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Sun and Laser Fusion

The Sun: Solar Flare , Sun Spot,Corona Mass Ejection,
a natural and so on are connected to magnetic

fusion phenomena.

reactor

1. Target factory
To produce many low-cost targets.

L] Same as sun?

2. Driver
To heat and compress the
target to fusion ignition.

I
+ 3. Fusion chamber
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! To recaver the fusion encrgy
I pulzes from the targets.
L
Many Focusing
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4, Steam plant
To convert fusion heat into electricity.

_Qyi::k'[imegé:_’. "
«. . . . BLIEEVECEQESEA . .
C™C+tCAESENE EECYaOCECZCYAC. . . COKOvE-COAE

3D simulation by K.Shibata.
Blue lines are open field line.
Yellow lines are closed lines.
Colors on the surface are polarity.



Simulations for high energy density plasmas
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Modeling on magnetic field generation in laser plasmas

e  Many pioneers: J.Stamper, B.Ripin, M.Hains, C.Max,
T.Yabe, Mike Key, J.Evans, T.Bell, R.Petrasso,
P.Norreys, K.Li, and so on

Magnetic fields produced by laser heat deposition and
momentum transfer have been investigated for many years.
There are many mechanisms:

1) Thermo-electric effects by laser local heating (NRL,
J.Stamper, etal)

2) Resonance absorption (C.Max, J.Thomson)

3) Surface electron acceleration (T.Nakamura, etal)

4) Thermal instability (RAL, M.Key, T.Bell, etal)

S) Weibel instability ( J.MyerterVehn, K.Honda, Y.Senoku)

6) Non-uniform density plasma -e-beam interaction
(S.Kingsep, P.Norreys, H.Cai, etal)



Magnetic fields play important rolls in
laser produced Plasmas
Laser field: 10'° V/m, 102 T
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B-field Generation in Laser Produced Plasmas

 J.A. Stamper, etal., Phys.Rev. Lett. Vol.26,1012(1971), and Vol. 34(1975):
Experimental observation of Maga Gauss Magnetic filed

oBlot - VxwxB= VIxVn/en - Vx[(v,y cllw?) (VxB)]

- nn



Modeling I of B-field generation (EMHD)

Magnetic field induction equation : |

0B/ot = - VxE

Electron fluid equation of motion: f ‘
oplot +v - Vp=-eE,+vxB)+e Vg —VP/n-1p )

Magnetic field evolution is obtained by eliminating E.:

oB/ot = Vx{vxB + (1/e)(op/ ot -vx pr +mc? Vy-e \7¢
+VP/n+ )}

Here y*=1+(p/mc)?. ve WD

Introducing generalized vorticity: m(2 = Vxp-mL2,

040t - VxuxQ2=- (1m)Vx(VP,/n+w )}

together with VxB=y,,] (neglecting displacement current)

Electron Magneto Hydrodynamics (EMHD)

Non zero B, field, linear mode: Whistler wave: wo=k’c*w/w),’




Validation of Modeling:
Magnetic field generation mechanisms
(without ion and high energy electron flow)

Ampere’s equation:
VxB=u, (] +&,0E/0t) —w= - VxB/(eny,)+&,0E/0t I(en)
Therefore,
Q=-Vx [(y Clw?) Vx€d +y 072 10°t |0,7]-£2%
When scale length of B field :L >> c/@, and time scale: ©>>1/ @,
(Namely, no electromagnetic wave) and P =nT :
(LTE and ideal electron gas)
Then,
oB/ot - VxuxB= (1le) Vx(VP;/n+v.p)}
=VIxVin/en - V(v,y lo?)x(VxB) + (v.y?w?) VB
Righi-Rudac Resistivity gradient convection Mag. Diffusion
v7/c? ~ v, £/ w7 : stationary B-field. T~1keV, n~100n, B~MG



Magnetic field evolution in plasma flow

B _vxv ><B)+C{VXLVPQj—Vx{(VXB)XB}—Vx(RT +RUH

ot e n, A n, n,
.......... e

R, :_,q”TV" T — ﬂﬁ‘TVJ; _ ﬁA”Tth]; Thermal Force

Ry =—quw —a,u, +a hxu Friction Force

h: The Unit Vector Parallel to Magnetic Field
u: The Unit Vector Parallel to Current Density

@:Convection and stretching of magnetic field by hydrodynamic motion
@:Thermo-Electric current

®:Hole effects : electron skin effects

@:The Term Given by Braginskii

After Baraginski



Magnetic Field Measurement

K.Li etal., PRL(2007)
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B-field measurement (2)
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3-D PIC simulation of laser propagation and absorption in the cone target@

§ 20 times larger
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by nclnc2 Short pulse laser is focused and generated
REB is pinched in a cone target,
POP’03, Sentoku, Mima etal




Present status of FIREX laser construction

ILE OSAKA

06.5. 3.6 kJ/ beam /narrow band

07.1. 2.9kJ/beam /broad band for 1ps
(4 beam total =11.6 kJ)

08.02.29 First light

08. 12 full beam heating experiment

32.5cm




Neutron yield enhanced by up to 1000-times!

. Experimental result 1 Estimated ion temperature
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Coupling efficiency from LFEX laser to the compressed fuel was
estimated to be 3-5 %, in 2009.
In 2010, Dec., it increased to higher than 10%.



Critical Issues as Relativistic Plasma Ohysics '
Peta watt Laser Plasma Interaction LE OSAKA
High density relativistic electron transport in dense plasmas

Laser Intensity; I, =2x105 W/ nir, 2 ~ 1~2x 10*'W/cm?
Electron energy; ¢.= (y-1)mc?,
vy = [1+ (eA/mc)*]V2 = [1+ I /(2.4x10'8W/cm?)] /2
g~ 3~5 MeV

current> 500MA; 100 times thunder lightening ;
Nature,’04(Kodama), PRL,’04(Nakamura)

Ultra-Intense Laser

- = 300-400g/cc

{




Integrated Simulation of Fast Ignition

Particle in Cell
Profiles Em
Plasma data
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Control of Hot Electron Angular Divergence

Divergence angle
S.Kar, , P.Norreys, etal (PRL 102, 055001 (2009))

B-filed collimation
E= T]Jc: - Tth
OB/ ot= Vnxj, +n Vxj,

Experiment at RAL

Bfield /7 )

Cone needle concept
- Kodama,Nature, 2005
U-Rochester 2010.9.

To be experimental test




EMHD of Beam Plasmas
(two component plasmas)

Back ground electron: fluid
v=],/en + - VxBl/(enw)
Q=-Vx [(y la?) Vxp]-£ + Vx(y],/en)
0Lt - VxuxQ2=- (1m)Vx( VP, /n+p)}

on/ot + Vhv =0
Hot (beam) electron dynamics:
on, /ot +Vh,v, =0, ---, higher order terms are important ----

-> Kinetic description.

Hybrid simulation (T.Taguchi, etal, PRL 2003)
Collional PIC ( Y.Sentoku etal PRL(2000),

Hongbo Cai ,etalPRL(2009))
Neglect of VxB/(eng,) in LSP, and Fokker-Planck code



Hot electron beam and magnetic fields in a
plasma channel
* Generalized vorticity is conserved, when initially £2is O, then
-Vx [(r ¢lay?) Vxep]-85 + Vx (y],/en) =0

When 2D, B//z, y=1, n, n, y, v,,and £2; are normalized by n,,, c¢/@,, c, and
®,,, and J,, is uniform,

[0/0y(1 /n) 8/0y] 25 - 2 = - (v, n,)(B(1/n)/y)

(eB/m)/w,,
= - xS sinhky /(x sinhxd +coshxd ), in -d<y<d
= - kS exp(-y+d) sinhxd /(xsinhxd +coshxd ), for d<y
= kS exp(y+d) sinhxd /(xsinhxd +coshxd ), for - d>y y
where |
S=vm,m'-1), k=w/0 g

W 0 d

N n
For n<l/ / B, ‘ v
_ : d —
I 0




®

Cone is introduced for enhancing energy coupling
efficiency

ILE OSAKA

Corona

Corona
o,

Return current

E and B fields are generated and e-beams
are confined in the vacuum layer

1. Single Cone target 2. Double-cone target

H. Cal etal., PRL, 2009


Presenter
Presentation Notes
In the inner cone, the forward current is much larger than the return current,
But in the cone gap, the return current is larger than the forward current.
So the return current in the gap is just the reason for the generation of strong QSM fields.


Hot electron energy density for
single cone and double cone

Single cone

y (45)

Double cone =0 Yy
> B >,
-10
1 19 20 26 30 35 19 20 2% 30 35
S
P X (%) 1.5ps X (%)

Hongbo Cai, etal PRL 2009



Temporal Evolution of Magnetic Fields

R
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Growth of B-Fields and Hot Electron into the Core
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OB/ot = -VxE
= Vxnd, +Vx[(Vn,T,)/n]



Laser Plasma EMHD Simulation

Hongbo Cai, IAPCM
Laser Intensity:IA? =2x10!° W/cm?
Solution of EHD
QuickTimey C? eB/m = (2
C™CCAESENE E%Lclf/ivgéggz%ig COKONG-COAB l_lKOKS sinh(ky)/(ksinh(id)+i cosh(kd)),
where

— -1 -1 — —
S =vpn,/(n-ny7), K =0 /¢, Ky =0 ,/c

At y=-d, B~ (0o,m/e)(v,/c)(n,/n) ~100MG
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B, ~110MG



Self-generated magnetic fields and
Collimation of hot electron flow
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Transversely Fluctuating Magnetic Field Separate

{43

Two Electron Streams




Two-dimensional PIC simulation for relativistic
electron transport in over dense plasmas
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Y.Sentoku, K.Mima, S.Kojima, and H.Rubhl,
Phys. Plasmas 7, 689 (2000)
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M.Honda, J.Meyer-ter-Vehn, and A.Pukhov,
Phys. Plasmas 7, 1302 (2000),and
Phys. Rev. Let. 85, 2128 (2000)



3MA/1MeV electron flow up-ward in the plane
Break-up into small filaments and self-organized

Excess entropy may be emmitted through electron loss.
About 40% of initial electron is confined in the channels.
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Temporal Evolution of Electron Energy Distribution
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Cylindrical beam filamentation

laser spot

Taguchi et al., 20 pm

PRL 86, 5055 (2001) pre-plasma

—— N 5.mAl
/1\

A

v v v v N 50 lvtm pIaStIC
/ \ (Tesafilm)
Cerenkov

light
observed

After Mike Key, 2005



Weibel Instability

PRL, Honda, Meyertervehn,
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Whistlerization of B fields

QuickTimey G2,
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EMHD turbulent magnetic field:
nonlinear evolution of Weibel instability
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Inverse Cascade and Equi-partition

v AR B
b B G Gh GG o ,qlaeuees;a?ﬁ;s;z; .

“Whistlerization” named by A.Dus &P.Diamond
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