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USC PARTICLE TRAPPING

=) Ultra-high energy cosmic rays: plasma shock waves and
frozen magnetic field

Supernova SN 1006. The images reveal high energy synchrotron
radiation from the rims of the supernova remnant. This suggests that
electrons are accelerated in the shock waves at the boundary of the
remnant.
http://www.tp1.ruhr-uni-bochum.de/~hs/forschung/shockaccel.htmi

ﬂ Plasma accelerators:
+ Injection mechanism for LWFA, PWFA

- Limit plasma wave amplitude: wavebreaking
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USC PARTICLE TRAPPING

Laboratory Frame “Wave” Frame Laboratory Frame

v'<0 No turn around

Vo V=0 Turn around m V=V,
V=gh m V,=V' \Y) V’>O
v AL Oo—»

O

Turn around if: v, —~2gh <v <y, wp %quf—mghsEs %m(v+v¢)2

| Small amplitude plasma wave:

Trapped

W, . =eE L, =2my, By ne? Esarey, IEEE TPS 24,2 (1996)
WB

=) Energy, and phase condition for
trapping

| — ™ Yrmin ) e- born at rest (lab frame)
Injection/trapping

=) need injection mechanism
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USC WAVE AMPLITUDE LIMIT
WAVEBREAKING

Non Relativistic Relativistic

Dawson, Phys. Rev. 113, 2 (1959) Akhiezer, Polovin, JETP 3, 5 (1956)

Cold my. mc o
EWB = b Emax = . ﬁ(Y(j) _1)1/2
e e
Coffey, PoF 14, 7 (1971) Katsouleas, Mori, PRL 61, 1 (1988)
Warm 2
a Emax _ mv¢wp (1_ 1/3)— §/31/4 + 2[51/2) Emax _ mca)p /5_1/4(1n )/415/2/31/4)1/2
e 3 3 e
_ 2 1/2 _ 2/ 2\-/2 Wave phase velocity and
W, = (nee /eom) Plasma frequency V.Y, = (1—v¢ Je ) elativistic factor

p=3k,T, / mv; Thermal energy to wave kinetic energy ratio

Rosenzweig, PRA 38, 7, 3634 (1988)
Mori, Katsouleas, Phys. Scripta T30, 127 (1990)
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USC WAVE AMPLITUDE LIMIT
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Katsouleas, Mori, PRL 61, 1 (1988)

Mori, Katsouleas, Phys. Scripta T30, 127 (1990)
m) Relativistic effects increase E,._

=) Thermal effects decrease E

max
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USC WAVE BREAKING - TRAPPING

Electrons il 4 Katsouleas,

hang tenon ' e | Nature 431,515 (2004).
laser wake

Thomas Katsoulzas t V=

Electrons can be
accelerated by making
them surf a laser-driven
plasma wave. High
acceleration rates,

and now the production
of well-populated,
high-guallty beams,
signal the potential of
this table-top technology.

=) Harmonics of w,, sine to “sawtooth” wave
m) \Wave-particles dephasing

=) Wave breaking == Injection and trapping
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USC LWFA INJECTION MECHANISM

=) Wavebreaking = injection mechanism for (SM-)LWFA
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s 10° re (b) f( )\ N 0 . | !
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® 10°| # ' D L
L ’ M vy :
[ | f 1 ik
10° Ll RV RN RN e 11 |1
20 40 60 80 100 0 W (MeV) 100

Energy (MeV) Gordon, PRL 80(10), 1998

=) SM-LWFA: self-injection, no control, large energy spread ...

=) ... but well described by simulations!
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USC INJECTION

ﬂTransverse Injection, Umstadter, PRL 76, 2073 (1996). LOA,
L this workshop

m) Co-linear injection, Esarey, PRL 79, 2682 (1997).

news and VIeWs yaisouleas, Nature 431,515 (2004).

a o ©
'‘Whitewater' of
.F}Iasma eh-actrol'i?_ ;"sLaser pulse

Surfing Mono-

... electrons energetic
TNy beam
XA —

Plasma wake potential | Loaded wake
Figure 1 Wakefield acceleration. a, In a plasma excited by a laser pulse, the wake potential rises Geddes.C.G.R.et al.Nature 431. 538 (2004)
yo.a.n. . ) .

until it steepens and breaks. Electrons from the plasma are caught in the *whitewater’ and surf the

wave. b, The load of the electrons deforms the wake, stopping further trapping of electrons from Mang IeS’S' P.D et al ' Natu re 431 ’ 335 (2004) '
the plasma. ¢, As the electrons surf to the bottom of the wake potential, they each arrive bearing Faure ,J .et al . Natu re 431 ) 541 (2004) .

a similar amount of energy.

) Self-injection == AE/E<<1
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Plasma Density Transition Trapping

Plasma Density Transition Trapping is a self-trapping scenario
that uses the rapid change in the wake field wavelength at a
steep drop in the plasma density to dephase plasma elec
into an accelerating phase of the wake.

* Automatic injection of substantial charge into the
accelerating phase.

* Qperates in the PWFA "Blow Out” regime where
Ny = N 0Or in strongly driven LWFAS.

« The length of the plasma density transition must be
shorter than the plasma skin depth ﬁ'ﬁ"' = {',-"?uﬁ for

significant trapping to occur.

« Brightness of the trapped beam scales linearly with
plasma density and surpasses state-of-the-art
photoinjectors at densities higher than about 10" cm-.

Major Transition Trapping Papers:

Concept Proposed - H. Suk, et al., Phys. Rev. Lett. 86, 1011 (2001)
Analysis of Trapped Beam Brightness and Scaling - M.C. Thompson, ef al., Phys. Rev. STAB 7, 011301 (2004)
Demonstration of sub-skin depth plasma density transitions - M.C. Thompson, et al., Rev. Sci. Instrum. 76,

013303 (2005).

Courtesy of M. Thompson



S PLASMA WAKEFIELD ACCELERTAOR (e)7 %

PWFA = beam-driven plasma accelerator

. Focusing (E))
Defocusing Acceleratin Decelerating (E,)

- =4 + + E + +?+ + T
O+ + + + +1+ + —
e . O—>
" 4 o+ o+ + e+ Relativistic
T =TT -~ electron
* Focusing + acceleration = large energy gain bunch

* Single bunch => particles at all phases => AE/E=200%

* Wavebreaking limit: cold-relativistic SLAC PWFA: ¥,=55686 (28.5 GeV)
N=1.8x1010
0,=30 ym
_ n,=2.6 x10'” cm-3
Akhiezer, Polovin, JETP 3, 5 (1956)

1o="p
N 10
" 2y, -1)" e E,, =110(MeV /m) N/j2x10 ~ ko2 kos<
e (0. (wm)/600) g g

1.7TV/Im >> 39GV/m = No trapping?
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US( EVIDENCE FOR TRAPPED PARTICLES

Incoming
N#1.6x10%0 e- Li I Atomic Lines
2.5 8t :
o (a) b — (b) _
O24r i 3.77 3
23l : © =
X g ~ = 777 649 522 394 267
122 i 28 <
o~ 4 = i 5
21 : st Po B L
Q ; o ; = _ : :
-Q 2r io O ' . - o
E IP *_,.4’ i 7 1 -
1.9+ io 4 L ? W ; o
Z o i o .937 io b /
18 R |
17+ e 2 4 "Coherent”
OOE?“’ b
Ll Eos o g BT 1 o Cherenkov Continuum
[ R Bew |
: : : ‘ | .o cmnmmaio GREBSEPEETE)
10 15 20 10 15 20

Peak Decellerating Field (GV/m)
) Excess charge/light appear at =18 GV/m

m) Excess charge of the order of incoming charge, 1.6-1.8x1010 e

=) Excess visible light >> excess charge __, Partially
Excess visible light<< (excess charge)? Coherent
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USC TRAPPED PARTICLES DIAGNOSTICS

£ Li Plasma W Mask
g FCT e.newO-3x1 07 ¢cm3 Ch?renkm'iI Cell +ECT y
O L%10,20,3O cm atm He IO X T
N~k A

A§> >
— 10
N=1.8x10 o - }4» -
0,=20-40pm Cherenkov —a
E=28.5 GeV CTR Plasma Radiator
Energy Lght cherenkov/ TR Light Magnetic Spectrometer

®) Transition radiation (TR) and Cherenkov light
=) Cherenkov cell gives low energy trapped particles spectrum

=) Magnetic spectrometer gives high energy trapped particles
spectrum
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USC “PLASMA SOURCE”

e Lithium vapor in a heat-pipe oven

Plasma Light

. Diagnosti
Heaters ick agjlostic

n,=0.5-3.5x10"7 cm3
o » T1=700-1050°C
Bo [=13-22-31-90 cm
. \ / ~1-
Window Cooling Jackets Pre=1-40 T
U} ,Boundary Layers P. Muggli et al., IEEE TPS (1999)
i —_— e |} b [——
§ :
cn o _ 20/ Li-Vapor
i ionizati : ~ | Plasma ™%
* Field-ionization (ADK theory): L 0
- Lithium: low Z, low IP (5.4 eV) . R ——
- Ultra-short bunch E, field > 6GV/m L
_ 20
- Ng=Ny s
- Plasma very “reproducible” 2 1.0 1 2
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USC ORIGIN OF TRAPPED e-

Measured L| DenS|ty Profile: 10 cm FWHM

D F|rst 5 Second é
o Buffer | Buffer o
R 2 | R GREgiDn ....... .............. Regign ............. G ....... _-
WE o 000,
[-.hu 15 B s e 0 ............... O’ .:, ............ 'ae ...... ............. 0‘ .................
= [ QD
s O
Z “beam ¥ © -
b 1 6_,% .......................................... Gﬂ ..........................
= 00 ?
S (. o
0.5 o oG
O © O =
), T ¢ R i 1o L L S
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distance along oven {cm)

1) Bunch does not ionize He | (24.5874 eV), but does ionize Li | (5.392 eV)
2) Bunch is focused by the wake in the Li | plasma

3) Bunch ionizes He | (24.5874 eV), but not Li Il (75 eV)

m) He e~ born in the He-Li transition region, inside the wake .
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=) He e born on-axis inside the wake and trapped
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USC TRAPPING IN IONIZING WAKE

Eé =k'(5' - Er'nin) Ultra-relativistic blow-out regim
Longitudinal - K =1/2 W. Lu, PRL, 96 2006
Wake Amplitude

Floss \ g =Zz—-Cl

3-D Potential Trapping threshold
v=0-A, Pt for field-ionized e-
| E =-2k
<-Ofx
7 E.Oz

to be submitted to PRL

V,: Plasma Wake
Phase Velocity
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USC TRAPPING IN IONIZING WAKE

E =k(5-E&,)

k'=1/2 meaw, mcw
+ —) <FE << P

E  =-2k

) Recover Dawson’s E,g for field ionized (He) e- !

=) Simulations verification _x 10" Short Oven Profile

=
Lh

» Short simulation

»Increase wake by increasing N,
»“Measure”, count Nirapped
»“Measure” k

»Compare N,,,..,threshold with £, (k) % 55

0 Z (c/m;S?S.S W)

Patric Muggli, AAC’06 07/17/06 UCLA
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US(C THRESHOLDS COMPARISON

E  =A2k

max

K’: calculated from linear fits to E,
from simulations

<D

i
| —
=i

[
#*

o

Peak field: calculated from simulations

Threshold at ~28 GeV/m:

gt
>

Peak Field >E
and

- ! !
20 30 40 S0 N o>
Peak accelerating field GeV/m trapped

| Lyl

Number of trapped He electrons

[ e
=

>

Beam charge is varied from
0.4 to 1 times 1.8x10!° e/bunch

) Excellent “analytical model” - simulations agreement!
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US(C THRESHOLDS COMPARISON
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Beam charge is varied from
0.4 to 1 times 1.8x10!° e/bunch

=) Excellent “analytical model” - simulations - experiment
agreement!!!
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USC TRAPPED e- CHARCTERISTICS

Spectrum of 50 Spectral mterferences
trapped e- TR 1oof U
or Cherenkov 1 Coherent,

200

visible light:

+103-10° times more light

500 520 540 560 580 600 620 640 660 680 700

A (nm)

10 0 10 20 30 40 50 60

15 -
= _ - n, (x10'7 cm3) Az (um) A, (um) calc.”
P W 1.1 102 101
£ s y 2.3 84 70
& /\/M\/\
0 3.2 72
0I7 | | A)L | | | | ]
635 630 625 620 615 610 605 * e

A (nm)
=) Trapped particles are emitted in multiple,
ultra-short bunches (=um), spaced by Az=""
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US( TRAPPED PARTICLES CHARCTERISTICS
OSIRIS Simulation, n,=1.6x107 cm-3

2
Li e- at z= =11.3 cm
First Second - .
o Buff Buffer o 1
_ 2 o Regi v Region ) —,
Bis = D°°'°v° ° ;;l
= ) o
E 20 ooo B
“ 05 o’ o oy ey
Oo °°c o0::- oo ........... =1
5 10 15 20
distance along oven (cm})
26 50 100 150 200 250 300 350 400 450"
Z{ )
I I T ]
=250 =200 -150 -100 -50 O
=) Li e do not get trapped (low oscillation energy)
5000 .
+000f HE €- at z=14.6 cm :
gil:fft gﬁf ?d ° E E & 7
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=) Multiple short bunches He e, gain up to 2 GeV

INn <10 cm
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US(C TRAPPED e ENERGY

n,=2.7x10"" cm=3
Cherenkov Rings

= 10 :
L 1
g 1
> 8
:
M gt
& % )
—
i)
N
5 9
agtl
E . to:tal I;rapl)pedp:aljticl I3.2X109
% ;1S /
0 ' ' ' LD
E 0 0.1 0.2 0.3 04 1 . ; . . .
5 10 15 20 25 30 35
PLASMA VAPOR FWHM [m] Energy(GeV)

) Trapped e energy scales with plasma length

=) Trapped e energy up to 18 GeV over 90 cm
=) Trapped e with AE/E<1, and may have very low ¢
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USC SUMMARY & CONCLUSIONS

=) Particle trapping plays a very important role in plasma
accelerators

=) Observed trapped e ina PWFA at  E,, << ——2~/2(y, -1)"
He—’ Akhiezer-Polovin

=) He e ionized inside the PWFA wake follow Dawson’s trapping
condition

m) Trapping value agree: experiments-simulation-"analytical” model

m) |onization trapping is a “new” injection mechanism

Patric Muggli,AAC’06 07/17/06



USC SUMMARY & CONCLUSIONS

m) Trapped e- have very interesting properties:
»Multiple bunches
»Multi-GeV energies, AE/E<1?
»Short features (<600 nm or 2 fs??)
»Low emittance?

Applications? (FEL, ...)

=) More diagnostics are needed for the trapped particles
(time structure, emittance, ...)

) Investigate trapping of positrons in e*-driven PWFA
Rosenzweig, PRA 38, 7, 3634 (1988)

i 4

South Arc Beam Experimental Region
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USC THANK YOU
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|. Blumenfeld, F.-J. Decker, P. Emma, M. J. Hogan, R. lverson, R. Ischebeck, N.A. Kirby, P.
Krejcik, R.H. Siemann, D. Walz

Stanford Linear Accelerator Center

D. Auerbach, C. E. Clayton, C. Huang, C. Joshi, K. A. Marsh, W. B. Mori, W. Lu, M. Zhou
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USC TRAPPED PARTICLES ENERGY

w107 EXTRA CHARGE ABOWE CUTOFF MOMEMTLIM
T T T T

7 T
|

EL |
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& g |
= g |
= |
= 3 T
= o%
i o

20 o

1

| |
A0 a a0 100 250

P ASK MOMENTUM CLITOFF [Me'ic)

=) Most of the excess charge is at < 20 MeV
m) Trapped charge originate from 29 Li/He boundary
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USC ENERGY GAIN VS. BUNCH LENGTH

n,=2.6x10cm-

Al ponr et e A AR ARARE AR 5510 L VS

| 10 I r

T e AR
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=) Energy gain increases bunch peak current or o,

=) L oading of the wake by the trapped e?
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USC EXPERIMENTAL SET UP (GENERIC)

Energy |P(Q:  LiPlasma IP2:
Spectrum n~0-3x10'7 cm3
“X -ray” [~10-20 cm X-Ray
JCdt Diagnostic,
Plasma lighti[|[in ™\, Ya x T e-/e*
Al Production
10 ‘ \I\ A iy T WA — > >
N=1.8x10""" coherent % 7 : N e N
0,=20-124m  Trancition € Optical Transition Imaging  Cherenkov
E=28.5 GeV Radiation and $ .y Radiators (OTR) Spectrometer Radiator
Interferometer 25m
* X-ray * Coherent Transition " OTR * Cherenkov (aerogel)

Chicane Radiation (CTR)

=

- CTR Energy=l ~1/0,

i

-Spatial - Spatial resolution =100 ym
-resolution =9 um  _ Enpergy resolution ~30 MeV

-Energy

resolution =60 MeV
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[JSC High current drive beam drive

7\.p =52 microns
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USC

1.6e17 hpc simulation lower current driver beam

- &
~ D N |

N ., o En Ve 3 D i,

S
5
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USC

Parameters of OSIRIS Simulation For

The Full E-164X PWFA Experiment

Beam Spot Size (o,) 12 u

Beam FWHM 70 u
(non-gaussian longitudinal

distribution)

Beam Energy 28.5 GeV
Number of Beam e 1.88 x 1010

Li Gas Density (n,)

1.6 x 10" cm3

Number of Simulation Cells

500 x 600 moving

Beam Particles/cell

25

Gas Particles/cell

1

dt (1/0,)

0.0286 Jﬁc/wp

Cell Size Az x Ar

0.05 x 0.02

Patric Muggli,AAC’06 07/17/06




USC Analytical Model of Trapping

Constant of motion for arbitrary wave potentials of the form,
A= A(zct), P=D(z _ct)

R Y
ymc — P+ g— =constant; W =® -4,

C
For Particles Born at Rest on Axis at a phase W,~¥ .,
lein
ymc + ¢ = constant
C

The trapping condition for these particles:

max m

mc —ymc +ymV sﬁ(‘l’ -¥ )
C

Patric Muggli, AAC’06 07/17/06 UCLA



USCMaking Use of The Linear Region of Wake

v
|-+ = 12<<l&)/»-)/p
¢ 2y, 7

C = q( max ‘Pmin)

Over the linear region

G‘I’
L, = 8§ L, = k(& _gmin)

(Whox = Whin) = B (Sin = 5,) /2 L&

Patric Muggli, AAC’06 07/17/06 U CLA




USQma Density Transition Trapping

Plasma Density Transition Trapping is a self-trapping scenario
that uses the rapid change in the wake field wavelength at a
steep drop in the plasma density to dephase plasma elections High Density Plasma Wake Field
into an accelerating phase of the wake.

iy
* Automatic injection of substantial charge into the ©
accelerating phase. z 2
as
* Operates in the PWFA “Blow Out” regime where f% Drive Beam ﬂ_%_’
Npeam > Mpiasma OF N strongly driven LWFAs. <
* The length of the plasma density transition must be é
shorter than the plasma skin depth kp'l =c/_, for B Low Density Plasma Wake Field
significant trapping to occur. 5
* Brightness of the trapped beam scales linearly with % oy
plasma density and surpasses state-of-the-art 8 %
photoinjectors at densities higher than about 10" cm3. 2 =
m
£
\ Drive Beam/ @
o
Major Transition Trapping Papers:

Concept Proposed - H. Suk, et al., Phys. Rev. Lett. 86, 1011 (2001)
Analysis of Trapped Beam Brightness and Scaling - M.C. Thompson, et al., Phys. Rev. STAB 7, 0113

Demonstration of sub-skin depth plasma density transitions - M.C. Thompson, et al., Rev. Sci. Instr
013303 (2005).
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USC

=) LWFA “bubble” regime

S.P.D. Mangles et al., Nature 431, 535 (2004)
C. Geddes et al., Nature 431, 538 (2004)
J. Faure et al., Nature 431, 541 (2004)

m) Breaking of plasma waves: “Injector” for LWFA

C. Coverdale et al., Phys. Rev. Lett. 74, 4659 (1995)
A. Modena et al., Narture 337, 606 (1995)

=) Controlled Injection/trapping in LWFA

D. Umstadter, J. Kim, and E. Dodd, Phys. Rev. Lett. 76, 2073 (1996)

E. Esarey et al., Phys. Rev. Lett. 79, 2682 (1997)
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USC TRAPPED PARTICLES CHARCTERISTICS

OSIRIS Slmulcmon n, 16x1017 m‘3

2 | T —————— 5
T L1 e- at 7= 5600 c/ (o E,(r=0) .
[N | - S
51.5 °° vc-”c °°°‘ovO oo I
; 1333”1 ‘-’Do °°o
H——— 0 5 10 15 20 25 30 35
z(c/oa =13.3 },L)
_ TN |
-250 -200 ‘I|50 ‘IOO -50 0
=) Li e do not get trapped (Iow oscillation energy)
. 4000 He e at Z 11000 C/(D ; _
g o g 9000, ° " Ij
S AT o | A 2000] . = !, I
s - ) sy =
. ) Ooo °°¢ oooo ooo O = e R T T TS _.-.._ I - A T - -
N A 0 5 10 15 20 25 30 35
Z(C/(Dn =13.3 n)
[ [ [ I _ [T |

-0.01 -0.009¢ -0.008 -0.007 -D.OO6 -0.005 -0.004 -0.003 -0.002 -0.001 0 |

) He e- gain up to 2.5 GeV in 10 cm
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USC “ANALYTICAL” THRESHOLD EXPRESSION

When Normalized to Simulation Units

2kmc’ ! e ! e '
/ E = E;k = k
Ep = e mcw maw.’ E 2 'JZk

P P max

Short simulations to test trapping theory

Recover Dawson’s
value??

SX 10" Short O\(en Prqfile

Simulation Parameters: the same Li
as the full e164X run except : '
spot size is 2.4 u to mock
focusing of the beam and
beam is propagated only
a short portion of the buffer region

=
h

Density (cm'3)

o
L
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USC CONTROLLED INJECTION

Il
ieop o 10

“all optical”

¥R

) Transverse injection
Umstadter, PRL 76, 2073 (1996).

normalized units

L =10
0 50 100 150 200 250
z (pm)

FIG. 3. A PIC simulation with an injection pulse of by, =
2.0; shown are the pump intensity a. the wakefield, and the
longitudinal momentum (¢ 8). of a number of the simulation
electrons. By generating a series of “fresh” acceleration
buckets, the pump laser pulse, propagating from left to right,
is leading the trapped electrons out of the region disturbed
by the injection pulse at z = 30 pm, indicated by the arrow.

‘ CO I i n ear i n L eCt i O n The main part of a group of clectrons that were trapped in the
- simulation 15 circled.
J :

Esarey, PRL 79, 2682 (1997). :
External injection E osf 1

-1.0

=) PBWA, LWFA, PWFA S e

. FIG. 1. Profiles of the pump laser pulse ay, the wake ¢, and
Req u | reS - the forward @, injection pulse, all of which are stationary in the
- i = k,(z — vpot) frame, and the backward injection pulse as,

Short bu nCheS (OZ<<}\'p) which moves to the left at =2c¢.
Temporal synchronization (At<<2m/m,)
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SELF-INJECTION

Geddes,C.G.R.et al.Nature 431,538 (2004).

Mangles,S.P.D.et al.Nature 431,535 (2004).

news and Views FaureJ.et al.Nature 431,541 (2004).

a b €
"Whitewater' of
Flasma electmnsﬂ_ i Laser pulse
. ‘ Surfing Mono-
... electrons energetic
. beam

L

: ; i
S, Rt
- 0 i :’
L gl L7 ] 1
“n, g ] 0
b .
[}
]

|. Loaded wake |

Flasma wake potential

N

Figure 1 Wakefield acceleration. a, In a plasma excited by a laser pulse, the wake potential rises

until it steepens and breaks. Electrons from the plasma are caught in the ‘whitewater’ and surf the
wave. b, The load of the electrons deforms the wake, stopping further trapping of electrons from

the plasma. ¢, As the electrons surf to the bottom of the wake potential, they each arrive bearing

asimilar amount of energy. ko155 leas, Nature 431,515 (2004).

) Self-injection == AE/E<<1
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USC INJECTION

ﬂTransverse Injection, Umstadter, PRL 76, 2073 (1996). LOA,
L this workshop

m) Co-linear injection, Esarey, PRL 79, 2682 (1997).

news and VIeWs yaisouleas, Nature 431,515 (2004).

b c

'Whitewater' of
| plasma electrans +\Laser pulse

T ro Surfing Mono-
:.- [ j ... electrons energetic

P e beam
P A -

F’Iasrna wake potential | Loaded wake |
Figure 1 Wakefield acceleration. a, In a plasma excited by a laser pulse, the wake potential rises Geddes.C.G.R.et al.Nature 431. 538 (2004)
RVAGH . ) .

until it steepens and breaks. Electrons from the plasma are caught in the *whitewater’ and surf the

wave. b, The load of the electrons deforms the wake, stopping further trapping of electrons from Mang IeS’S' P.D.et al.Nature 431 ’ 335 (2004) .
the plasma. c, As the electrons surf to the bottom of the wake potential, they each arrive bearing Faure,J.et al.Nature 431, 541 (2004) .

a similar amount of energy.

) Self-injection == AE/E<<1
ﬂExternaI injection:PBWA, LWFA, PWFA

Requires: Short bunches (o,<<\), temporal synchronization (At<<2/m,)
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WAVE BREAKING

Rosenzweig, PRA 38, 7, 3634 (1988)

v T T = ' T ]
Dawson, Phys. Rev. 113, 2 (1959) ) ) |
I e 1 |
,!'I ..L"._ xL ) . !
1 ' Y - 5
E 4 <« -R ||I 10 i
Emax [’ \ f i
05 fr - '
!1' [ E
[ g f ' ¢ Ey
|I- I ——— — S— 1
{ ! '
0.0 - - = — . L
\ /i
L # 2
-
G 22 a4 0.6 0.8 1 [ 0.5 2
rf2nw S
Fio. 1. E"'FE’-'“: as a FIG. 2. The bed plasma el densi lized
L2 tur t i
function of x, for various FIG. 1. Perturbed normalized electron densites /o fOr -, and elctric Reld normalized to m,cu /e for a strongly non.
1 A one cycle of a nonlinear plasma wave, from solutions of the cold linear plasma wave with §,, =0.98 =5 eE_ /i ~2.84
" 5 : & 5 g A4 - v P =2 €05 A Cidp =L, v
values ﬂ‘f " fluid equations with maximum velocity B, =0.5. The solid line . pavimum u, /ny=24 (peak is off scale). The pe:ioc; has ex-

o s o bon o dtlad e shov . pamdd o wice the nonveativiic i, andthe i fld
. _— ; . . ) nearly a sawtooth pattern, wit i ise.
is already a significant period lengthening associated with the y patfern, with a fong finear rise
relativistic mass increase of the oscillating electrons.

‘V Electrtons
=C, V,=C ang tenon "~ g
plasma electrons ¢ laser wake

Thomas Katsouleas

‘ V ~V Electrons c1ar1 be i
~ ac ted b
thermal q) ra_rEL L v rn-(j_ruq
amelLL W

acceleratlon rates,

and now the production
l-populated,
uality beams,

‘ Injection and trapping dinaltne peertaler
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S PLASMA WAKEFIELD ACCELERTAOR (e)7 %

PWFA = beam-driven plasma accelerator

Focusing (E))
Decelerating (E.)

Defocusing Accelerati

=k + + Eyh + +?+ +
BB M) >
-+ + + =+ + Relativistic
Bl T - electron
* Focusing + acceleration = large energy gain bunch
* Single bunch => particles at all phases => AE/Ex=200%
* Wavebreaking limit: cold-relativistic
Akhiezer, Polovin, JETP 3, 5 (1956)
Yoo mcw 1/2 ? N / 2 x10"
=227, -1)" = E,. =110(MeV /m) i
e (0, (um)/600)

SLAC: N=1.8x1010

y=55686 (28.5 GeV) 1.7 TeV/m >> 39 GeV/m
0,=30 ym _
n.=2.6 x100 cm =) No trapping?

Patric Muggli,AAC’06 07/17/06




USC WAVE BREAKING - TRAPPING

Dawson, Phys. Rev. 113, 2 (1959)

E A<t Electrons
Eman A<l hang ten on
" laser wake

Thomas Katsouleas

Fi16. 1. E/Eu.x as a
function of x, for various
values of A.

=) Harmonics of w,, sine to “sawtooth” wave
m) \Wave-particles dephasing

=) Wave breaking == Injection and trapping
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US( EviDENCE FOR TRAPPED PARTICLES

2.5} P
(@) ;o
2.4 i .
~ : i
O L]
~— 23’ Ci = n
o HE
— 22| : -
X 5 C
A u
o 2.1F io .
“ i | |
3 1
S 19 to
3 o E [=]
> 1.8} Poo
1.7 N gm &
Incoming Lo oo, | ol
1.6F— =T Sl M0 e — |
N~16x100 e — * R
10 15 20

Peak Decellerating Field (GV/m)

m) Excess charge appear with threshold at =18 GV/m

m) Excess charge of the order of incoming charge,
1.6-1.8x1070 ¢
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