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Synergetic Complexity and structure formation of plasmas
dominated by atomic and relaxation process
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Is computation “essential” or “supplementary”?

JT60/JET/TFTR ITER: P,=0.5GW Fusion Power Plant

Y

10¢ Fusion power E; ~3GW with
[ ITER level plasma volume
1 E
= Efsion ™~ P(pressure)2
Sl
P
_ 2.5-3 times
00T Do .
’ _RUSEISON: higher pressure
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Multi-Scale and Multi-Physics Nature of the Problem

» Coupled effects spanning wide range of spatial and time scales

» Coupling effects of qualitatively different physical process
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A high performance plasma
is realized by having “structure”
JT-60 High Performance Shot

Transport barrier

g 1 200M degree
~ 20M degree

Low confinement plasma High confinement plasma




thermal diffusivity
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World dominated by
turbulence and flows
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Interaction among different scale fluctuation

Micro-scale Meso-scale Macro-scale
Electron fluctuation 1on fluctuation MHD fluctuation

Meso-scale Macro-scale
Macro-scale
Zonal flow /streamer Zonal flow/field Zonal flow/field
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Pasko et.al. Nature 416, 152 (2002)
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Long period for preparation
for setting “initial condition”
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Y. Kishimoto, et al., Phase soace control and
consequence for cooling using laser-undulator beat
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Synergetic Complexity of plasmas and structure formation
dominated by atomic and molecular processes
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[R¥F-7FBEZERUAN-#SIEa—F (EPIC3D)

Interaction between
various material state and energetic particles

Material state . Gas, fluid, solid, dust, cluster, etc

Energetic particle : Laser, EM radiation and X-ray, electron, etc.

i i |

Idea plasma dynamics by ﬁ Change of individual
particle state

collective motion

» Change of medium characteristics » Atom polarization, alinement,
(dielectric permittivity) dissociation, chemical bonding,

» Linear and nonlinear optical properties electron attachment

» Atomic process
(ionization, recombination,
various excited states)

» Nuclear process
(electron-positron pair creation,
nuclear transmutation)

(collective field, wave propagation)

» Collective particle acceleration
» Secondary radiation

(higher harmonics, EUV, X-ray, y-ray)
» Collisional relaxation, thermalization)
(linear/nonlinear heat transport)




Gas,
plasma state

22253 Liquid,
:.’_. :.:,:..‘_. :..: solid state

Field ionization
High energy

Electron impact Photo ionization
El

Qtr%‘ ionization
\

Auto-ionization
e / EUV

Enhanced particle based integrated code (EPIC3D)
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zray
et % Photo nuclear 1
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e Nuclear
et T‘ Nucl reaction
uclear

transmutation



EPIC3D (Extended Particle-In Cell code)

® Fully relativistic treatment
 Second and higher order form factor = variable particle weightning

® Direct field form using (E,B) Potential field (A,d)

* Local field solver imposing continue equation for direct form
(Bunneman, 1992)

® Variable mesh capability = Adaptive Mesh Refining
» filtering technique

® Various configuration = Finite Element Method

® Particle collision and relaxation
» Relativistic pairing collision model
* Langevin equation in PIC
® Polarization, 1onization/recombination process
e field 1onization, electron impact 1onization
 photo 10nization, radiative recombination,
three-body recombination = = =




Enhanced particle based integrated code (EPIC3D)
for simulation of complex plasma

L ) =
107 /ﬂ’/s;\«\«\*//(’ * density
[ ///I’l' ..t\\\\ /
_._.1016— , ° ° °
¢ e N 3D relativistic PIC
10 r A 16 N

Plasma model (E, B)

L

Coupling with
Fluid based
simulation

1010 .

I[w/cmz]lom 10% 10" 107 10" 10 102 102 102
a 107 107! 1 10" 10°

I(W/cmz)

i IOl'li.Zﬁtion/ Recombination ° Electron_positron pair

» Excited state o . creation

 Atomic polarization, * Collisional relaxation  « yarious nuclear reaction
« Electron attachment * Heat conduction
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® Extended Particle-In-Cell (PIC) code

Ay = \/T/47m32 p(x)= quéi(x—xj)
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Relativistic pairing collision model

Takizuka and Abe, J. Comp. Phys. 25, 205 (1977)
—> exact energy and momentum conservation

Sentoku, Mima, Kishimoto, Honda, J.Phys. Soc. Jpn. 67,4084 (1998)
—> relativistic extension

Laboratory Center of gravity
frame frame
‘mz O ﬁ X<— .
m, / | O P
Cp>\A = p¢;+tp,=0
1
X before collision
before collision

time

collision| contraction
Lorentz

making pairs after collision transform

9@
P

after collision

Ip°, =P, [= (P4 [=(pS)




Field ionization model in particle code

Model of internal atom elecﬁ'onic state : nucleus and bound electrons

Arm 35T T T

‘ 28— =

Ionization frequency (ADK theory) 10 e o

a '_\\

v T/Z{zuuf“}zm e \////'
3/2

(2U) E

W(E)—coAC.,ff(l,m)v[

E

.exp[_ 2 (ZU)s/z} | D Fl.eld.strength _ 10'®
3E U : Binding energy !

(normalized)

Ionization probability:
R, = 1-exp[-W,(E)At] 10

= 10"

Condition of ionization : 100 Lpluda Ll g g e,
1107 107 10° 104107 107 1 |
s €(0,1) : ramdom number I[W/Cnéo] 107 10‘11 1 1011 10°
a, =035

R; >s:true=ionization R, <s:false




Electron impact ionization in particle code

Model utilizing pair generation for collision and relaxation proc
4 10n electron\ Eou=Ein-Upng

out

e
7 Ar : Z=18 (No excited state)

f RE
%Ar—i—n

® *
\

~N N N

oo O -0 0

Is—

Binary Encounter — Bethe theory (BEB)
Kim and Rudd, Phys. Rev. A 50, 3954 (1994)

S lnt( 1) 1 Int
1-— |+1-—-
u+1 2 t t t+1

n(q+1)
u=U/B t=E/B § =4mt02N(B

E : incident energy
: orbital binding energy
: orbital Kinetic energy - 0
: orbital electron occupation number
: Bohr radius,

q : net charge, R : Rydberg energy




Discharge and lightening Phenomena

Discharge streamer : transit filamentary partially 1onized plasma

—> Dynamics is controlled by highly localized nonlinear
space-charge 1onization waves

on +V-n v, = oc(E)ne —Bn.n;
» Streamer generation 86;
Vitello, et.al. Phys. Rev. E 49, 5574 (1996) = oE)n, —Bnn,
» Splitting and branching and
V-E=47te(ne —ni)

spriting
Ve = “eE _Dvne/ne

Energetic radiation
Dwyer et.al. Science 299, 694 (2003)

» Electro-magnetic signatures
-> X-ray and y-ray
» electron acceleration
to relativistic regime
» 1/f characteristics of
electrical lightening flash Frequency (MHz)

Signal amplitude

1102 1 1102




Lightning simulation

Ne gas: Z=10 B Background constant electric filed
Electronic state 1S5%2s?2p$ modeling anode/cathode system
10E 4n ex
Hot spot of Ne*? VXB—_EJFT(J - ik )
* Radius : a=0.3pm Periodic boundary condition
* Electron temperature : . . .
-~ in whole direction
Te=100eV
jext — 1 dV <jp>
Ne gass ) 47cL dt
s N= 20 R
n=4.56 x 10*%/cm dv/dt =0 = JiXt _ <jp>
cf. ideal Ne gas
(room tem.) B Extended PIC code
n=2.7x10"/cm? > All relaxation process with
) Ne'l ion and elecron system except
Background electric electron-neutral atom
field » Electron impact ionization
< E,=4.1x107 V/cm *No electron attachment and

recombination process
» No field ionization



Sudden event of lightning simulation

Ne gass : n=4.56 x 102/cmS E,~4.1x107 V/cm Ne ion charge density
cf. 10 times 1deal Ne gas 45 3psec

W
{ pArUR A

Spectrumof B |  S{&#

Jz 453psec B

10°
10™ :
10° ¢

10°

10'7V e
10 10"
k_(wave number)




Laser-matter interaction and relativistic plasmas

High field generation
Plasma wake field
Particle acceleration

New material generaion
Nano-scale structuring
and compact accelerator

Ultra-high magnetic field 2 Giant atom (like C60)

D2 nd cl r
6235 and cluste

% High intensity radiation
High energy particle * High intensity X-ray and

generation _ X-ray laser, Higher
Ultra short pulse particle beam HL{Itrr]a-ngh presstur_e ISt{tﬂte harmonic radiation, Larmar
Electron and ion beam 'gh pressure material state radiation

Strongly coupled plasma
Cluster fusion

Medical application A3 laser system:

relativistic intensity at 1 kHz

Albest, O.; Opit Leir. 25 1125 (20000

/2565, 1ml, |
\ { 0.8 pum E

Tpm




r = [ ] & .y ~
L—H—-BHEE(RRB)MEERIIaL— 3>
* Peak power : 1=5.1x10""W/cm?2 (a,=5)
* Pulse length : 1,=100fsec w/o pre-pulse EIFUIC Cod.e o
 Cut-off density : n=1.66x10?'cm™ v" All particle collision

P-polarization  : A=820nm (64mesh)

(e-e, e-1, 1-1)

v’ Optical Field ionization

« C'1:n=112x10%em> (1 67.5n,, o /0=8.2)
« C*: n,~4.48x10%cm> (270.0n, , ® /0=16.5)

c ?

v" Electron-impact ionization

. C'6: 1=6.72x108cm (404.8n, , © /©=20.2) v Current conservation scheme

energy (normalized)

600 ———

500 -
400 -
300 ¢
200 -
100 |

total
field

100fs

electr IR

50 100 150 200
t(fsec)



® AC(sec'l)

Field Ionization

Tonization Model

1019 g JLALLL IRLRRILL DL LU B LL BRI IR I 1019 % T
10" - 10 £
10" ¢ ~ 10" ¢
16 | 3 16 ,
107 ¢ -

i = ;
10" ¢ © 10" ¢
10" G 10
10" 108 ,
102" . 1012

1012 1014 1016 1018 1020 1022 100

(a) ADK formula

Ammosov et al.,,
Sov. Phys. JETP 64, 1191 (1986)

Electron Impact Ionization

[(W/en?)

Energy(eV)
(b) BEB formula

Kim and Rudd,
Phys. Rev. A50, 3954 (1994)



Multi-stage propagation of ionization
front (1)

— 19 2 =
I=5.1x10""W/cm? (a,=5) t=30.8fsec = 82.1fsec

Ion charge density

; ¢ Z | ~1.3x108%m/sec
30.81s g = 5 f C# front 16
' ; < 4 '
41 .OfS \j Vc\.]r—’ z
61.5fs l ;_'l- 0y 5
X (um)
{2 1fs -\ 4 t=82.1fsec = 225.7fsec
' (111) 7 :
- C6Jr front ]
° E \ NN 184.6 fs ]
> 5F 205.1 fs 1
143.61s &, &J
§-~ 82.1fsT ] { \J
o 3 10268 .
225.71s 2 12315 ]
1 ~1.7x107m/sec
0E T SRR SR H
10 2 4 6 8 10

X (Mm) X (um)



Origin of field ionization and

propagation
I=5.1x100W/em?(a,=5)  [{uii i -?;? ity

_ T T [ M |
t=61.5fsec % 53-_.;..*&; i J,.h S
: .

flrn\-.l;h ‘q“. If. ™ .'J |
t"?l ML iil‘l-.a ik -{

A’~56 nm
v~1.87*1010cm/s
kv~2.09*1016 g1
@, *~2.67*101¢s"!

Cherenkov emission
®,~ K v,

Coherent excitation
of plasma waves

. =

T T T T T T
s oo os 10 1= 20 25 30 3= +0 +5 S0 55 &0 (==Y

Development to plasma
wave turbulence

. =

T T T T T T T T T T T T
io s 20 = clin] Is +0 +5 S0 55 B0 B35
I

cH C>CH>CRH>CHHC

Triggering 1onization
and
field energy loss
due to ionization




Control of internal ionization dynamics for ion acceleration

t=13.68fs (=27.35fs =41.04fs t=54.70fs t=68.40f (=82.05fs

Ion density |
n(x,y=Ly/2)

100

Total ion .
density
ni(XaY)

Ton densit}_,/‘,‘,
(g=4)

Field ionization (fast time scale)

— n “Electron Impact ionization

Ion density....
(q=5) .

Ion densit}_(_.
(q:6) 122

(slow time scale)
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