Introduction to Nuclear Fusion as An Energy Source
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Note!

 Final exam 6/ 3 (One double-sided A4 cheating sheet is allowed.)

— Contents after the midterm, i.e, after (included) Lecture 8
* 6/10

— Introduction to Formosa Integrated Research Spherical Tokamak
(FIRST), First Tokamak being developed in Taiwan.

— Alternative approaches to achieve nuclear fusion as an energy
source.

. 6/17 Q&A




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)



Significant breakthrough was achieved in ICF recently

o xu
g,

é .
> %
z m
s &

%, T

rea

« 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



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
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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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| Sonic point M=1 |
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Isothermal steady state :
expansion Subsonic flow M<1

Time-dependent v,=Ablation velocity
Supersonic flow=

M>1

v,=blow-off velocity }
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Heat flows by
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Inertial confinement fusion: an introduction, Laboratory
for Laser Energetics, University of Rochester
R. Betti, HEDSA HEDP Summer School, 2015



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
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Spatial profile at stagnation

Pressure
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temperature

heat flux

hot spot

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



A ball can not be compressed uniformly by being
squeezed between several fingers

Rayleigh-Taylor instability

g
P1 ”,

P2 P2

« Stages of atarget implosion

(a) Early time (d) Peak compression

Imprinting and shock

Laser drive

Feedout Core—shell mix

Propagating burn

Fusion neutrons, charged
particles, and x rays

Plasma formation
and laser—plasma
interactions

Hot-spot ignition

Rayleigh—Taylor growth, —
mitigation, and saturation

Shock convergence
Rayleigh—Taylor growth

Laser drive

(b) Acceleration phase (c) Deceleration phase

E9886J1

P.-Y. Chang, PhD Thesis, U of Rochester (2013)
R. S. Craxton, etc., Phys. Plasmas 22, 110501 (2015)



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



Softer material can be compressed to higher density

« Compression of a baseball

P> 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/ 10



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

« Wave in the ocean: Jobkm .

- 213 km > 23 km

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

7000 943 282
4000 713 213

{0[0]0) 504 151
200 159

10 79

10 36

« Acoustic/compression wave driven by a piston:

CS3 Ushock>c
Csz
av C., shock

P Ozp
Cs ~ - \/7401!3
p p

http://neamtic.ioc-unesco.org/tsunami-info/the-cause-of-tsunamis
*R. Betti, HEDSA HEDP Summer School, 2015 11
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External “spark” can be used for ignition

« Shock ignition

a)

Compression
wave (b)

Spike shock wave

Return
shock
Picket
shock wave
10 ; ' & 20 — . —~ 3 g &
Picket delay 4 z S 5L Spike delay §
53 = 10 =5
zX c St 12 2%
7] A L
0 I 0 E 0 I 1 I 0 =
-1 0 | 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 Fl concept

ignition
10ps pulse

J. Badziak, Bull.Polish Acad. Sci. Tech. Sci.Phys. Plasmas 15, 056306 (2008)
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Ignition can happen by itself or being triggered externally
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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 13



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
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Laser-driven imploding capsules are mm-size shells
with hundreds of ym thick layers of cryogenic solid DT
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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+a,(pv)=0
Momentum conservation: d.(pv)+ ax(p + pvz) =TF
Energy conservation: d.€ + 0,(V (e + p) — kd,T) = source + sinks
Ideal gas EOS: p = N.Te + n;T;) = 2nT = miipiT = pTT
3 v?

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

Plasma thermal conductivity: K

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

T d T T kT N @2
T — = = R — nN— ~ p Ko~ 71—
ot Jdr \ Ox x? t
Vth 1 2
£ = )\mfp ~ UthTcoll — L= Teol = —— = K~ th
Veoll Veoll Veoll
. 75/2
Uiy, ™~ —— Veoll ™~
t Me T3f2
Vi, thermal velocity Plasma thermal conductivity
V.- collision frequency
T., . Collision time K ~ K,T>/?

17



Sound speed in an ideal DT gas/plasma
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« Adiabatic sound speed when the entropy is conserved along the fluid

motion
cadiabatic _ & (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) = r_ \/ —
p m;

skip 18



The laser light cannot propagate past a critical density
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density
pcr, ncr
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« Critical density is given by plasma frequency=laser frequency
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The laser generates a pressure by depositing energy at
the critical surface

K ~ Kk,T>/?

>VI=0

Sonic point M=1

—Corona
Isothermal
expansion ;
Time-dependent
Supersonic flow
M>1 :

Y

steady state

Su

I

Laser energy
deposited near }

Heat flows by
{| conduction

critical surface/

X Critical surface
n, ~10%/cc for

0.35um light

11X 1021

2
AL, pm

cm

bsonic flow M<1

v,=blow-off velocity

Ablated plasma
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conduction zone —iM=Mach # = V/C,

v,=Ablation velocity

cold

p target

DU 2. S—

~1-15g/cc

-g=acceleration in the lab frame

-3 pa(Mbar) = 83(

2/3
15
ALum/0. 35)
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Pressure generated by a laser is obtained using energy
conservation equation

Sonic point M=1
—Corona conduction zone —}
 Energy conservation equation: L
d.€ + 3,[v (e + p) — k8, T] = source + sinks Laser onergy \ [eatlows by
. deposited near conduction
=16 (x — xc) critical surface f‘i';'::ed plasma
N— X et T
_ w/cm?s-1/em _ X L] ‘
 Since the temperature gradients are small in the x.t x,
corona, the heat flux is small
o . ) I
ROKT (0 2 wer) << kOXT (x < &ey) (,:{('-)XT (£ > wer) = §,=;_5-)XT (r < (g'cr))
 Integrate around critical surface x,
.'I‘-+ :1:+
{0 e+ 0, [V (e +p) — kO T} de = {10 (x — xep) }da
Ter Ter
oy -rj; [ - $j; L5y ‘TC—!_I‘
c)t::.;{f\_r_; + [v (e —i—p)}ma - [r-l.()xT}$a = ]

I z -I__+ﬂ++—ﬂ_~_£_
—[H.(‘).I_T}i:ng = —K dx K dx ~ K Ix

skip
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Laser produced ablation pressure

PA = [p —+ pa'ghzm

v(s+p)~ kDT

c

for x < u

D

2

I=v(e +'}-’)]$;r = Cs (.Pcr T Per

Ccr

-T2
() N
9
= f

= 2pcr ~ (I pg 2

pa(Mbar) =~ 83(

I45

AL um/0.35

>2/3

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

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

3/2
Per
1/2
Ocr

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

-

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

d.€+ d,[v (e + p) — kd,T] = source + sinks = I§(x —x.) =~

—Corona

Laser energy

deposited near | "N

critical surface

Las Ku,
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=

Sonicpoin vC = CS

~c¢onduction zone —}

Ablated plasma
Light
Hot

cr _
ne -

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

. ; Per
Mg = PU = Perler — Pcrcgr — Per ’OCI — v/ PerPer
cr
2/ 1/3
1 (I)MB = My = L X
Per ™~ 5 Per ~ | T a 14/3
2 ) AL
Sonic point M=1

—Corona

conduction zone —i

GO
1/3

Is
'R g/cm?s
L

n, = 3.3 x 10°

lation front

Heat flows by
conduction

Laser energy
deposited near
critical surface

Ablated plasma
Light
Hot

-
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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 = —47TR.2]J3 e = —47TR2'Tna Pa — MaUexhaust

24



Shell velocity can be obtained by integrating the rocket

equations
du + dM . :
J[E — —4’?1'5)2'[)3 ? = —4??9.2'?123 Pa = MgUexhaust
~du 5 5 .
J[E = —4nR Pa — —47 R Mg Uexhaust
| 1 dM
=  —A7 R Uexhaust
exhaus AT R2 Jt
dM
—  Uexhaust
exhaus qt
dM
du = Uexhaust T
irurinitia.l
Usghell —  Uexhaust In :
i“[ﬁnal
2
shell _ Mfinal ,,2 — Msina1 |. Minitial
Ekin — 2 Ushell — 2 [HEXhaUSt n ( Mitinal )}

2 pex

2
! ' Uexhaus 3 Pex
Eexhaust — (ilfi11itia_1 — f'tfﬁnal) (% + _p_)

/
exhaust = Minitial = Msinal

M

(dynamic + static)
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Maximum hydro efficiency is about 15%

2
shell __ Mg¢inal,,2 _ Ms¢ina1 |, [ Minitial
Efin = 75 Ughen = ~ 5 {“exh&u&t 111(Mﬁnal )}

2
! ' Uexhaus 3 Pex
FEexhaust = (i"urinitial — in‘lrﬁnal) (% —+ Esz)

Pex

Pex

1 / 2 ~ 2 ~
Take Uexhaust Cs ~

Eghell Mg /M, [In (Mg /M) 0.15
Eexhaust - 4 (1 — j‘ff/;i‘fl)

h =
< 0.10

0.05

0'08.0 0.2

04 06 08
M/ M;

1.0
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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

—const} = ¢y Ina a = const

S = Cy In f_‘)SXS

 ais called the “adiabat”

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

98 | - wg) DS V| L VRVT Jsink
— 2 = — =l sources/s LS
P 5 i i 7 7 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~ ap’/?
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It is easier to compress a low adiabat (entropy) gas
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Smaller a -> less work to compress from low to high density

P M by
Wyp = — f pdV ~ — f ap®/3d (—) ~aM (55 - 1)
P1 P

Smaller a -> higher density for the same pressure

p (1))3f5
Vo~ - — ~ —
a paf3 P 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 p°2 due to the quantum mechanical effects (degenerate
electron gas) just like isentropic flow
. -
v = i = apT = —‘r Ml;?;
PF 2.2p "
g/cc

28



Softer material can be compressed to higher density

« Compression of a baseball

P> 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/ 29



A shock is formed due to the increasing sound speed of

a compressed gas/plasma

« Wave in the ocean:

- 213 km 23 km

Depth
(meters)
7000
4000
p2{0]0]0)

200

10.6 km

Velocity Wave length
(km/h) (km)

943 282
Ak 213
504 151

10
10
. .

159
79
36

Acoustic/compression wave driven by a piston:

CsS
csz
av C., shock

CSN pru Ckp
P P

~ Vap/3

UShOCk>C

http://neamtic.ioc-unesco.org/tsunami-info/the-cause-of-tsunamis
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Rankine-Hugoniot conditions are obtained using
conservation of mass, momentum and energy
across the shock front

I
shocked I unshocked
1{-}1“1 p— ‘,(')2“2 ‘UZ_ I B u1=-UshOCk
; , P2 I P1
P1 + pru] = p2 + pPaus
P2 | Py
uy (€1 +p1) = ua (g2 + p2) '
Shock front
_ in shock frame
Ideal gas/plasma: of reference
) 3 _ 1>
g = gp—l—,u 5

* With assigned p4, p;, and p,, p,, U,, and u;=-Ug ..« can be
obtained using Rankine-Hugoniont conditions
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For a strong shock where p,>>p,, the R-H
conditions are simplified

|
). shocked unshocked
ig'““4 u, I U;=-Ugpock
P1 ‘_p | >
2 1
[4p I
. P2
[-"'shock = —Uuyp =~ ? p2 I p1
I01 '
Do Shock front
Uy ~ 5 in shock frame
12 of reference

5/3 _
E_pg;’f)J 1 po

~ — >>1
/3 _laﬁl D1

| 5
a opi/p

« The adiabat increases through the shock.
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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 || 9o 7 dpy
P2>>2>P;
Py . \ « Adiabat set by the
t shock for DT:
P150 P4
P2 Mbar
spe ] o e
— 2.2 (4p1.g/cc)
X

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

f-sb — o 'A]_ _ oC 2}3
Ushock Y 4}-}2 Vo4




Higher laser intensity leads to higher adiabat

« For a cryogenic solid DT target at 18 k:

PMb I 2/
_ = o /o , _ £Mbar n ~ {3 15

P1 — 0.25 Q/CC @ 29 P 83 ()\#m/O.Bf’)

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

I~12x10¥ w/em? = p=44Mbar = o=2

I=22x10" w/ecm®* = p=6.6Mbar = a=23

34



The pressure must be “slowly” increased after the first
shock to avoid raising the adiabat

Laser pulse shape
|ax~1015W/cm?

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.
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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

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

p A

g eI 1(1)




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

and flat top

hock traveling
and adiabatic
compression

<

| acceleratlor> ©

»
>

1(1)

| ax 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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The adiabat is set by the shock launched by the foot of
the laser pulse

o Pfoot initial d it
Y T = — 1nitial density
(4p1)"* o " ()
Shock
S, break-out >\
Asb
t
A I Psb
P1 2 A, /
5/3
Alpl = Asbpsb Pmax >/3 _ Pmax
9 9 Psb™ a = 4p,q
Mgp~4TR1"A1p1 = 4TR, " AgpPsp Pfoot
Alpl = AprSb 3/5
P1 P1 Al Proot
pmax

Psb 3/5 4
4P Pmax
1 pfoot
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Density and thickness at shock break out time are
expressed in laser intensity

.+ Use p~ 173
i (P ()
« Shell density Psb 1 Pfoot - Ttoot
. Adp ~ A1 [ ptoot 3/5 B Ay [ Ttoot 2%
 Shell thickness 2\ T4\ Tpas
 Shell radius R~ Ry

40



The aspect ratio is maximum at shock break out

R
Aspectratio = —
A, P A
A; = =L = initial aspect ratio
Ay
2/5
R 1
Agp = IFAR = -1 =44, ( ‘“&X)
Ash Loot
44513 — flmax

IFAR = Maximum In-Flight-Aspect-Ratio = aspect ratio at shock break-out

41



The IFAR scales with the Mach number
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« The shell kinetic energy =the work done on the shell A
b

S
Ry 2
MuZ . ~ /R pridr ~ p (B”;' — BS) ~ pR; R = M
p
o a
M ~ psba\sbﬁ)l Asb~ 2 Bl >> R
PspR1

2

IFAR = R, _ R, _ psbR13 _ Psp MUy, qx l
Agp M M M p
psle2
2
O
u 2
p~ (p/a)*’® p~I?? IFAR~ aS/?;l:/ls
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The final implosion velocity can be found using IFAR

I(t)
ul  ~ IFAR x o3/5]4/15
i 2/5
TFAR = 44, ( max) t
I}OGt
Ry
A=3

2/5
|
Umax,cm/s = 107\/0' 7‘41“3/5115,max4/15 (Imax)
foot
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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)

| ax 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

WS Ky,

« 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 = — > >>1
Asb

Basko and Meyer-ter-vehn, Phys. Rev. Lett. 88, 244502-1, 2002
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The implosion are divided in 3 phases after the shock
break out

s Xy
e Ky,
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Asb
Pa

M~[1-(RIRs ]2

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

A
« Shell expansion/contraction: Lex™ ¢
R S
« Implosion time: ti~—
U
tex Au; Mach i Cs
* In the acceleration phase A~Mach? IFAR~Mach,,,,* (p29)
t; .
~ ~Mach~VA > 1 = p = const Thin shell
tex Mach V4 p ( )

(implosion time >> expansion/contraction time)

From mass conservation:

3
R R
M~4AmR*Ap = A~R™2 A=—~R}=> A=Ay|—5
A R,



The shell density is constant

. ] Asb ASb
« Shell expansion/contraction: Lo~ C Pa
S
* Implosion time: t. ~&
imp Us
1
t; R, C A R U;
mp L2 b g Asb=—1 Mach = = g

 The pressure and the density are constant while the shell becomes thick
throughout the whole shell.
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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
aod‘; =—pR = * = _Rdr = aO—J p—dp= —R(t)J dr
r / 3 @Rl p Ri
3/2
p — p R- Ri 1.0F
sb A 0.8}
5 agpsp’/3 35ps1 § 0.6
whered=—-—-——F—=—--— = Q04|
2 R 2 3 pr R 0.2
3 C; 00t——" .
= —= = 00 02 04 06 08 1.0
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 Rj+A r—R, 3/2 R — R, 3/2
m = j pridr = psbj r’dr P=Ps|—
R; R; A
2 Ri+A T—Ri 3/2 T—Ri 2 2 2 2

= pspR; ALi A d A :EpsbRi ANSPSbR A4
B 5 m B 5 m( 2) ' :

Zpssz 2 sb

p(O;W+W-VW) =—-Vp + pgt

A +ZIZ P, A
- ~_
p " 2 A P P

~P ~P —~ ~
imp timp  Atimp AR P A TP 257 PYp
/ v: 1 _ Mach® Mach<< A is the requirement
—~p AR D 242 A2 © Mac
Limp AR p C A A for the 15t phase
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Aspect ratio and Mach number are functions of radius

r\31Y? Mach. .2 2 Ri°psp 25 R1’psp
= —_ | — max
Mach = Mach,,,,, |1 (R1) 5 m 52 pyR2Ag,
R4
== Ay
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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 L _«1 RY

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

A /Mach (a.u.)

Mach = Mach,,,,

()

1/2

Asb

AZN\/ Agp
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There are three stages in the laser pulse: foot, ramp,

and flat top
|max Flat top/
! - peak power
](t) Shock
> launching
S o Adiabatic
T>J = 0 : compression
T v | L
589 |
¥ ®a ;
S e S |
W time
l\ N y ) >
sb/2 sb t
| acceleratlor> © CO&S“”9>@
stagnation

Set the adiabat Peak implosion velocity
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Summary of phase 1 (acceleration phase)

A /Mach (a.u.)

Mach = Mach,,,,

()

1/2

Asb

AZN\/ Agp
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In the coasting phase, the expansion time is of the
same order of the implosion time

Implosion time t; . -
P = —~1 |=> Shell thickness remains constant

Expansion time ¢,,

R, R,Ry 1 Ry Ry
RZ AZ Rl Asb1/6 W/Asb Asb2/3

R R R R u; u;
A— —2 A<—> Mach~ ~ !

.| A2 R, "%\R, /_p/ /—ap2/3 a1/2p1/3

2
. _ m R
m~pR*A ~ pR?A, ~p,R34; = p~ ~ p, <_2)
1/3
Mach u; RZAZ 1/3 _ u; Aszz R 2/3 — Mach R 2/3
ac ~a1/2 m _al/z m R_z = acilp R_z

u; (R’A, v
where Mach, = Mach(R = R,) = ~Ay~./Ag
a

A = A, = constant = A4,
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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,WwW+WwW -VYw)=—-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)

skip

R/Rl""‘lsbl/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) AU | j2_¢2
S—— \qz'—l
TR _ - D 2 3
A Z+A ~0 A~0 or A4 = A, = constant

« Case 2: (3) ~ (1) and/or (2) and A<< Mach
Ay, CA  CA
-3~ (1) A u;/C, Mach

84 Atin,; 1 C,A R, A2 3
A A A Mach u; Mach?

~C2 = A

<1

> Change of shell
: thickness is small!
_ (3) - (2) A'z C 2 oA NAtimpZ _ CS RZ _ A <1
y A A A u; Mach R, 1
Rl Asb1/6

R, R, R4 1 R4 R4
AZ = = ~
R; Az Ry Asbl/6 V Agp Ast/3 AZN\/ Agp

skip 58

A = A, = constant =




To verify that A << Mach

« Comparison of A and Mach:

R&—A2<R> Mach~ —% ~ i i i

“a; R, *\R; Cs Jp/p Jap?/s  a'/Zp!/?
_ 2 ) - _m
m~pR-A ~ pR-A, = p= R2,

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

R.2 1/3

u.

where Mach, = Mach(R = R,) = 1;2 ( 2 2> ~Ay~./Ag
a

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)

1<A< JAg A < Mach

R \2/3 R \2/3
Mach~Mach, (R_2> ~/ Agp (R_2>

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

R 2 2
A = constant = 4,~ ;/3 p = py <&> ~Psh <&>
Ag, R
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There are three stages in the laser pulse: foot, ramp,
and flat top

Imax / Flat tOp/
peak power
](t) Shock
> launching
£ o Adiabatic
o = S compression
Qoo L
- @© 0N
X O =
o ©
22k
W time
< » U\ » J ”
Acceleration> ©C0asting >@
stagnation

Set the adiabat Peak implosion velocity
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How about the 3'9 phase where A~1 ?

M~[1-(RIRs ]2

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

Asb

Pa

“““““
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The thin shell model breaks down when A~1

Umax I Void closure Stagnati()n 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

s Ki
)

< <

p 2

z

7 5

2 &
% &
v 5

Teat
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The stagnated density scales with square of the
maximum Mach number

R, ? R, 2 _ R, ?
P3~P2\p | ~Psv (g p=pz\% | (P6O)

2
2 2 2
Pst~P3~Psb <_> NpsbAZZ ~pstach2 NpstaChmax

<—— Density compression scaling law.
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The stagnated pressure scales to the 4" power of the
maximum Mach number

o
< 3
& <
> 1
z m
2 &
“, 5
) £

« Conservation of energy at stagnation: shell kinetic energy is converted to
internal energy.

2 2 2

3
pstR st ~“MUpax

3 2
Rst~R3~A3~A2 = pstAZ Nﬁumax NPZRZ Azumax

2

R, Upnax
2 _ 2 2 2 “max 4 4
:>pst~p2( Umax- = P2A2 Unax“~P2Mach, ~pagMach, ~pagMach, .«

A, P2/ P2

Pst 4
p_ NMaChmax MaChZ = MaChmaX = AZ = ASb

A

\ .
Pst paMach,,, 2/3

Qg ~ ~ = agyMach

> pstS/3 psb5/3Iwachmaxlo/3 i o
At 2/3
— Mach,,, > Pst M achp,.,’
Ash Psb
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Scaling of the areal density of the compressed core

o= Kby,
< o
3 2
5 3
7 F
> &
“, 3
' »
153t

3/5 4 \3/5
Dst 4, R, p4 Mach 1 1
PstRsi~psidz~ (—) —R ~( — Ry

o 1
st R; Ry ag, Mach,,,, 2> A; A,V
A;~Machy, 4 AS|,~Machmax2
3/5
Ry~ |— Mach R
Potst <asb> s MaChmax MaChmm(l/3 !

3/5 3/5
Pa 2/3 P Uma®’®  Po'/3Ry
Asp Asp (pA/ psb) Po

3/5 1/3
- (p_A) Uma’ > (PaRU) pat 2/3, 1/3
(p

u
2 1 1 4 max
Asp A /Sasbg/s) /3 Pa /3 Ash /5
3
2/15 2/3 1/3 E,~psR
E.~E Pa / Umax / Elas k~PaAR1
k~Elas = PstRsi~ 4/5
Asp
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Amplification of areal density

1/3
R.~p.2/3(p R.3\Y ~pp2/3Mach,, 3 Mass'/3
Pstiist™~Pst Pstiist
2/3
Psb 4/3 1/3
- ps 2/3 MaChmax / P12/3(p1R12A1)
1
2/3 2/5
|
pstRstN(p1A1)MaChmaX4/3A12/3 <@> @ _ 4_( max)
P1 P1 Ito0t
I 4/15
(PR)g~(p141)IFAR?/34,%/3 (Inﬂ)
foot
R4

2 2
Elas = 4'7TR1 Imaxtimp ~ 4-11:R1 Imax—
max

4'ﬂRlBImax

~
~

las
Umax



Summary

Ry
< ‘S
& <
> 3
4 F
2 ]
“, s
" »
153t

foot

2/5
I
Ay, = IFAR = 44, ( I‘“a") Umax.em/s = 107 \/ 0.7A1a3/51 5 max "’ 15(

I 2/5
pst"’pstaChmax2 ~p11FAR < maX>
Itoot

4
Pst~Pa MaChmax ~Pa IFAR?

A~ apMachy,, >3 ~ag, IFAR1/3

I 4/15
(PR)s~(p141)IFARZ/34,%/ 3( ““”‘)
Ifoot

Imax

Ifoot

>2/5
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Calculation of the burn-up fraction

s Ki
)

< <

p 2

z

7 5

2 &
% &
v 5

Teat

Umax I Void closure Stagnation core

Return shock

p
Rf = RO - Cst
Burning | |__, Expanding 3 2
plasma plasma a’;" - V- () — "T" <oV >x2

SN > Escapin Burnin
R R, ( ping) ( g)

* Fuel needs to be burned out before escaping from the system.
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Calculation of the burn-up fraction - continue

p 1
Ry 2 ani niz R )
4-7l'f r<dr ﬁ =—-V- (niv) — 7(0’17) Burning i Expandlng
> plasma | plasma
Ry on; Ry _
4w | r*——dr =4md, | 7r’n;dr—4AmRR;n; ' .
0 0 5 RfR,

2 Ny
—n,;V4TR; —T(GV)Vf

(neglect) (Leibniz integral rule)
_am 3 _
Nf:?Rf nl—anl .
3Ry (ov)
: 2 i— + I _
Ry Ve 2 | P
3 2 f
dth_ 3Rf _ _(0‘17) Nf3 Nf
NfZ NfRf ZVf _ RL _ (Gv) 3
Ny | 2vp T
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Calculation of the burn-up fraction - continue

d (’i) (o s Ry _ [ -
dt \ Ny 2V N; o 2V f N,
dR 41t
R; = Ry — Cyt dt=-—1 Vi=—R/’
C, 3
N
RS _ _fRf (ov) de+RO3 ng = V—(‘)’
N, R, 2X4m/3 C; ' Ny /
Rf3 R (gv) 3 R,3 Ve vV ov R
N, g, 2Cs AT N, N N 2C, R,
ng (ov) 3 R03 (ov)
= ( 0 _Rf) Tt § = LAY
N 2C 4m Ny 2C,
V oV R V V 1 1 R
f=< >R0<1— f)_l_ 0 —f=—=—1+f(1——f)]
Nf ZCS RO NO Nf n; ny RO
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Calculation of the burn-up fraction - continue

N
|4 1 1 R f
—=—=—1+¢|1—— t
N, n; ng E( R0>] Vy

tov t(ov) N4 Ri (gv) (Ne\°  dR
#Burned ions =f %nizvfdt=j u—fdt=—f ( >< f) Vs !
0

K
< 3
& <
> 1
z m
2 &
“, 5
) £
et

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
_J 2 [1+E(1—x)]2x3VOC_sdx_NOEJ0 [1+&(1—x)]?
§[6 +&(9+28)] — 6(1+§)*Ln[1 +¢]
= NO 2E3
#Burn-up Fraction

#Burned ions  §[6 + §(9 + 2§)] — 6(1 + §)*Ln[1 + ¢]
N, B 283

0(3) =
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Calculation of the burn-up fraction - continue

T + T 2T mp + my _27
— p=nym; m;= > =2.5%x1.67x107“'Kkg
l
; (av) Ro) (OV),13 /5 (PRo) g /cmz % 10
VT 2\/2mi \/Tke,, X 1.6 X 10~16 2v/5 x 1.67 x 10-27
1.25x 10722 10(pRy) ,/cm?
~ IEM = 0.54(pRo) ;jem?
V1|6 x 10716 2v/5 x 1.67 x 10-27
ov > TC'
ov) =1.25x107%* @ T =40keV ™ g / I
Y, TkeV max 06 /
c 04r
02/
0 20 40 60 80 100

T (keV)
H.-S. Bosch and G.M. HaleNucl. Fusion 32 (1992) 611 73



Smallest areal density (pR)

_ 2
#Burned-up Fraction 0(§) = $16 +3(9 + 29)] 2;3(1 t4)Lnf1 +3]
: R : _ ¢ N
1;1_1}(} 0($) = 1 %'_g'o 0 =1 0(8) ~ ryw: § = 0.54(pRo) 5 /cm?
0.54pR
0(€)~4+0.54pR 1.0F
f ~ 7 4+ (pR)g/CmZ - 06'
| T 0.4]
Large pRis needed to have ;
high burn-up fraction. 0-2;
o 0.0 | | -
For energy applications: 0.001 1 1000 106

0203 | | pR>3g/cm? ¢
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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 = Ngg = Ny Te = Ti == 3n0TVO = 3_OT
l

Thermal Energy

Set heating efficiency: n = Input Energy

1
=—7@ Gain=n293<

TkeV

0)@
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The power to heat the plasma is enormous

« Consider the small T limit:
¢ (ov) (ov) 1
0() ~—— = noRy = — (pR
'3 4+ '3 2C, oo ﬁ(P 0)2 2,

(ov)~T* for T - 0 ,then &~T7/2 and Gain~T%/2 -0

Required input power:

Einput _ £ .
P, = Tinput K Tpurn = c. (Heatoutbeforeit runs away)
tinput S
Eipuw E My T C R
p input  %~thermal 3 7o 2 bs Tinput = MC— Ex: u~0.1

S

" uR/Cs mMuR/Cs " m; Rnp

My m; Ryp m; R |m; np M,

P 3 TC. 3T (2T 1 p T...\%01 1 1
d > Y _ 1018 <ﬂ> — Watts/g
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A clever way is needed to ignite a target

 For T =10 keV
0.18pR PR /cm?
~ 0. Gai ~ 293 ~ 293
§ ~ 0.18(pR) ain|qokev "4 10.18pR Eren PR
* For T=40 keV
§ ~ 0.54(pR) Gain| ~ 73 PRy /cnr
- 40keV n 7+ PR, em2
* For Gains = 100 wof TN T T _
— T=10keV < 20} 10 keV j
pRZ22g/cm* n>1 2 0f 40 keV '
— T =40 keV ':“205\
—40; N N
n > 1 How do we getn > 1? 0.0 0.5 1.0 1.5 2.0
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Requirement to ignite a target

« For T=10 keV and pR = 22 g/cm?

. 4T pR® M, > 224/
PR T3 4nRZ/3 " Am, 4nR2“’ g/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 H n
skip



skip

Requirements to ignite a target

P,
Wl10kev

e R.p<1

e n>1

e u>0.1

~ 1029 E —

Hon

Watts

: sphere size in the order of 100’s um

. Input energy amplification

. 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%$#

3/2
Mog (Tgev) 0.1 1
P, = 1018 Zl - . Watt
w n <10 U Ry atts/g
R . 0.1 Thermal Energy
T: = —_— X: U~VU. —
input — H C K n Input Energy
Gain = 2937 [ 2 2]€3) 0(%) S ¢ v (PRo)
ain = ~ N
1 Tkev 4+< AmCs o
10 & 4G
=2 G=Ghaox——==¢ =
Gmax 93" (TkeV) Mg + f f Gmax -G

o 10" Ty, ¥20.14m pRy®> 108 (Tye,\*'? 014w
w= T 10 © 3 R, 1 \10 u 3 Profo
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More math...!#$%%*&* & (* &%) (#% ! @$#% %o *&* % (

p 3 Ry n

b 10 (T, ¥20.14m pRy> 108 [T\, \¥?0.14n
Y 10 10

1018 (Tkev>3/ 20.14m _ 2m,C,

(ov)
R h = R
n 10 p 3 %< (rv>f where ¢ 2m,C, (pPR)
1018 Txev 3/2 0.1 327TR Tm; G b c 2T
- — ere C.= [—
n \10 w3 M S G — G ST |Imy,
p 107 Tkey" 0.1 . 6 o o 107
= atts 24 P
v n (0v>cm2 /s H 0.cm Grax — G ”~ 5x10 || P
S |'| s
Ty.,> Y /
Loy =8x102 for T=14keV 3 1x10%} \ |
(0v>cm2/s~ . b= 5 y 1023 | | | | |
- 0 20 40 60 80 100
& __ G o 7x10001 G T (keV)
Gmax -G Gmax w = n u O,cmmwatts
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Need to lower the power by 5 orders of magnitude

7 x 10120.1 G
~ Ry cm -— Watts

n u G max

w

R
e ul . Tinput € Tpurn = C_ Tinput = #Tburn — ”C_ Ex: u~0.1
S S
- n : require the fuel ignition from a “spark.” Ignite only a small
portion of the DT plasma, i.e., M;, << M,

Thermal Energy
Input Energy

n:

* Ry | . smaller system size

My
P, = P, (Mg) "

P min=7><1015 My/Mgy\ (Roum) (0.1 G Watts
w Ny 0.01 100 p ) \Gpax

Effective increasein n
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Lawson’s Ignition Criterion

* Approximate the power losses:

3 3
Plasma energy: € = -PV = 2 (2nT)V = 3nTV

2
Piosses " = Piosses + Pprem = 3::‘, + Cyn*NTV
 Plasma energy balance: T~ Confinement time
% = V{(Gv)nzzea — Cbnzﬁ—g:—ET} >0
n? F(Gv)ea — C,VT| > snT ntg > 7 il
4 Tg 7{ov)eq — C,NT

83



Temperature needs to be greater than ~5 keV to ignite

3T
1
7(0V)€q — CyVT

ntg >

& e e 3318
rf'.uE Bx10 E ] E6X1OD
g 4x10%}: . £ 4x10"}
@ 1 |
e : o -
w2x10%} ] £ 2x10"°}
c : =
43kev =
0 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

o 7x10Y (M,/M,)\ (R 0.1 G
p,™" = n/Mo O um Watts
nn 0.01 100 u G max
* For the case of using a huge laser, ex: 1MJ.

 Theignition requires temperatures T = 5keV ,then the energy
required for ignition is
M, T

Ejgn ~ 3— —
BT m; oy

m; nhEign
M, ~
h=3 T

Nh

5
M ~ 17| /— | E; (—) ~
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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 = 5 keV is in the order of M, =20 ug.

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

7 + pR

 Assuming that the burned-up fraction 6 =

for ® ~ 30% — pR ~ 3 g/cm?

41T 41T 4Tt M M, 3
My, = —pR3® = —R?(pR = |[— 20 _ mg
0="3P 3 R2(oR) R /3 R 126/ > [oRHm
, 3
3M, Momg (126 3
— — 240 ! 3 =0.25g/cm
P=73 > Rom g/cm PpT g

« DT must be compressed ~1000 times

« The initial radius of a2 mg sphere of DT is R;,;; =~ 2.6 mm while the final
radius Ryinq = 100 um, the convergence ratios of 30 ~ 40 are required.
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Requirements of the density and size of the ignition
mass

My ~ 20ng

prnRL =~ 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
My,

Compression

®

ppr = 0.25g/cm® R, ;; ~ 2.6mm

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

p~250g/cm3 R ~ 120um

Convergence ratio ~20
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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)

| ax 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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How about the 3'9 phase where A~1 ?

M~[1-(RIRs ]2

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

Asb

Pa

“““““

90



Calculation of the burn-up fraction

s Ki
)

< <

p 2

z

7 5

2 &
% &
v 5

Teat

Umax I Void closure Stagnation core

Return shock

p
Rf = RO - Cst
Burning | |__, Expanding 3 2
plasma plasma a’;" - V- () — "T" <oV >x2

SN > Escapin Burnin
R R, ( ping) ( g)

* Fuel needs to be burned out before escaping from the system.
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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
My,

Compression

®

ppr = 0.25g/cm® R, ;; ~ 2.6mm

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

p~250g/cm3 R ~ 120um

Convergence ratio ~20
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