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What is inertial confinement?
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- A fission explosion is first triggered, contained inside a heavy metal case.

- The radiation (X-rays) from the fission bomb reaches the nearby fusion fuel almost instantaneously
and be used to compress, then 2 fission explosion heats the already compressed fusion fuel to ignite

before it is blown apart by the blast wave from the fission explosion.

http://www.quimlab.com.br/guiadoselementos/einstenio.htm P

G. McCracken, P. Stott, "Fusion The Energy of the Universe”, Elsevier (2005)



http://upload.wikimedia.org/wikipedia/commons/3/3d/IvyMike2.jpg

Inertial Fusion Energy (IFE)

« 1963

Nikolay G. Basov, Aleksandr M. Prokhorov
at the Lebedev Institute in Moscow put
forward the idea of achieving nuclear
fusion by laser irradiation of a small
target

WIKIPEDIA
The Free Encyclopedia

Nicolai Basov (1922-2001) Aleksandr Prokhorov (1916-2002)

- Nobel Laureate in physics jointly with Charles Townes in 1964 for their
development of the field of quantum electronics, which led to the

discovery of the laser.
- Nicolai Basov was the leader of the Soviet program on inertial-confinement

fusion for many years.
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Laser Compression of Matter to Super-High
Densities: Thermonuclear (CTR)
Applications

JOHN NUCKOLLS, LOWELL WOOD,
ALBERT THIESSEN & GEORGE ZIMMERMAN

University of California Lawrence Livermore Laboratory

The electrons in white dwarf cores are Fermi-degenerate, so
Hydrogen may be compressed to more the pressure is a minimum determined by the quantum mechan-
than 10,000 times liquid density by an ical uncertainty and exclusion principles’. The pressure of
. . - - i ‘_ ig®
lmplosmn system energlzed by a hlgh dense hydrogen with Fermi-degenerate electrons is
energy laser. This scheme makes pos-

2 2 4 4
sible efficient thermonuclear burn of P= Eng Er [3 + Q) - E) + - ]
small pellets of heavy hydrogen isotopes, 3 3 4 \er 80\ e
and makes feasible fusion power reac- B o3 N
tors using practical lasers. whete n, is the electron density;er = o (}': m) is the Fermi

energy; k Tis the thermal energy; # is Planck’s constant, and m
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Inertial Fusion Energy (IFE)

- Interest in inertial confinement fusion energy emerged later than
that in magnetic confinement fusion.

- Its relevance to power production became apparent when it was
recognised that concentrated beams from powerful pulsed lasers
could be used to initiate a compressive process in a small solid or
liquid target pellet, possibly resulting in a sufficient number of fusion
reactions to yield a net energy gain.

Inertial Magnetic
confinement confinement

1031-1032 < 102!
Density (m™3) (exceeding that of  (Lower than that of
solid and stars) atmosphere ~102>)
Energy confinement 10-9 1

time (s)




- A process where nuclear fusion reactions are initiated by heating and
compressing a fuel target, typically in the form of a pellet that most
often contains deuterium and tritium

- To compress and heat the fuel, energy is delivered to the outer layer
of the target using laser beams, ion beams, or X-ray radiation.

- Aim: to produce a condition known as "ignition", where this heating

process causes a chain reaction that burns a significant portion

of the fuel

http://www.americansecurityproject.org/mans-next-greatest-achievement/
http://www.sciencecodex.com/new_software_to_support_interest_in_extreme_science




IFE - Direct Drive

 Sequence of events — mini explosions

== Radiation “* Blowoff =% Inward transported thermal energy

Laser beams or Fuel is compressed During the final
laser-produced by the rocketlike part of the capsule
x rays rapidly heat  blowoff of the hot implosion, the fuel
the surface of the  surface material. core reaches
fusion target, 20 times the
forming a density of lead
surrounding and ignites at
plasma envelope. 100,000,000°C.

- 1031-1032 /m3 exceeding even

densities found in stars

- 20-100 times the density
of lead (106 kg/m?3)

Thermonuclear - ~10 keV

burn spreads

rapidly through

the compressed 109 s

fuel, yielding
many times th
input energy.

h

e

ttp://www.michaelcapewell.com/creative_content/fusion.htm

- Time interval of the order of

12




IFE - Direct Drive

« Sequence of events

1. Irradiation with high intensity beams: A small pellet, with a
radius less than ~5 mm and containing a mixture of fuel atoms, is
symmetrically struck by energetic pulses of EM radiation from laser
beams or by high energy ion beams from an accelerator.

2. Corona formation: Absorption of this energy below the surface of
the pellet leads to local ionisation and a plasma-corona formation.

3. Ablation and compression: Outward directed mass transfer by
ablation and an inward directed pressure-shock wave

(A follow-up shock wave driven by the next laser or ion beam pulse
propagates into an already compressed region)

4. Heating, fusion, and disassembly: With the temperature and fuel
density sufficiently high, the fusion reactions will occur until the pellet
dissembles in a time interval of about 10-8 s, corresponding to the
propagation of a pressure wave across the pellet with sonic speed v..




IFE - Direct Drive

- Requirements
- Symmetric strike of the pellet by the incident laser or ion beam

and efficient energy coupling between the beam and the target:

deeper penetration using high frequency laser beams

- Very rapid attainment of high density of the inner core before
internal pressure build-up by e-heating that opposes high
compression — cold target, ion beam

- Achievement of substantial fusion reaction before pellet
disintegration: 7, <7,

- More than 10 explosions/second
Cf. car: 3200 explosions/second (4 cylinders at 800 rpm)




IFE - Direct Drive

- Requirements 5
- Lawson criterion: pR (fuel areal density) > 30 kg/m? (R: final radius) pR > m"vd"s[ Jo j

p Corresponding to nT > 2x1021 s/m3 <‘7V>dt 1-7,
n
d—td - —ndnt<0'v>d
n\t=rt nl\t=r T/t
fB=1——d( )=1— { )= ‘— Burn fraction
n,(t=0) n(t=0) 1+7/7,
T, = <0v>dtnd(t = O)
z_zlﬁ Disassembly time C —(2T/ )1/2 S q d
4 C, (confinement time) s~ m ound spee
R 81m.C fg = 30% required for nG = 10
f, = P B(T) —__ 1”5 (n: driver efficiency, G = Ez/E,: thermonuclear gain
? PR+ [(T) <Gv>dt Er: fusion energy released from a single capsule,

E,: driver energy delivered to the reaction chamber) |
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IFE - Direct Drive

mgm -
- Instabilities
o 60 8 3 million kilometers {
t
. . ag= Striking si in (a) inertial fusion capsule

and (b) core-collapse supernova explosions. [Image (a) is from Sakagami and Nishihara, Physics of Fluids B2,

- a y e I g - a y O r I n S a I I y 2715 (1990); image (b) is from Hachisu et al., Astrophysical Journal 368, L27 (1991).]
E 2- ke

- Parametric instability: Plasma waves can be generated and much
of the incoming light is reflected back toward the laser.
SBS (Stimulated Brillouin Scattering): ion acoustic wave
SRS (Stimulated Raman Scattering): electron plasma wave
accelerating a beam of electrons (preheating)
thin electron beams producing magnetic field
— pinch effect
= The higher the frequency of the laser light, the higher are the
densities where SBS and SRS occur: Higher frequencies will
penetrate more deeply into the plasma corona and minimise
these instabilities.

ree Encyckopedia

D.S. Clark et al, Phys. Plasmas 17 052703 (2010) .,
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- Lasers

- The requirements of pellet compression and beam-target coupling impose some very
stringent demands on beam energy and the details of pellet composition.

- Status of current laser technology and requirements

Parameter A oz Required
(Neodymium) | (Krypton-fluoride) q
~0.3

Wavelength (um) 1.06 0.25
Pulse rate (Hz) 0.001 : 2 ~5
(using no glass)
Beam energy (MJ) 0.03 0.1 ~1
Representative peak N
power (TW) 30 100 1000

Expensive electron

Sl beam used

A.A. Harms et al, "Principles of Fusion Energy”, World Scientific Publishing (2000) 17




IFE — Beams

- Energetic ion beams

- Energetic ion beams introduce another set of problems:
beam focusing down to a small target for high current
accelerators need for large high-vacuum ion transport facilities
- Status of current accelerator technology and requirements

Parameter

Heavy
ions

Light ions

Required

Beam particle e
Particle energy ~10
(MeV)
Beam energy (MJ) 1
Peak power (TW) 20

~50 ~30000 > 10
1 5 ~5
20 200 ~1000

A.A. Harms et al, "Principles of Fusion Energy”, World Scientific Publishing (2000) 18




IFE — Targets

- Targets

- Typical fuel pellets (microcapsules or micro
balloons) are about the size of a pinhead and
contain around 10 milligrams of fuel:
In practice, only a small proportion of this fuel
will undergo fusion, but if all this fuel was
consumed it would release the energy
equivalent to burning a barrel of oil.

- Major objectives

- To optimise energy transfer, minimise
hot electron production, and reduce
requirements for symmetric beam
energy deposition

° Types

- Glass microballoons

- Multiple shell pellets

- High-gain ion beam pellets

Image of an inertial confinement
usion fuel microcapsule.
Taken from LLNL Sep. 2002
ST&R publication.

The polished beryllium capsule
(2 mm in diameter)




IFE - Targets

- Glass micro balloons

- Consisting of thin walled glass shells
containing a D,-T, gas under high
pressure

- The incident beam energy is deposited
in the glass shell causing it to explode
with part of its mass pushing inward
and the remaining mass outward.

- Being widely used in experiment,
however more efficient designs
needed for power plants

A.A. Harms et al, "Principles of Fusion Energy”, World Scientific Publishing (2000) 20




IFE - Targets

- Multiple shell pellets
- Consisting of an inner D-T solid fuel
core surrounded by a high-Z inner

, i P I I,
pusher-tamper, a thicker layer of low ..+ T
density gas surrounded by a pusher {=— Outer Pusher

layer and an outer low-Z ablator
material

- The outer layer is to ablate quickly
and completely when struck by the
incident beam

- The inner high-Z pusher-tamper is to
shield the inner core region against
preheating by hot electrons and X-rays

A.A. Harms et al, "Principles of Fusion Energy”, World Scientific Publishing (2000) 21

-— Void

QxR «———— High-Z Pusher-tamper

D-T Fuel




IFE - Targets

- High-gain ion beam pellets

- Consisting of a vacuum sphere
surrounded by a D,-T,-DT fuel shell
surrounded by tamper-pusher materials

- Thickness of the tamper-pusher
materials carefully matched to the
type and energy of the incident beams

A.A. Harms et al, "Principles of Fusion Energy”, World Scientific Publishing (2000) 22




IFE - Fast Ignition

Implosion laser

-
L L e
=9 O
o - ~
\ ’ heating lase
'\( S : Seif buming
compression ignition burning

a5

- A new scheme separating the compression and heating phases much like a
petrol combustion engine: In the petrol engine the fuel is compressed by the
piston and then ignited via the spark plug. In the case of fast ignition, the
driving lasers are the pistons, compressing the fuel to high density around
the tip of a gold cone.

- The spark plug in this case is a multi kJ, short pulse laser which is injected
into the tip of the gold cone.

http://www.osaka-u.ac.jp/en/research/annual-report/volume-3/selection/02a.html 23




IFE - Fast Ignition

- Many powerful laser beams irradiate a capsule of DT fuel.
. The lasers are arranged symmetrically around the capsule
Y | and heat a thin layer of the capsule causing it to expand
7B rapidly. This forces the rest of the material in the opposite
direction.

- The material converges around the tip of a gold cone.
~ _() The density of the DT is now hundreds of times the
" 4 density of solid material.

2 - An ultra intense laser is fired into the gold cone.
~_ When the laser interacts with the tip of the gold cone a
/f large number of energetic electrons are produced.

- The energetic electrons travel into the dense DT fuel
P " and deposit their energy.
f This raises the fuel to 100 million degrees centigrade
which is hot enough to initiate the fusion reactions.

24




PW for heating
1 beam /300 J ] ) 100 |
1.053 um / 0.5ps GXIl for implosion :
b 3 - 9 beams / 2.5 kJ/0.53 um
c
1.2ns Flat Topw/RPP 3
c
[9)
‘n 10
» ¢
L
Au cone
' CD shell
30 °open angle (the picture: 60deg)
Thickness of the cone top: 5um R00um§/e=Fyml

Distance of the cone top: 50um from the center

Laser Energy (MJ)

http://fsc.lle.rochester.edu/techinfo.php

http://www.ile.osaka-u.ac.jp/gakujutsu/HomePage/kenkyu/kenkyu_ni_tsuite/kenkyunitsuite.htm .



Laser power
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IFE - Shock Ignition

drive pulse

Shock ignition
- main assembly —
drive E £

shock igmuion
- shock pulse Eg,.p

Conventional —u;

_.: 'Pn.m.Fn

P shock

1000.0

1000

100

10

0.1

laser pulse

]
time (nsec)

compress

10 15

shock heat pulse

Lower aspect ratio target

854 um CH[100mg/cc foam] + DT
105 um 1\ 0.33 g;cma
237 um DT ice
0.25 g/em?

512 um
DT vapor

2-D studies also give promising performance
Collaborations with NRL (Schmitt) & LLNL (Perkins)

26




IFE - Shock Ignition

300 | | | |
L| Shock ignition Fast ignition,
[| A =248 nm L =248 nm
Gain for Fusion Fast ignition, |
200 A=351Tnm [
Target | |
Conventional Direct Drive
100 | ~300 km/sec implosion
0 LL | | | |

1.5 2 2.5 3
Laser Energy

- Nano-timescale laser pulse applied
- No need of cones and lasers for ignition

— economic competitiveness compared with fast ignition

27
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ity *
Laser beams or Fuel is compressed During the final Thermonuclear
laser-produced by the rocketlike part of the capsule  burn spreads
x rays rapidly heat  blowoff of the hot implosion, the fuel rapidly through
the surface of the  surface material. core reaches the compressed
fusion target, 20 times the fuel, yielding
forming a density of lead many times the
surrounding and ignites at input energy.
plasma envelope. 100,000,000°C.

- This puts a very high requirement on symmetry of the spherical
capsule and of the distribution of energy contained within the
driving lasers/radiation.

- If these are not symmetrical then different parts of the capsule
will reach maximum density at different times and the capsule
will break apart without the fusion process taking place.

http://www.michaelcapewell.com/creative_content/fusion.htm

. .



- Indirect drive
- To achieve increased symmetric energy deposition over the
surface of the pellet
- Composed of a fuel pellet and a small cylindrical cavity (Hohlraum)
Hohlraum: a few cm long, made of a high-Z material such
as gold or other metal, having “windows”
transparent to the driver on
each end
- The beams enter both ends of the hohlraum
obliquely and ablate the inner surface of the cavity.
- The high-Z material of the hohlraum emits
soft X-rays and by focusing the driver beams
to the appropriate points inside the cavity,
a highly symmetric irradiation of the fuel
pellet results
— optimal pointing of the laser beams important

7 o
_4* w
o

W
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IFE - Indirect Drive

Laser Beams

(24 quads through each
LEH arranged to
illuminate two rings on
the hohlraum wall)

U e

Cryo-cooling
Ring

Graded-doped Be «— Aluminum assembly sleeve
Capsule (CH and
Diamond are alternates) g Capsule fill tube

Solid DT

Hohlraum Wall:
fuel layer

= Uor Uy ;Auq 5

Hohlraum Fill

- Heg,Hy ¢ at 0.9 mg/cm®
Laser Entrance Hole

(LEH) with window

Schematic of NIF ignition target and capsule (credit: M. J. Edwards et al., Physics of Plasmas)

Currently indirect drive only been
examined using laser drivers

http://www.physicscentral.com/explore/action/fusion-at-nif.cfm

30




IFE - Indirect Drive

« Sequence of events

X rays from
the hohlraum
creale a

rocketlke

& ' the implosion,
‘ the fuel core

- blowoff of reaches
capsule surface, 20 times the
compressing ~  density of lead
the inner-fuel and ignites at

Indirect-drive Fuel capsule
illumination compression

—\V &

final part of A

Thermonuclear

\v/, « bum spreads

= o = rapidly through

’1/“\.»\ _ the compressed
fuel, yielding

~ many times the

100 million S input energy
kelvins

Fusion ignition

Fusion burn

31




IFE - Indirect Drive

- Pros and Cons compared with the direct drive

- Symmetric energy deposition on the pellet surface is efficient
compared with the direct drive where all the driver beams must
symmetrically impinge directly on the pellet.

- Better ablation and subsequent compression with X-rays

- Reduced instabilities during pellet compression
(X-rays — high frequency — not subject to parametric instability)

- Reduced energy coupling from the beam to the pellet
- Increased complexities of hohlraum manufacture and suspension
at the centre of the chamber

32




® L awrence Livermore — Shiva and Nova (1984)

- Neodymium-YAG laser
- Producing over a kilowatt of continuous power at 1065 nm

- Achieving extremely high power in a pulsed mode (108 MW)




IFE - National Ignition Facility (NIF)

Installation of the first wall inside the Target Chamber was complete in March 2005

- Very large facility, the size of a sports stadium
- Very small target, the size of a BB-gun pellet
- Very powerful laser system (192 laser beams, 1.8 MJ of energy),
equal to 1000 times the electric generating power of the USA
- Very short laser pulse, a few billionths of a second
- Nd-glass lasers at third harmonic frequency (3w, almost half the light intensity)

used to avoid parametric instabilities
https://theempowermentfactor.wordpress.com/2013/05/11/world-view-101-national-ignition-facility-crystals/ 34
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IFE - National Ignition Facility (NIF)

R. Betti et al., PHYS. PLASMAS 17, 058102 (2010)
with data from J. P. Freidberg MIT.

103 L L L L] IIII \ T L4 ¥y III'I
Ignition
102
— 101
74] JET — lIgnition
X 100 e e ° . ;Hseromak
E C-mod @ A RFP
- [&] TFTR ¥ ST
-E- 10—1 LHD* [;“D * Stellarator
EIual.l : Tokamak
=X 1072 v NSTX @ Tokamak
a = LSX @ Tokamak
103 ® Tokamak
AMST (projected)
104 - g4
i L IiIIIII L i Illt"ll i L illllll
101 100 101 102

(T) (keV) NIC

- 1997-2009: NIF project
- 2006-2012: NIC (National Ignition Campaign)
~85% of energy coupling and ignition goal (pR) achieved
35
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https://lasers.llnl.gov/programs/nic/

IFE - National Ignition Facility (NIF)

Adiabat o Velocity V
Peak power,
Power & timing Beam
moothing

(2 laser + 1 target

(9 laser parameters)
parameters)

avelength
Dopant level separation
CH +Si : ; —_J r ik
0.5% MA— &peaki: . 4L
AR g 1% T 4 _ ength

I — 05% ' N )

\ 0% Reemission G

DT solid at

18.3K
(3 laser + 1 target
M wmix (2 target parameters) | parameters) Shape S

- To optimize the target for ignition, adiabat, velocity, mix,
and shape adjusted

36




Inserting the target
on the tip of the
target positioner

Cryo-shroud
P retracted

BMcting, November 14, 2011

https://lasers.linl.gov/news/experimental-highlights/2014/october




IFE - National Ignition Facility (NIF)

Tube 10 ym SiO, p(g/cmd)

200

1160 pm_ Hole 5pm CH+Ge

draft1 final 0% 1.082 glcc ‘ region density | B 284
1035 1024 /= 0.2% 1.096 glce
1020 1009 —) < 0.5% 1.116 glcc

980 970 \ 0.2% 1.096 g/cc

975 965 0% 1.082 glce 20

970 960 £ |

905 897 DT solid at 18.3 K 2

Assumed to incl.

CH composition 0.75 at. % H e
C 423 at%

BSr Al DT gas at 0.3 mg/cc

0 0.5 at% 3.23
No other nominal o o T e I

impurities. Net 1.0 57.8 38.6 2.6 100

-50
impurity presence

/ X(um)
constrained by
radiography. Kelvin-Helmholtz vortices

D.S. Clark et al, Phys. Plasmas 18 082701 (2011)
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CEA, France

Built near Bordeaux

Operation entered on October 2014
1.8 MJ of laser energy from a series
of 176 laser beamlines

- Focusing on indirect drive

http://www.nonaumissilem51.org/index.html?echosNov2006

\ https://theempowermentfactor.wordpress.com/2013/05/11/world-view-101-national-ignition-facility-crystals/ 39 ,



IFE - Power Plants

1. Target factory
To produce many low-cost targets.

2. Driver
To heat and compress the
target to fusion Ignition.

3. Fusion chamber
To recover the fusion energy
pulses from the targets.

:

4. Steam or helium driven turbine-generator
To convert fusion heat Into electricity.

http://www.altenergymag.com/emagazine/2013/12/controlled-nuclear-fusionbrthe-energy-source-that-is-always-a-few-years-away/2197 40







IFE - Power Plants (LIFE)

iy -

- Up to 1.5 GWe
- 2 MJ, 351 nm (ultraviolet) laser (384 beamlines)

https://life.linl.gov/
http://www.360doc.com/content/12/0718/18/9807246_225087482.shtml

42



https://life.llnl.gov/index.php

IFE - Power Plants (LIFE)

HSI fusion target

One of the 350-nm
compression laser

Flibe coolant inlets

610°C
Fission blanket

Be neutron multiplier

Lithium-lead first
ki moderator

wall coolant

S5m

Pl J S

D ||
4 02

A LIFE fusion-fission chamber

http://ufodos.org.ua/publ/jaroslav_sochka_v_poiskakh_topliva_dlja_nlo/5-1-0-321 43




IFE - Power Plants

y ICF Research ——p |FE development
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» Increasing power of ICF lasers over time,
starting with the first "high-power" devices in the 1970s.

- Lasers with enough energy to create "ignition" are boxed near the middle of the graph,
although KONGOH and EPOC were canceled, leaving only NIF and LMJ along the blue line.

- To the right are a series of lasers built not for high-power, but high repetition rates, which
would be needed for a commercial power reactor. To date only the first two dots along the
orange line have been built (FAP demonstrator and Mercury).

- The upper right of these lines represent hypothetical devices that have both the high-power
and high-repetition rates needed for commercial power production.

http://slideplayer.de/slide/1327997/
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IFE - Advantages
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IFE - Issues on Power Plants

- Protection for the reaction chamber wall
- Against mechanical stress and radiation, mostly in the form of
X-rays and energy deposition by pellet debris released in a microexplosion
- Against fast a-particles forming He bubbles causing the wall to exfoliate
- Dry wall and various wet wall concepts such as a falling
liquid metal veil, liquid metal jets, liquid metal droplet
sprays or a thin surface layer of liquid metal
- Rapid purging of the chamber (~100 ms) needed for the next pulse

- Pellet manufacture
- Spherical coating technology at the micro-scale of composition and geometry

- Pellet handling and positioning in the chamber
- Entry by gravity combined with pneumatic injection demanding extreme
trajectory precision

- Protecting mirrors, focusing magnets for ion beams, other

beam transport elements and protection of mirrors 46
—




IFE - Issues on Power Plants

« Extremes of power transport, energy conversion, material flow,
radiation damage, and highly co-ordinated electro-mechanical
functions will evidently characterise the eventual operation of an
ICF power system.

« Considerable research, design, and testing will still need to be
undertaken to arrive at the continuingly elusive goal of such a
working power station.

47




