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Relativistic laser plasma physics in Fast ignition

Laser intensity; I, ~2x 10%° W/cm?
Electron fluid equation:
oplot + v *Vp = dal ot +vxVxa +Vp -—>
d/0t (p-a) + vxVx (p-a) =-Vy+ V¢

transverse motion: 0/0t[ Vx (p-a)]+ Vxvx[Vx (p-a)] =0
longiyudinal moion: dp,/dt =-Vy+ Vo, y=(1+a’+p}?)"?

Back ground electron energy in the laser field; ¢ = (y-1)mc?,
vy =[1+ (eA/mce)?]V2 = [1+ I /(2.4x108W/cm?)]V2 | So, g .~ 3~5 MeV

Laser produced
Ultra-Intense Laser | relativistic electron beam

300-400g/cc | apd/or jon beam are

Hot Electrons discussed




Bremsstrahlung diagnostic™ confirms low hot

electron temperature

e Fast electrons produce bremsstrahlung in target
*  Detected with image plates interleaved with filters
*  Detector response modeled with T, and n, as variables
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*C. Chen et al., HTPD conference 2008
TF.N. Beg et al., Phys. Plasmas 4, 447 (1997)



Collision-less absorption in highly relativistic
regime is relevant to Fast Ignition

There are very many experiments and simulations,
but not well understood yet!

In this regime, is essential
--> polarization dependent

Steep plasma-vacuum surface oscillates by 2w,
oscillating ponderomotive force.-->

The oscillating mirror producing many higher
harmonics together with high energy electron

---> many observation (Gibon etal, Gibbon, 1992)




M.Hains (PRL 102, 045008 (2009)),
T, = me? {[ 1+2(/mn_c3 )22 -1}

A.Kemp & Y.Sentoku (PHYSICAL REVIEW E 79, 066406 (2009))
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| have done a of the electron density 1 _, the longitudinal electric
field £, and the transverse electric field = to have only the 1D behaviour without fluctuations.

Note that electrostatic field is quasi longitudinal has | used a Super-gaussian laser field plane
wave. In the same region | extract f(x,p,,t)




Video of all observables over ~2 laser cycles
-Oscillating piston-
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Let's have a look at the time evolution of the phase space dynamics.
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higher harmonics of
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t>al, x—axic, A—eAlme, ¢— ep/me,

N, ﬂ'lﬁ‘,_;a)f €:9 1, n.—n, 1n n, — 1,

Laser amplitude A: normal incidence




Oscillating piston model-2

=> ¢»_—%n,x', 0< x<d(h

-

Electrons are expelled completely by the radiation pressure.

At x =d(t) , d¢p /ox =dy /dx : force balance yields

(2a.°/ n)Jn -1{1+cos(2t-20+7-2¢
aif) ——m—m—mouoaouu--o-—— ( ‘ )
227, , \
' /?‘ (1+cos(21-2d+7-2¢))

For standing

|
a,(cos(t— X)—cos(t+ x-2d-2p)), tang= — x<d
Y%

2—,3_— g Rt cos(I-d+x/2—-9p), x=d
",7".!




Oscillating piston model-3

Because of oscillation of ponderomotive force,
electrostatic potential is modified as follows




The Hamiltonian for a test particle in x> d(f) and its equations are:

y=Nl+a’,

Equations in x<d




Electrons around xﬂwith very low ene rii are

parametrically unstabilized in a region of MLl KR

pr M(t+(j+ D)= A"M(t)
/=12,

d,X+(l»-cos2f) XO(X) =0, O(X)_[ n,,‘ X>0.1 5 Period Poincaré map:
r ;

3
|4, x<0,

Lezcnz of parzmetae romandey [zolow wints]

» Let A be the matrix of

the map.

» Boundaries of | ‘
parametric instability: || A)|=2




Electrons with not very low energy undergoing
chaotic trajectories after the aparison of few internal
resonances.

d=4d,sinfsinx, x<0, - _ _ ’
» Period Poincaré map:

¢=—,l)n X (1-cos(2), 0<x=d 52: ,
) | L+(n+Dx)= F(Xt +nr), XL+ nr)),
s g (1cosch). o A+ (n+ 1) = F(AX, + ), X1, + )
2 Xt +(n+ D))= G(Xt, + nm), X1, + nr)),
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Fast electrons distribution function

Cf(p) a,=10, n =100,

a,=12, n, =280,

g, =10, n =100,

» F(p)=probability for p>px.
» f(px)=-dF(px)/dx.




Summary on the laser produced hot electron

Energy and laser intensity scaling low for the
relativistic electron generated on the solid surface are
still open question.

Th ~ ( IL /)\’2)1/4~1/3
is probable for a clean laser pulse.
Two component hot electrons from outside and inside
at the laser-plasma boundary.

Further analysis for the scaling into the ignition scale
plasma is necessary.
It is very important for the Fast Ignition.




Mechanisms of laser-acceleration of ions

Surface contaminant (H,0)

Laser:
few J/~1ps (>10 TW)
IA? >101 W cm2 um?

Incident
laser

Il. sweeping
acceleration

if target is heated =» efficient acceleration of heavy ions




Break-Out After-burner(BOA),
Radiation Pressure Driven A.(RPDA)

T. Esirkepov, M. Borghesi, S. V.
Bulanov, G. Mourou,

and T. Tajima Physical Review
Letters, 92, 175003 (2004)

lime = 6.9384¢+04

58nm C foll,
t=540fs, | = 2x102° W/cm?
Earget = 90.1J

Q

Q

Juan Fernandes, etal
LANL report, 2009

Particle # per MeV and msr

200 300
Energy [MeV]

Simulation by S.Bulanov eal, Recently,very thin foil exp.
with clean short pulse laserTrident, LANL




Requirements for electron fast heating

Assume hot spark area density: pr ,: 0.6 g/cm?

Imploded plasma density : 1000times solid density
Py, ~ 200g/cm?
Hot spark radius: r, ~ 30um

<---- 2 pr, ~1.2 g/cm? >range

Total energy of DT hot spark : 3N, T, ~5kJ -> 10kJ
where N, ~2x1018 , T, ~10keV
Heating efficiency of 10 % then: total laser energy: 100k]J

Heating e-beam diameter: 60 pm?
Distance from heat deposition point to hot spark: 100um
Beam divergence full angle:




Self generated magnetic field

Y.Sentoku, K.Mima
Phys.Rev.E(2002)

R.Kodama, etal
POP. 2002
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Two-dimensional PIC simulation for relativistic
electron transport in over dense plasmas

Longitudinal 2D Transverse 2D
a=3 ,n/n =20 vb=10 , n/n, =10

Ion immobile

Ion mobile

Ion mobile
& Collision

Censtty (107 fem®)

Beam electron density,
Plasma electron density of return current, and
Total ion density at o ,t =400.

M.Honda, J.Meyer-ter-Vehn, and A.Pukhov,

Quasi static B-fields Phys. Plasmas 7, 1302 (2000),and
Y.Sentoku, K.Mima, S.Kojima, and H.Ruhl, Phys. Rev. Let. 85, 2128 (2000)

Phys. Plasmas 7, 689 (2000)
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3MA/1IMeV 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.

| 1 |
400 600 800
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From Ampere’s low, -9B,/ dy = wj,, 9B,/ dx = uj,,
Where J, =-en, u,, Jy =-en, u,

Therefore, u, =vVulZ+u’=2c2w/ (o2
1 X y C pe

Average merging time: Ty =Mu, =AM 0,*/(2 ¢? w,)

A? = 0 : one filament occupation area

When immobile ion; , = constant = ®,

Ty =M 0,2 /(2w x o x)\?




Number of filaments: N, constant magnetic field,
The magnetic energy is conserved
No = N,0, = constant

When immobile ion, t,; « 1/N, to obtain

——--> [/t

1+ (t- t)/ Ty l

where, 1/ Ty = 2In2 ¢* w,)/ (0y w,.* ),
initial filament size: oy~ c?/ (x)pe2




Temporal Evolution ol Total Number of Beams
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Divergence angle
S.Kar, , P.Norreys, etal (PRL 102, 055001 (2009))
B-filed collimation

Osaka Uniyv.
Double cone !
2010.10. to be
tested

Experiment at RAL

0B/ at= Vnxj, +m Vxj,

B field




B field profile

Electron energy
density
distribution

N\

20 times larger

Magnetic field
;B/B, and
energy density
normalized

by n mc?




Can electron spread be

controlled?

Electrons diverge only a few degrees leaving long
wire

losing energy at surfaces by accelerating
protons

Resistive path produces guiding field?
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Angle (degrees)

Z.L. Chen et al., PRL 96, 084802 (2006)
R. Kodama et al., Nature 432, 135 (2004)

A. Robinson et al., PoP 14, 083105 (2007))




Electron paths aftected
by prepulse

)
A
’

Log ’
intensity . .88
scale ..ot

Prepulse generated plasma fills cone tip
Electrons move freely in that conducting volume
And laser focus could be substantially changed by plasma




Cone is introduced for enhancing energy coupling
efficiency (

ILE OS:

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

1. Single Cone target 2. Double-cone target

H. Cai etal., PRL, 2009
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(1) 50 electrons i ' t= (330, 1500) fs




B: inner cone

Conclusion:

(1) At the early time, sheath field inside the cone gap
plays an important role in confining hot electrons.

(2) At late time, the sheath field becomes weak
because of the plasma expansion, while QSM field
Bz inside the cone gap can still strong enough to
confine the hot electrons;

Question: what is the generation mechanism of this
strong QSM field inside the cone gap?




We evaluate Eq. (2) for the present case:

S0: 10 microns; S: 40 microns

V: 500 microns”2

0=cS/3V=8*10'’s":

Beta: the energy escaped from the cone tipis 4
times larger than that from the cone side for the case
gap=3, therefore, the ratio of third term to the second
term is 4, we then obtain Beta = 15/16

T =dIn(Qh)/dt ~ 0.5ps.

Then we can plot the Q,/Q,,, as shown in Fig. (a)

Fig. (a) The maximum values of the quasistatic
magnetic field (QSM, solid line) and the sheath
electric field (dashed line) inside the gap. The dash-
dotted line is the plot of Qh(t) in Eq.(2). (b) The time
averaged current jx at time 1500fs. (c) The ¥
transverse distribution of the energy of the escaped 10 0 7 2
electrons from the right boundary. (d) The natural P _(mc)
logarithm of the momentum distribution of the fE
collected high-energy electrons.

eleclion epergy ja.u.

oB/ot = -VxE
right - ert = Vxnd, +Vx[(Vn, T))/n]

T lE.I8IA 217 cone

27.4Y% 4.83% 2Y 13.0% 0.54%

L 440%)  148% C_5.0% 6.4%.0 0.55%

Table |. Fraction of the energy flux of the emitted high-energy electrens at different boundaries
with respect to the laser energy for double cone and single cone.




Summary

1. Heating efficiency defined by
Nr= Wy/W
2. Mg depends upon 4 processes like,
N1t=Ng. Na -N1e-Mp

. M :Energy conversion into proper energy hot
electrons ---> Wave breaking

N, - Transport efficiency includes electron divergence
angle, elecro-magnetic field, and scatering

Np : energy deposition----> collisions,
collective stopping




