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ELECTRON ACCELERATION

Ya.B. Fainberg, UFN 93, 617, (1967)
acceleration by relativistic electron bunch in plasma

T. Tajima and J.M. Dawson, PRL 43, 267, (1979)
acceleration by laser pulse in plasma
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ELECTRON ACCELERATION

Time = 0.74[ps]
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ELECTRON ACCELERATION
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ELECTRON ACCELERATION

Road Map toward TeV
In the next decade worldwide Multi TeV collider 2015
Advanced Accelerator Community 1 TeV
will aim at realizing __demonstration 2010,
1 TeV electron acceleration. 10~100GeV
Singie siage 2008
>1 GeV Channel
Guided LWFA 2006

Mono energetic
high quality heam

100~350 MeV

demonstration During the last decade

high-quality beam
up to near 1GeV
was achieved.

K. Nakajima, HEEAUP 2005



ELECTRON ACCELERATION

Scheme of principle

V. Malka, Dream beam, 2007
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LASER-PLASMA PARAMETERS

e plasma density n<n,
, mw® .
n, = - critical density
dre
* laser intensity q = ed W y
mc>  mc’ )
ratio of electron quiver energy to the energy at rest
a >> 1 relativistically strong laser field
e lJaser pulse duration
27c n
A <<cT <4, = = A, 4|~ short pulse
2 a)P n
, 4rme’'n
@, = . plasma frequency

* hot spot size r, 0 A
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ELECTRON ACCELERATION

100% ENERGY SPREAD IN EARLY EXPERIMENTS
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FIG. 1. Three example electron energy spectra observed at

various background electron densities for laser intensity -3 X
10* Wem™.

V.Malka et al., Science 298, 1596 (2002) S.P.D. Mangles et al., PRL 94, 245001 (2005)



QUASI-MONOENERGETIC e -BEAM

news and views

Electrons
rang tenon '
a

Extremely collimated beams with
10 mrad divergence and 0.5+0.2nC
of charge at 170+20MeV have

been produced.

[J.Faure et al., Nature 431, 541 (2004)]

1) T. Katsouleas, Nature 431, 515 (2004)

2) S.P.D. Mangles et al., Nature 431, 535 (2004)
3) C.G.R. Geddes et al., Nature 431, 538 (2004)
4) J.Faure et al., Nature 431, 541 (2004)
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BUBBLE REGIME

plasma wave bubble
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Ponderomotive force of laser pulse push out plasma < -
electronsfrom region wherelaser intensity is high, 0
while heavy ions can be considered asimmobile. 0 400 SO0

Energy (MeV)
A. Pukhov and J. Meyer-ter-Vehn, Applied Physics B, 74, 355 (2002)



BUBBLE REGIME
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GEV: CHANNELING OVER CM-SCALE
LNBL EXPERIMENT

= [ncreasing beam energy requires increased dephasing length and power:

AW[GeV ]~ I[W/cnt ]/n[cm’]
= Scalings indicate cm-scale channel at ~ 108 cm and ~50 TW laser for GeV

= Laser heated plasma channel formation is inefficient at low density

= Use capillary plasma channels for cm-scale, low density plasma channels

Plasma channel technology: Capillary

Laser: 40-100 TW,
40 fs 10 Hz

W.P. Leemans et al., Nature Physics 2 (2006)




0.5 GEV BEAM GENERATION

225 um diameter and 33 mm length capillary

Density: 3.2-3.8x1018/cm? s = g
Laser: 950(+15%) mJ/pulse (compression scan) & & 5 9O
Injection threshold: a, ~ 0.65 (~9TW, 105fs) é 40t .
Less injection at higher power 20} J
-Relativistic effects R R
05 06 07 08 08 1 11 12

-Self modulation

E00 1000
ey

5pectrum

x1I:I

counts/de

100 200 300 400 500 600

kAN

700 800 900 1000

E. Esarey, Dream beam, 2007

100

Qp
Stable operation

500 MeV Mono-energetic
beams:

a, ~0.75 (11 TW, 75 fs)

Peak energy: 490 MeV
Divergence(rms): 1.6 mrad
Energy spread (rms): 5.6%
Resolution: 1.1%

Charge: ~50 pC




1 GEV BEAM GENERATION

312 um diameter and 33 mm length capillary 100
Laser: 1500(£15%) md/pulse a0
Density: 4x10'8/cm?3 2 60 %
Injection threshold: a, ~ 1.35 (~35TW, 38fs) ‘E 40 S H
Less injection at higher power o -
Relativistic effect, self-modulation i . =
13 14 15 16 17 18
1 GeV beam: a, ~ 1.46 (40 TW, 37 fs) wpytal
=
2
) Peak energy: 1000 MeV
<Hd L MEE,UD BEN Lo Divergence(rms): 2.0 mrad
sl spectrum Energy spread (rms): 2.5%
| | | Resolution: 2.4%
sooo | + | Charge: > 30.0 pC
R _
SR | J JJNW | Less stable operation
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Laser power fluctuation, discharge timing, pointing stability
E. Esarey, Dream beam, 2007



TUNABLE e-ACCELERATOR: USING
COLLIDING PULSE
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J. Faure et al., Nature december 2006 ear‘ly mJ ec 'I'ion




PW LASER SYSTEM IN INSTITUTE OF
APPLIED PHYSICS

4

&

=-30 TeV/m

W=24J, t=43fs, R=12um, P=0.56PW, [ =1.1-10"W /cm*, A=0911um, a,=11.4



CONCLUSIONS

Rapid progress in laser-plasma acceleration:
GEV in 3 cm,
tunable quasi-monoenergetic e-bunches



BUBBLE REGIME:
PHENOMENOLOGICAL
THEORY



QUASISTATIC APPROXIMATION
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QUASISTATIC APPROXIMATION

4, =-¢ - gauge
D =¢@p—A_ - wakefield potential

r 3 P 1 8
AD =——(1-n)— *+—(V, A ),
[a0 =3 0n)n e LA
1 0D
| AA VJ_(VJ_'AJ_) np—L__ L=z
¢
le=m=c=n,=
Vo =1-v2 /" <<I G =X Vel

relativistic electron hole in plasma (noft relativistic ion ball)



ELECTROMAGNETIC FIELD IN BUBBLE
c@ e
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I. Kostyukov, A. Pukhov, S. Kiselev, Phys. Plasmas, 2004, 11, 5256 (LASER-PLASMA INTERACTION)
K.V. Lotov, Phys. Rev. E, 2004 69, 046405 (¢e-BEAM-PLASMA INTERACTION)



ELECTRON TRAPPING

Hamiltonian of electron v=0, r=0

H:\/1+[P+A(r —vgrt)] ’ +a§(r —vgrt)—go(r —vgrt);t const

canonical transformation

S(r,P,t)= (r —vgrt)o P, x = fzx—vg,,t Y
H= 7—(I)(§)—vg,,px =const v, —C

plasma

trapping condition
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ELECTRON ACCELERATION
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BETATRON OSCILLATIONS
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BEAM CONTROL BY PLASMA
PROFILING

Dephasing: The accelerated electrons slowly outrun the plasma wave and
|leave the accelerating phase.

laser pulse
d[ @ j 11

e plasma wave
dx|\ @,(x)

(6 Vgr /\ /\
7 \ga\V

-3/2
n c | n 20
n(x) = 0 L =—|20 -
(1-x/L,)" ™ o (” j 3

p C

Choosing a proper density gradient one »
can uplift the dephasing limitation and /\

keep the phase synchronism between / V V
the bunch of relativistic particles and

the plasma wave over extended

distances.

T. Katsouleas, Phys. Rev. A 33, 2056 (1986).



LAYERED PLASMA

n,
(1-x/L,,

2.5-102 i n (‘

n(x)=

)2/3 J n(x) —oo  at x=1L,

n(x) U U
____’/L_——__/ electron
25103 +———"=—=—=—"l==—mm—-———— = bunch

Putting electrons into the n-th
wake period behind the driving

laser pulse, the maximum | & U U U
energy gain is increased by the
factor 2nin over that in the ‘I:::Sf:a /

case of uniform plasma.

A. Pukhov, I. Kostyukov, Phys. Rev. E, 77, 025401 (2008)




ENERGY SPREAD REDUCTION

energy spread mechanism energy spread reduction

peak
deceleration
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CONCLUSIONS

1. The Bubble produces a quasi-monoenergetic e—beams.

2. The Bubble is an efficient energy converter: 10..20% laser
energy is transformed to the e- —beam.

3. Self-guiding over many Rayleigh lengths.

4. Plasma density profiling for beam control



BETATRON RADIATION



DIPOLE RADIATION

@) 5 =0, / \J2Y - betatron frequency AO = P, / v

AO <<1/y ‘ p, /mc<<1 dipole regime of emission

) = 2Q37/2 - radiation frequency



SYNHROTRON RADIATION

/ 0.92

0.5
\
Y0031 2 3 oo
\ quasi-continuous spectrum

A® >>1/ )4 ‘ p,/mc>>1 synchrotron regime of emission

. = 3927;70 / C o< n7/2r0 - critical frequency



BETATRON RADIATION SPECTRUM
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SYNCHROTRON RADIATION

OGTOBER 2, 1697

GENTRAL LAB/
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Advanced Photon Source, Argonne National
Laboratory, http:llwww.aps.anl.gov!



LASER-PLASMA X-RAY SOURCE

* COMPACTNESS

* simultaneous acceleration and x-ray
generation

é

* laser pulse propagates in plasma a few
centimeters

* laser systems sizes - several meters
 HIGH POWER
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RADIATION OF EXTERNAL e-BEAM
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QUANTUM EFFECTS IN STRONG

PLA SMAkFIELD
h

Ik

.....q‘ -

plasma plasma

' + -
etV, —>et+y y+V, —ee
quantum photon emission e‘e* pair production

2
1) electron motion is semiclassical ymc™ >>h2,
2) photon emission is quantum

hw= ymc’
Semiclassical operator method

V.N.Baier, V.M.Katkov, V.M.Strakhovenko, Electromagnetic Processes at High Energies in Oriented Single
Crystals (Singapore, World Scientific 1998).

PLASMA FIELD INSTEAD OF CRYSTALLINE FIELD

E. Nerush, I. Kostyukov, Phys. Rev. E 75, 057401 (2007)



RADIATION REACTION
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P. Michel, et al., Phys. Rev.E 74, 026501 (2006).
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BETATRON RADIATION
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LASER-PLASMA SYNCHROTRON

Scintillating
SCreen /

Aluminum
foil

JETI laser
E=430mJ
1=85fs

| =5 x 108 W/cm?2

Undulator

Electron
spectrometer

Optical
spectrometer

H.-P. Schlenvoigt et a/, Nature Physics 4, 130 - 133 (2008)
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INTENSE COHERENT THZ RADIATION
GENERATION

for THz frequencies, ®, >>wqy,

n>> nc
‘g(m)‘ >>1 metallic

THz Pulse

Electron Bunch, X-rays

Effective THz radiation
source size ~ Ay

extremely dense bunches (multi-nC, <50 fs) — Coherent transition raditaion (THz)
J. van Tilborg et al., Opt. Lett. (2006)



CONCLUSIONS

Compact and powerful laser-plasma radiation
sources:
X-ray, optical and THz radiation



SUMMARY

Laser-plasma accelerators: GEV in 3 cm, tunable quasi-
monoenergetic e-bunches

The Bubble produces a quasi-monoenergetic e-beams
with efficiency conversion 10..20%

Laser plasma can be a compact and powerful source of
X-rays, optical radiation and THz pulses.



