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The voyage of nuclear fusion has started
about 60 years ago (Sacharov, Teller,

...) and despite many progress has
mainly provided disillusions...

50 years ago the laser was invented,
opening the field of “lInertial
Fusion” (Basov, Nuckolls, ...)

Today we are probably close to the
demonstration of ignition, the scientific
feasibility of fusion, which will conclude
the first part of this travel.
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Weizsaker semiempirical mass formula N

B4 — Am§c2/A

Hg. IHO  The binding energy
per nucleon versus atomic
mass number A The sclid
curve represents the
Welzsicker semlempirical
binding-energy formulz,

A Equation 11-12.

Am$ = Zmy, + (A — Z)m, —m3.
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Weizsaker semiempirical mass formula
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E=mc?
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Thermonuclear Fusion:

Deuterium % 08 Tritium
0 ! D+T— He*+n+17,6 MeV

'”/ = \ for the o particle
sla':trllgle% ONoulron 4/5 (176 MeV) =14.1 MeV

i 1/5 (17.6 MeV) = 3.5 MeV

n for the neutron

Het
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Coulomb repulsion:

CELIA

Coulomb potential

’

2
Approaching nucleus Q vV lomp = leZ e
coulomb = 4meg(Ry + Ry)

_/ Nuclear well Q

Y

Nuclear radius depends on A as

1/,
R;=1.4 10‘15Ai

The energy threshold = 400 KeV, i.e. T 4.6
10K (1 eV = 11400 K). For comparison T=

1.6 10’ K at sun core.

= Tunnel effect
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Reaction probability S
and cross section: -

dn ) y
— = o\r)vyrnin
n,, n, densities of particles of O # ® )
species 1 and 2 (#/cm?) O O
O
dn/dt number of reaction per n,
unit volume and unit time n;

n,v = #/cm?sec = flux of incident particles
o has the units of surface (cm?)
n, o = total “covered” surface per unit volume.
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CROSS SECTION (BARNS)

4

- -

CELIA
. —
/
: % D+D—=T+H'+4,03MeV
F i “ D+D — He3+n+ 3,27 MeV
/ / LT
= D + He3 — He*+ H'+ 18,3 MeV
— v -
| h// Lf D+T— He*+n+ 17,6 MeV
| o | &
11 Fi D-T fusion reaction has a
/ larger probability and peaks
: at lower energy
/
]
B 80 /20 40 60 8OO 200 400 600 1000

DEUTERON ENERGY (KEV)
pect] .T, D-D tal), and D-He® tions. . . .
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Reaction rate: A

In a plasma we must average the cross section over the
distribution of velocities

far(v) = (2m)~3/2 exp(—m,v?/2T) di = 4mv?dy
— 4 T , _
{ov) 71-/0 v@o(v) fu(v)dv f ‘ ﬂE) < gy
A
At low temperature the /
main contribution to L aY

fusior] reac_:tions comes
from ions in the

distribution tail | %h\
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temperature [keV] S
10" 10' 10° 10°

Fusion needs
high
temperatures
(T> 5 keV)

— DT
- D-D
w—  D-He3|

- 107 10 10° 10
temperature [billion Kelvin]
109K = 10° eV =100 keV
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Reaction rate: et

DT reaction

(oprv) =~ 9.1 x 10716 exp (—0.572 |ln(Tkev/64.2)|2'13) cm® /s,

3-100 keV
b 3 —19~3 3
(oprv) ~ COrT3 = 1.1 x 1071973, cm? /. 28 kol
<0DTU> ~ CDTT2 = 1.1 X 10_18T£ev cm3/s, 8-20 keV
DD reaction
(0DpDnv) = 2.7 X 10_14Tk_63/3 exp (—19.8Tk_e%//3) cm® /s.
3-50 keV
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Plasma conditions for fusion:

confinament time
1%

Confinament time: T7T=——

losses

W = internal energy per unit volume (J/m3)
P, s = dissipated power per unit volume (this is mainly radiation losses
due to bremsstrahlung).

T = the time over which the system is able to keep its energy)
W = %((ne +n, )kT) =3n,T(eV)

Rate of energy production |

Pfusion =Nn,N, <OV>Ea = Z nf <OV>Ea

We take into account only the energy in a particles: only they remain
confined in the plasma and heat it up!
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LAWSON’S CRITERIUM

:, %nf (0WE, >30T /T

LD
fusion losses

= n,T > 12T /<Gv>Ea =L

<OV> depends on T.

[E,=3.5MeV |

CELIA
-
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L=12T /{oV)E, g

Is function of T and has a
minimum at = 25 keV
(2.9108 K)

for D+ T — “He +n

The deuterium-tritium L function (minimum n,Tg &-
needed to satisfy the Lawson criterion) minimizes
near the temperature 25 keV (300 million kelvins).

20 i i
1050 10’ 10° 10’
temperature (keV)

For D-T at T =25 KeV, Lawson’s criterium 1is :

n,t>1.510"s/cm3
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Thermonuclear Fusion:

Q Need to have high
Deuterium-Tritium Fusion Reaction temperatures to overcome
Coloumb repulsion

Deuterium Tritium
A ] T .~ 5-10keV

\ / Q Need to have many fusion
reactions to allow for
It energy gain, i.e. large

number of particles and/or

) '
= long confinement time.
/ \ Lawson’s criterium
Alpha
Particle ® O Neutron n,t~1.510"s cm3
He! f

“Triple product” n,t T =8 1014 s cm™ keV
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Creating conditions for fusion:

Q Gravitational
Confinement

Heating
Mechanisms:
* Compression

(gravity)
* Fusion Reactions

(such as the p-p
chain)

O

16

Magnetic Q Inertial

Confinement Confinement

* Electromagnetic Waves * Compression (implosion

* Ohmic Heating (by electric ~ driven by laser, or by X-rays
currents) from laser, or by ion beams)
* Neutral Particle Beams * Fusion Reactions

(atomic hydrogen) (primarily D+T)

* Fusion Reactions (D+T)
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Creating conditions for fusion: ~==*

<o

The secondary system (H-
bomb) 1s 1gnited by the
explosion of a

(11 . 13/
conventional nuclear
bomb

For controlled nuclear
fusion:

*Need to ignite small mass
of fuel

*Need to 1gnite with
different tools!
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Principio del Confinamento Inerziale ==

Laser light shines The farget
on the large! is compressed

The farget
burns
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Lawson’ s criterium for S
inertial fusion

In ICFwe cannot reach 25 keV. Then

n,-t~610%scm3
10

-

snsnsnnsnsfrsncsssnrnriminnigocnrsnsnrannnn

o T N, N R S S G W N . — I —

I
10/ 10’ 10° 10°
temperature (keV)

).Batani, 1. Introduction to Fusion, 2016



. CELIA‘~
Isothermal expansion of a gas

Rarefaction (expansion) wave
Self-similar model

A

= CS n(x)=n, exp(-x/L)

L=c t

\ q ¢, =(yZkT /m)"”

t=0 t t, t ..
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Lawson’s criterium for P
inertial fusion

n,t~610*s cm
Disassembly time determined by the fuels inertia

T<R/c, = wetake T=R/4c,

ion sound velocity in a plasma
1/2

¢, =(yZkT,/m,)" =98 10°(yZ T,(eV)/u) " cm/s

~7 10" em/s (for T=10keV)
Notice:

in magnetic fusion the time T expresses the confinement of energy

In inertial fusion it refers to the confinement of mass

D.Batani, 1. Introduction to Fusion, 2016
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Lawson’s criterium for "
inertial fusion

n,2t~6 10" s cm
Disassembly time determined by the fuels inertia
T=R/4c, c, =7 10" cm/s (for T=10keV)

no=n =2x p(;g/scc) 6022 10%cm™ =4.8p 10%cm™

nr=15 10"=(48p 107)(R/4x7.6 107)

For typical ICF conditions

— pR=15 10" x4x7107/4.8 10¥ =03 g/cm’

D.Batani, 1. Introduction to Fusion, 2016
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Maximum released energy =

Eeo = N—%CID — 3.4 x10°®sM
fus = €DT = o BEDT = 9.2 X BiVLf

®, “pburned fraction” of the fuel

M: mass of fuel (in g)

Erus  fusion energy

epr-  energy released in one reaction (17.6 MeV)
A few mg of DT are sufficient to produce an energy of several 100 MJ

To satisfy Lawson’s criterion (oR > 0.3 g/cm? ) at the density of solid D-T
(pso; = 0.25 g/cm3) would require R = 1 cm. This implies a large explosion.
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Burning fraction in ICF e

We need to calculate the “burned fraction” of the fuel

R()=R,-ct fox = Ry 1 €
Nmt=lnin Ny=n,.=n,/2 v, —4—JTR3
2 3
tmax 4T ’
Nf_nDnT<GV>fO ?(Rf—Ct) dt=

[max
—L R, —ct 4} =4—EnDnT<OV>—f

3
<(7vn n <()'V>VT

t=0 R=R,

R=0

max
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Burning fraction in ICF e

Ny =p;V,Im; = nV, total number of 10ns

N, =N, /2 maximum number of reactions
1 1
N, =npyn; <O’V>Vf‘L’ = Zn 1, <O’V>V T = 5 N, <Gv>n T
N
D, = ! = ; —nm<av> pf /
N, 8C m, H,
H, - 3m,C.
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Burning fraction in ICF —

Hg “combustion parameter” for a DT plasma fuel

12,
11
10

9

8

71 HB=8micsz 6 g/cm’
2 (ov)

5 |

o TkeV

20 40 60 80 100
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Burning fraction in ICF —

The calculation didn’t take into acount fuel consumption

ne=np,—n,

dn dn 8
J D 2 m.c ’
——=———=n,(0V H,=—32= 6 g/
dt  dt »(oV) T lovy
n
n,(t)= 20
o) 1+nD0<OV>t
foa = Ry 14, Npo=n;12=p,/2m,
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Burning fraction in ICF e
n

{ _ DO
" () l+n,, <O’V>(Rf /4cs)
(I)=nDO_nD(tmax)=1_nD(tmax)=1_ 1

Moo Moo l+n,, <O’V>(Rf /4cs)
1 1 _1_ 1
L,+(p/2m){ov)(R,/4c,) ~ 1+pR./H,

i (1+pR, /H,)-1 _ pR,/H,  pR, PR,
1+pR, /H, I+pR,/H, Hgz+pR, pPR,+6
Conventionally we take pR =3 g/cm? that is 33% burned fuel H = 8m,c,

(o)
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ICF typical targets

“Ablator”
(plastics, S10,, Be, Diamond)

DT ice (p = 0.25 g/cm?)
“Fuel” “Shell”

DT gas

External radius = mm DT mass = mg

D.Batani, 1. Introduction to Fusion, 2016
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ICF typical targets

Hot spot (R =10 pm)

Compressed fuel

 CELIA g

/" INITIAL CONDITIONS )
CRYOGENIC SHELL

- R, = 2mm, Ar= 33 um

- A=R,_/Ar=~60

- Vi,= 4nR2Ar=1.6 103 cm3

\-~ Pn=25x 0.1g/cm? M=~0.41mg /

/ FINAL CONDITIONS )
- pfin/ Pin = 1000

- Ar=60um (A=1.2)
( Pfin I:{fin ~ 1.8 g/ cm? /
D.Batani, 1. Introduction to Fusion, 2016
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Some orders of magnitude

It

tlaser ~ timplosion =~ 10 ns
[, =3 10" W/cm?

R =2 mm

Then

S =0.5 cm?

Elaser = ILtlasers =15MJ
Vimplosion = 2 mm/10 ns

=200 ym/ns =200 km/s

(in reality up to 400 ym/ns betfore
“stagnation”)

D.Batani, 1. Introduction to Fusion, 2016
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Space-time plot ~—

12 3 4 5

1 ablation and acceleration

2 implosion (almost constant velocity)
3 deceleration

4 stagnation (creation of hot spot)

5 explosion

D.Batani, 1. Introduction to Fusion, 2016



CELIA .

Why do we need a hot spot?

/" INITIAL CONDITIONS )
CRYOGENIC SHELL

- R,= 2mm, R,/ Ar=60 (Ar = 33 um)
- V=4aR2Ar=1.6 103cm3

- pin=2.5x%x 0.1 g/cm3 M=0.41 mg

(- Ningi =1.6 10 y

Total number of ions Ny = 2 10?1
If T, = 10 keV, total thermal energy
infuel E=2 (3/2 Ny T) = 10 MJ !

“Yolume ignition” is NOT achievable !

Conversion efficiency from laser light to thermal energy of the fuel is
extremely low = 5 %

D.Batani, 1. Introduction to Fusion, 2016
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“Isobaric” approach to ICF

4 Stagnation is reached as the )
pressure of the internal fuel

Increases and gradually slows the
shell down.

kAt Stagnation I:>shell ~ I:)cen’[ral spot j
s )

| | Kinetic Energy of (remaining) imploding
D shell is converted in:
I - Compression of the fuel in the shell
- Heating of the central has

Produces an Isobaric fuel assembly
Need for High Aspect ratio target and high implosion velocities

V ~400 km/s

34 D.Batani, 1. Introduction to Fusion, 2016



NIF-like target (1 MJ) ==

Stagnation density
and temperature

1400

1200

1000

800

600

T, (keV)
Density (g/cc)

400

200

P(Bar)=1.8 107" n..(cm™) T.(eV)

SHELL

-psin Rin= 103 g/ cm3x 40 ym
=4 g/ cm?

-n,=n,=2.510%6cm3

HOT SPOT

-psin Riin= 130 g/ cm3x 22 ym
=0.3 g/ cm?

-n;=n, =3 102°cm3

PRESSURE (hot spot)
-P = 600 GBar
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Spherical geometry

Notice:
Ablation Pressure P = 50 MBar

Pressure at stagnation P = 500 Gbar

Amplification of a factor x 10000 due to
convergence.

Spherical geometry is essential for ignition

D.Batani, 1. Introduction to Fusion, 2016



Energy balance in the fuel ~

The compressed shell is a dense degenerate plasma

Tr = (3m2n)%3kK2 /2m,
Tr ~ 14 p?/3 eV,

PF = %neTF-
PF — AF,O5/3 = 2.16 ,05/3Mbar.

“‘entropy parameter”

a=p/Pe p=a Agp>?

The hot spot is a hot classical plasma

37 D.Batani, 1. Introduction to Fusion, 2016



Energy balance in the fuel ~

The compressed shell is a dense degenerate plasma

Vo P 3
Ecompr = / pdV = aMf/ PE 1p ~ §aMfAFp§/3 — 0.3504pr§/3 MLJ.

2
Ve Jols) P

The hot spot is a hot classical plasma

3
gchauf — 5 (ne +np + nT) Tth — BTLQTth = 110 MtheV M.J.

38 D.Batani, 1. Introduction to Fusion, 2016



T, (keV)

NIF-like target (1 MJ) ==

Stagnation density

and temperature SHELL
1200 =4 g/cm?
-n,=n,=2.510%6cm3
1000 __
o
g0 m HOTSPOT
0o 2 Pin Ri,= 130 g/ cm3x 22 ym
@ = 0.3 g/ cm?
400 S -n=n,=310%®cm3
200
A TR S e vt PRESSURE (hot spot)
0 10 20 30 40 50 P ~ 600 GBar

R (um)
pr=aA.p” =216 a p>° MBar
=216 o Gbar =0 =3
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a particle range in ICF plasma S

- Bmge of Alphfl Paﬂ:icleinﬂasnn 3/2
(&
03 - | — Bectrons and lons: Ti=100 KeV Ra — (0.107 [cm]
—— Hectrons Only: Ti=100KeV P 11’1 (A)
025 + | ___ Hectrons and lons Without ]
Crercrasekher Linits Ti=10KeV/

Assuming 50/50 DT
plasma (T, in keV, p in g/
cm?). The plot of the range
1s shown 1n figure for p =

50 g/cm? and T,= 100 keV

100

Te (KeV)

To get R, = 10 um, one needs p ~ 500 g/cm3 at T = 5 keV

In this case a particles are confined within the plasma and contribute to
its heating

D.Batani, 1. Introduction to Fusion, 2016
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Lessons from History ...

Laser Compression of Matter to Super-High Densities: Thermonuclear (CTR) Applications
JOHN NUCKOLLS, LOWELL WOOD, ALBERT THIESSEN & GEORGE ZIMMERMAN

University of California Lawrence Livermore Laboratory

Nature 239,139 - 142 (15 September 1972)

Hydrogen may be compressed to more than 10,000 times liquid density by an implosion system
energized by a high energy laser. This scheme makes possible efficient thermonuclear burn of small

pellets of heavy hydrogen isotopes, and makes feasible fusion power reactors using practical lasers.

Early predictions for laser ignition were ~1kJ [Nuckolls]

e  What was wrong?
— Very strong sensitivity to implosion velocity
— Optimistic assessment of hydro instability growth

— Assumption of high coupling efficiency at high laser irradiance

Note: estimates for high gain have remained ~ constant (at ~MJ),
as much weaker dependence on implosion velocity

41 D.Batani, 1. Introduction to Fusion, 2016
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Absorption ruled out IR lasers " 5

Laser Matter Interaction prohibits large intensities (low
absorption, high preheating)

100

I

Ay 14 yum

<— Hequired operating region
for laser-fusion targets

80

60

40

Absorption (%)

2nd harmenic

/”- \‘\\ 20 = -1
< >
3rd harmonic 0 1 !

1013 1014 1015 1016
Laser intensity
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A
Why we cannot work at high intensity and

high wavelength

1) Absorption is reduced

2) Plasma corona is hotter, T ~(I A%)%/3 producing
more and harder X-rays

3) Parametric instabilities are excited more easily
(SRS, TPD) and may produce hot electrons (non
thermal tail in electron distribution function)

4) Hot electrons and X-rays may “preheat” the fuel
making its compression much more difficult

D.Batani, 1. Introduction to Fusion, 2016
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Rayleigh-Taylor Instability:

Alf pressure

D.Batani, 1. Introduction to Fusion, 2016
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Rayleigh-Taylor Instability:

S Use Fourier expansion (we write a
sinusoidal perturbation).

e Here A(x,t) = Ay cos (kx - wt)
ﬁ The equation of dynamics bring to write
U a dispersion relation £(w,t) =0
.

If w 1s real stable behaviour (wave which is eventually damped
and dies away)

If w =1y 1s imaginary then the perturbation grows like

A(X,t) = Ay cos (kx) e

D.Batani, 1. Introduction to Fusion, 2016
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Rayleigh-Taylor Instability:

“Classical” growth rate (linear phase) S RTTakabe o L3
15| —o RT classique
=/ Ak
y g Y (ns—l) 10|
A = P> — P 5|
P>+ P |
Atwood number (unstable 1f p,<p,) . ‘
Akg 0 20 40)\, (pm)GO 80 100
V= \/ — pkv abl
1+ kL

Modified “Takabe” expression. L plasma density gradient

46 D.Batani, 1. Introduction to Fusion, 2016
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Rayleigh-Taylor Instability: ===

In ICF, Rayleigh Taylor instability is partially stabilised due to
* the presence of a density gradient (p(x)=p exp(-x/L)) (less space for
growth)

* plasma expansion (the “seeded instability” 1s transported away)

Akg
= — PBkv
y \/1 + kL /J’ abl

e Short modes are stabilised (A<<L,1.e. kL>>1)
* Large modes are not stabilised but they grow very slowly (A is big
and then k and y are small)

The most dangerous modes are the intermediate ones

47 D.Batani, 1. Introduction to Fusion, 2016
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Lessons from History ...

In conclusion, what was wrong in the initial energy estimate from
the 70’s? [~1kJ , Nuckolls]

They wanted to use long wavelength lasers (CO,, Nd working at 1w)
because they are very efficient but this implies LOW ABSORPTION, and
HOT PLASMA CORONA inducing X-rays and PREHEATING

They neglected the impact of parametric instabilities (especially effective at
high intensity and long wavelength) creating PLASMA WAVES inducing HOT
ELECTRONS and PREHEATING

In order to get strong accelerations, they wanted to use high intensities to
create big pressure and low mass targets (thin shells) but in this case hydro
instabilities are very effective

D.Batani, 1. Introduction to Fusion, 2016
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Rayleigh-Taylor Instability — e
spherical implosions / explosions

80

g

Distance, micrometers
&
o

20

0 20 40 60 80 | 3 million kilometers
Distance, micrometers

Striking similarities exist between hydrodynamic instabilities in (a) inertial confinement fusion capsule implosions
and (b) core-collapse supernova explosions. [Image (a) is from Sakagami and Nishihara, Physics of Fluids B2,
2715 (1990); image (b) is from Hachisu et al., Astrophysical Journal 368, L27 (1991).]

»Energy must be delivered as sysmmetric as possible!
D.Batani, 1. Introduction to Fusion, 2016
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Rayleigh- Z'a ylor Instability: ==

12 3 4 5

E—

In ICF Rayleigh Taylor instabilities may develop:

1) during the acceleration phase (1) at the ablation front [the less
dense plasma corona “pushes” the denser shell]

2) During the deceleration phase (3) at the shell/fuel inner interface
[the less dense gas in the core pushes the imploding shell]

D.Batani, 1. Introduction to Fusion, 2016
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Rayleigh-Taylor Instability: ===

RT instability is dangerous for ICF because:

1) It may bring to mixing of shell materials (C, H, Si1, O, ...) with
fuel. This increases the average Z of the core bringing to
increased radiation emission and losses

2) In the most severe case, it may “break” the shell thereby
terminating implosion

In order to achieve the high implosion velocities needed for
ignition (V. = 400 km/s) one needs to accelerate a small mass,

1.e. a thin shell (high aspect ratio). But of course a thin shell 1s
more sensitive to hydro instabilities. ..

D.Batani, 1. Introduction to Fusion, 2016
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Rayleigh-Taylor Instability

04 04

03 03

* Major instability:
heavy material pushes

on low density one

02 02

0.1

e Will always occur since
driver is never
100% symmetric

01 01 0.1

0.z 02 02|

03 03 03}

e The Rayleigh-Taylor “ a

instability always grOWS 0 .-n’l 02 0 o1x 02 0 01‘ 02

»Energy must be delivered as sysmmetric as possible!

D.Batani, 1. Introduction to Fusion, 2016
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Good news: ~—

Experiments with GEKKO XIlI laser, Institute of Laser Engineering,

University of Osaka, Japan

Experimental demonstration of compression of DT up to 600 x solid

density (Azechi et al., Las. Part. Beams, 1991)

Q WE ARE ABLE TO OBTAIN DENSITIES DIRECTLY RELEVANT FOR

53

ICF!
However: number of neutrons much smaller than expected: The

central hot spot was not generated

D.Batani, 1. Introduction to Fusion, 2016
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ICF: direct drive approach

Lawson’s Criterium (buring criterum) for ignition (D-T): pR > 3 gcm™
and T=5-10keV

(. synchronized laser pulses with spherical irradiation symmetry

- shock wave compression (up to 1000 x solid density)
- ignition from a central hot spark produced by shock coalescence
\ Isobaric approach )

~N

=104 W/cm?2 10 ns

54 D.Batani, 1. Introduction to Fusion, 2016
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e

Problems of classical scheme:

Non uniformities in laser irradiation or
in target bring to:

Q Mixing of fuel and wall, higher Z*, increased

emission and cooling

Q The central hot spot is not generated

AR;, Av R, Av _ R, A

~ tim~
Ro ™ RV R I

fin fin 7~ imp

Then:

AR.. Al
2 50% = — = 1%
R, I

D.Batani, 1. Introduction to Fusion, 2016
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How to relax uniformity constraints for ICF?VCE"'A "

> USE INDIRECT DRIVE
> USE OPTICAL SMOOTHING

> USE OF “FOAM BUFFERED TARGETS”
Willi et al., Phys. Rev.Lett.,1995

> SEPARATE COMPRESSION AND IGNITION

Fast Ignition
Tabak et al., Phys. Plasmas, 1994

Shock Ignition
R. Betti, et al. Phys. Rev. Lett., 2007

D.Batani, 1. Introduction to Fusion, 2016
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Inertial confinement: direct
vS. indirect drive

Hohlraum

Pellet

Driver X-rays Pellet " Driver
Direct drive Indire_ct drive

Direct: higher efficiency, more problems with uniformity
Indirect: better uniformity but reduction of efficiency

In both case you need MJ-class laser systems

57 D.Batani, 1. Introduction to Fusion, 2016



Targets

Figure 3.3: The laser fusion tamgets used on OMEGA experiments are typically =1 mm iz diameter
and zre suspended by spider silxs.

58

 CELIA ‘t

Figure 3.7: A typocal indirect doive targee,

D.Batani, 1. Introduction to Fusion, 2016



CELIA _»

National Ignition Facility (NIF) - layout

Integrated computer
controls system

Beam-path infrastructure

Target
experimental
systems
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Indirect drive

- Chamber

- Target holder
- Hohlraum

- Pellet

CELIA _.
-
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Lasers - NIF and Megajoule:

Controlled Thermonuclear Fusion

61

TrA
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Fra et
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'
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’
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Domed roof

Targetdmgnostics

Swichyard mirror

Personnel access area

Final o plics assam bly
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Uppar mirror support frame
Turning mirrors

Lacer ports

Targetcham bar

Lower mirror support fame

Nd:glass

2 MJ

10 ns

200 beams
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Optical smoothing techniques: == |

Optical smoothing techniques (RPP, ISI, SSD..) introduced
(80's, 90's) to produce "gaussian” beam profiles with
small scale modulations

Sy, $/\
LASER L -y
//// \\\:
- \\\\><////
- v ?

Random Phase Plate Spot ® = \f/d speckles d= Af/D -
2D square elements with 0 or & dephasing (Kato, PRL, 1984)

Small scale modulations are rapidly washed out by thermal smoothing
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Thermal smoothing: ==

Laser is absorbed at the absorption front but pressure is applied
at the ablation front

Ablation front | ! Absorption front

Corona
(n < nCI‘It

AP/P ~FAI/I

Non-uniformities present at the laser absorption surface are
reduced at the ablation surface by

T=~exp[-al@r/hg,)l
L “stand-off distance” (thickness of conduction zone)

D.Batani, 1. Introduction to Fusion, 2016
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Foam buffered targets: ~—

- (Dunne et al., PRL 1995)
| \Au

CREATE A SUPERCRITICAL AND SUFFICIENTLY WIDE PLASMA
IN FRONT OF THE TARGET

PAYLOAD ¥ FOAM ¥

OPEN QUESTIONS:

@ Optimal parameters of foam and converter

@ What A, 7

@ Effects on hydrodynamics? Shock heating of DT?

D.Batani, 1. Introduction to Fusion, 2016



CELIA

The concept of“fast ignition” ™=

>1: “normal”’ compression with ns laser beams (we are able to
compress!)

> 2: a CPA laser creates a beam of relativistic electrons (lateral hot

spot)
Laser pulse

' '4
2 St
b '

N

\

Fast electrons

DT fuel /

> Typical parameters: E =~ 10 kJ, At =10 ps, R = 10pym, E,,.,~1 MeV

65 D.Batani, 1. Introduction to Fusion, 2016
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Inertial Fusion- Fast Ignition

Implosion laser

; {
! 3 D’\n
\ ’ heating ‘;;3.;{
AN " .
»
compression ignition

s R

66

1. laser | soft x-ray source
drives implosion

Self buming

burning

— S

Ultra intense laser
enters here

D.Batani, 1. Introduction to Fusion, 2016



CELIA .+
High-intensity lasers (high energy - short pulse)

Laser-plasma interaction in the “relativistic

regime”
Chirped-pulse amplification l
l LA :
| | |
Short-pulse Pulse Pulse Pulse
oscillator | |stretcher amplifier compressor
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Evolution of laser performance:

~ Nonlmear Relatmsnc Opues. 1 m ~c ¢
C 20 (large ponderomotxve prwsum) ; ¢
9 10—+ SRaR N '
s , Sh e v
N’ P L R L A e G v s e e i
’5 Bound Electrons: E = ¢/a,
.g 10"°
g
0ol

1960 1970 1980 1990 2000

Figure 1. Laser intensity as a function of year, showing the impact of the
CPA concept and the different thresholds of physical regimes. The sharp
increase in intensity since the advent of CPA is comparable to the sharp

increase after the invention of the laser in the 1960’s.
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Advantage of Fl -

Direct-drive, hot spot ‘
ignition, oo =1 (NRL pt.)

T T T T T T
g \\\\ i !" "‘700\\ G=135atE=1.2MJ
~ 1) \d ~
| p= 300 g/cc,-»--—\\ ] gnt® & 5 gl
EL: 92 kJ, * “"l‘ }'\ ‘,‘ . — yie/d\\ & o= 2
D2 =410 _oo** Rid
““ /’0 . ~
100 g ‘0’. .'. 0. d\\
- ¢ . s\ =
C T~ o“Fast Iggition / Vigggy ~ Nirect Drive =t
B & Rt 5
E 4 & :
5 :0 o .I ]
Target g0 \, \I\ PG 4 !
gain | & 200 glce, WM~ lesig N .
¢ 200k i '/J’I'e/\\ So
25x10 i il Indirect  ~~_
10 - i drive &
2 150g/cc, | !
K 330 kJ, 4' g
| 1.8x10% | v/=133x107 .
i v.=4:x:107 N X
~
~
~
5 \\ =y
~N
~
~
1 ! L [ Ll | j | e
0.1 1 10
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Study of propagation: ~—

Propagation of fast electrons in matter between n_ and 100 n,
over 200 - 300 ym is critical for the feasibility of fast ignition

4 )
o Longitudinal electric
Collision ——> field
Iy
++‘—
Azimutal Fast electron
magnetic fielo/ trajectories
- y

O collisional Effects (Stopping Po
Isional Effects (Stopping Power}.\ o vsICAL PROBLEM:

Q Electric field effects VERY DIFFERENT FROM
(O Magnetic fields effects JUST BETHE-BLOCH



CELIA _,
Use of cone targets =

“Cone guided” targets were tested
at the ILE in Osaka

* The laser can interact in regions at higher densities
* Increment in neutron yield from compressed
fusion targets

R. Kodama et al., Nature 418, 933 (2002)

—_
o
(@)

104

Neutron yield
o
(o))

—__

Neutron enhancement (a.u.)

AL | 1 T LI M o O I I 1 1 1 1
01 1 -200 -100 0 100 200
Heating laser power (PW) Injection timing (ps)

—_
o
~
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. . CELIA
Physical issues S

e (Cones do not seem viable for future reactors (same problems
of Indirect Drive targets)

e The presence of the cone may prevent a sufficiently uniform
compression and produce high-Z pollution

How to control electron beam energy?
e |s there any tools to control electron beam divergence?

Although a very promising idea, Fl is in a “premature” stage for
what concerns technological developments (we need a 100 kJ -

10 ps laser beam)

[the main issue here is scalability of collective effects...]

D.Batani, 1. Introduction to Fusion, 2016



Shock ignition: a final laser spike SELIAL,
launches a converging shock

Conventionnal direct drive Low velocity drive

450 TW, 1.5MJ pulse | 2207w
SR (o o]} i{o]gW<Tol] (=
P (TW) ]

bl

|

Power (TW)

—_
1

- 80 TW, 250
* Pulse mis en forme 0.1» T |k$‘m&|ﬂ§§\ tubut
# | 15';5 MJ;“OLW & = 01 2 3 456 t7(n38) 9 10 11 12 13 14 15
High Aspect ratio target Low AR V~240 km/s
V ~400 km/s A EE— A Fuel
assembly
IS non
iIsobaric

i
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Produces an Isobaric fuel
assembly
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Shock ignition is less sensitive to hydro s

instabilities

In SI, you do not create the hot
spot with the “main” compression
beam. Hence you do not need
such high implosion velocity.
Hence you can implode a more
massive thicker shell which does
not break due to RT

74

Power (TW)

—
(=]

0

Low velocity drive
| 220TW

SR— . (o (o} {o]g Y ol] (&

80 TW, 250
...... KJ.pulse

S 6 7 8 910111213 14 15
t (ns)

Low AR V~240 km/s

4 Fuel
assembly
IS non
isobaric
P r
—
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The Ignition shock mitigates e
RT growth at stagnation

HIPER target at time of
maximum pR (1D)

Shock

. 2
\' 3 :l:" =
e - No shock 2
= ANV N -
asopm £ °F - |
s ')
.—;"\j\"_’/ i

AAAAAAAAAAAAAAA

180 kJ

48 beams

) | & L
@® With spike
€ Without spike

&}
10 - ® @ ®

| ‘00.
L %o &

$ 10 15 20 25 30 35
) Hot-spot convergence ratio

Neutron YOC (%)

HIPER target at ignition time

Shocked - - -
Is this experimental evidence of
shock RT mitigation?
- OMEGA shock driven target
- D2 gas with CH shell
- Same total energy: shock, no
shock

W. Theobald et al. .
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CELIA
3 types of radiation emission in a plasma et

Free-Free emission (continuum) or “bremsstrahlung”

N

Continuum

Free-Bound emission
(continuum) 136
“recombination”

A( Tonization energy

1 } Excited levels

I, [Z* (eV)

Bound bound emission
(lines)

Ground state

oL Y <«
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CELIA _,
Bremsstrahlung emission A

For a Maxwellian population of free electrons the shape of
bremsstrahulng emission is exponential. The quantity g is the
Gaunt factor (which has a quantum origin)

d(hv)=1.5><10‘32 ;’52 g exp(—hv/T, ENZ - J (T, )exp(-hv/T,)

The total power emitted (W/cm?3) is

_ n, 6L
e =1.5%107 N,Z? -

T]/2 2
5 |

When it is expressed in wavelength thereisa =

maximum at
6200
A (max) ~
T

C ok

A,



CELIA _,
Bremsstrahlung emission e

Attention: the important parameter in plasma emission is not the
average ionization degree but the effective ionization degree
(higher charges contribute more to emission)

d(hv)=1_5x10_3z ;l]«/ez gz exp(-hv /T, ENZ = J (T, exp(-hv/T,)

—EN(Z)Z

Z,5 = EN(Z)Zz

L
N o

D.Batani, 1. Introduction to Fusion, 2016



Recombination emission —
de n < 7 () (n) , (n) (hv_l"(n)) (n)

fb -32 e 2 i n n _ _g\n
d(hv) =1.5x%x10 Te3/2 E, N;Z; nz = & 1; ' exp T X(hv I, )

y Continuum
%} by =~ mv? + EZ
136 ﬁ ﬁ, < Ionization energy vV = 2 me Ve n

%
EI1 1 } Excited levels
v

1, [Z* (eV)

8

l

(v - 10" 0 per v < 117

lperhv =1

Ground state

0= <
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CELIA _.
Recombination emission S

A photon is emitted when an ion with charge Z, captures an
electron. Initial states have a continuous distribution implying a

continuum spectrum. However spectra are characterized by jumps
corresponding to recombination edges

=
=
=
2 Bremsstrahlung + Recombination
3 3 32 n
e —_
g|E Py(W /ecm”)=15x%x10 :
z T (V)
_ e
§§ Bremsstrahlung 00
~— onl n
E; y « S N.z2 N )
exp(- hv /Te) 1 !
| | | | i n=1
0 5 10 15 20 25

hv /22 (eV) D.Batani, 1. Introduction to Fusion, 2016
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Minimal temperature for ignition g’

In a hydrogen plasma (DT) at high temperature the only emission
is due to bremsstrahlung. If n, is in cm3 then

WB ~ C’BnineT}i/Q = 9.30 X 10~ 31 QTfiléeQV VV/CHI3

The power per unit volume produced by nuclear fusion reaction
which remains inside the plasma is

1
Wa — ggDTnDnT<UDTU>-

These are BOTH powers per unit volume!
For ignition clearly we must have

W_>W;g

D.Batani, 1. Introduction to Fusion, 2016
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Minimal temperature for ignition g

Using
(ocpTv) ~ CprT? = 1.1 x 10_18Tﬁev cmg/s.

We get

1 2
Wa = %EDTni
Since P=n,T, we see that W, depends on plasma pressure only.
By considering W, >W; we see that for temperature

C, T’

1
EeDTCDTTZ >C,T"
20 C 2/3
T>Tpost=( B) ~5 keV
gDTCDT

D.Batani, 1. Introduction to Fusion, 2016



Electron losses ~CELIALe

The central hot spot loses energy by electron thermal
conduction to the colder surrounding shell.

The (electronic) thermal flux (power transported per unit area) is
related to temperature gradient by Fourier’s law (here T, refers
to the temperature of hot spot)

ge = kVTh
In microscopic terms
k=nyv,Ac, /3N, =nv, A/l2 (CV = %NA)

and the mean free path A is related to the thermal velocity and the
collision frequency

A’=Vth /Vei

v, =(T,/m,)" =419x10'T"*  cm/s

D.Batani, 1. Introduction to Fusion, 2016



Electron losses ~SELIALq

Hence

k=nv,Al2 =nv, /2v,=nT /2myv,

e th e th

And using Spitzer’ theory

v, =291x10"°InAT*(eV)  sec™
k=kT? =3 x10% T7* (W cm'keV™)

We can now write the energy balance as

[W, -Wy)anr’dr = [q,dS= [kT’°VT.dS

D.Batani, 1. Introduction to Fusion, 2016



Electron losses ~SELIA

Applying the theorem of divergence in spherical coordinates

[q.dS=[4xr’dr(V-q,)
We obtain a differential equation

ko d 25/2 dT
Wa_WB =V°qe=—r—25(7’ Th d—rh) (**)

Which can be explicitly solved in the limit of high temperatures
(7>>T,.s:) and neglecting radiative losses (W ~0) allowing to find the
temperature profile in the hot spot and bringing to the result:

0.8

'T/To
0.6/ .
0.4 b qe(Rh)=O-57k0Th /R,
0.21
‘R/Rp
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Electron losses ~CELIALe

Using a simplified approach

4 3 2
(W, - WB)EnRh =47R;q,(R,)
Looking dimensionally at the rigth side of eq. (**) we see that

q.(R,)~k,T”72/R". For better precision we take the exact solution
of the differential equation with the numerical factor 0.57

(W, - WB)% =057k T* IR,
Wa = LgDTn'chTTZ

20 |
W,=CannnT" =C,Z*n’T"
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Electron losses ~SELIALq

%gz)TVlizCDTTh2 - CBZ * nizThl/z =1.7 lkoTh7/2 /Ri

n,=p,/m
(0, ) 1.71k T, *m
£,-C.T*120-C, Z*T”2

34k, T
( )T -20C,Z*T,"” | ¢,,.C,.

/3
TPost=(2O CB ) Z*=1
8DTCDT
(o,R,) <[34kmt| T _(34m2) T
o 8DTCDT T Tl/zT}iﬁ?t EDTCDT Th3/2 Tl’zft

1/2
R — 34k, m T3/ .
Putt, \/T3/2 3/2
Post
D.Batani, 1. Introduction to Fusion, 2016



Electron losses ~CELIAe

= . . R — —_—
Drawing this function: Pt ( e, C,. T2 T2

Post

PrRn
isochoric

o O o o o o o o
R N W s U1 O 49

Pth:
_isobaric 1
— |
| T3/
: la— 0'1O7pln ™ [cm)]
|
, I T,keV
- Thostr 1 A
"5 10 20
(Pth )mm ~02g/cm’ T, =TkeV

m) Lawson’s criterium for the hot spot
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Optimal conditions for the hot spot g’

Since

(Pth )mm ~02g/cm’ T, = TkeV
Then

3
R
gchauf =110MhTh =110(£777R2ph)Th =110( hI(Zh) (ﬂﬂ,'Th) =
3 Py 3
25\3
=42 x (028 /2cm ) x(TkeV) = 2—%M]
P Ph

The isobaric condition allows to know the pressure and the
density in the compressed shell material

p,=p,1, m =ApT A, =TI0(Mbar [ keV | g/ cm’)
pr=0A0;° =2.16 a p;” MBar
p,=pr =p.=Ap0T, /OCAF)3/5 ~110(p, /a)s/s

D.Batani, 1. Introduction to Fusion, 2016
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CELIA
Energy spent in compression and heating S

(Pth )mm ~02g/cm’ T, =TkeV
p.=(Ap,T aA )" =110(p, / a)”

Epen = 110M, T, = 22 ZMJ

O
=0.35aM ,p?" MJ

- gtot = gchauf +gcompr = 2+O 35aM (110(ph /05)3/5 )2/3 =

h

compr

22 a2 g

ph

D.Batani, 1. Introduction to Fusion, 2016



CELIA _.
Energy spent in compression and heating S

22 3/5 2/5
gtot = gchauf + 8compr = Y + 72a Mfloh M]
h
M. = € ot _22/1013 m?
f 3/5 2/5 :
71207 p,
001

0.001

2 f
€ threshold = 22/ P —

gtot >> gthreshold nd

le-05

M. o= Lo 100/ (70 20 | 10
f 7.2053/5102/5 i

].E'Db 1 | 1 IIIIL 1 1 1 Illll 1 1 IIIIIIl 1 | [ |
0.001 0.0l 0.1 1 10
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CELIA _.
Gain from fusion —

(thh )min ~02g/cm’ T, =TkeV oa=3

Gfus = 8fus / gtot

10000 3
gtot >> gthreshold i [
_ 3/5 2/5 1000 £
E=T12a"p, "M, :
100 3
M f :
€ s = gDTNf = (I)BEDT ;
2ml- 10
=34x10°P M, E

1

100{70[ 50 20| 10

tot |

G=47x10"®,ap,*"

0.1 ] 1 1 IIIIL L | IIIIIIL 1 1 IIIIIIl 1 1 L1 1 1L 11
0.001 0.01 0.1 1 10
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Gain from fusion

o, R, ~02g/cm’ T, =TkeV o=3

Gfus = gfus / 8t0t
3/5 .2/5
Etot >> gthreshold g gtot = 72a p h M f

=0 =g, /12M,a"

£, =34x10°D M,

G=47x10"®,a"p,*” =34x10°DP M, /¢,,
€ =01MJ M, =1mg  ®,=0.33
G=1100 = ¢, =110MJ

\ f ¢&,.=0.l¢g,, then G, =110 W,

CELIA .
e
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Following topics

1)
2)

3)
4)

S)

CELIA

o

How the target is really imploded. The “rocket
model” in ICF

A simple self-similar model of laser-produced
plasmas (laser ablation and shock pressure)
Laser-produced shocks and their dynamics
Experiments on warm dense matter and High
Energy Density

Diagnostics for inertial fusion and laser-
produced plasmas

D.Batani, 1. Introduction to Fusion, 2016
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CELIA

Correction of first test / 1st question —

1) calculate the minimum approach distance
between D and T 1ons 1n a plasma with T = 1 keV.
Assume velocity equal thermal velocity for both
species.

What is the minimum approach distance for D — D
ions?

Assume a maxwellian distribution. What is the
minimum approach distance for D and T 1ons with
velocity equal to 3 times thermal velocity?

D.Batani, 1. Introduction to Fusion, 2016
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Correction of first test / 1st question

2
T
E, - mV _ 3
2 2
62
Ecoul =
r
e2
E +E, =3T="
r
2
e
y = ——
3T

T =1keV =1.6x10"erg
e=48x10"cgs
r=48x10"cm

CELIA _.
-

For comparison
r, =0529A=5x10"m
r,=084184 fm ~10""cm

r=14x10""A" m

Notice that V is different for D
and T ions but kinetic energy
and minimal distances are the
same for both (bigger mass
implies smaller velocity but
bigger inertia)

If V is 3 times bigger, E,;, is 9 times
bigger and ris 9 times smaller

D.Batani, 1. Introduction to Fusion, 2016
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CELIA _,
Correction of first test / 2" question —

2) using the principle of conservation of energy and momentum show that
in a DT reaction the energy is shared as 1/5 and 4/5 between the o
particle and the neutron

E=176MeV=E +E
_ Notice that this is true in the
0=pq+p, centre of mass frame.
In the actual laboratory frame,
energies can be shifted due to

m, =4m, the initial total energy
mn
Voc - Vn
mO(
o) 2
E, - MmNV _ dm, (Vn) =1En
2 2 \ 4 4

D.Batani, 1. Introduction to Fusion, 2016



CELIA
Correction of first test / 37 question —

3) calculate the disassembly time of a sphere of compressed DT at the
temperature of 10 keV and radius 100 zm.
Does such time depend on the density of the compressed fuel?

C, = ‘/YZT‘? = 9.79x105\/yZTjeV)cm/s ~T7x10"cm/ s
mi

R  100um 10~
4e, 28x10°cm/s 28x10’

T = =14x10"""s =36ps

Notice that this is independent
on the density, i.e. on achieved
compression
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CELIA

Correction of first test / 4th question —

4) calculate the mass of DT (50% -50%) satisfying Lawson’s criterum at
solid state density (p = 0.25 g/cm?)

calculate the energy released if all the combustible is burned. Express
such energy in equivalent ton of TNT

0.3
r=03¢/cm’ = r=——=12cm
pr="=-28 0.25

4
M=§ﬂ7”p=18g

£, =35x10°®,M, MJ=63x10" MJ

lkton =4.18x10" J=4.18x10° MJ
€s =0.15 kton
if M,=lmg = ¢, =0.15kgTNT

D.Batani, 1. Introduction to Fusion, 2016



Correction of first test / 5t question e

4) Let’s take 10 mg DT at solid (cryogenic) density. What is the radius of the
sphere? To which density must it be compressed on order to satisfy
Lawson’s criterium?

M 107

= =0.04cm’
o 025

3V 1/3
r=(4—) =02lcm = pr=0.05g/cm’
T

M  3M

pc0m=V = 3

O r = 3M2=O.3=>r _ 2M 0,09 2890 um

Ay 470.3

com

3
e 9 107 em?

com 3

_901_ 35g/cm’ = 130,

pcom V
100 com D.Batani, 1. Introduction to Fusion, 2016



Correction of first test / 6t question e

6) consider the target of viewgraph 30. Assume that the initial density of DT
gas corresponds to 1 atmosphere (standard conditions, T=0.025 eV). How
many DT ions are contained in the gas?

dgrr’

V= =0.03cm’
INITIAL CONDITIONS 3
CRYOGENIC SHELL V. =22400cm’
- Rinz 2mm,AI’z33 Mm
- A=R;,/Ar=60 N Z_L-IS 10
- Vp~ 4nR,2Ar~1.6 108 cm? " Vo

" Pn=25x 01g/em’, M=0.41mg N _y510%N, =9 107 x2

atoms

For comparison the total number of ions Ny = 2 102
The mass density of the gas is

9 10" x2
natoms = 3
0.03cm
p=n, m =6 10"x25x1.6710%g/cm’=2.510"g/cm’

101 D.Batani, 1. Introduction to Fusion, 2016
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Correction of first test / 6t question e

6) Assuming that at stagnation the radius of the hot spot is 20 ym.
What is the final pressure?

pV'’ =const Do = DO >

com

V. =0.03 cm’ V. . = %J‘L’(ZO]AM)S =3410"cm’

O 03 1.67
p=1Bar( — 3) =8.5 10° Bar =8.5GBar
3410 cm
pcom — ‘/0 =8 105
IOO ‘/com
... =810’ p, =200g/cm’
TV = const
y-1 0.67
I'=1, Y, = 0.025€V( O'Og 3 ) =240eV
|7 34107 cm
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Correction of first test / 6t question e

6) How much energy has been spent in compression of the fuel and in
heating of the hot spot?

FINAL CONDITIONS
- M=0.41mg

= Ptin/ Pin = 1000

- Psin =250 g/ cm3

= Vfin = 4/3 ] ¥ (RfinS'ROS) =~ 1 6 10-6 Cm3
I:{hot-spotz 10 um
Riin = 72 um

Ar =60 um (A =1.2)
- Piin Riin = 1.8 9/ cmM?

2/3
£, =0.35aM 02> MJ =17kJ
€y = 110M,T,,,, MJ =10kJ
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