Introduction to Nuclear Fusion as An Energy Source
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Note!

 Final exam 6/12 (One double-sided A4 cheating sheet is allowed.)

« Last class 6/19




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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* 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



External “spark” can be used for ignition
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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|




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 T + n;T;) = 2nT = miipiT = ’:TT
3 v?

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

Plasma thermal conductivity: K



The laser generates a pressure by depositing energy at
the critical surface

Sonic point M=1

—Corona l conduction zone —i M=Mach # = V/C,
Isothermal _ steady state :
expansion : Subsonic flow M<1

Time-dependent v,=Ablation velocity

Supersonic flow:

vo | v,=blow-off velocity

> ;
M>1 T v
=t
o
: E \A
Laser energy \, st flows by = rarge
c H = E
deposited near §| """  heavy
critical surface/ Ablated plasma 1\ : CO
Light P ar etNl'lsg/CC
: Hot : g
# “/ E - |
X Critical surface -g=acceleration in the lab frame

n, ~10%2/cc for
0.35um light




Laser produced ablation pressure
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« Total ablation pressure (static + dynamic): T
—Corona conduction zone —
T T 12/3 |
Py= Pec + pcvc2 =2 Pec ~PcT Npc1/312/3 <II
A p/3 -

« Temperature at critical surface: Tc~<

« Velocity at critical surface:

 Ablation rate:

pa(Mbar) ~ 83

2/3
I45 /
2% um/0.35

m, = 3.3 x 10°

I45

1/3
g/cm?s

/1L4/3

I 2/3 ‘Laser energy \ iHeat flows by
_ deposited near j| *°"eO" i
critical surface Ablated plasma \ i
Pc Light i
X Hot
< ———
1/3 X
1 2
c e 2
e 2 A L
=mn
pcvc~pc2/311/3 Pc iTteri )
ncr,e nwcrm.m;
—
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l,=: laser intensity in 1015w/cm?

A m: laser wavelength in pm



Entropy of an ideal gas/plasma

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

p
= c¢yIna a = const——
p5/3

S =c¢yIn [5—/3 const

 ais called the “adiabat”

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

as+é vs DS |Vz—i|2+v-xw+ -
P ot u —Dt—[l T T sources/sm S

* In an ideal gas (no dissipation) and without sources and sinks, the
entropy/adiabat is a constant of motion of each fluid element

DS 5 /3
E:O = §,a=const= p~ap/
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It is easier to compress a low adiabat (entropy) gas

a is called the “adiabat”
Smaller a -> less work to compress from low to high density

P2 M

Wiz =— deV“' - f ap>3d <—> ~aM(p,*3 — p1*/?)

pP1 p

Smaller a -> higher density for the same pressure
“ p>/3 =P (E)

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°3 due to the qguantum mechanical effects (degenerate
electron gas) just like isentropic flow

_Dp > a _ Pmbar
=— DT =
43 2. Zpg/ccs/3
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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 12



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

13



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.
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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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A shock or a rarefaction wave may be formed
depending on the driving force from the piston

(ayt=0

— > >
|: Py Ep po
> >
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P] -1
Py
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Pressure pulse applied X X

to target surface
P2
P4 r r
t ]
P1,%4 > ; >
laser > | Ay | P4 p, '
12 ¢ ) | #3
| U,
P, | -
:l>upl+ Cs1 -
> [ >
X Rarefaction X
front

Michelle Colleen Gregor, PhD Thesis, U of Rochester, 2017
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Multiple shock can be generated with multiple pickets
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T. Ditmire, etc., J. Fusion Energy 42, 27 (2023)
R. S. Craxton, etc., Phys. Plasmas 22, 110501 (2015) 18



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

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

Flat top
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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 |

max

at t,, prevents a rarefaction/decompression wave to

propagate back from the rear target surface and decompress the

target.
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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

20



Shell velocity can be obtained by integrating the rocket
equations .

du ‘ dM . )
M = — A7 R?p, = —4A7R?*m, Pa = Mallexhaust
du + :
J[d_; — _4?1_5)21)& = —47R? Mg Uexhaust
+ 1 dM
— —471_5)2’“'6){11&1151: AT R2 Jt
dM
—  Uexhaust ?
dM
du = Uexhaust A
B ﬂfinitia.l
Ughell — Uexhaust In :
i“'[ﬁnal

2
shell __ Mgina1,,2 _ Ms¢ina1 |, Minitial
Ekin — 2 Ushell — 2 [Iie}{h&“‘t In ( Misinal )}

2
' [ uex haus 3 ex
Eexhaust = (ilfi11itia_1 — Mgnal) (% + 3 ix)
/
M

exhaust = Minitial = Msinal

(dynamic + static)



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?

What’s the requirement of the final density p, pR, P, T?

u=implosion

velocity ’

m—)

implosion

Shell

stagnation

Hot spot

pR?
P?

23



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

24



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

25



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

aaaaa

I(t)

p1 = initial density

Shock
break-out

Al Asb
g a~

p3/3  (4p41)5/3
Mey~47R,2A1p1 = 4TTR 2 Agupes pav~
A1p1 = AspPsp
3/5
A
Ay = A1ﬂ~A1 P1 1 (pfoot)
pmax

Psb 4‘P (pmax)3/5 4
1 Ptoot

26



Density and thickness at shock break out time are
expressed in laser intensity

- Use p~I?/3
5/3 2/5
. pp <pmax> _4p <1max>
 Shell density P15 i\
3/5 2/5
Shell thickness A ~A1 <pf°°t> =ﬁ<lf00t>
4 \Pmax 4 \Ipax
« Shell radius R ~ Ry

Asb

27



The aspect ratio is maximum at shock break out

R
Aspect ratio = —
A, p A
R,y , .. .
A = A_ = initial aspect ratio
1

2/5
Imax)

A = IFAR = 21 _ 44 <
b = = — = 1
> Asb Ifoot

Agp = Amax

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

28



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

S

. 2

Mu

Mumaxz"’ - przdr ~p(R13 — R3) = pR13 R13 — max

R4 \ p

M
M~psbAsbR12 Agp~ 2 R{>>R
PspR1

2

IFAR = Rl _ Ifwl _ psbR13 _ Psb Mumax
Agp . M M p
psle

2

Umax 2

= ~Mach

P/ Psb e @
p 2/3 IFAR~ U

a~m p~1 o3/54/15
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The final implosion velocity can be found using IFAR

I(t)
Upax2~IFARX a3/54/15
I 2/5
IFAR = 4A1< max)
foot t
R,
A =—
1 111

2/5
Imax)
Ifoot

umax,cm/s ~ 107\/0- 7A1a3/5115,max4/15(

30



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

R4

IFAR = Agy = — > 1

sb

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

s Ku,
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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

33



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~AmR*Ap = A~R™2 A=—~R*=> A=Ay|+5
A R,

34



The shell density is constant

. . Asb ASb
« Shell expansion/contraction: Lo~ C Pa
S

* Implosion time: t. ~ﬁ
imp Us
1

t; R, C A R U;

mp L 25 Zsh oy Asb=—1 Mach = —

t., Ay u; Mach Agp C

« The pressure and the density are constant throughout the whole shell.

35



The shell density is constant

Asb
* In the shell frame of reference: Pa
p(OW+WwW-VW) =—Vp + pg7
. dp :
Neglect the first two term (check later) = ar = —PpR
Use p = ayp®/3 and integrate along r:
5/3 . dp3/3 . 5 @R 2/3 ) R
Qg d’;r =—pR = «ag pp =—-Rdr = qy= J p—dp = —R(t)J dr
3/2 @R; p R;
(R — R,-)
P = Pspb 1.0f
’ 4 0.8}
5 aopsp?’ 35pa 1 £06
whered= ——-——M= —— - — — 204}
2 R 2 3 pr R 0.2}
2 00— ]
a~L CSZ ~ Pex — _E Cs 00 02 04 06 08 1.0

p>/3 Pex 2 R(D) (R-R)/A

36



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 A~5prR A4
B 5 m B 5 m( 2) ' :

Zpssz 2 sb

p(OW+W-VW) =—-Vp + pgt

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

~P ~P —~ ~
imp timp  Atimp AR P A P27 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 312 Mach. .2 2 Ri°psp 25 R1’psp
= —_ | — max
Mach = Mach,,,, |1 (R1) 5 m 52 pyRi2Ag,
R4
== Ay

38



The model breaks down when A~Mach

1 R ’
R4
R\® R\’ R\® /R’

Aal—) ~1-(=] = 44— — | —1~

b <R1> <R1> b <R1> +<R1> 0

(R)3 1+ /1+44, -1+2/44, 1

R4 244, 244, Agp

1/2
= +/Asp

1/2

()

3
A~Mach Agp (—) ~Mach,,x

Ag >> 1

R 1 R\’
R, ~Asb1/6 «1 A= Agp <R_1> ~yAsp > 1

39



Summary of phase 1 (acceleration phase)

A /Mach (a.u.)

Mach = Mach,,,,

()

1/2

Asb

AZN\/ Agp

40



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 timp2~;
1
A A2 p/p A A w Ay
= + ~ —_— = — = ——
timpz = 4 A timpz AR2/A AA
Au; -
7 “+ 4%~
—— 2
0 2) 3

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

R/Rl"'Asbl/6

41



The shell thickness does not change in the 2"d phase
(coasting phase)

« Case 1: (3) << (1) and/or (2) Au; + A% ~ C,*
—— \"zﬂ 3
- (U . . 3 ) (2) 3)

A Z+ 4)~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

R. a 1/6
R, R;Ri 1 Ry R, 1 Asp

Az — — ~
R; Az Ry Asb1/6 V Agp Ast/3 AZN\/ Agp

A = A, = constant =

42



To verify that A << Mach

« Comparison of A and Mach (with constant 4, ):

R&—A2<R> Mach~ —% ~ i i i

"2, 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/2Z\ m R, R,

u; (Ry°4, v
where Mach, = Mach(R = R,) = ~Ay~./Ag

al/?
R
A Az (R—z) AN
Mach R\2/3 \R,
MaChz( )

R,

. . R R 1 1
* Requirement for thin shell model: 4> 1 = A4, = >1 = = >>A ~ =
2 2 2 sb
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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

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

s Ky
(R KUy,
= 3
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H
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% &
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The stagnated density scales with square of the
maximum Mach number

R,\° R,\’ ) R,\’ %0
P3~P2 R, Psb R, P=p2\p (p40)
A= A:~1 Rs Rs 1= R.~A
3 A3 AZ 3 2
2
R, 2 2 2
Pst~P3~Psb\ 7 NpsbAZ ~pstach2 NpstaChmax
4,
Pst 2

— ~Mach,,,," |«<——— Density compression scaling law.

47



The stagnated pressure scales to the 4" power of the
maximum Mach number

o
¥ “
2 z
z m
3 d
3 8
e

« Conservation of energy at stagnation:

2 2 2

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

2 2 2
R, Mach,"u 4 4
Pst~P2 <_) umaxz = pZAZZumaXZNPZ = ~paMach; ~psMachy,

4; \ P2/ P2
Dst 4

p_NMaChmax MaChZ = MaChmaX = AZ = ASb
A
Pst \pleach * 2/3
S max

Qs ~ ~ = agpbMach

5t pstS/3 psb5/31‘4‘1(:’1max10/3 ) -
At 2/3
— Mach,,, > Pst M achp,..’
A Psb
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Scaling of the areal density of the compressed core
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3/5 4 \3/5
Dst 4, R, p4 Mach 1 1
PstRsi~psidz~ (—) —R ~( — Ry

o 1
st R; R4 ag, Mach,,,, 2> A; A,V
A;~Mach,, .« AS|,~Machmax2
3/5
Ry~ |— Mach R
Potst <asb> s MaChmax MaChnlaxl/2 !

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

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

u
2 1 1 4 max
Asp A /Sasbg/s) /3 Pa /3 Asp /5
3
2/15 2/3 1/3 E,~psR
E.~E Pa / Umax / Elas k~PaAR1
k~Elas = PsiRsi~ 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
Pstist™~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

i
¥ “
P %
Z m
% d
% 2
A ran

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~ agpMachy, a2 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

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 I
Ry 2 ani niz N .
4-7l'j r<dr ﬁ =-V- (niv) — T(O’U) Burning i ., Expandlng
’ plasma | plasma
Ry om; Ry S
4w | 1r*——dr =4md, | 1’n;dr —4AmRR;n; ' .
0 0 5 RfR,

2 Ny
= —n;V4TR;" — — (ov)V¢

(neglect)
_4m 5
R N¢* (ov)
f f
dNi—3Nf— = ——— ——
TR T vy 2
dth 3Rf (O"U)

(Leibniz integral rule)

1 3Rf _(0'17)
N/R; 2V
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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 41
R; = Ry — Cyt dt = ——1 Vi=—R/’
C, 3
N
R_ﬁ _ _JRf (ov) de+R03 ny = V_(‘)’
N, R, 2X4W/3 C; ' N /
R/ R (gv) 3 R, Ve  V (ov) R
f 0 f 0 f
- —dR;+—— L1+ —LnoRy(1--L
Ny -[Ro 2¢, 4" N, Ny Nol = 2C 7 0< R0>]
R (ov) 3 R’
f 0 (ov)
= —R -_— =
N, 2C, 4w (Ro—Rp)+ 4 $ =3¢, MoRo

V ov R V V 1 R
r_! >R0<1— f)+ 0 —f=—1+§(1——f)]
Ny 2C; R,/ N, Ny ny Ro
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Calculation of the burn-up fraction - continue

vaelt 6 (R Y
o (Yo) _ [(Hew Nf£ (Ri(ov) (NF\® dR;
#Burned ions —fOTniZVfdt—joTV—fdt——fRo > (Vf> Vs C.
Ro 2 R/’ dR:/R
=J (azv) - (Rf) VoRo—r—
Rf Rf 0 S
e(1-2))
| (ov) ny? s, Ro , 1 x3dx
_j 2 [1+¢1-02" VOC_sdx_NO(’;JO [1+§(1 - x)]?
(6 +&(9 +28)] —6(1 + §)*Ln[1 +£]
= NO 2E3
_ 2
#Burn-up Fraction 0(¢) = §16+40 + 20l 2:3(1 +4) L[l +¢]
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Calculation of the burn-up fraction - continue

T + T ZT mp + my _27
p— p=nym; m;= > =2.5%x1.67%x107“'Kkg
l
; (av) Ro) (OV),13 /5 (PRo) g /cmz % 10
VT 2\/2mi \/Tke,, X 1.6 X 1016 25 x 1.67 x 1027
1.25x 10722 10(pRy) ,/cm?
~ IEM = 0.54(pRo) ;jem?
V1|6 x 10716 2v/5 x 1.67 x 10~27
(ov) 22 > 1.0} / T~
=1.25x10"%% @ T=40keV = g T
Y, TkeV max Oa /
C 04r
z 0.25/
V. 0.04-

0 20 40 60 80 100
T (keV)
H.-S. Bosch and G.M. HaleNucl. Fusion 32 (1992) 611 56



Smallest areal density (pR)

_ 2
#Burned-up Fraction 0(§) = $16 +309 + 29)] 2;3(1 t4)Lnf1 +3]
: 3 : _ ¢ N
1;1_1}(} 0($) = 1 %'_g'o 0 =1 0(8) ~ rpw: § = 0.54(pRo) 5 /cm?
0.54pR
0(€)~4+0.54pR 1.0F
D= TR g -, 06}
| T 04
Large pRis needed to have :
high burn-up fraction. 0-2;
o 0.0 | | -
For energy applications: 0.001 : 1000 10°

©=0.3| | 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 = Neg = 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() ~—— = noRo, = — (pR
¢ 4+¢§ ¢ 2¢, 00 ﬁ(p ")2 2m,

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

Required input power:

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

S

" uR/Cs mMuR/Cs " m; Rnp

My, m; Rnp 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?
~ 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

60



Requirement to ignite a target

« For T=10 keV and pR = 22 g/cm?

PR =

RZ

Pw|

4T pR® M,
3 4“R2/3_4—”R2 41 RZ“’
3
~9Zg/cm

10keV

3/2
P | _ 1018 (leev) 01 Mo 1
"l1okev 10

~ 1020 E Rem

U Ry m

non

 For T=40keV

M,
PR=Z7 = R—>309/cm

P,

40keV

~ 2.4 X 102°ERC“‘

non

= 22 g/cm?

0.11
Hn

1018 ——92R_, Watts

Needed:
R, 1
n>1
u>0.1
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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%$#

My, (Tv..\7%0.1 1
p - 1018 0,9 keV i Watt
w n 10 u Rcm ? S/g
R . 0.1 Thermal Energy
T: = S X: U~V. —
input = H C K 1 Input Energy
Gain = 2931 [ —— ) 0.(&) 0(%) LA ikt (PRo)
ain = ~ N
n Tkev 4+ AmiCs o
10 & 4G
=2 G=CGmaxy =8
Gmax 93" (TkeV) Mg + f f Gmax -G

u 3 R n

w

1018 (T\.,\*/%0.14m pR,® 1018 (T, ..\ 0.14m
n \ 10 10 u 3 PR
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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 (T, 3/20.132nR Tm, G e (o
~ 5 (10 w3 M S G — G T Bs T

1018 ?

Pw = Tkev 0 1 G - 1x107

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
T
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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Target design using an 1MJ laser

- 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

Eign ~ 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

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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