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Bootstrap current

With poloidal fields, charged particles see nonuniform
toroidal magnetic field

 Wi/o poloidal field

« W/ poloidal field

Ry >R,

magnetic axis



Charged particles can be partially confined by a
magnetic mirror machine

« Charged particles with small v, eventually stop and are reflected
while those with large v, escape.
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« Those confined charged particle are eventually lost due to collisions.
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Parallel velocity changes when particles follow field the
field line
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Particles may be trapped by nonuniform magnetic field
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* For v”Z > 0, particles are passing.
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« For v”Z < 0, particles are trapped.



Charge particles drift across magnetic field lines when
the magnetic field is not uniform or curved

« Gradient-B drift « Curvature drift




For passing particles, they drift back to the original
position with a “semicircle” orbit
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For trapped particles, they drift back to the original
position with a banana orbit

« W/o drifting
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Trajectories of charged particles
L

Magnetic surface

Guiding centre orbit

Projection on to poloidal plane
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The trajectories of charged particles follow the toroidal
field lines

X. Garbet et al, Nucl. Fusion 50, 043002 (2010) 10



A banana current is generated when there is a pressure

gradient in the plasma
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Bootstrap current is generated when passing particles
are scattered by the trapped particles
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» Scattering smooths the velocity distribution and shifts it in the parallel
direction, i.e., a current is generated. It is called the bootstrap current.
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Neutral beam injector is one of the main heat
mechanisms in MCF
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Heating by
electromagnetic waves

Plasma current

"""" Ohmic heating

Heating by injection of

neutral particle beams
Accelerator

Neutralizer

D. Mazon, etc., NATURE PHYSICS, 12, 14, 2016 lon source
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Varies way of heating a MCF device

Overall Development /
System Frequency/ Maximum power system demonstration
energy coupled to plasma efficiency required Remarks
Demonstrated g 157 oy, 2.8 MW, 0.2 5 Power somrees
in tokamaks : U Provides
ECRI 30-40%  and windows, Foaxcis CD
ITER needs  150-170 GHz 50 MW, SS off-axis CD of-axis L
Demonst.ra‘t.ed 95120 Mz 22‘ I}IV\ 3 s (L-mode);
in tokamaks 16.5 MW, 3 s (H-mode) Provides ion
ICRF 50-60% SE‘E\:H:OIEMMI heating and
ITER needs  40-75 MHz 50 MW, SS ° smaller ELMs
Demonstrated . . 2.5 MW, 120 s;
in tokamaks 138 GHz 10 MW, 0.5 s Launcher, Provides
LHRF 45-55%  coupling to .
ITER needs 5 Gz 50 MW, SS Hemode off-axis CD
.Demonstrated R0-140 keV 140 1\1“ 2 s;
in tokamaks 20 MW, 85 Not
+ve ion 35-45%  None N
applicable
ITER needs None None
NBI S
Demonstrated 0.35 MeV 52MW, D, 08s
in tokamaks (from 2 sources)
—ve ion

ITER needs

1 MeV

50 MW, S8

‘\‘37(}7(,|

System, tests
on tokamalk,
plasma CD

provides
rotation

‘S S’ indicates steady state

Nuclear Fusion, 39, 2495, 1999
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Neutral atoms are ionized by collisions in the plasma

Cross-
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Neutral beam absorption length increases with
tangential injection

« Itis more difficult to access through the toroidal field coils with
tangential injection.

Tangential injection

@ Normal injection

field coils

John Wesson, Tokamaks 3 edition 16



Neutral particles heat the plasma via coulomb collisions
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1. create energetic (fast) neutral ions

2. 1onize the neutral particles
3. heat the plasma (electrons and ions) via Coulomb collisions
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Negative ion source is preferred due to higher
neutralization efficiency
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There are two ways to make negative ions — surface and
volume production

« Surface production, depends on :
— Work function @
— Electron affinity level, 0.75 eV for H-

S

— Perpendicular velocity

— Work function can be reduced by covering the metal surface with
cesium

H+e — H™
H* +2e- - H™
* Volume production:

H; + epg(>20 eV) — H," (excited state) + €fast:

H, " (excited state) + egy(=1 €V) — H™ + H.

19



Two-chamber method of negative ions in volume
production with a magnetic filter
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Adding cesium increases negative ion current
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Electrons need to be filtered out since they are extracted
together with negative ions
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Acceleration

« Multi-stage acceleration . e
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The ITER neutral beam system: status of the project and review of the main technological issues,
presented by V. Antoni



NBI system of the LHD fusion machine
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JT60U NBI system

JT-60 (Japan-Torus) is a tokamak in Japan.
550 keV, 22A O,
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Neutralization

« Gas neutralization
— Collisions between fast negative ions and atoms
H +H, H+H,+e
— Fast ions can lose another electron after neutralized

H+H, > H*"+H,+e”

« Plasma neutralization

— Collisions with charged particles in plasma
H +X(e,Ar,H"  H,") > H+ X+ e~

— The efficiencies reach up to 85% for fully ionized hydrogen plasma

26



Beam dump
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NBI for ITER

« beam components (lon Source, Accelerator, Neutralizer, Residual lon

Dump and Calorimeter)
« other components (cryo-pump, vessels, fast shutter, duct, magnetic

shielding, and residual magnetic field compensating coils)

ITER-ITA data
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The ITER neutral beam system: status of the project and review of the main technological issues,

presented by V. Antoni
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Neutral beam penetration

B

7 \N 2\

« Parallel direction
 Longest path through the densest part of the plasma
« Harder to be built
» Perpendicular direction
* Path is short
« Larger perpendicular energies leads to larger losses
* Easier to be built hitps:/www.iter.org 2



Temperature of 100 eV is the threshold of radiation

barrier by impurities

L. [Wm?]

Line and recombination-induced
radiation
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H. Lux, etc., Fusion Eng. Des. 42, 101 (2015)
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Reference for MCF

« Jeffrey P. Freidberg, Ideal Magnetohydrodynamics
« John Wesson, Tokamaks

« Tokamak Physics by FRER Pzt
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Course Qutline

* Inertial confinement fusion (ICF)

Plasma frequency and critical density
Direct- and indirect- drive

Laser generated pressure (Inverse bremsstrahlung and Ablation
pressure)

Burning fraction, why compressing a capsule?
Implosion dynamics

Shock (Compression with different adiabat)
Laser pulse shape

Rocket model, shell velocity

Laser-plasma interaction (Stimulated Raman Scattering, SRS;
Stimulated Brillouin Scattering, SBS; Two-plasmon decay )

Instabilities (Rayleigh-taylor instability, Kelvin-Helmholtz instability,
Richtmeyer-Meshkov instability)
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Under what conditions the plasma keeps itself hot?
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« Steady state 0-D power balance:
S+S,=Sg+S
S, aparticle heating
S, external heating
Sg: Bremsstrahlung radiation

S: heat conduction lost

Ignition condition: Pt > 10 atm-s = 10 Gbar - ns

 P: pressure, or called energy density
* Tis confinement time



Significant breakthrough was achieved in ICF recently
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« Inertial confinement fusion (ICF)

« National Ignition Facility (NIF) demonstrated a gain grater than 1 for the
first time on 2022/12/5. The yield of 3.15 MJ from the 2.05-MJ input
laser energy, i.e., Q=1.5.

https://zh.wikipedia.org/wiki/ B 2 25 K 32 hff
https://www.science.org/content/article/historic-explosion-long-sought-fusion-breakthrough 34



Don’t confine it!

« Solution 2: Inertial confinement fusion (ICF). Or you can say it is confined
by its own inertia: P~Gigabar, T~nsec, T~10 keV (108 °C)

Laser light shines The target
on the target is compressed

A [ 4
. X f‘?
~4mm »@« > o < _&
! N 7Y | ¢ W . F
aﬁ o
The target is ignited The target
burns
i’ \{
u\ 'w

U733]1

Inertial confinement fusion: an introduction, Laboratory
for Laser Energetics, University of Rochester



Compression happens when outer layer of the target is
heated by laser and ablated outward

Laser light shines
on the target

The target is ignited
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The target
is compressed

The target
burns

Light wave /S — Critic_al

density
pCI‘, ncr

pens'ty

| Sonic point M=1 |

—Corona conduction zone — M Mach # = VIC,
Isotherr.nal r steady state i
expansion Subsonic flow M<1

Time-dependent v =Ablation velocity

Supersonic flow
M>1

v,=blow-off velocity :

T

Heat flows by
conduction

Laser energy
deposited near
critical surface

Ablated plasma

II:Ilgtht Prarse ~ 1-158/cC
< xc — I
X g:i.t.if:zlz;scirffi‘:e -g=acceleration in the lab frame:
0.35um light

Inertial confinement fusion: an introduction, Laboratory
for Laser Energetics, University of Rochester
R. Betti, HEDSA HEDP Summer School, 2015
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Plasma is confined by its own inertia in inertial

confinement fusion (ICF)

Laser light shines The target
on the target is compressed

The target is ignited The target

burns
i’ 5&

veEY

U733]1

Spatial profile at stagnation

Pressure

IIIIIIIIIII..III...

T

temperature

heat flux

hot spot

Inertial confinement fusion: an introduction, Laboratory
for Laser Energetics, University of Rochester
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A ball can not be compressed uniformly by being
squeezed between several fingers

Rayleigh-Taylor instability

P2 P2

« Stages of atarget implosion

(a) Early time (d) Peak compression

Imprinting and shock

Laser drive

Feedout Core—shell mix

Propagating burn

Plasma formation
and laser—plasma
interactions

Fusion neutrons, charged
particles, and x rays

Hot-spot ignition

Rayleigh-Taylor growth,—”
mitigation, and saturation

Shock convergence
Rayleigh—Taylor growth

Laser drive

(b) Acceleration phase (c) Deceleration phase

E988611

P.-Y. Chang, PhD Thesis, U of Rochester (2013)
R. S. Craxton, etc., Phys. Plasmas 22, 110501 (2015)
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A spherical capsule can be imploded through directly or
indirectly laser illumination

Direct-drive target Indirect-drive target

Capsule

Laser beams

Diagnostic hole

Hohlraum using
a cylindrical high-Z case

*R. Betti, HEDSA HEDP Summer School, 2015
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The 1.8-MJ National Ignition Facility (NIF) will
demonstrate ICF ignition and modest energy gain

[Seand ) oo 3%

Completed March 2009
and beginning
experiments
at LLNL

= » ;' }’
\ Relative
size

OMEGA experiments are integral to an
ignition demonstration on the NIF.
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Targets used in ICF

« Triple-point temperature : 19.79 K

300

200

Power (TW)

100 -

0E | | !
) 12 http://www.lle.rochester.ed
Time (ns) https://en.wikipedia.org/wiki/Inertial_confinement_fusion
R. S. Craxton, etc., Phys. Plasmas 22, 110501 (2015)
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Softer material can be compressed to higher density

« Compression of a baseball

> Pl N 1447450

« Compression of a tennis ball

https://www.youtube.com/watch?v=uxlldMoAwbY
https://newsghana.com.gh/wimbledon-slow-motion-video-of-how-a-tennis-ball-turns-to-goo-after-serve/ 42



A shock is formed due to the increasing sound speed of
a compressed gas/plasma

« Wave in the ocean: Jockn

213 km 3 23 km

Depth Velocity Wave length
(meters) (km/h) (km)

7000 943 282
4000 713 213

2000 504 151

200 159 48
50 79 23
10 36 10.6

« Acoustic/compression wave driven by a piston:

CS3 Ushock>c
Csz
3V C., shock

X
Cs ~ B ™~ p \/7401}3
p p

http://neamtic.ioc-unesco.org/tsunami-info/the-cause-of-tsunamis
*R. Betti, HEDSA HEDP Summer School, 2015 43




Targets used in ICF

a Cryogenic hohlraum

Tent- > Gold hohiraum

Q_a'psule

https://www.lle.rochester.edu/index.php/2014/11/10/next-generation-cryo-target/
Introduction to Plasma Physics and Controlled Fusion 3" Edition, by Francis F. Chen
https://www.lInl.gov/news/nif-shot-lights-way-new-fusion-ignition-phase
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Nature letter “Fuel gain exceeding unity in an inertially
confined fusion implosion”
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The hot spot has entered the burning plasma regime

Hotspot pressure-energy [no-ol]
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National Ignition Facility (NIF) achieved a yield of more
than 1.3 MJ from ~1.9 MJ of laser energy in 2021 (Q~0.7)

Generalized Lawson Criterion

1.6

—
O CHLF
O CHHF

g cnr 1.35 MJ
@ HDC BF

I HDC Iraum
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National Ignition Facility (NIF)
achieved a yield of more than 1.3
MJ (Q~0.7). This advancement puts
researchers at the threshold of
fusion ignition.

Y
7 5
L/v Teal v

THEROAD TO IGNITION

The National Ignition Facility (NIF) struggled for years before achieving a
high-yield fusion reaction (considered ignition, by some measures) in 2021.
Repeat experiments, however, produced less than half the energy of that result.

On 8 August 2021, a laser shot
produced more than 1.3 megajoules
of fusion energy.

B The NIF’'s original
goal was to achieve
ignition by 2012.

Fusion yield (megajoules)

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

« Laser-fusion facility heads back to
the drawing board.

T. Ma, ARPA-E workshop, April 26, 2022
J. Tollefson, Nature (News) 608, 20 (2022)
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“Ignition” (target yield larger than one) was achieved in
NIF on 2022/12/5

NIF fusion yields versus time

NIF’s ignition achievement in perspective

; 3 . 15 M\J Energy in megajoules @ =1

" (Q=1.54)
P 2.05MJ
18 Max laser energy

Fusion yield (MJ)

1.2

0.8
0.6

04 Energy required from the grid Energy of laser fired upon hohlraum Energy produced via fusion
0.2

ol : <r--=--‘-7'r-h-||ﬁl,i| 300 MJ 2.05 MJ 3.15 MJ

2011 2012 2013 2014 2015 2016 2017 018 2019 2020 2021 2022

3.15 MJ 3.88 MJ 2.4M) 3.4 MJ

PRODUCED PRODUCED PRODUCED. PRODUCED

https://physicstoday.scitation.org/do/10.1063/PT.6.2.20221213a/full/
The age of ignition: anniversary edition, LLNL-BR-857901 48



External “spark” can be used for ignition

« Shock ignition

(a)

Compression )
wave (b) Spike shock wave

Return
shock
Picket
shock wave
]_O . . — f'/\-l-\ 20 T ) T T T —] 8 PT
~ Picket delay 4 = S 5L Spike delay 5
= s& E INES
: 5 F e ~ o — 10 | H4 E
o 2 = 3) =
=~ 2 = 0 | I | 0 %
0 ' 0 = =
-1 0 1 2 -1 0 1 2 3 4
Time (ns) E 1613011 Time (ns)

« Fastignition

a) channeling Fl concept

Hole [ '

boring ” Ignition

—| |a—

10 ps

b) cone-in-shell FI concept

ignition
10ps pulse

J. Badziak, Bull.Polish Acad. Sci. Tech. Sci.Phys. Plasmas 15, 056306 (2008)

s Ky
(R KUy,
X 3
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H
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A shock is formed due to the increasing sound speed of
a compressed gas/plasma

« Wave in the ocean: Jockn

213 km 3 23 km

Depth Velocity Wave length
(meters) (km/h) (km)

7000 943 282
4000 713 213

2000 504 151

200 159 48
50 79 23
10 36 10.6

« Acoustic/compression wave driven by a piston:

CS3 Ushock>c
Csz
3V C., shock

X
Cs ~ B ™~ p \/7401}3
p p

http://neamtic.ioc-unesco.org/tsunami-info/the-cause-of-tsunamis
*R. Betti, HEDSA HEDP Summer School, 2015 50




Ignition can happen by itself or being triggered externally

]
& <
P &
Z ki
Y 3
5 &
., >
" ”
13t

Self-ignition External “spark” for fast ignition
Conventional ICF Fast Ignition Shock Ignition
X ¥
Hot spot Shock
pulse
Fast
|- injection

T ' I I AP of heat

| T A | A

' |

Low-density central spot ignites Fast-heated side spot ignites Spherical shock wave ignites
a high-density cold shell a high-density fuel ball a high-density fuel ball
PThot = PTeold (Isobaric) Phot = Peold (Isochoric) PThot ® PTeold

P. B. Radha, Fusion Energy Conference,2018 51



Reference for ICF

* Riccardo Betti, University of Rochester, HEDSA HEDP summer school,
San Diego, CA, August 16-21, 2015

* ICF lectures for course PHY558/ME533
 The physics of inertial fusion, by S. Atzeni, J. Meyer-Ter-Vehn

e xu,
¥ “
p ¥
z m
° 4
& K
% ™
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Laser-driven imploding capsules are mm-size shells
with hundreds of ym thick layers of cryogenic solid DT

s Xu,
S ,
&
&

S

Y

Z

% 2

g3 &
% &
v 4

e

p, =initial density

Solid DT

aser

Cryogenic solid DT ice
@ 18K

p,=0.25 g/cc
Pyas=0.3-0.6 mg/cc
Pgas~1 atm

R;~1.3 mm

laser R,~1.7 mm

CH or Be ablator

lase|
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Conservation equations of gas-dynamics and ideal gas
EOS are used for DT plasma

Mass conservation: ap+d,(pv)=0
Momentum conservation: ;,(p?V) + ax(p + pvz) =TF
Energy conservation: d.€+ d,(v (e + p) — kd,T) = source + sinks
Ideal gas EOS: p=m,T, +n;T;) =2nT = miipiT = ’:TT
3 v?

Total energy per unit volume: €= 5P + P
Mass density: p =nim;

Plasma thermal conductivity: K



The plasma thermal conductivity is written in a power
law of T

e xu,
& G
p ¥
z m
° 4
%, $
v i
[

T %, T T kT N 2
n— = — K— — n— ~ — Ko~ 1 —
Ot O O t €2 t
Uth 1 -E.'Q
£ = )\mfp ~ UthTcoll = t = Teoll = = Kk~ N =
Veoll Veoll Veoll
. m5/2
Vi, ~ —— Veoll ™ 279
th e T3/2
Vi, thermal velocity Plasma thermal conductivity

Ve coII_is_ion f_requency
T.o - Collision time

T'iﬁz

.-‘LLD
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Sound speed in an ideal DT gas/plasma

i
& G
P %
z m
2 &
~ $
v i
s

« Adiabatic sound speed when the entropy is conserved along the fluid

motion
(..-*g‘dla'ba“c = (s (constant entropy) = 7‘1— =\
‘ 3p 3 my

Isothermal sound speed when the temperature is constant along the fluid
motion

i i p 27
Cisothermal _ & (constant temperature) = P \/ —
p my
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The laser light cannot propagate past a critical density

s Ky
(R KUy,
X 3
& <
P &
H
3 %
Y b4
% &
+,
v 4
et

Light wave ,/ Critical

density
pcr, nCI’

DenS\ Y

« Critical density is given by plasma frequency=laser frequency

- 2mc drnee?
AL pe -
Me
2 _ 2 1.1 x 1021
L T Ype ncr —= cm 3
e /\%
,j4m
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The laser generates a pressure by depositing energy at
the critical surface

Sonic point M=1

T

Laser energy
deposited near }
critical surface/ :

EXC

Heat flows by
:| conduction

e xu,
,*’o 2
p ¥
z m
° 4
%, $
v 4
[

—Corona l conduction zone —i M=Mach # = V/C,
Isothermal  § steady state ‘
expansion Subsonic flow M<1 . :
Time-dependent = E—— v,=Ablation velocity
Supersonic flow;  \Yu_| Ve=Rlow-offvelocity :
M>1 :

ablation front

Target
: heavy

Ablated plasma Ecold
Light ' ~1-15g/ce
Hot ptﬁl’gﬂ g

e

Critical surface
n, ~10%%/cc for
0.35um light

L]

-g=acceleration in the lab frame
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Consider the stead state equations of motion in the

conduction zone

d:p+8(pv)=0

—_

,(p?)+d,(p+pv?)=F

d.€+ d,(v (e + p) — kd,T) = source + sinks

2
P = (neTe + niTi) = 2nT = —plT —_—
m;

* Integrate with space:

pY = PV,

p+pv?=p.+pv2 PI

T T,
pv A—v+v = PV, Avc+vc

T N T, N 1
—+v= v
Av Av, ¢V (

T
P _pT A= mi
1 P=" 1+z
—Corona conduction zone —
2 p CTC o

‘Laser energy

deposited near §| “°"etO"
critical surface Ablated plasma
Light

Hot
XC

— i \

X
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Consider the stead state equations of motion in the
conduction zone

i
¥ “
P %
z m
2 &
~ $
v i
s

T TC TC T Sonic point M=1

Tv= + Ve vZ - 7D + v +—=0 r—Corona conduction zone —i
¢
Av Av, Av, A
2 — r "
1( T, Y AT ;
v=5 TV T +v — ‘Laser energy \ i[eat flows by sf
2 Avc ¢ Avc ¢ A deposited near conduction E

critical surface Ablated plasma
Light -
X Hot o

X

* Near the target where T << T_, one expect that v << v_. Therefore,

_1f T Te | > 4T
V=2 \av, TV \aw, ") T A
s AtT=T,Vv=V.:

_1(Te .
Ve=2 \av, " Ve
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Consider the stead state equations of motion in the
conduction zone

P <0 T
—v v, =
Av, 7 ° Av,
T,
|f Avc—vCZO V. =V,

Pick M. =1, i.e., the flow is sonic at the critical

surface.

M.=1

M, <1

Sonic point M=1
conduction zone —}

=1
Heat flows by E
conduction E
Ablated plasma

Light
Hot :
xc - H

—Corona

‘Laser energy
deposited near
critical surface

X

Integrate the energy equation in the conduction zone:

Assuming M, < 1,i.e.,p >» pv?

5 dr 5 dT
2 PV g T 2PV T\ My .

5 pTv dr
Tk, T2—=0
2 a4 ' ux
5p.v.T dr

= — K, T5/2— =0
24 o 4x

5 poT,
2 A
T=Tc<1+

dT
v, — (KOTS/Z —) >0
dx/,

2/5
4A | T 5/2 (x_xC)>

o0~ C
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Consider the stead state equations of motion in the
conduction zone

Sonic point M=1
conduction zone —i

—Corona

|

E 2
= 1 T, T, AT
£ V== + v, — + v —
Laser energy \ Fec dution. f 2\Av, ¢ J\Av., ¢) A
deposited near | “°neueton  heavy
critical surface/ Ablated plasma \ |: cold
Light :
b, Mt P
t S p = -

xa
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The plasma keeps expanding in the corona zone so that
no steady state can be found

) For X = Xc: —Corona@ ducti —i
dip + 0,(pv) =0
-
p(dv+vo,v)+d,p=0 — T
3p | pv? 5p  pv?\ T e, SERD N 4
at< 2 + 2 ) + ax (‘U( 2 + 2 - Ka — O grit?caltsjrface .E%l:ttedplasma
X ——
X
« The temperature in the corona s high.
T pT
K= KOTS/Z = very large = I 0= T =T, = constant p= Ac
Tc
p(0v +vd,w) + Zaxp =0
« Self-similar solutions dependingon §=- Z=Xx—X,

0 P ox - 29
_ — — _)_
t r ¢ X =10%
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The plasma keeps expanding in the corona zone so that
no steady state can be found

atp T ax(pv) - 0 é— B Z Z=x- xc —Corona |Eimm:::onduction zone —i
T,
p(atv+v6xv)+70xp= 0 9, — _iaf (o
t ——T
%p _ v gxo By  Lasereneigy \ feniond
_Eafp + af(pv) = = é’ — v t g?igg:;t::rfgiaer ﬁl;l:ttedplasma °
. X, Hot o
X
& v T, 1 T 0:p
p<—265v+?0;v +Z?05p—0 €4 v)a(fV— A p
T. 0zv Tc = E
(E—v)af”—fff (s‘—v)2=7 v=3St 17

T
.« Atz=0 (x=x;), V=v.= |- B v=£F+ |-=
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The plasma keeps expanding in the corona zone so that

no steady state can be found

afp = afv T —Corona Imimwh<1:onductionzone—5
(£ - )ogw = - 2P ! -

§—v)ov = y
Laser energy \ oo ) .
deposited near
critical surface ':ibglztted plasma :

Jelnp = — it Inp = — J + constant . x, 7

: T./A JT./A X
__£
p=pce Vi p=pcat&=0
X — x T - Laser energy is absorbed at the critical surface:

. c_I_ c

v = —_—
t A 2 2
d (3p pv d 5p pv aoT
X — X, at(Z Z) ax< <2 2 ox (x)
P =pcexp|—
‘ < t,/TC/A>
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The plasma keeps expanding in the corona zone so that
no steady state can be found

Laser energy is absorbed at the critical surface:

at

2

2

d (3 V2
(Z+%)

d

The jump conditions are

|

aTT*

Xc

5p pv? oT
+£(v<2 + >—1c£>—l6(x)

1 pv.T
chvcg_?’ cAc c
+

> N K> o

e xu,
¥ “
p ¥
z m
° 4
& K
% ™

Sonic point M=1

—Corona

‘Laser energy
deposited near
critical surface

conduction zone —i

=1
Heat flows by ?
conduction E
Ablated plasma

Light
Hot 3
xc — i
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The plasma keeps expanding in the corona zone so that
no steady state can be found

a8 Ku,
= 5
& %L
- H
H
7 5
2 &
% @
v 54
Teat

- Total energy in the corona:

e=f dx<
Xc

3

2

+1 2 —jm
pHapvi)= |

| Sonic point M=1 ‘

—Corona

Laser energy
deposited near
critical surface

Hot

conduction zone —

Heat flows by
conduction
Ablated plasma
i Light

X
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The plasma keeps expanding in the corona zone so that
no steady state can be found

_ 3/2
K- (g) =3p (E) Sonic point M=1
ox ‘\A —Corona l conduction zone —
. (oT\" T,\>? ap,(Le f 3p, <E>
r v

blation front

Heat flows by

, . <6T>+ \ (ar)‘
= —K | o= K 3= Laser energy \ i :
dx ax deposited near conduction

critical surface/ :

: heavy
Ablated plasma \ [: cold

Light

T 3/2 :
— ¢ : Hot
B 4pC<A> < m —
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The plasma keeps expanding in the corona zone so that
no steady state can be found

Total ablation pressure (static + dynamic):

p.T p.T 1%/3
P, = 216+ cvc2 =2 f4€~pcpc2/3 ~Pe1/312/3
1\2/3
« Temperature at critical surface: T ~ <_>
Pc

Velocity at critical surface:

Ablation rate:

)
V.~ —
“ \pc

pcvc~pc2/311/3

i
¥ “
P %
z m
2 &
~ $
v i
s

Sonic point M=1

—Corona

‘Laser energy
deposited near
critical surface

conduction zone —i

=1
Heat flows by k- :
conduction b f
Ablated plasma

Light
Hot 3
xc — i

X
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Pressure generated by a laser is obtained using energy
conservation equation

Sonic point M=1
—Corona conduction zone —}
- - . T T =
® Enel‘gy conservation equatlon. :
] ~ ~ . Laser energy \ ifeat flows by —fﬁ
- = — . Py = ) e - . — - d ited conduction
Oie + 0y [U(e+ p) — kOLT) =10 (x — x¢y) deposited near :(>f\il:::e T
w/cm?s-1/cm . Xe R |
X

« Since the temperature gradients are small in the corona, the heat flux is
small

ROXT (0 > aer) << kKT (0 < 2iey) (;,;('-)XT (r > xep) & §,a,;_(‘_-)}{'j[“ (x < i'cr))
 Integrate around critical surface x,
{0+ 0. [0(c+p) —rO T} dr = / U0 (2 = ter) } do
Tor Ter
a0 ;Uj;. r = ﬁ'.:;l; A Tt_:l_r
()tg_u,;{t o= + |v (_ +p)]:c; — {h.CJIT]IC_r = ]

+
— kO T =1
Ter
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Laser produced ablation pressure

Solving at steady state in the conduction zone (x<x_.) leads to

Sonic point M=1
conduction zone —i

v(s+p)~ rdT

At the sonic point (i.e., critical surface) C, ~ \/p/p

I=[v(c+p),- =

The total pressure (static+tdynamic) is the ablation pressxure

-

The laser-produced total (ablation) pressure on target:

pa=[p+pt],_,

= 2Pey ~

for v <

C?

S

(I,{le

CI

'\5 -
Cs (2]3(:1“ + Pcr‘—)

pa (Mbar) ~ 83 (

Is

)‘L.wn/o-gs

)2/3

3/2
Per
1/2
cr

—Corona

Laser energy

deposited near j§| "

critical surface

e xu,
z"\(l 2
p ¥
z m
° 4
% ‘s
v Ld
[

Ablated plasma
Light
Hot

xc — E‘

l,s: laser intensity in 10w/cm?

A

L,pum-

laser wavelength in pm
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Mass ablation rate induced by the laser

« At steady state, the mass flow across the critical surface must equal the
mass flow off the shell (i.e., the mass ablation rate )

. Y Per
Mgy = PU = Perler — pcrcgr = Per ,0_ = v/ PerPer
cr
) 2/ 1/3
! (I)Zﬁ = m —IK
Per ™~ To Per ~ | T a 14/3
2 ) AL
Sonic point M=1
—Corona conduction zone —
]1/3 :
mes = 3.3 x 10° }15/3 g/em?s -
24/
L

tion front

Heat flows by

Laser energy ;
conduction

deposited near
critical surface

1 0
H

Ablated plasma
Light

Hot

X, -

X

= »
- H
:
¢ :
p 4
3
v 4
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Entropy of an ideal gas/plasma

« The entropy S is a property of agas just likep, T, and p

D

5/3

—C‘Ollh‘l’:| = ¢y Ina o = const

S = Cy In ‘/_)5/3

 ais called the “adiabat”

 The entropy/adiabat S/a changes through dissipation or heat
sources/sinks

S | - wes)_ DS V| L VRVT Jsink
— 2 = — =l sources;/ s LS
P py i i 7 T T ources/sin
* In an ideal gas (no dissipation) and without sources and sinks, the
entropy/adiabat is a constant of motion of each fluid element

Ds
dt

=0= 5. a=const = p~ npSm
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It is easier to compress a low adiabat (entropy) gas

e xu,
¥ “
p ¥
z m
° 4
& K
% ™

Smaller a -> less work to compress from low to high density

p: M b
Wy 9= — f pdV ~ — f ap®/3d () ~aM (55 - 1)
P1 P

Smaller a -> higher density for the same pressure

p (JJ)BfS
N~y = P~y
paf?) f I

In HEDP, the constant in adiabat definition comes from the normalization
of the pressure against the Fermi pressure.

When thermal effects are negligible at very high densities, the pressure is
proportional to p5/3 due to the quantum mechanical effects (degenerate
electron gas) just like isentropic flow
¥ = i — QDT — Ll;?;
PF 2.2p "
g/cc
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A shock is formed due to the increasing sound speed of
a compressed gas/plasma

« Wave in the ocean: Jockn

213 km 23 km

Depth Velocity Wave length
(meters) (km/h) (km)

7000 943 282
4000 VaK] 213
2000 504 151
200 159 48
50 79 23
10 36 10.6

Acoustic/compression wave driven by a piston:

p UShOCk>CS

av <1 shock

apB/3

p p

~ ap'/?

http://neamtic.ioc-unesco.org/tsunami-info/the-cause-of-tsunamis 75



Rankine-Hugoniot conditions are obtained using
conservation of mass, momentum and energy
across the shock front

|
shocked I unshocked
PLU = P22 & I < u1=-U5h0Ck
2 , P2 I P1
p1+ pruy = p2 + pauj
P2 1 Ps
uy (€1 + p1) = u2 (g2 + p2) '
Shock front

in shock frame

« |deal gas/plasma: of reference

3 u?
;—§p+p2

« With assigned p,, p;, and p,, p,, U,, and u;=-Ug,,.x Can be
obtained using Rankine-Hugoniont conditions
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For a strong shock where p,>>p,, the R-H

conditions are simplified

P2
P1
. dps
[-"'shock = —uUp = ?
D01
e A P2
12p1

5/3 _
az  p2/ ,fJQX 1 po
o /3 45/4 m

5 >> 1
“ pi/py

|
shocked I unshocked
u u,=-U
2 | « 1 shock
P2 I P1
P2 1 Ps

|

Shock front
in shock frame
of reference

« The adiabat increases through the shock.

e xu,
¥ “
p ¥
z m
° 4
& K
P e
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In an ideal gas/plasma, the adiabat a only raises when a
shock is present

Pressure pulse applied P2,0lo )
to target surface B shock * Post-shock density
P2 Apply || po A~ dpy
P2>>P;
Py . \ « Adiabat set by the
t shock for DT:
P1,04 P1
P2 Mbar
se, e p, oo LM
A S 2.2 (4!‘7‘1,8#00)
X

« Time required for the shock to reach the rear target surface (shock
break-out time, t )

A 3p 1
tsp = ! = Aqy/ _[1'3(- 2/3
Ushock 4}-’2 Vo 4




Higher laser intensity leads to higher adiabat

« For a cryogenic solid DT target at 18 k:

PMb I 2/
_ = o /e , — +Mbar D~ 83 15
pr=025g/cc a="57 prE (A#m /0.35)

I ~43x 102 w/ecm? = p=22Mbar = a=1

I~12x10¥% w/em? = p=44Mbar = oa=2

I~22x10% w/ecm* = p=6.6Mbar = a=23
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The pressure must be “slowly” increased after the first
shock to avoid raising the adiabat

Laser pulse shape
|ax~1015W/cm?2

Flat top

I(t)

« After the foot of the laser pulse, the laser intensity must be raised
starting at about 0.5t,, and reach its peak at about t

« Reaching I, at t, prevents a rarefaction/decompression wave to
propagate back from the rear target surface and decompress the
target.

e xu,
¥ “
p ¥
z m
° 4
& K
% ™
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Most of the absorbed laser energy goes into the kinetic
and thermal energy of the expanding blow-off plasma

Laser Expanding
energy Pellet blowoff
Imploding
_ pellet
\ e
« Therocket model:
Shell Newton’s law Shell mass decreases p, =ablation rate x
due to ablation exhaust velocity
du dM , .
JIE — _471--5’-21)& S = —47R%*m, Pa = Malexhaust
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Shell velocity can be obtained by integrating the rocket
equations .
@

dii P (iﬂ[ . .
;’\IE — A7 R?p, = — 47 R*m, Pa = Mallexhaust
du
f\fd—? = —Ar R‘zpa = —47R%*m aUexhaust
‘ 1 dM
= _4?1_49211'6}{11&1151: AT RZ dt
dM
— 'U-exhaustﬁ
dM
du = Uexhaust T
ir\finitia,l
Ushell = Uexhaust 1N Vel
M fina

2
Shell .ﬂ.{flnal 2 J— ﬂ'-{final f 'ﬂ'flniltlal
Efin = 75 Ushenn = 5 [“exh&uﬁt In ( Minal )}

2
7 ex1aus 3 Pex
Eexhaust — (\i‘urinitia,l ‘irﬁnal) ( aeust 4 2 f;ex)
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Maximum hydro efficiency is about 15%

2
shell _ Mgina1,,2 _ Msinal |, Minitial
Ekin — 2 Ushell = 2 [“e}{haus‘t n ( M¢inal )}

2
! ' Ueoxhaus 3 Pex
Eexhaust — (ﬂlfinitial — in‘lrﬁnal) (% + = p )

2 pex
Take 'u'g}{haust. ~ CTSQ ~ ie}{
0.20
Eghell N /M [In (Mg /M;)]? 0.15
T h — f—
"7 Eemast  4(L-Mi/My)  eg40
0.05
2080 0.2

04 06 08
M/ M;

1.0
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One dimensional implosion hydrodynamics

 What are the stagnation values of the relevant hydrodynamic

properties?

stagnation
implosion
u=implosion
Hot spot
Shell

velocity ’

pR?
P?




What variables can be controlled?

Shell outer radius R, at time t=0

Shell inner radius R, at time t=0

The total laser energy on target

Adiabat a through shocks

P

AR 1(1)

Applied pressure p(t) through the pulse shape I(t)

A

aaaaa
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There are three stages in the laser pulse: foot, ramp,

and flat top

hock traveling
and adiabatic
compression

<

| acceleratlor> ©

1()

Set the adiabat

»
>

| Flat top/
— peak power

Shock
launching

Adiabatic
compression

time

v

sb/ 2 sb

J
Tt

Coasting > @

stagnation

Peak implosion velocity
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The adiabat is set by the shock launched by the foot of
the laser pulse

I(t)

Vb |
Shock break-out

> As, (pmax)5/3 . ((Pmax 35
Psb ¥ - Pfoot
' A Aq (pfoot )Sﬁ'}
sb ™~ 1 .

Pfoot

(4p1)°"?

Yy ™~

p1 = initial density
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Density and thickness at shock break out time are
expressed in laser intensity

.+ Use p~ 173
) Denax 3/5 _, j. 2/5
« Shell density Psb ™ 2P\ oot N Thoor
. Adp ~ A1 ( pfoot 3/5 B Ay [ Ifoot 2/%
 Shell thickness 2\ e T4\ Tpax
 Shell radius R~ R,
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The aspect ratio is maximum at shock break out

Asb
A; = =1 = initial aspect ratio
A
2/5

R 1

Agp = IFAR = — 1 =44, ( m")
sh Loot

4’4813 — flmax

IFAR = Maximum In-Flight-Aspect-Ratio = aspect ratio at shock break-out
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There are three stages in the laser pulse: foot, ramp,

and flat top

hock traveling
and adiabatic
compression

<

| acceleratlor> ©

»
>

1(1)

| Flat top/
< peak power

Shock
launching

Adiabatic
compression

—

time

Set the adiabat

v

sb/ 2 sb

J
A A

Coasting > @

stagnation

Peak implosion velocity
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A simple implosion theory can be derived in the limit of
infinite initial aspect ratio

« Start from a high aspect ratio shell (thin shell) at the beginning of the
acceleration phase

— Constant ablated pressure
— The adiabat is set and kept fixed by the first and the only shock

Asb
Pa

R

IFAR = Ay, =
sb Asb

>> 1

Basko and Meyer-ter-vehn, Phys. Rev. Lett. 88, 244502-1, 2002

s Ku,
& »

& <

. 4

H

5 F

g3 &
% 8
v 4

Teat
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The implosion are divided in 3 phases after the shock
break out

aaaaa

Asb
Pa

M~[1-(RIR ]2

« 1stphase: acceleration
« 2" phase: coasting
« 3'd phase: stagnation
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The shell density is constant

Asb
* In the shell frame of reference: Pa

p(0, W+ W -VWw) =—Vp + pgr

Neglect the first two term (check later) = % = —pi?

Use p = ayp®/3 and integrate along r:

5/3 . dp5/3 , 5 @R 2/3 ) R
Qg d‘; =—pR = * = _Rdr = aO—J p—dp = —R(t)J dr

r 3/2 > Jor, P i
p=p R— Ri 1.0F
sb A 0.8
5 aopsp>/> 35pal § 06}
whered=——-———F——=——-— = F 0.4}
2 R 2 3 pr R 0.2}
3 Cs 0.0}

- —— 00 02 04 06 08 10
2 R(t) (R-R;)/A
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The requirement of the 15t phase is obtained using
mass conservation

« Mass conservation:
R;+A , Ri+A (1 _ R 3/2 X
m:j prdr:psbj redr
R; R; 4
2 Ri+A T—Ri 3/2 T—Ri 2 2 2 2
= pspR; ALi A d A :EpsbRi A"'EpsbR A4
S5 m :>-_5m( ) B ZRA— Zv
-~ 2 pspR? 2 Psb ~ "RT TA
p(0, W+ W VW) = —Vp + pgf W ~A 8:~1/timp r~1/4
A A? p - A v v? A2 2 2
= p + ~——+pR p ~p ~ —~ ~
(tlmp A) A timp | Aty " AR P4 P a2 PR
' 2 2 2
p 4 /E~pv_é vz 1_M « M<< A is the requirement for
timp/ 4 ARp (; Az A? the 15t phase
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Aspect ratio and Mach number are functions of radius

R 2 R\’ R\
_R_ n3(2ps _ i o
A=3=R(%) = A—Asb<R1> —IFAR<R1>
. 3 C,2 P 3¢2 3/5 m \ /5 p,
= — — ey = — — = —— | — _
2 R 2 A 2 \2 py,R2 3 pap
3 3
d Pa ., j ' Pa 2 _ 2 PaRy R
—=—— dR?> = ——= [ R*dR R* = 1—(—
d mR R 3 m 3 m R,
R 2 p,uRi® 3 pg R\’ 2R py R\’
Mach? = — = - = 1—(—) |=2 1=
CS 3 m 5 Pa R1 5 m R1
371/2 2 R,3 25 R’
R Mach 2 _~ 11 psb:__ 1 Psb
Mach = Mach;;,qx |1 - (R_l) max 5R m 52 PsbR1ZAsb
1
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The model breaks down when A~Mach

AMach o3 137172 137172
~VMdcC —] ~ — (= - — ([ —
Asp (Rl) Machpax [1 (Rl) ] Asp [1 (Rl) ]
A R 6 1 R ’ A R 6 + R 3 1~0
—_— ~ —_ E— z —_— —_— —_— ~

R\’ -1+ /1+44, -1+2/4, 1

—) ~ ~ ~ A >> 1
R4 2A4p 245 Agp

l ! _«1 RY

R, A1 A=Ag |- ~VAm>1
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Summary of phase 1 (acceleration phase)

25 T T 1 _R

3 20} Ap'® R~

s, |

S 15? A=A R 3—IFAR R ’

s 10} - UP\Ry) R,

< 5 o
] vt A S Mach = Mach,,,,, 1—<—)
00 0.2 Ry

= +/Asp

1/2

AZN\/ Agp
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The 2" phase starts when R <R,

A decreases as R decreases. Eventually, A < Mach

« A >>1isrequired for thin shell model

« Assuming that the laser is off (coasting phase) when

pO,W+WwW - VW) =-Vp t,-mpzfv;
l
A A2 p/p A A w Ay
= + ~ —_—_— = — = ——
timpz A A timpz ARz/A AA
Au; -
7 “+ 4%~
—— 2
0 2) 3

* There are two cases:
— Case 1: (3) << (1) and/or (2)
— Case 2: (3) ~ (1) and/or (2)

R/Rl"'Asbl/6
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The shell thickness does not change in the 2"d phase

(coasting phase)

« Case 1: (3) << (1) and/or (2)

v (U . .
A (—l + A) ~0 A~0 or A4 = A, = constant

A

« Case 2: (3) ~ (1) and/or (2) and A<< Mach

Zlui

CA CA

_@-@ G =4

84 Atin,, 1 C,A R,

Nui/CS ~ Mach

- ~ <
A A A Mach u; Mach?

-@-@

84 Atin,, CsR, A

A A Ay

<
Mach

o Xu,

4 Ve
& e
- z
% ]
) &
b, >

i

Au; .
-+ A%~ C,*
—— (2) \E)SJ

(1)

<1

ip; R, Ry R, R,

A=A, = constant = —R, =

R Az Ry - Asbl/6 \/Asb Ast/3
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To verify that A << Mach

« Comparison of A and Mach:
R Rz R U; U; U; U;
= A, | — Mach~—~
hz RZ 2 <R2> C \/p/p \/ap2/3 a1/2p1/3
PRZA ~ pR%A o p=—

1/3
w;, (R2A,\®  w; (4,R,? R\*/3 R\*/3
Mach~— = — — = Mach, | —
al/2\ m al/2Z\ m R, R,

,  \1/3
where Mach, = Mach(R = R;) = (Rzm“z) ~Ay~[Ag

R

A 42 (,) AN

Mach R\2/3 \R,
MaChz( )

R,
: : R R 1 1
« Requirement for thin shell model: 4 >»1 = A,[—|>»1 = > —~
R, R, A /Ay
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Summary of phase 2 (coasting phase)

25? """""" oy 1 1<A< /Ay A < Mach
2/3
R R
Mach~Mach, | — VA | =
R, R,

Mach, = Mach,x =~ A, = /Ag

Rl Rz 2 RZ 2
A = constant = A4, ~ 0 ~ 21 ~ )
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How about the 3'9 phase where A~1 ?

—
on

M~[1-(RIR ]2

« 1stphase: acceleration
« 2"d phase: coasting
« 34 phase: stagnation

Asb

Pa

aaaaa
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The thin shell model breaks down when A~1

s Ky
(R KUy,
= 3
& <
P &
H
% F
Y b4
% &
+,
v 4
et

Umax I Void closure Stagnation core

Return shock

« When A~1 => A~R, the “void” inside the shell closes and a “return shock”
propagating outward is generated due to the collision of the shell with
itself

 The density is compressed by a factor no more than 4 even if the strong
shock is generated

pPsi~pP3 Where p3 is the density right before the void closure
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The stagnated density scales with square of the
maximum Mach number

2
2 2
Pst~P3~Psb (_> NPSbAZZNPSbMaChZ NpstaChmax
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The stagnated pressure scales to the 4" power of the
maximum Mach number

o
¥ “
2 z
z m
(3 d
3 8
et

« Conservation of energy at stagnation:

3

pstRstB"’"lumax2 Rst~R3~A3~A2 = pstAZ NmumaXZNPZRZZAZumaXZ

R, ? 2 2 2 MaChZZumax2 4 4
Pst~P2 A_ Umax~ = P2A42 " Unax“~D2 ~paMach, "~p Mach,,

2 P2/pP2
&~Machmax4
Pa
Dsi pasMach 4

A5t~ : — — astaChmaXZ/3

pst®’3  pg,5/3Mach,,, 1?3

At 2
Asp
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Scaling of the areal density of the compressed core

o
¥ %
: z
z m
2 d
3 5
et

3/5 4 3/5
Pst 4; R; p4 Mach 1 1
PsiRsi~pPsildz~ <_S> — R~ ( max R,

D 1
Ast R; Ry g, Mach,,,, >3 Az Ag,Y/6
Az ~Machy,y z‘lsb"“MaChmax2
3/5
Pa 2 1 1
Ry~ |— Mach R
Pst st <asb> max MaChmax Machmaxl/z 1

3/5 3/5
P4 2/3 Pa umaxz/3 p01/3R1
~ Mach, . "R{~ 73 —
sb as)  Pa/Psp)Y? Do

3/5 3\1/3
(PA) Upa2®  (PaR:®) pAz/15u a3
\ag - k

2/15 2/3 1/3
Pa / Umax / E}as

4/5
Asp /

Ex~Ens = PsiRsi~
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Amplification of areal density

1/3 4/3
pstRstNPStz/g(pstRstg) Npsbz/gMaChmax / Massl/g

psbz/3
) P12/3

4/3 1/3
Machy,.,*'*p1%/3(p1R124,)

pstRsi~(p141)Machy,,*34,%/3 (

P1 P1

4/15
I
(pR)st~(p141)IFAR?/34,%/3 (“‘—)

Ifoot

2 2 R4
Ey.s = 4R, Imaxtimp = AR "I oy —

max

A4TTR 31 ax

~
~

las

umax

2/3
@) Psb _

“

Imax

Ifoot

>2/5
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Summary

i
¥ 8
P %
z m
(3 d
3 $
L2 T i

I 2/5 I 2/5
Ay, = IFAR = 44, ( I‘“a") Unaxem/s = 107 [0.74,a3/51 15 ma 15 <ﬂ>
foot Ifo0t

I 2/5
pst"’pstaChmax2 ~p1IFAR < max>
Itoot

4
Pst~Pa MaChmax ~Pa IFAR?

ag~agMach,,, 2/ 3 ~ag, IFARY/3

I 4/15
(PR)st~(p141)IFAR?/3A,*/ 3( “‘*"‘)
Ifoot
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Calculation of the burn-up fraction

aaaaa

max I

plasma

Burning | .

N

Expanding
plasma

RfRO

[
»

Void closure  stagnation core

¢ ¢

Return shock

szRo—Cst

2

ani n;
= —V-(niv)—T<0'v>><2

at
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Calculation of the burn-up fraction - continue

p A
Ry 2 ani niz N .
4nj0 r<dr 3 = -V - (n;v) —T(Gv) Burning L, Expanding
plasma | plasma
Ry om; Rr ar2n;
411[ T dr = 4-11'f dr >
_ Ry 2 b 2 2 n?
= 4md, [, r*n;dr — 4TR(R;"n; = —M;v4TR;" — - (ov)Vy
4 (Leibniz integral rule)
NfE—an?’n,:an, .
R N2 (v ‘N, NR; 2V
dth—31vf_f:__f<_> fooNrRy f
3, 1 2 Ry
dth 3Rf _ (0'17) Nf Nf

N2 N, 2V o d (Rf3> _{ov)
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Calculation of the burn-up fraction - continue

d (’i) (o s Ry _ [ 0
dt \ Ny 2V Ny o 2V f N,
dR¢
Rf=R0—CSt dt = —
Cs
R_f3 _ _JRf (ov) de+RO3
N; R, 2%X4m/3 C; ' Ng
Rf R (gv) 3 R,3 Ve vV ov
N R, 2Cs4m No Ns No| = 2C
R (ov) 3 Ry’
f 0 (ov)
— —R — —
Nf ZCS 4_71.( 0 f) + NO E— ZCS nORO
V oV R V V 1 R
r_! >R0<1— f)+ 0 A 1+§(1——f)]
Ny 2C; R,/ N, Ny ny Ro

115



Calculation of the burn-up fraction - continue

o
¥ “
2 z
z m
3 d
3 8
e

iy _ 1 1+€<1 Rf)]
Nf ny RO
t

ov t(ov) N> Rr (gv) (Nf\°  dR
#Burned ions =f %nizvfdt=j u—"rdt=—f (o >< f) Vs !
0

0 2 Vf R() 2 Vf CS
_JRO(av) ny? (Rf)3V R dR;/R
= R,) VoRo—¢

2 2
o)

| (ov) ny? Ry 1 x3dx
B j 2 [1+&1 - x)]2x3V0C—de B NOEL [1+&(1 — x)]?
§[6 +&(9+28)]—6(1+&)*Ln[1 +¢]
= NO 2E3
§[6 +&(9 +28)] — 6(1 + §)*Ln[1 + ¢]
283

#Burn-up Fraction 0% =
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Calculation of the burn-up fraction - continue

T + T ZT mp + my _27
p=nym; m;= =2.5X1.67x107“'k
m; 2 5
l
E _ (G’D) ) (017) 3/8 (pRO)g/CmZ X 10
VT 2\/2mi \/Tke,, X 1.6 X 10~16 2v/5 x 1.67 x 10-27

1.25x 10722 10(pRo) 4/ cp2

= = 0.54(pR,) 2
V1.6 X 1016 2v/5 x 1.67 x 10~27 07g/cm
b;—f 1.2 = _
= 1.0f ]
— 0.8} _
+ 0.6} ]
° 0.4} |
$ 02
"0 20 40 60 80 100

T (keV)
H.-S. Bosch and G.M. HaleNucl. Fusion 32 (1992) 611 117



Smallest areal density (pR)

_ 2
#Burned-up Fraction  @(§) = $16 +80 + 29)| 2;3(1 +4)Ln[1 +¢]
. $ . &
%gg 0() = 1 ggg ) =1 0% ~ o § = 0.54(pRo) 5 /cm?
0.54pR
0(€)~4+0.54pR 1.0F
(%) ~ (PR /e -
f ~ 7 4+ (pR)g/cmZ o ':'6'
0.4}
For energy applications: 0.2
0.0f | | [
®=0.3| | pR=3g/cm? 0.001 1 1000 10°

118



Energy gain

. My
Fusion energy = 2m, €0
€r = 17.6MeV
_ Fusion Energy
Energy gain =

Input Energy

* Input energy: the sphere is heated to the temperature T

3
Thermal energy in sphere: E(niOTi + neoT )V

Njo = Neg = Ny Te = Ti == 3n0TV0 = 3_OT
l

Set heati i _ _ Thermal Energy
et heating efficiency: n = Input Energy
MO ff@ n Ef 10
G in = = - — @ in =
ain ani 3%11 6T Gain =n 293 Troy (0]
m.

l
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The power to heat the plasma is enormous

 Consider the small T limit:
¢ (ov) (ov)
0) ~ — = noRy = — (pRy)
e T AN R T
(ov)~T* for T - 0 ,then &~T7/2 and Gain~T%/2 -0
Einput _ £ .
P, = Tinput < Tpurn = c. (Heatoutbeforeit runs away)
tinput S
R
PW _ Einput _ Ethermal _ 3% Z & Tinput = HC— Ex: u~0.1
uR/Cs mpuR/Cs m; Rnp s
P 3 TC, 3T (2T 1 p T..\%01 1 1
Y- - - = W _ qo18( ke — — Watts/g
My m; Rnmp m; R jm; qp M, 10 p R
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A clever way is needed to ignite a target

« For T =10 keV
0.18pR PR, /cm?
~ 1 ~ 293 ~ 293
§ ~ 0.18(pR) Gain|qokev "4 10.18pR Eren PR
 For T=40 keV
& ~ 0.54(pR) Gain| ~ 731 PRy cnr
~ Y 40keV ~
€ 7 + pRg/CmZ
* For Gains = 100 sof TN T T _
— T=10keV < 20} 10 keV j
pREZZg/cm2 n>1 HE 0 40 keV T
X o0t
— T =40 keV =%
—40; N N

n>1 How do we get n > 1? 00 05 10 15 20
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Requirement to ignite a target

« For T=10 keV and pR = 22 g/cm?
4m  pR3 M,
= = = 22
PR3 anR23 " Im,, 4 gz 2 229/cm’
3
RZ = 92 g/cm?
Teev\/20.1 My 1 0.11
PW| = 1018 — -9 " —-1018=--92R,, Watts
10keV 10 U R m un
0.1R
P,| ~ 1020 —— 2
10keV U n
+ For T=40keV * Needed:
M, Ry < 1
pPRZ7 = —>309/cm cm
R? n>1
P z24_><102()ERcm u>0.1
y .

40keV U n

122



Requirements to ignite a target

0.1
P,| ~ 1020 —— " watts
10keV U n
* Rin<k1 : sphere size in the order of 100’s um
e n>1 . Input energy amplification

« u>0.1 :energy delivery time decoupled from burn time. Need longer
energy delivery time. Need to bring down power to ~101> W
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Math.... #!@%$$#&A%$#

My, (To.o\20.1 1
p - 1018 0,9 keV i Watt
w n 10 u Rcm ? S/g
. 0.1 Thermal Energy
T: = S X: U~V. —
input = H C K 1 Input Energy
Gai 203(22 Vo)  e@®~-—— ¢ 22 (oRo)
ain = ~ N
1 Tyev 4+¢ amils o
10 & 4G
=2 G=CGmaxy =8
Gmax 93" (TkeV) Mg + f f Gmax -G

1018 (Tkev>3/ 20.14m pRy> 1018 (Tkev>3/ 20.14m
b 3 Ry n

——(pRy)R
- 10 10 ”B(Po)o

w

124



More math...!#$%%*&* & (* &%) (#% ! @$#% %o *&* % (

p 3 Ry n

R ™ ¥20.14m pRy> 108 [T\, \¥?0.14n
Y 10 10

108 (T, \*?0.14n  2m,C, (av)
— R h = R
n <10> u 3 0<0‘V>€ where ¢ Zmics(p )

108 (1,,,\*?0.132n Tm, G
o \ 10

1018 ?

Pw = Tkev 0 1 G - 1x107

R here C, = |—
p 3 O"MoGy> G —G W s

R Watts
N (Vemzs £ TG

max_G

—8x1023 for T =14keV 3 1x10% /

n

(o]
M2
I

2
Tkev

(OV) o2 /s

z
b=
min

0 20 40 60 80 100
G G

- p X 10°0.1 G
Gmax -G Gmax Wa s

T (keV)
Ry cm -— Watts

Gmax

n H
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Need to lower the power by 5 orders of magnitude

S 7x1070. 1R0 cmLWatts
n B Gmax
e ul
e n : require the fuel ignition from a “spark.” Ignite only a small
portion of the DT plasma, i.e., M,, << M,
* Ry | : smaller system size

My
P, = PW(MO)M_O

15
p min _ 7% 10" (My/Mo\ (Roym) (0.1\( G \
W h 0.01 /\ 100 )\ u ) \Guax

Effective increase in n
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Lawson’s Ignition Criterion

* Approximate the power losses:

3 3
Plasma energy: € = EPV =5 (2nT)V = 3nTV

3nTV ,
+ Cbn TV
TE

\ Confinement time

total

Pgsses = Plosses T Pprem =

« Plasma energy balance:

de n? 3nT
1 3nT 3T
n? [—(O'V)Ea — CVT| > — ntg > 7
4 TE Z(GV>6a - Cbﬁ
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Temperature needs to be greater than ~5 keV to ignite

3T
1
7(0v)€q — CyVT

ntg >

S — 16
_Axern s 8518
“c 6x 107} | S 6x10"7}
S 4x10%} . £ 4x10"%}
E 45 ] § 15
M 2x107 “:29"10 I
= :
14.3keV | | =
0O 20 40 60 80 100 0 5 10 15 20
T (keV) T (keV)

ntg > 2 X 10* sec/cm?3 nTtg > 3.5 X 101° keV — sec/cm3
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Target design using an 1MJ laser

- 7x10' (M,/M,\ (R 0.1 G
p,™" = n/Mo O um Watts
nn 0.01 100 u G nax
* For the case of using a huge laser, ex: 1MJ.
 Theignition requires temperatures T = 5keV ,then
M, T
m; nh

Eigh = 3—

m; nhEign

M. =~
h="3 T

5 Nh
Mppg ~ 17 <Tkev> Eigmmy (0. 01) My~ 20ng
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Target design using an 1MJ laser - continue

* For “inefficient” heating mechanism (n;, = 1%), the mass that can be
heated to T=5keV is in the order of M,=20ug

 If M;,/M,=0.01, then M=2mg .
PR

7 + pR

 Assuming that the burned-up fraction 6 =

for ® ~ 30% — pR ~ 3 g/cm?

41 41 4T M Mome | 3
M, = — pR3 = —R%(pR R = /——0=126 8
3
3M, /MO mg (126 3
= 240 ’ 3 =0.25g/cm
P > Rom g/cm PpT g

« DT must be compressed ~1000 times

p:

« The initial radius of a 2mg sphere of DT is R;,;; = 2.6mm while the final
radius Ryinq = 100um, the convergence ratios of 30~40 are required.
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Requirements of the density and size of the ignition
mass

My ~ 20ng

prnRy =~ 0.3 g/cm? < To stop 3.5 MeV a particles

R 5 Mr . 40
W ampR, T T

_(ppRp) 0.3
Ph™ R T T a0+10%

75 g/cm3
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Summary

* Possible fuel assembly for 1MJ ICF driver

Eyaser = 1M] Np = 1%

‘ l Hot spot

My ~20pg  (pR), = 0.3 g/cm?
prLx 70g/cm® Ry ~40pm

# Mr _0.01
M,

Compression

®

ppr = 0.25g/cm® R, ;; ~ 2.6mm

Denhse fuel
My =~ 2mg  (pR) =~ 3 g/cm?

p ~250g/cm3 R ~ 120um

Convergence ratio ~20
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