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« Short and long laser pulses
 Modified wakefield acceleration

» Stochastic wakefield acceleration
 Unstable betatron oscillations

» Stochastic two-wave acceleration
 Snow-plow acceleration

 Photon mirror effect

* Imperfect relativistic mirror
 Conclusions
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Motivations
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Laser wakefield acceleration concept:
-T. Tajima and J.M. Dawson, PRL (1979)

Bubble regime:
- A. Pukhov and J. Meyer-ter-Vehn, APB (2002)

Experimental results:
-J. Faure et al; S. Mangles et al.; C. Geddes et al, N (2004)
- W. Leemans et al, NP (2006)

Peta-Watt experiments:
- RAL; HIPER - European experiment
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Laser wakefield regimes
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Short laser pulse Long laser pulse

Acceleration region At w, = 1
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Modified wakefield acceleration
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Particle trajectories
in parallel phase

p(1) = 75 { [0 — £ ()] £ \/[ho — £(m)]> — v*(m)/~2}

space
1= (15" VA0) = 1+ [0 — a(n)]
Maximum energy gain (L = By) + (Prmaz — Pmin)
Yo = r
(1 — [Fglaol)
Pure wakefield acceleration Ay =y — g = 2y {?mm Ormin)
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Mendonga, PPCF (2008) +
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Stochastic wakefield acceleration

Coupled nonlinear oscillations (vector and scalar potentials)

di” Gsind 4+ (G4 sinl k
72 = Gpsin# + G sin( ’p'ﬁ'j'
G]_ ﬂjﬂ' ﬂ-gk k “o

Go=|— - Gi=—
D ( kpo " F:*-'T'E) y oo i

0= (kn— Q1)

[1 + (P10 — 5)2] (= i: — kp3,

L

Purely parallel motion

plo=20 d?y

gﬂ? = Gsinfkyn)

No stochastic behavior is expected
(circular polarization)

kpipol(1 4 af)

G frd
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Linear polarization case
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d*n

dT?

1 €
— = Gysin(kn) + EGE sin [2,!; (-i'}r — —T)}

k

Similar to the perturbed pendulum

pio=20

Two main
resonances (
e =

dn
4y = — ] D . o= .'Ij
Uy ( e ) 1 5 g g

a’.-r;r) Y Dy = ity — 1 +ag(0)
1 L y r2g S/[J_ - E-Egj.l’kg]

Instability criterion
(resonance overlapping)

G+ G2/2 < |uy —ug| = 7

(2
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Unstable betatron oscillations
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Perturbed transverse ol
oscillations

d*p, 1%
dTE - _; a-]r‘ﬂ I[FJ' — Qg CO3 E]I _2:1"_5 1 0.5 0 0.5 1 1.5
Simple model for the
T= \/ V8 + pL(pL — 2a0 cos ) transverse potential
1
o(r) = o
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Forced Mathieu equation

dgpl e
+ Q5 (1l +ecos28)p, = —€ycosh
dr?
P
42 2
| 150 ¢
100}
as :
€= — 5 50
iy —+ Qﬁr'D
w, _5[};
f1= a2 —100F

Particle deconfinement + emission of betatron radiation bursts
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Short laser pulse wakefield

(pic simulations)

K. Németh et al., PRL (2008)

3 2 a4 0
S (4 m)
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Stochastic beat-wave acceleration

Parallel equation of motion

Hl = rlﬁl?;f

Oy = ka(n + o)

Two counter-propagating waves

a1

(n,T) = a1 cos(k1n)

az(n, 7) = dz cos|ka(n + (o7

w ke
2 — T G, = =L 2 _ g2
Hl T ke 2= ey +
dp | I 1)
- = — _ a - —_—
oa

an

= —dyiky sin#y — asks sinths
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Main nonlinear
resonances

First wave resonance

Second wave resonance

_ (dn L ko wo
= (d?)ﬂ == Y e

Beat wave resonances

Stochasticity criterion

— — .32
a| +4/|ay-a =
| 1| | L 2| o ‘l—l—rlt‘g/;fl

o Ef'i']' ,J'J_'z ) - =
ligq = (E)E:l :Fl ER (ﬁ‘-uja_si ~ /|dy - dg
Standing wave
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b | —
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Peta-Watt laser
surenion experiments

TECNICO

c 107 —_— —
55 10"} n=77x0"m’ 4
82 qonf ]
D =
"E‘é’_ 10° £ ; '[_J lﬂlﬂﬂ EQUU EC!GU 4fl1ﬂﬂ SI_JDE' ll'.]_l _
23 L ef : 600E (c) - F
E= 10 3 E ?400:_ E ]
35 F & = : -
:%_ 107 L . T e EEGU__ E |Eu.l
10 100 & 4E = @
electron kinetic energy [MeV] E - - RPN = 1[}‘? 3
0 1000 2000 3000 4000 5000
x[c/wg]
o ] - particle 1 FET E - particle T lapg
el 200 1 Ig
: U {200 i Tao
Question: 0 0 R
600

£

—_—

r f h i havior - '_P, particle2 B0 i partle ]
Source of stochastic behavio | {0 : <; I
200 | 0@ © IS Lao =

] d




=

Snow-plow acceleration
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Laser pulse

>

e-

Startsev and McKinstrie, PoP (2003)
Mendonca, Silva and Bingham, JPP (2007)



m Electron trajectories
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Gaussian laser beam

Trajectory reversal in (p,n) phase space

d . . ‘
l_p — +0w0.| — (15(1 —a) 2 hé’*,-f —v?
n) -

Particle reflection

11_}: Ei ——> a(l—a)=hi-1?=1.




<

INSTITUTO
SUPERIOR
TECNICO

30t
. . 25
Types of trajectories . 1
15
10 2
ho S
0 pu] 10 15 20 25 30

he > hy

1 - Particle transmission

h, < hg < h,

> hy = h.y, =\/v2 +d3(1 —a).

2 - Particle reflection but no trajectory reversal
(reflected electrons overtaken by laser pulse)

ho < h,

> | hy =72 +ad(1—a).

)

3 - Particle reflection and trajectory reversal
(Snow-plow effect)




Iﬁ Reflected electron beam
(with side-scattering)
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Transmitted electron beam

—-40 —-20 0 20 40

-40-20 0 20 40

=40 =20 0 =0 40 =40 =20 0 =0 40
E-beam: 100MeV. Laser pulse: 1 mm, r-gauss 15mm, 30fs, 1020W/cm?2

=40 =20 0 20 40 -40-20 0 20 40
E-beam: 100MeV. Laser pulse: 1 mm, r-gauss 15mm, 30fs, 10'6\W/cm?2

A. Guerreiro and M. Eloy (2006)
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Photon mirror
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Identical to photon energy shift by double Doppler shift
(Laser beam = photon mirror, from the e- point of view)

Example: for initial energy E; = 50 MeV, and y,~ 200 (60), final
energy would be E;~10TeV (1.4 TeV).
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Laser group velocity in vacuum

Uncertainty principle AI’l .Apl = h,

wk.sinf = wk

Relativistic gamma factor

w

Ve S 21 X For y, ~ 200 (60) we would need o ~ 50 (10) A




I Electron beam as an imperfect mirror
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—_—
a)l’
Electron velocity, =, + p’
(21+1)
p'(z,t) = E/J’, exp(ik,z —iw,t) B, =—i )
l 2+ Dy,

Approximate solutions (a, < 1):
Radiated spectrum

a, = eE,/mcw,

Radiation field w=w, =2[+1) L+p W,
7 1 ¢ =F
(az2 s atz)A " etme S G

> Beam shape function
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Analytical solutions, . 1 |
s valid fory >>a, >> 1 B(z,t) = — tanh[ag sin(koz — wot)]
a, =30
a, =3
a, =03
~ 2 1
Bn =~
Yo (2n + 1)

Harmonic amplitudes for a, >> 1 Radiated power

4
Pw(n]l ('-‘-f'b)
:"-‘:.-'L' [
PD wn

Mendonga and Serbeto (2008)

(insensitive to the value of a,)

(Modulated electron beam: power
enhancement by a factor y?)



i Sub-attosecond pulses
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Laser 1 e beam \

Double Doppler shifted
odd harmonics o, =2n+1)y 1+ p) o, v

Pulse duration T, = Yo T

u urati n
y 1+ B)°
Laser 2

Expected pulse duration for )
100 MeV e- beams 7, =30fs=1,=2x10""fs

Possible experimental configuration for Astra-Gemini (RAL)
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Conclusions

 Different acceleration processes relevant to Peta-Watt pulses
were discussed;

» Modified wakefield reduces acceleration efficiency;

» Stochastic acceleration processes were identified;

- Betatron instability was demonstrates (bursts of radiation);

» Snow-plow acceleration was discussed,;

 Electrons reflected by photon mirrors: single step acceleration;
» Electron beams act as imperfect mirrors for laser pulses;

* Double Doppler shifted odd harmonics can be produced,;

* New experimental proposals can be made.




