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To Fuse, or Not to Fuse...
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The “iron group” of isotopes are the most tightly bound
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Nuclear fusion and fission release energy through
energetic neutrons

Fission
Uranium Radioactive
daughter atoms
Neutron Q Neah'cm/Y
Q m=p = == Z5 200 MeV

O NE&'DI‘I\A

Fusion

Deuterium Tritium Helium 4
NeutrV
O%O-Quﬂzq 75 18 MeV

(3.5MeV) (14.1MeV)



Nuclear fusion provides more energy per atomic mass
unit (amu) than nuclear fission

Fusion of 2H+3H: 2 = 17.6 MeV’ =35 M
A (3+2)amu amu
200 MelV Mel”
Fission of 235U:; 4 = °r_ 0.85 ¢
A 236 amu amu
Energy density - Half-life (years)
Nuclear Fusion U235 7.04x108
Nuclear Fission 1.5 x 1018 J/m3

(5% 235U + 95% 2381) 8 x 1013 J/kg
Tritium 12.3
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What could you do with 1 kg DT?
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« 1 kg DT -> 340 Tera joules

— You can drive your car for ~40,000 km (back and forth between
Keelung and Kaoshiung for 50 times).

— You can keep your furnace running for 8 years.

— You can blow things up! 1 TJ = 250 tons of TNT.

*R. Betti, HEDSA HEDP Summer School, 2015 7



Enormous fusion fuel can be produced from sea water
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Total energy

4 = of world oil
reserve
1 km
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*R. Betti, HEDSA HEDP Summer School, 2015 8



Fusion is much harder than fission
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o Fission: 423U S23°U =4 Ba 450 K+ 3n + 177 MeV
e Fusion: D+ 7T — He*(3.5MeV) + n (14.1 MeV) D @ *(—)h.T
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A “hot plasma” at 100M °C is needed
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* Probability for fusion reactions to occur is low at low temperatures due to
the coulomb repulsion force.

0 (4) <@

* If the ions are sufficiently hot, i.e., large random velocity, they can collide

by overcoming coulomb repulsion

D T D T

*R. Betti, HEDSA HEDP Summer School, 2015
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Fusion doesn’t come easy

averaged reaction rate : / / dvrdvasoy o (v)vfy (v1)
__ 1 ???j’l’?
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*NRL Plasma Formulary, Naval Research Laboratory, Washington, DC 203785-5320
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It takes a lot of energy or power to keep the plasma at
ioom°c ...

 Let the plasmado it itself!

@ The neutron leaves
because is neutral
Tritium

O + @
e o Helium (alpha particle)

Deuterium 'Q ® stays in the plasma because
® is charged and collides with

®  the electrons

 The a-particles heat the plasma.

*R. Betti, HEDSA HEDP Summer School, 2015 12



Under what conditions the plasma keeps itself hot?
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« Steady state 0-D power balance:
SetSh=S+Sk

_ : : 1 1 < ov>
S,. a particle heating Sa = ZE"‘n < oV >= EE"‘p T2
S,: external heating 5

1 4
Sg: Bremsstrahlung radiation Sp = 4CBZeff T3/2
S,: heat conduction lost ¢ 3P
“ 2T

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

 P: pressure, or called energy density
 Tis confinementtime

13



The plasma is too hot to be contained

o Solution 1. Magnetic confinement fusion (MCF), use a magnetic field to
contain it. P~atm, 1~sec, T~10 keV

Tokamak Stellarator

Inner poloidal field coils
(Primary transformer circuit)

Poloidal magnetic field Quter poloidal field coils

(for plasma positioning and shaping)

Resulting helical magnetic field Toroidal field coils

Plasma electric current Toroidal magnetic field
(secondary transformer circuit)

https://www.euro-fusion.org/2011/09/tokamak-principle-2/
https://en.wikipedia.org/wiki/Stellarator 14



Don’t confine it!
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o Solution 2: Inertial confinement fusion (ICF). Don’t confine it! Or you can
say it is confined by its own inertia: P~Gigabar, T~nsec, T~10 keV

Laser light shines The target
on the target is compressed

q’ ™
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The target is ignited The target

burns
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High pressures and temperatures required for inertial
fusion can be achieved through laser-driven spherical

Implosions of a thin shell o

» Achieve extreme states of matter of interest for ICF and general high
energy density plasma (HEDP)

 High temperature (10-100 keV)

* High densities (~300-1000g/cc)

e High pressures (Gbar-Thar, ~10%12 atm)
e High areal densities (pR) (~1-3 g/cm?)

16



Laboratory for Laser Energetics, University of Rochester
IS a pioneer in laser fusion
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« OMEGA Laser System « OMEGA EP Laser System i
« 60 beams 4 beams; 6.5 kJ UV (10ns) '—'—E*
« >30kJ UV on target « Two beams can be high-  FS€)
o 1%~2% irradiation nonuniformity energy petawatt
» Flexible pulse shaping e 26 kJIRIn 10 ps

« Can propagate to the
OMEGA or OMEGA EP
target chamber

OMEGA target
., / chamber _

OMEGA EP
target
chamber

Main
e _ amplifiers
Compression

AN 3
chamber \ g\
NN :
A R N ¥ Booster
R Y "ie amplifiers

OMEGA EP Laser Bay
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The OMEGA Facility is carrying out ICF experiments
using a full suite of target diagnostics

Imaging x-ray

LLNL flat streak camera
crystal x-ray Target X-ray pinhole
streak in TIM #1 positioner camera

X-axis target-
viewing system

X-ray pinhole
cameras =~ KB x-ray
microscope
#2 (GMX1)
Indium _
activation X-ray pinhole
camera
Copper
activation KB x-ray
microscope #1
KB x-ray X-ray framing X-ray Plasma
microscope camera #1 pinhole calorimeter
#3 in TIM #3 cameras

E8012b Photo taken from port H11B
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The 1.8-MJ National Ignition Facility (NIF) will
demonstrate ICF ignition and modest energy gain
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Completed March 2009
and beginning
experimenis

OMEGA experiments are integral to an
ignition demonstration on the NIF.
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High energy density plasmais the regime that p > 1 Mbar

log n(H)/m?
20 25 30

B
4 |-
2C 1
-10 -5 0
log plglce)

35 40
MIF
ignition 6
4
OMEGA EP -
fast-ignition 2
implosion -
-
Brown dwarf 8 2 =
HED regime: -
E/V > 10" erg/cm?
= 0
Accessible by full NIF
Initial NIF
OMEGA and Z 5
| | B
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http://fsc.lle.rochester.edu/hedp.php
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Conservation equations of gas-dynamics and ideal gas

EOS are used for DT plasma

mass conservation : Oyp+ 0z (pv) =0

—

momentum conservation :  Jd; (pv) + 0, (-p 1 p-vg) — F

energy conservation : Ope + 0, [U (e + p) — kO, T| = sources + sinks

ideal gas EOS : p = pressure = (nele + nili) = 2n1 = rngli il
3 v?

Total energy per unit volume: £ = oP Py

Mass density: P = nymj

Plasma thermal conductivity: K

&
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Laser-driven imploding capsules are mm-size shells
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p, =initial density

Solid DT

aser

Cryogenic solid DT ice
@ 18K

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

R;~1.3 mm

laser R,~1.7 mm

CH or Be ablator

1ase|
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There are three stages in the laser pulse: foot, ramp,

and flattoo
| max _— Flat top/
[ peak power
](l) Shock
launching
.cEn-Q S Adiabatic
o8 @ compression
Lt
- T
§5 E
258 |
v time
:\ . - R
Sb/2 sb t
| acceleratlor> @Coastmq >@
stagnation

Set the adiabat

Peak implosion velocity
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The laser light cannot propagate past a critical density
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Light wave ’/ Critical

density
pcr, ncr

pens'ty

« Critical density is given by plasma frequency=Ilaser frequency

2w drnee?
T AL “pe = m
e
02— 2 21
“~L “pe cr _ 1.1 x10 _3

ne 2

)'L,p.m
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The laser generates a pressure by depositing energy at
the critical surface
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Sonic point M=1

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

Time-dependent v,=Ablation velocity

Supersonic flow;
> :
M>1 Vv

v, | vp=blow-off velocity

:| conduction

deposited near
critical surface/ :

: Target
: heavy
: cold

ablation front

Ablated plasma

Light ~]-
¥ gt \ Pl 1-15g/cc
I:Xc — i\ |

X Critical surface -g=acceleration in the lab frame

n, ~10%?/cc for
0.35um light
25




Pressure generated by a laser is obtained using energy
conservation equation
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—Corona

Sonic point M=1
conduction zone —

 Energy conservation equation:
d.e +0,[V (e +p) — k0, T] =18(x — x) Gomositod oy | conducion |
R critical surface fi';'::ed plasma’\ }

w/cm?s -1/cm : LG
X
« Since the temperature gradients are small in the corona, the heat flux is
small

1
K0, T(x = x.,)<< K0, T(x < x) (kaxT(x > Xep) ® gkaxT(x < xcr))
 Integrate around critical surface x,
Xcrt Xert
j (0,6 + 8,[T (€ + p) — Kk0,T]} dx = j 18(x — x.)} dx
Xer~ Xer

Xer = Xert Xer®
0p€x|, o - + [V (e + p)]xcr_ — [k0,T] =1

Xcr

KB, TI - =1

Xcr

26



Laser produced ablation pressure
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.+ 0,[V (e + p) — k0, T] = 18(x — x¢)

PA = [p + p-aﬂg}rzm

for x <

5 C?

2 2

L

pa(Mbar) =~ 83(

2/3
15
Aum/0. 35>

S>N
/

I=[v(c+p)ly- = Cs (-p‘“ Py

= 2Pep ~ (Iplf?

CI

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:

Solving at steady state in the conduction zone (x<x.) leads to
v(s+p)~ rdT

Sonic

I'

—Corona

Laser energy
deposited near ,
critical surface

st s

I
eat flows by E)
“i| conduction E
Ablated plasma
Light d

point M=1
conduction zone —}

Hot H
X, — i

l,=: laser intensity in 10%w/cm?
laser wavelength in ym
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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
Mgy = PU = Perler — pcrcgr = Per ,Oi = v/ PerPer
cr
2/ 1/3
! AN = My = 1
Jop ~ — ey ~ | — a = 17
Per )\i Per \ /\iXS
Sonic point M=1

—Corona

conduction zone —i

1/3 (]

g/cm?s

I15
2,473

m, = 3.3 x 105

tion front

Heat flows by

Laser energy ;
conduction

deposited near
critical surface

1 0
H

Ablated plasma
Light

Hot

X, -

X
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Entropy of an ideal gas/plasma

« The entropy Sis a property of a gas just likep, T, and p

D

5/3

S =cyIn|—=const| = ¢y Ina o — const
p.:u/.fi

e ais called the “adiabat”

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

(as ) DS |V V-sVT
P = =

—+u-VS )| = — = + + sources/sinks
ot Dt T T 5/8

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

P2 M : :
Wi_o=— fpdV ~ / ap®/3d () ~ alM (p?g — pifS)
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 — DT — 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: J08km

213 km - : “ 23 km

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

7000 943 282
4000 713 213
p{0[0]0] 504 151
p{0[0] 159 48
50 7 23

10 36 10.6

 Acoustic/compression wave driven by a piston:

Ushock>cs

P \ ,
shock _\
D @p5i3

Cs ~ - ~ \/aﬁ'l{3
p p

http://neamtic.ioc-unesco.org/tsunami-info/the-cause-of-tsunamis 31



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

|
shocked , unshocked
pLUL = P2z U2 I < U=-Ugpock
2 2 P2 I P1

P1 —+ pP1uy = P2 —+ P25

P2 1 P4
Ui (51 +j)1) = U9 [L?g — pg) t

Shock front

in shock fram

« |deal gas/plasma: o ?efziencae e

) 3 _ 12
£ = 2p—|—,r_; 5

« With assigned p4, p;, and p,, p,, U,, and u,;=-U, .. 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
- /3 45/4 py

. = >> 1
a1 /Py

&
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|
shocked , unshocked
u u,=-U
2 | « 1 shock
p2 I p1
P2 1 Ps

i

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
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Pressure pulse applied P2,0lo _
to target surface B shock  Post-shock density
P2 Apply / 02 = 4pq
P2>>P;
Py R \ « Adiabat set by the
t shock for DT:
P1,04 P1
P2 Mbar
Iaser' > | Aq | Py —| P4 (vp 2 - P2.Mb 573
- 22 (4{:)1:ch‘3)

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
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Higher laser intensity leads to higher adiabat
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 For acryogenic 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

35



The pressure must be “slowly” increased after the first
shock to avoid raising the adiabat
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Laser pulse shape
| ax~101°W/cm?

. Flat top

I(t)

»

/' b/2 '
o OQ Shock front

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

and flattoo
| max _— Flat top/
[ peak power
](l) Shock
launching
.cEn-Q S Adiabatic
o8 @ compression
Lt
- T
§5 E
258 |
v time
:\ . - R
Sb/2 sb t
| acceleratlor> @Coastmq >@
stagnation

Set the adiabat

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

I(t)
o~ Pfoot
(4p1)*"
p1 = 1nitial density
t

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

38



Density and thickness at shock break out time are

expressed in laser intensity
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Use p~ 123

Shell density

Shell thickness

Shell radius

3/5 2/5
) Pmax / _ Imax /
psb ~ 4p1 = 4m
Pfoot Ifc:-c:-t

Asb N .ll (IJfoot)B/S _ Al (Ifoot )2{{5

4\ Pmax

Rﬁﬁ’l Ab
S
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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")
Qsh Ltoot

4’4813 — flmax

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

40



The IFAR scales with the Mach number

 The shell kinetic energy =the work done on the shell A
sb

Ry
MuZ . ~ / pridr ~ p (R”;’ — RS) ~ pR;
R \

M ~ psbAsbﬁi B—l > R

Bl “IL2

max

ITFAR = Ay, = ~
b Asb p/psb

~ Mach?,

)3f5

p~ (pfa p 12

2
Umax

a3/5]4/15

IFAR~




The final implosion velocity can be found using IFAR

I(t)
U2 e ~ TFAR x /51415
I 2/5
IFAR = 44, ( 1““) t
Ifoot
R,
Ar=73

I 2/5
- 7 4/15 max




A simple implosion theory can be derived in the limit of
Infinite initial aspect ratio
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« Start from a high aspect ratio shell (thin shell) at the beginning of the
acceleration phase

R
IFAR = Ay = —* >>1
isb

Asb

 Ref: 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

1° phase

2"4 phase

0t

00 02 04 06 08 1.0
RIR; Aqp

Stagnation core
A,

Return shock

s xu
P
& 2
i i
% 5
(1 P4
% i
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reat

o 1Stphase: acceleration
e 2" phase: coasting
« 3'd phase: stagnation

Pa

44



The shell density is constant

. . A
« Shell expansion/contraction: fex ~ C
0
* Implosion time: LB
! Ui
LNE(S - 1 A=—  Mach = I—:
tex A uj Mach A C
e In the acceleration phase A ~ Mach?
t A
~ ~ Mach ~ A >>1 = p= const
Tex Mach
« From mass conservation:

R 3
A=—=~R3> A=A,

M ~47R?Ap = A~ R™2 A

(

R4

R>3

&
o N
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Summary of phase 1 (acceleration phase)

A /Mach (a.u.)

ﬁﬁﬁﬁﬁ
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The 2" phase starts when R <R,

&
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A decreases as R decreases. Eventually, A < Mach
« A>>1isrequired for thin shell model

 Assuming that the laser is off (coasting phase) when R/R1~Asb1/6

p(O, W+ W -Vw) =—-Vp +y€f" W ~A 0t~1/timp2 vV~1/A
A A? A A u; Au; R,
= + N_w = — t timpZN_
timpZ A A timpz A Rz/A A A ul
Aus
A‘ + 4%~ C,°
—— 2
o 2) @3

» There are two cases:
— Case 1: (3) << (1) and/or (2)
— Case 2: (3) ~ (1) and/or (2)
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The shell thickness does not change in the 2"d phase

(coasting phase)

(&}

. Case 1: (3) << (1) and/or (2) AUy o2 .2
| L @
(Wi ' _ (1)
A Z-I_A ~0 A~0 or A4 = A, = constant

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

C.A CA

-@®)-~-1 a4

84 Atympz 1 C,A R,  A? -1

- (3)~(2) 2. 54 ~Atimpz CR, A 1
’ A A A u; Mach
4 R, R 1 R R
AEA2=C0nStant=—2R2= 2 1 1

R, Az Ry Ay,V° [A, A3
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Summary of phase 2 (coasting phase)
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2/3

R\%/3 R
Mach~Mach2 <R—2> Nw/Asb <R—2>

Mach, = Mach,,x =~ 4, = /Aq

Rl Rz 2 RZ 2
A =~ constant = A4, ~ 0 ~ 21 ~ £
2 ASb2/3 pP P2<R> psb<R>
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How about the 3'9 phase where A~1 ?

M~ 1-(RIR ]2

« 1St phase: acceleration
e 2" phase: coasting
« 3'd phase: stagnation

ﬁﬁﬁﬁﬁﬁ
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The thin shell model breaks down when A~1

s <
vty
& 2
i i
] H
) 7
~ 2
v, £
Teat

max Void closure Stagnation core

0 ¢ ¥

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

Psi~P3 Where ps is the density right before the void closure
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The stagnated density scales with square of the
maximum Mach number

R,\’ R,\’
~pa | =2) ~ —2 (p is constant in phase 1.)
R; R; . .
A=A4;~1> A—~A—~1 = R3~A, (Ais constantin phase 2.)
3 42
2
R, 2 2 2
Pst~P3~Psb A_z ~PspA2 ~pstach2 ~pstaChmaX
&~Machmaxz
Psb

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

&
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« Conservation of energy at stagnation:

pstRstg"’nlumax2 Rst~R3~A3~A2 = pstAZB"'rnumaxz"'pZRZZAZumax2
R, ? 2 2 2 MaChZZumax2 4 4
Pst~P2| 7| Umax" = P2A2 " Upax" ~P2 ~paMach;, " ~p, Mach,,,,
4, P2/ P2
&~Machmax4
Pa
p paMach 4
= = = astaChmaXZ/3

*ps®? pgp5/3Machy,, tY?

At
~Machmaxz/ 3
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Scaling of the areal density of the compressed core
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3/5 4 \3/5
p R ~p Ao~ (pst> AZ RZ R Pa MaChmax 1 1 R
)~ -~
sehst st st R, Ry ag, Mach,,, 2> Ay 4,16
A,~Mach,, .« Asbvaachlmx2
R Pa 3/5M h 1 1 R
~ ac
Pt agp max” Mach,;,« Machmaxl/ 2

3/5 3/5
Pa 2/3 Pa Uma®’®  Pa'3Ry
~|— Mach,,.,"'"R1~ 173 173
Asph Asph (pA/ psb) Pa

3/5 1/3
(p“> Upax?/> (paR1®) pAZ/lsu 2/3p 1/3
~ — ~ k
QAgp (Pa%Pag,3/5)1/3  p,1/3 agt/s
2/154,  2/3f 1/3
EkNElas = pstRst~ Pa == 1as

4/5
Ash /
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Amplification of areal density

1/3 4/3
pstRst~pst2/3(pstRst3) "’pst/BMaChmax / Massl/B

2/3
Psb 1/3
B Machn, 01?3 (1 Ry %41)
o 2/3 )
b b
pstRst"’(P1A1)MaChmax4/3A12/3 <p_sl> s

I 4/15
(PR)si~(p14,)IFAR?/34,%/3 (ﬂ)
Ifoot

2 2 R,
Elas = 4-7TR1 Imaxtimp ~ 4-11'R1 Imax_

max

4'T"-Rl 3Imax

~
~

las

umax

o

P

Imax

Ifoot

>2/5

&
o Ny
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Summary

&
o N

foot

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

I 2/5
2
Pst~PspMachy,,“~p1IFAR <Imax>
foot

4
Pst~Pa MaChmax ~Pa IFARZ

g~ agpMachy, >3 ~ag, IFAR1/3

I 4/15
(PR)~(p141)IFAR?/34%/3 ( ‘“"“")
Ifoot

Imax

Ifoot

>2/5
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Calculation of the burn-up fraction

Stagnation core 0
Burning \_> Expanding

plasma | \ plasma

Rf Ry

ﬁﬁﬁﬁﬁ

Return shock
R =Ry — Cit

on; n;* Ry on; n;*
atl ==V (nv) — Tl < oV >X2 4nj0 rzdr< atl = -V (n;v) - %(GV))
Burn-up fraction:

_ 2
ORIALAR IR CL I L

For energy applications:

(pR)g/cmz
Q) ~ 7R
PR g/cm? 6=0.3 pR > 3 g/cm?
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Energy gain

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

Input Energy

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

3
Thermal energy in sphere: E(niOT,- + ngoT )V

M,
Njo = Negg = N Te = Ti — 3n0TV0 = 3—T
l

Set heati tici _ _ Thermal Energy
et heating efficiency: n = Input Energy
Gain = g0 9 _M¢ g Gain = 5293 (——) 0
T2m ;Mo " 6T am =1 Troy

m;
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The power to heat the plasma is enormous

&
o Ny

e Consider the small T limit:
¢ (ov) (ov)
0¢) ~ — = noRy = — (pRy)
117 ST Mo gy PR
(ov)~T* for T - 0 ,then &~T7/2 and Gain~T%2 -0
Einput _ E .
P, = Tinput < Tpurn = c. (Heatoutbeforeit runs away)
Tinput S
R
Pw _ Einput _ Ethermal —3 MO I Cs Tinput = ”C_ Ex: ”~()_ 1
MR/CS nuR/Cs m; R ny s
P 3 TC, 3T (2T 1 P T...\2%01 1 1
LA N W _qo18(keV) = — Watts/g
My m; Rnmqp m; R /m; nu M, 10 U Ry
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A clever way is needed to ignite a target

&
o Ny

e For T =10 keV

0.18pR PR 2
p ~ 29311 g/cm
4 + 0.18pR 22 + pR

¢~ 0.18(pR) Gain| pkev = 2931
g/cm?

e For T=40 keV
§~0.54(pR) Gain|4okev = 737

* For Gains = 100 wof TV T T _
— T=10keV o 20} & Z
PRZ22g/cm* n>1 ;5 0; 40 keV 1

— T=40keV "“"“205\
40NN

n>1.5 How do we get n > 1? 00 05 10 15 20
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Requirement to ignite a target

&
o Ny

 For T=10keV and pR=22 g/cm?
4m  pR3 M,
R = = = 22
PRT 3 anRE3  Am,  4n Rz 2 229/cm’
3
3/2
Trev) ~0.1 M, 1
= P = 1018 — =
R2 z 92 g/cm’ "l10kev < 10 ) iU Roy 1
0.11
= 1018759212“,, Watts
P, ~ 10202&:m
10keV u n
- For T=40keV v Neegek
M, R, < 1
pPRZ7 = —>309/cm o
R? n>1
0.1R
PW z2.4-><1020_ cm Il>>01

40keV U n



Requirements to ignite a target

&
o Ny

e R.p<1

e n>1

e u>0.1

cm

Watts

P,| ~ 102021
10keV L n

. 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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The energy from the fusion reaction can be used to heat

the plasma

3/2

Mo, (Trev)'°0.1 1
p, =108 —2 (X —— — Watt
v 7 (10 B Rey | OMS/Y

R E 0.1 Thermal Energy
T = u— Ex: u~0. =
input = K K 1= TInput Energy
Gain = 1293 (A0 )0®) 0@ ~——  £=-22 (oR,)
am=m TkeV f ~4+€ \ ZmiCs p;ro

10 3 4G

Gmax = 2937 (TkeV) max 37 $ G =

o 100 (Tkev>3/ 20.14m pRy> 1018 (Tkev>3/ 20.14m
=

n \ 10 u 3 Ry, 1

&
o N
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Need to lower the power by 5 orders of magnitude

. 7 x 101° 0.1Rocmiwatts
n B Gmax
e ul
e n 1 . require the fuel ignition from a “spark.” Ignite only a small
portion of the DT plasma, i.e., M;, << M,
Ry ! : smaller system size

P, =P, (My) —
= 0) 0

P min _ 7 X 10 (My/Mg\ (Roym) (0.1\ ( G Watts
w Nh 0.01 100 / \ p ) \Gpax

Effective increase in g

&
o Ny
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Target design using an 1MJ laser

p min _ 7% 1015 /M, /M¢y\ (Roym) (0-1\ [ G Watts
W 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
Eign ~ 33— —
m; N

m; nhEign

M. =
h™= 3 T

5 Nh
Mh,ug ~ 17 <m) Eigm,M] (001> Mh =~ ZOug

&
o Ny
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Target design using an 1MJ laser - continue

&
o N

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

e If M,/My=0.01, then My=2mg .
PR

7 + pR

 Assuming that the burned-up fraction 60 =

for @ ~ 30% — pR =~ 3 g/cm?

Am A At M Myme |3
M, = —- pR® = —R%(pR = |—-2= T
0 =5 PR® = R*(pR) R /BpR 126/2 CRhm
, 3
3M0 Momg 126 3
— — 24 ! 3 =0.25g/cm
P = 1R3 0 > Rom g/cm PoT 9

e DT must be compressed ~1000 times

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

&
o Ny

M, =~ 20png

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

R 5 Mu 40
~ |[— ~ m
" AT paRy, !

_(ppRp) 0.3

= =175 3
Pr™ g — T ox104 />9/cm




T.p,p

Summary

* Possible fuel assembly for 1MJ ICF driver

¥

-~V

Hot spot Ry

l Hot spot

My =~ 20pg  (pR), ~ 0.3 g/cm?®
pL¥ 70g/cm3 R, =~ 40um

# Mr 0 01
M,

Compression Dehse fuel

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

p ~250g/cm3 R ~ 120um
PpT = 0.25 g/Cm3 Rinit ~ 2.6mm ]
Convergence ratio ~20

1M] np = 1%

Eyaser =




A spherical capsule can be imploded through directly or
Indirectly laser illumination

Direct-drive target Indirect-drive target

Laser beams

Diagnostic hole

Hohlraum using
a cylindrical high-Z case

*R. Betti, HEDSA HEDP Summer School, 2015

s xu
R
& 2
i i
% 5
(1 P4
% i
s, s
reat
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Targets used in ICF
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Nature letter “Fuel gain exceeding unity in an inertially

confined fusion implosion”

T

a Inner cone 20 LI S S S S S S S S S | T T T T
-3 1.5F T T
yr ’ 33 O Low foot .
s, g@\@w 2= @ High foot
. 25 1.0f==m—m—m e ENINE 9 S —
, £ N131119
D-T ice layer ]
5L 88 130027
«——— 2263mm ———» < 2050 Niagsor | AATNIB0812
CH ablator graded C% 8

T T

T T T T 1T
|
|
|
|

-Yield from fuel compression

= Energy delivered to D-T fuel

Yield from self-heating

. 29 Si doped \ 0

10+ : :

Yield (kJ)
i—|—¢ -
——

N130927
3 shock Fal
s .j 5k e O S L
entrance hole @ ; / N110914 i i l
‘ ; g Hishfoot f 4 shock i i |
o — 1 1

[re—

Laser quads

8LO
—_
© ©
o o
-
-

110620
110826
110904
110908
110914

111112
111215
120126
120131

120205
120213

120311
2 120316

0 01 02 03 04 05 06 07 08
GLC

120417
120422
120626
120716

120802
120808
120920
130331
130501
130530

 Fuel gain exceeding unity was demonstrated for the first time.

T T 7T
High foot

130710
130802
130812
130927
131119

Nature 506, p343, 2014
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The performance of a fusion plasma has doubled every
1.8 years like the Moore’s law

1000

100

—_
o

—

Relative Magnitude

©
—h

0.01

0.001

s <
vty

& 2

i i

] H

) 7

~ 2
v, £

Teat

3 T T T TTTTT T T T TTTTT T T T TTTT

= ITER target of T, = 18 keV, nTt = 3.4 atmosphere seconds 10 "\ ! ]
itttk Ignition = [gnition
- . 2 NIF
- Ve JT-s0U N ITER | & Spherom

) ) ) JT 60U . JET pheroma
. Fusion: Triple product nTt o 10! A RFP
E doubles every 1.8 years TFTR . OMEGA (2009) jET v ST
- >f< 100 ® ® % Stellarator
B : = C-mod ® @ Tokamak
= JT-60U @ u Pentium 4 = 101 e TFTR @ Tokamak
= Merced P7 | &* LHD»  DIIID ® Tokamak
- TFTR 6: 10-2 ¥ NSTX @ Tokamak
B Alcator C Pentium Pro P6 | ~ ® Tokamak
= .JET. Pentium P5 103 BLSX (projected)
= 20456 AMST @® Laser DD
- Alcator A ® 104 * O Laser ID
B LHC SSPX (projected)
g_ 1 11 1 111 II 1 L1 1 111 II 1 L1 1 111 I-I
B 10-1 100 101 102
B Tevatron (T) (keV)
-  Nuclear fusionis coming in
- T3 Accelerators: Energy doubles every 3 years
_ | the near future.
= Moore's Law: Transistor number doubles every 2 years
E | | ISR | | | | | |

1965 1970 1975 1980 1985 1990 1995 2000 2005

Year

A. J. Webster, Phys. Educ. 38, 135 (2003)
R. Betti, etc., Phys. Plasmas, 17, 058102 (2010)
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