulsed

nature of the wall loading in IFE can also heat up the first

few microns of the first wall to levels close to the melting

point. All the EM radiation impinges onto the first wall

within the lifetime of the fusion process (\ ns). However,

investigations have shown that wall material can be chosen

to withstand this prompt flux [90].

Between 20 and nearly 100% of the fusion energy can

be emitted as charged particles, dependent on the chosen

Fig. 13 Laser-to-proton energy conversion efficiency for protons with

energy between 3.3 MeV and 35 MeV, useful for PFI, as a function of

the delay between a picosecond pre-pulse and a high-intensity

picosecond main pulse. The results were obtained for 5 lm-thick Au

targets and are compared to results obtained with thicker (100 lm-

thick) Au targets. Simulated laser-to-proton energy conversion

efficiency (triangles) with respect to delay and normalized to the

single pulse measured value is also shown. Figure reproduced from

Ref. [78], American Institute of Physics

Fig. 14 Collection of various proton acceleration experiments

plotting observed[MeV proton conversion efficiency as a function

of laser energy. Figure reproduced from Ref. [79]. American Physical

Society
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fuel type (of course with DT much of the energy is carried

out by the 14 MeV neutrons). These charged particles also

present a challenge to an IFE-based power plant. In con-

trast to the EM-radiation there is a flight dispersion of the

charged particles, such that different energies and species

arrive at different times on the reactor chamber wall [91].

The pulse lengthening relaxes the prompt wall loading on

the first wall, but as most of the charged particles (mainly

alpha particles) are stopped within a few micrometers, the

energy deposition can reach temperatures which would

cause the wall to start ablating for certain fuel types. The

alpha particles will become He atoms inside the wall

material and start to accumulate over time. This causes

swelling and embrittlement of the wall material if not given

the chance to find a free surface and diffuse out of the

lattice. This pulsed nature of the EM and charged particle

load on a reactor wall present different reactor vessel

challenge than faced in MFE.

When DT fuel is employed up to 80% of the energy of

the fusion process is emitted as neutrons. Neutrons can

penetrate deep into the material, depending on their kinetic

energy and will cause damage by displacing structural wall

atoms from their original lattice position. Neutrons can also

activate the reactor wall material. The latter is strongly

dependent on the choice of the material. There are three

main differences between the neutron wall loading and

activation in MFE and IFE geometry. First, the materials to

be used can be different in MFE and IFE. Whereas the

close coupling of the functional components to the reactor

vessel in MFE requires the specific materials that must be

used (e.g., Niobium for super conducting-coils) the sepa-

ration of the driver and the reactor in IFE allows for a much

wider choice of low activating material.

The neutron spectrum is also slightly different in the two

approaches [92]. In contrast to the thin, dilute plasma in

MFE, with no influence on the neutron spectrum, in IFE the

neutrons that are born with an energy of 14 MeV must

travel some distance through the compressed fuel before

reaching the free surface. As most of the neutrons are

generated near the center of the pellet the collisions they

experience as they leave the target softens the neutron

spectrum. This is potentially helpful as a softened neutron

spectrum has a different activation potential (e.g., in Si),

thereby reducing the activation of the reactor.

Finally, there is a simple, but important geometrical

effect as illustrated in Fig. 15. As a tokamak or stellarator

gets larger for real energy production applications, the

geometry of the neutrons born in the volume of the fuel

start to resemble a 1D geometry, where a planar volume

irradiates a wall. By contrast in IFE, if the target chamber

is made larger there is a point like emitter facing the wall.

The main difference is that in the IFE geometry the neu-

trons are typically at normal incidence to the wall, thereby

maximizing the penetration depth. In MFE many neutrons

are hitting the wall at a shallow angle. This causes the inner

part of the wall to age much faster than in the IFE case. For

this reason, we feel that IFE is very attractive and ulti-

mately more likely to allow construction of a real reactor, a

conclusion found in a number of studies on IFE concepts

over the years [33, 85, 93].

With these reactor wall challenges in mind, the ultimate

question for IFE commercialization is the gain and yield

needed from the target. A very simple power cycle for a

potential IFE plant is shown in Fig. 16. Essentially the

fusion power output needed to drive a nominal 1 GW

power plant, given inefficiencies of the thermal cycle and

conversion to electricity is between 2.5 and 3 GW. With

likely wall-plug efficiency of the drive lasers (frequency

doubled laser energy out compared to electrical power in)

of around 10%, one concludes that a fusion gain of around

100 (fusion energy out compared to drive laser energy in)

is needed (coupled with the small additional gain achieved

in a Lithium blanket which converts neutrons to Tritium).

This mandates roughly a laser energy of 2.5 MJ per pulse

operating at 10 Hz. This gain number and the yield are

what drives our ultimate choice of approach to IFE

commercialization.

Focused Energy Roadmap to Ignition
Demonstration and an IFE Fusion Pilot Plant

As a conclusion to this discussion, we layout the roadmap

that Focused Energy developed for IFE commercialization

and describe the facilities that we think are needed to

realize that roadmap. The goal of the plan is having a

fusion pilot plant in the mid to late 2030s. This aggressive

goal will demand R&D in four key areas and the devel-

opment of test facilities along the way. Our principal R&D

effort over the next 10 years is the design and construction

of a laser facility that will demonstrate moderate to high

gain by the PFI approach. We have named this facility

Super-Nova and its planned specifications are listed below:Fig. 15 Geometrical effect of neutron wall loading (NWL) on Plasma

Facing Components (PFC) between IFE (left) and MFE (right)
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• 1009 long-pulse (nanosecond) beamlines, each deliv-

ering 5.5 kJ at 2 x (527 nm)

• 550 kJ of total long-pulse energy at 2 x
• 1209 short-pulse (picosecond) beamlines, each deliv-

ering 1.5 kJ at 1 x (1057 nm)

• 180 kJ of total short-pulse energy at 1 x
• Shot rate of 1 shot every 3 min

The goal is to build this facility in the early 2030s to

have a credible attempt at PFI ignition. This facility will

have the advantage over existing single shot Nd:glass

flashlamp pumped ICF facilities like the NIF and Omega,

which fire at a rate of one shot every 45 min on OMEGA

and one shot every few hours on NIF, that it will be

designed to operate at greatly enhanced shot rate. Our

current design is to operate full-energy shots every three

minutes. This will be achieved by employing liquid cooled

amplifier technology developed by National Energetics Inc,

for the Extreme Light Infrastructure (ELI) Beamlines

facility in Prague [78, 79]. Photos of these deployed 30 cm

Nd:glass slab amplifiers are shown in Fig. 17. The basic

concept is to cool the slabs by face cooling with flowing

coolant. Multi-kJ operation of these amplifiers in the L4

beam line at a shot every 3 min has been demonstrated and

utilized in experiments.

We have developed an evolution of this proven design

for the multi-beam Super-Nova facility, in which 30 cm

beam diameter amplifiers will be deployed in ‘‘quads’’

somewhat like the NIF beam architecture [94]. This design

is illustrated in Fig. 18. The envisioned target chamber

configuration for Super-Nova is illustrated in Fig. 19. The

100 long pulse beams for target compression will be fre-

quency doubled and then transported to the target chamber,

which is roughly 10 m in diameter. The 120 short-pulse

beams with picosecond pulse duration will be first passed

through pulse-compressor chambers (grey boxes) and then

routed under the chamber for focusing into the target cone.

The envisioned layout of the entire Super-Nova facility is

illustrated in Fig. 20. This facility footprint is roughly half

the size of the footprint of the NIF.

Fig. 16 An example of the

energy cycle and efficiencies

that might be expected in an

IFE-based power plant,

illustrating why high gain of at

least 100 is needed for

commercial viability

Fig. 17 Photo of liquid cooled 30 cm aperture Nd:glass slab

amplifiers used for the ELI-Beamlines L4 ATON laser [78, 79]

Fig. 18 Engineering CAD drawing illustrating how the liquid cooled

slab concept will be adapted to quad-beam configurations for the

Super-Nova facility
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Prior to construction of Super-Nova, we will build a

preliminary test facility, the Texas Science and Technology

Advanced Research Laser or T-STAR. The layout of this

facility is illustrated in Fig. 21. The first beamline of

T-STAR will be a complete prototype beam for Super-Nova

(in the spirit of the Beamlet laser as prototype beam for the

NIF [95]. The roadmap plan is to then build out the laser to 8

beamlines (4 long pulse and 4 short pulse) to perform science

de-risking experiments from 2028 onward, including 2 x
LPI experiments and proton acceleration efficiency opti-

mization. Pulse parameter optimization will then serve to

inform the final operational configuration of Super-Nova.

FE also will pursue three R&D efforts in parallel to

Super-Nova: (1) Demonstrating a diode pumped solid state

laser demonstrator at the 3-kJ level operating at 10 Hz

and[ 10% wall plug efficiency to serve as the prototype

for the ultimate test power plant. (2) Development of the

technique for manufacturing the 900,000 targets needed

every day for an IFE power plant operation. (3) A reactor

vessel design compatible with tritium breeding and 10 Hz

power plant operation. These three efforts combined with

demonstration of ignition will then feed into an ultimate

fusion pilot plant (FPP) in the 2030s, which is named

Quasar.

Conclusion

After many years of research, we have concluded that

proton fast ignition (PFI) is the most credible approach for

the commercialization of fusion energy within the inertial

Fig. 19 CAD visualization of a potential ignition target chamber

configuration for Super-Nova. The green beams symbolize the

nanosecond compression laser beams, and the blue beams symbolize

the short-pulse ignition beams that are routed through pulse

compressors (gray boxes)

Fig. 20 Possible beam and

target area configuration for

Super Nova

Fig. 21 Visualization of the

T-STAR prototype and de-

risking facility
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confinement fusion approach and that a PFI-based fusion

power plant is indeed possible in the next two decades.

Once the hot spot region has ignited and the bootstrapping

alpha reactions have started driving a supersonic burn wave

into the fuel, the yield of the pellet is only determined by

the amount of assembled fuel mass and the areal density,

which are only limited by the available drive laser energy

of the long pulse compression beams. This approach might

also pave the way to explore advanced fuels, by assembling

targets where the burn wave can start propagating into

other adjacent fuel compositions.
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