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Overview of talk

e \What is inertial confinement fusion?
e Physics of ICF
e Current status

e Prospects and opportunities
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Achieving nuclear fusion on Earth

Nuclear fusion is the energy production mechanism inside stars

To reach “ignition” of the fusion reactants we must satisfy the triple product:
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Magnetic confinement fusion looks to achieve fusion  $:x Fhork

with low density fuel and high confinement time &

©US ITER
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Inertial confinement fusion is an alternative approach .a o York

Ice Ablative
shell

Typical ICF fuel capsule
~ few mm diameter
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via rocket action burns
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ICF targets are a small, plastic shell filled with DT

e Typical ICF fuel capsule ~ few mm diameter

Ablati .
lce ol e Comprises a "hollow shell" structure

o Ashell can be accelerated over larger
distance with lower driving pressure to
reach the required implosion velocity

e Central gas is DT fuel
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Targetry is a critical factor for a successful ICF 4> niveRsiTy

implosion

| Cryo-2103-1811

Capsule diameter ~ 860 um

D. Montgomery et al., Rev. Sci. Instrum. 94, 021103 (2023) . V. Ilgumenshchev et al., Phys. Plasmas 20, 082703 (2013) 8/41



Irradiation of the target can be achieved with direct g0 UNIVERSITY

or indirect radiation & 7 Jork
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symmetrically
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OMEGA laser facility:
e 60 beams
e 30 kJ total energy
e < 4 ns pulse length

Need multiple lasers impinging uniformly on the target
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Irradiation of the target can be achieved with direct 45> UNIVERSITY

or indirect radiation

o York
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Laser or X-rays
symmetrically
irradiates capsule
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(b) Representative x-ray
spectrum observed by Dante
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[1] H. Abu-Shawareb et al., (The Indirect Drive ICF Collaboration), PRL 132, 065102 (2024)
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Outer shell is heated and ablated by the direct or

indirect driver

© b

L")
"i’f\?,t;" e Outer plastic shell is rapidly ionised and turns into a
gy ot plasma

Higher density
material heats and
blows off (ablation)

e |deally radiation will be absorbed into the plasma via
collisional absorption (inverse Bremsstrahlung)

k / e Couples energy into the bulk of the electron
population

/41



Shorter wavelength radiation greatly enhance the

rate of collisional absorption
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AV Shorter wavelengths can access colder, denser plasma
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Laser-plasma instabilities compete with collisional

absorption

Plasma
Backscattered
Waves

light wave
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D. Froula et al., PPCF 54, 124016 (2012)

Radius
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Aside from collisional absorption ([74) the laser can also

Density
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Rapid heading leads to shock waves being launched

to compress the rest of the material

Rest of fuel is
compressed to high
density solid density

via rocket action

A shock is a travelling pressure/density/temperature
discontinuity in a medium

Compression by a single shock wave is limited to ~
factor of 4

Multiple shocks can attain higher compression (e.g.
up to ~ 16 for two shocks)

14/41



Shape of the laser pulse is important for tailoring the s vviversmy

shock dynamics & 7 Jork
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V. Gopalaswamy et al., Nat. Phys. 20, 751 (2024) 15/41
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Picket at the start of the pulse
used to "precondition” the fuel

V. Gopalaswamy et al., Nat. Phys. 20, 751 (2024) 16/41



Shape of the laser pulse is important for tailoring the s vviversmy

shock dynamics
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Pressure is increased gradually -
applying high pressure all at once results

V. Gopalaswamy et al., Nat. Phys. 20, 751 (2024) Ina hlgh Isentrope with the fuel heated UE|)7/41



Shape of the laser pulse is important for tailoring the s vviversmy

shock dynamics
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Pulse shapes are designed to create 3 or
4 shocks, timed to converge on the inside

V. Gopalaswamy et al., Nat. Phys. 20, 751 (2024) of the ice layer 18/41



Shape of the laser pulse is important for tailoring the s vviversmy

shock dynamics
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Machine learning and Bayesian
optimisation techniques are finding

. . . ki )
V. Gopalaswamy et al., Nat. Phys. 20, 751 (2024) Increasing use In these application! 19/41



Hydrodynamic instabilities can grow during this WD envemsiTY

phase and limit final performance

v
/a N g A Rayleigh-Taylor instability: an interface

£ %
- ’\%'f-/‘« instability between two fluids of different
b \t/‘ L3 densities, where the lighter fluid is

pushing the heavier one
Rest of fuel is

compressed to high | pT| |eads to mixing of hot and cold fuel
density solid density

via rocket action

Creates a non-uniform hotspot
- increases conductive losses

Contaminates fuel with non-DT impurities
- increases radiative losses
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At the end of the compression the fuel should be

dense and hot enough to reach ignition

/e /\ \ e \Want to heat the fuel by burning rather than laser

heating!
\

e Small fraction of fuel at centre reaches 5-10 keV

Hot region formed (50-100 million Kelvin)

atftuh; ::enr::;es z];zlhe e Alpha particles released by DT fusion can be
Eums reabsorbed in this hot region if pr > 0.3g/cm?

k / (approximately a particle range in such material)

e Burn wave then propagates the colder surrounding
fuel
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Subtle definition of ignition varies
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fuel ignites and
burns

o

N

Hot region formed
at the centre of the

/

General definition of ignition is that the heating power
due to alpha deposition should exceed cooling losses

dT 1 dV
CpT d;h:faQa_fBQB.DT_Qe__ -

m- dt’
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Subtle definition of ignition varies
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General definition of ignition is that the heating power
due to alpha deposition should exceed cooling losses

thh 1 av
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CpT

Heating from
alpha particles
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Subtle definition of ignition varies

/e f\ \ General definition of ignition is that the heating power
\J due to alpha deposition should exceed cooling losses

dTls
Hot region formed oz 169 I89rp1— O %
at the centre of the

fuel ignites and Heating from
burns

k / alpha particles pdV work
term

/

Power injection term during implosion
Loss term during explosion
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Subtle definition of ignition varies
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General definition of ignition is that the heating power
due to alpha deposition should exceed cooling losses

@D

pdV work
term

dT
CpT d;h = faildy

- [8OB DT

Heating from
alpha particles

Bremsstrahlung <

emission Power injection term during implosion
Loss term during explosion
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Subtle definition of ignition varies

/e f\ \ General definition of ignition is that the heating power

\J due to alpha deposition should exceed cooling losses
dTls
Hot region formed ‘or 5 T JaQa
at the centre of the

fuel ignites and Heating from

k burns / alpha particles Electron pdV work
conduction term
——

Bremsstrahlung

emission Power injection term during implosion
Loss term during explosion
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The hunt for ignition and gain
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fuel ignites and
burns
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Hot region formed
at the centre of the

/

Achieving ignition is the "holy grail" for inertial
confinement fusion

Once ignition conditions are reached, propagating the
burn wave through the remaining fuel is easier

Another important metric is gain; the ratio of fusion
yield to the amount of energy coupled into the target
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The National Ignition Facility (NIF) is the largest and =~ $> vviversimy
most energetic laser facility in the world &

C. Stolz, Phil. Trans. R. Soc. A. 370, 411 (2012)
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C. Stolz, Phil. Trans. R. Soc. A. 370, 411 (2012)
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The National Ignition Facility (NIF) is the largest and
most energetic laser facility in the world

C. Stolz, Phil. Trans. R. Soc. A. 370, 411 (2012)
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Ignition and gain was achieved on NIF! ">

In December 2022, 2.05 MJ of laser energy on
target produced 3.15 MJ of fusion energy out!

NUCLEAR FUSION | NEWS

National Ignition Facility demonstrates net fusion energy gain
in world first

14 Dec 2022

H. Abu-Shawareb et al.* (The Indirect Drive ICF Collaboration), PRL 132, 065102 (2024) 32/41
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Ignition and gain was achieved on NIF! & o York

Ten Ignition Experiments

=k
o

Current gain record
(energy out/energy in) ~ 4

Energy (MJ)
[=) - N @ A OO O N © o
uies) 1o8ie]

\
\

\ ]

1st(12/2022) 2nd(7/2023) 3rd (10/2023) 4th(10/2023) 5th(2/2024) 6th(11/2024) 7th(2/2025) 8th(4/2025) Sth (6/2025) 10th (10/2025)

Laser Energy Delivered to Target = Fusion Energy Produced —NIF Target Gain

H. Abu-Shawareb et al.* (The Indirect Drive ICF Collaboration), PRL 132, 065102 (2024)




ICF research is transitioning from ignition
demonstration to inertial fusion energy application

6

Achieving fusion ignition in a lab was the work of
decades. Now is the time to build on that historic
achievement to spark an energy revolution.

John Nuckolls, pioneer of Inertial Confinement Fusion

39

A lot of enthusiasm surrounds the possibility of inertial fusion
approach to energy production

ICF is now aiming to catch up with MCF-level technology maturity

IFE-STAR website 34/41
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P York

Thermal cycle
(efficiency n,,)

Laser
efficiency n,
Implosion of
gain G
For balgnce: fn,NyG =1 E. .= fn,, GE,
Assuming n, = 40%, and f < 0.25
Gn,>10

- G = 30-100 (for driver efficiencies of 10-33%)

Analysis from Atzeni & Meyer-ter-Vehn, visuals R.H.H. Scott
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UPLIFT: UK Programme of Laser Inertial Fusion

Technology for energy
e 4 year project under the UK's Fusion Futures programme
e Work is aimed towards developing the inertial fusion

approach towards schemes for energy production and
reactor designs

Project focuses on 3 key areas:

% Laser development

Department for
% Target development Energy Security
% Physics of high-gain laser fusion & Net Zero
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Laser development

Lasers to drive inertial fusion for energy
production need to be:

~
T
¢ e
~

% Able to run at high repetition S, - e EotiEnd
% Low wavelength S N
* Broadband technology 100l Cryo- o SR W
% Efficient Ik
o Current lasers at NIF need 166 times

more electricity input to the lasers

than laser energy output!
% Cheap!
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Target development

For viable energy production need to shoot an ICF
target at least once every second

Need to consider:
% Cost (< £1 per target)
% Mass-manufacturing

% Rapid, accurate
characterisation

© Images from Nanoscribe, using Two-Photon Grayscale Lithography 38/41



Simulation capability

Modelling ICF implosions is challenging!

Need to be able to capture:

e Laser-plasma interaction (fs-ps)
e Kinetic effects

e Radiation-hydrodynamics (ns)

Work is ongoing to create integrated models

Ongoing benchmarking to build confidence in unpolarized CBET
predictive capability for reactor scale

A Colaitis et al., PPCF 65, 014005 (2023) 39/41



Technical challenges (and opportunities) remain to

transition into fusion energy

High repetition rate diagnostics

e Reactor wall technology

e Cryogenic target micro-fabrication — mass
production

e Targetinjection systems

e Materials appropriate for extreme conditions

e Lasers in “dirty” environment

Plus common challenges with MCF - tritium breeding
and inventory, energy extraction, neutronics...

|Tracking sen
lllllllll

i i’rFroto P
| tracking sensor
. 40/41
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Summary and conclusion

% Inertial confinement fusion is an extremely
promising route to fusion energy

% Ignition shot in 2022 demonstrates that ICF works!

% Work now remains on transitioning towards fusion
energy reactors

% Includes unique challenges such as targetry and
laser drivers

email: emma.hume@york.ac.uk
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UK Inertial
Fusion
Consortium
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Extra information
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Pros and cons to direct and indirect drive

Direct Drive
Direct drive capsules are cheaper

\'4] Overall driver to capsule coupling efficiency
is higher than with indirect drive

x Driver is required to be highly symmetric
and uniform at the surface of the capsule

x Protecting the capsule during injection may
require additional structures to be introduced
XDirect drive more sensitive to hydrodynamic
instability growth

Indirect drive

L4l Conversion of driver energy into soft x-rays may
be reasonably efficient, but many of the soft x-rays
generated won't go into driving the capsule

L'4l Once in the form of soft x-rays coupling of the
soft x-rays to the capsule may be superior to that of
the original driver

L4 Hohlraum may help with injection into a reactor
vessel - it can protect the capsule from a range of
hazards (heat, mechanical damage), and provides a
less fragile interface for the injector to interact with
than the capsule itself

XHohIraum expensive!

XTargets can create substantial additional
radioactive waste due to neutron interactions with
the hohlraum wall material

XHohIraum debris may also be an issue
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Use of shorter wavelength also benefits

hydrodynamic efficiency

e Hydrodynamic efficiency is higher
® Less energy left over at critical surface and at a given fraction of the critical
density. Therefore less collective absorption (e.g. RA), and what collective

absorption there is will be damped more by collisions

e Electrons less readily accelerated with shorter wavelength beam:

4.4
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Hohlraum gas fill

e Use of a gas fill limits motion of low density ablated wall plasma

e This also controls the motion of the laser deposition regions, which in turn
controls symmetry

e Constraining the ablated plasma to locations nearer the wall also tends to shift
regions in which parametric instabilities can occur further from the capsule
- reduced coupling of SRS electrons

e Difficulty of gas filling is that it requires a window to be introduced over the laser
entrance hole

e Window is ablated down to low densities early in the pulse
o Remnant window plasma produces an additional region in which parametric
instabilities can readily occur

A5
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Why do we need a high-Z hohlraum?

e Kirchhoff's radiation law: At thermal equilibrium, the emissivity of a body (or
surface) matches its absorptivity
e Implies that the more opaque our hohlraum wall is, the more it will emit at a given

temperature

e Low-Z materials are ionised completely (all electrons stripped) at temperatures of
a few hundred eV

e Completely ionised low-Z materials (all electrons stripped) are effectively
transparent

- hohlraums are always made of high-Z material e.g. gold

46
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Boot-strapping requirement

e Alpha particles produced during D-T fusion
reaction

e Graph shows particle range as a function of
the plasma (fuel) temperature

e As the fuel temperature increases, the alpha

el range increases

‘oniton regime e As the hotspot begins to burn alpha particles

- can deposit more energy in surrounding cold

10! ] fuel
p = 0.25 g/lcm3 i

Alpha particle range
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