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— .’h| Outline

- Brief Review: Status Prior to 2004
— Self-modulated laser wakefield accelerator regime
— 100% energy spread, max energy > 100 MeV, nC’s of charge
— Few TW, few-mm gas jet, “high” plasma densities 1019-1020 cm3
« High quality e-beam production at 100 MeV-level (2004)
— Narrow energy spread, small divergence, 100 MeV, 100’s pC
— Few-10 TW, few-mm gas jet, “lower” plasma densities 10'8-101% cm-
— With and without plasma channel guiding
- High quality e-beam production at 1 GeV-level (2006)
— Narrow energy spread, small divergence, 1 GeV, 100 pC
— Tens of TW, “lower” plasma densities 10'8-10° cm3

— Few-cm long plasma channel guiding (capillary discharge)
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— .’h| Outline (continued)

- Laser injection methods
— Stable, reproducible, high quality beams
— Experiments underway
- Prospects for acceleration > 1 GeV
— Staging (injector + channel)
— Modeling and scaling laws
- Diagnostics and radiation generation
— Measure laser, plasma, and e-beam properties

— Use laser probes and radiation generated by e-beam

- Summary



/’”\l A Laser driven excitation of plasma waves:
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Laser wakefield accelerator
Standard regime (LWFA): pulse duration matches plasma period

Plasma wave\ Plasma channel . . .
\ Ultrahigh axial electric fields
\ => Compact electron accelerators
clection || Ve | @ ® © Plasma wakefields
jector laser
gt E, > 10 GV/m, fast waves
/ / (Conventional RF accelerators
Electron bunch—/ Laser pulse—/ E ~10 MV/m)
Z
Radiation pressure of intense laser pulse Plas;na channel:ledes laser pulse
excites plasma wave (wakefield) and supports plasma wave

plasma laser pulse
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B.A. Shadwick et al., IEEE PS. 2002
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Tajima, Dawson (79); Gorbunov, Kirsanov (87); Sprangle, Esarey et al. (88)
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crceeey] State-of-the-Art Prior to 2004:
Self-Modulated Laser Wakefield Accelerator (SM-LWFA)

Self-modulated regime:

« Laser pulse duration > plasma period (r a4 —»
- Laser power > critical power for self-guiding laser pulse
* High-phase velocity plasma waves by ]
« Raman forward scattering T 5o
« Self-modulation instability o Plasma density wave
Sprangle et al. (92); Antonsen, Mora (92); Andreev et al. (92); I -
Esarey et al. (94); Mori et al. (94) ~40 -20 0 20 40
k,(z—ct)

SM-LWFA experiments routinely produce electrons with:
1-100 MeV (100% energy spread), multi-nC, ~100 fs, ~10 mrad divergence

1000

e 1

Modena et al. (95); Nakajima et al. (95); Umstadter et al. (96); Ting :
et al. (97); Gahn et al. (99); Leemans et al. (01); Malka et al. (01) Eé»
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High quality e-beam production
at the 100 MeV-level
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.’.\.| Breakthrough Results: High Quality Bunches

30 Sep 2004 issue of hature:
Three groups report production of high quality e-bunches

 LBNL/USA: Geddes et al.
* Plasma Channel: 1-4x101® cm-3
* Laser: 8-9 TW, 8.5 um, 55 fs

« E-bunch: 2x10° (0.3 nC), 86 MeV, AE/E=1-2%, 3 mrad

* RAL/IC/UK: Mangles et al.
* No Channel: 2x101% cm-3
« Laser: 12 TW, 40 fs, 0.5 J, 2.5x10'® W/cm?2, 25 um

« E-bunch: 1.4x108 (22 pC), 70 MeV, AE/E=3%, 87 mrad

* LOA/France: Faure et al.
* No Channel: 0.5-2x10"° cm-3
e Laser: 30 TW, 30fs, 1J, 18 um
« E-bunch: 3x10° (0.5 nC), 170 MeV, AE/E=24%,10 mrad




/\l \ LOASIS Lab at LBNL:
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high rep rate, high peak power Ti:sapphire system

| Chirped Pulse System || 100 TW Ti: sapphire

laser system:

oscillator | >TOK" 3-4 J/pulse

30-50 fs
Compress 1020 W/cm?
10 Hz

* 6 um spot size
- Multiple beams
Shielded caves
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Guided Unaberrated Modes at Relativistic Intensity

Cylindrical
Geddes et al, PRL 2004 Mirror 2.5 mm Plasma Profiles
Te
H He gas jet i
Main beam ~ =
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Breakthrough: 85 MeV e-beam

1l
with %-level energy spread from laser accelerator
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Imperial/RAL Experiments - Mononoenergetic Beams
From Unchanneled Accelerator

Electron sensitive
image plate
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Laser: 12 TW, 40fs, Zg~ 1Tmm ‘
Plasma: n~2e19, 2mm 0% 20 60 80 100 120
Beam: up to 80MeV with 0.15e9 e- Electron energy (MeV)

Density scan shows monoenergetic beams only at n=2e19 cm3

Data and figures from Mangles,et al, Nature 2004



Recent results on e-beam :

From Mono to maxwellian spectra
Electron density scan

Arbitrary Unit

|

I- Monoenergetic with Low Charge
|
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V. Malka, et al., PoP 2005
Faure,et al, Nature 2004




Physics of Narrow Energy Spread

Self-Injected E-Beams



~

/\I .’h| Wake Evolution and Dephasing Yield Low

Energy Spread Beams in PIC Simulations
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T ) Simulations using VORPAL PIC Code:
Wake Evolution & Dephasing Yield Low Energy Spread

Laser EnVGIOpe a0z envelcpe on x axis lineout
IE ) =
= —
E =
E /_\ | =
a =105 B8 G105
Axial Electric Field

Ex GV /m, max,min58.7,—75.6

2x10-%

T=0—®

a

—1=10-%

—2=10—s

[}

F=q0-% Ex10-9 G105

Electron Phase Space
x—ux phase space density, scale=Z2.0

1.4=101
1.2=1011
1.0=101
B.o=10ie
CEAE ek
SRS ey

2.0
a

S M mmmm
E il
=

T

I=10-5 B =5

i

VORPAL: Cary, Nieter, Bruhwiler et al., CU & Tech-X .



LWFA: Production of a Monoenergetic Beam

N

BERKELEY LAB

1 Excitation of wake (e.g., self-modulation of laser)

2. Onset of self-trapping (e.g., wavebreaking)

3. Termination of trapping (e.g., beam loading) YV

4 Acceleration )
If > dephasing length: large energy spread
If = dephasing length: monoenergetic

* Dephasing distance:
Ly = (X, /X)cn?

e

Momentum

0

Wake Excitation Trapping  Acceleration: L, ~Lephase
' >' N >




More experiments
at the 100 MeV-level



Generation of 300 MeV Quasi-Monoenergetic
Electron Beams from Laser Wakefield

a = Plasma density
%t() TW, 30 fs, D=1.5x10"—4x10" cm> LANEX
&N—1019 2 phosphor
" HE g screen /

\ 2 mm nozzle charge q=0.5 nC/

onoenergetic
¢ beams

No electrons

Low (2 pC) charge but high (10 mrad)
angular stability of e- beam




Monoenergetic Electrons come from back of first
plasma wave period

a) 2.1 b) 2.4 C) 2.7 x 10" cm-3
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Laser Plasma Cathode Studies @ Univ. Tokyo

T.Hosokail-2, K Kinoshital, A Zhidkov3, A. Yamazakil, A Maekawal, K Kobayashil, R. Tujiil, and M.Uesaka!

1.Nuclear Professional School, School of Engineering, University of Tokyo
2. Department of Energy Sciences, Tokyo Institute of Technology
3.EPERL, Central Research Institute of Electric Power Industry

2-staged Acceleration scheme

Femtosecond Injector Study

‘‘‘‘‘

Quasi-mono energy spectra  Strong correlation between QME

* Single-shot / » /.
measurement.

Wave-breaking
@shock front

- ; (x10%) and laser optical guiding.
y ¥ 4 ‘ (a)
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Y LAty LA Injéctor (b) s
.. Wave-free é L5T
g i g “ Slit Jet 2 R I
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= Loy I-11TW (376,790nm) | R
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&
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Electron Energy [MeV]
(a).(b): Different pre-pulse condition.

Ref. T.Hosokai,et al.,Phys Rev.E 73,036407 (2006)

Focus & defocus
by optical guide in the channel
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Advanced Photon Research Center

Mono-energetic electron beam image
obtained by a phosphor screen

Angular distribution of an electron beam

12500 25000 37500 50000 62500
_02IMAX 43 SPE x

We have been successfully observed the electron beam image
by using CCD camera coupled with a phosphor screen

M. Mori et al. Phys. Lett. A (in press)



Recent Results on SM-LWFA Experiments at AIST @

AACO4 AACO6 Na’b'onal Insti!:ute of
Plasma Density 1-1.5x10° cm™  [2-5x10"° em™ A '?:c'ﬁ',fﬁ'fcfgs;”em
AlIST
Laser Power 2TW 2.5-6TW
Pulse Width (FWHM) |50 fs 50 fs Laser System in a New Lab.

_ (under construction)
Rayleigh Range 2Zr |70 ¢4 m 300 ym s IBE
Mono-Energy 7-15 MeV 10- 35 MeV*

Acceleration Scheme |SM-LWFA SM-LWFA

* Limited by a plasma length,

Density and Laser-Power Dependence of

Acceleration Energies of Mono-Energetic Peaks Forward Scattering Spectra

l()l"[

1

|1 — 10 S i

- seTW _ : 1 107§ #

% N \3-4T\V % ¥ . i

s $e o < = 3 |

> o8 o 2TW E& _R” i E 3 g ; %

£ 10’ = a4 z 10", -~ j o . = 1 1

FS Q : O N 9 m t 3 ® -E 5t -J

= g ! - ; 3

e = L = | ]

«g g | 7 ", =38x10" em

E 100 E 100 &V , =26x10" em 1

19 20
10 10 , ] 10 600 700 800 900 1000 1100 1200

Electron Density (cm™) Laser Power (TW) Wavelength (nm)

Kazuyoshi KOYAMA, National Institute of Advanced Industrial Science and Technology (AIST) 10-15 July, 2006, AACO6



Preliminary Result from KERI-APRI Experiment

Ti:sapphire laser power=20 TW plasma

Pulse duration=30 fs £

Spot size=15 um 2o

Plasma density=2.7%10"19 8

Gas = He g

Electron beam image deflected o 10 o a0 2

Longitudinal Axis (pixels)
by a permanent magnet

130 Energy Spectrum
~ 50000 1——————— _
z ] ™ 45w :
a : - ;v—‘
20 o 40000 | %
c = S =
2 4 230000 k3
610 ) I 22Mev| B
s ® = 20000 FWHM AE= 8 MeV 3
> L ] ]
o ] 69 MeV,
100 10000 laser position ]
o———rr—
500 550 600 650 700
550 600 Position (pixel)

Deflected Position (pixels) Center for Advanced Accelerators, KERI



electron number

Szu-yuan Chen, NCU, Taiwan
Energy and charge of the monoenergetic electron beam at various positions
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monoenergetic electrons

230 mJ, 45 fs pump pulse
4x10'° cm3 plasma density
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' 71 increases roughly linearly from 5 MeV at 950-um
——————————— = position to 55 MeV at 1150-um position, corresponding
to an acceleration gradient of ~2.5 GeV/cm.
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E-beams beyond 1 GeV
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GeV laser accelerator: (Pxford
channeling over cm-scale h

VSICS

* Increasing beam energy requires increased dephasing length and power:
212 2 -3
AW,[GeV]~a’A ~I[W/em®]/n[em”]
* Scalings indicate cm-scale guide at ~ 10'® cm-3 and 40-100 TW laser for GeV
 Laser heated channel formation inefficient at low density

» Use capillary channels for cm-scale guides driven by upgraded laser

40-100 TW
40 fs 3-5cm
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VSICS

Discharge Capillary

gasin

electrode

Pressure Balance->
low density on axis

Channel Profile

Capillary

209 um diameter capillary
85 mbar initial pressure
* n,=8.5x10"" cm-3

-
o
1 L

Fringe shift (radians)

100 0 100 200 300 400 500 600
Time {ns)

T R T * 32 micron matched spot

Radius jpmé
From: Spence et al, JOSA-B, 20,p138, 2003
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\"1 40 TW laser pulse guided over > 3 cm (thord
BERKELEY Las hysics

P=0.1-40 TWin 40 fs, 10 Hz

Wx’in=Wy,in= 26 um

Wxsout=Wy out= 33 um




~

A
Freeerer ‘m

- Maximum resolving energy: ~1.1 GeV

- Large momentum acceptance (>factor 35)

- High resolution (bottom: <1%, forward: 2~4%)
Interaction

Capillary point

Chamber  Shielded mirror and cameras 2 -

LOASIS GeV Spectrometer

oke
~Pole
/ "
Chamber !
@ L
i L 0 . - 2
_ "~ Beamline
AN i} . - |
‘D "1 1GeV
| / {©
SOMeV Pho/sphor q
Bottom view: 40- 160 MeV N 1©
high resolution ]
[ \\ 160MeV <}

Mirror and cameras

Forward view: 0. 16 1GeV
moderate resolution

P e e 1 E—— 11 T——

= ' N

o




/\I A 1 GeV bunches with narrow energy spread 1
_rrrrrrr . . Xf()l‘(
achieved with 40 TW laser pulses (Rm
% 25 TW
s E<0.6 GeV
)
e Q~50-300 pC
0.028 0.138 0.162 0.3 0.4 0.6 0.8 1.0 [GeV]
5 40 TW
£ E< 1.1 GeV
£ it Q~50-100 pC
03 0.15 0.175 0.3 0.4 1.0 [GeV]
c) 6x1o4' Nod 0T
£ / \ £ | |\ - Energy spread
s/ =P
X /o 1t \ at spectrometer
0, ok _,-f \ 3, {fr'r | .
il / \ - resolution
or , ~— o .
0.4 0.5 0.6 0.9 1.0 1.1 0.9 1.0 1.1
[GeV] [GeV] [GeV]

Leemans et al, submitted



sase A periodically modulated preformed plasma channel

~

o UA for quasi-phase matched guiding

1& Q
TRYLAT

Spatially modulated

100mj 50fs 500mj 100ps Nd:YAG
Ti:sapphire _ - laser pulse
laser pulse Periodically
(delayed ~2ns relative Modulated
to YAG pulse) Plasma <<
A Waveguide \
S —>

AXICON  Enables quasi-phase
matching with no

il

~100 ym I
Channel
Diameter Ar Cluster Jet damage threshold!
Applications:
. . Direct electron acceleration
~70 pm modulation period *Wakefield acceleration
*High harmonic generation
Extracted phase from 60fs *Terahertz generation

transverse probe

(200 consecutive shot average, 1ns delay)



Szu-yuan Chen, NCU, Taiwan

Programmable fabrication of longitudinal density structures

laser intensity side scattering

5 .
OAP gas jet

two
cylindrical =
lenses T _ beam

SLMy, ’)dump

machining /\%\
beam

1 mm

half-wave plates

IT1 By replacing the patterned mask with a liquid-crystal spatial light
modulator (SLM), programmable fabrication of longitudinal density
structures can be achieved.

II The SLM also allows fine adjustment of the intensity at each pixel to
compensate for effects such as diffraction and B-integral or to obtain
wide-range uniformity, which cannot be achieved by using hard masks.



Laser-Plasma Accelerators
Beyond 1 GeV
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/\I ‘/\ Staging and controlled injection for
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next generation accelerators

 GeV experiments: Scaling law in mildly nonlinear regime
AW,[GeV]~a’A ~I[W/cm®]/n[cm”]
* Energy spread limited measurement
 Bunches may be percent energy spread
« Staging ~ preserves AE
— stage a low energy injector injector and 1-10 GV accelerator modules

— 10 GeV using ~ PW of laser energy and m-scale plasma

| aser stage 1: optical injector stage 2: channel
M‘ u
‘ —
h

1-10 GeV
e beam —_—

~100pc, 8f
< > <« be, 815
~1mm few cm, n~few 10'7cm-3

‘\ Phase I:  SM-LWFA

—

w\
h

Phase II: Colliding pulse Plasma channel




' Physical picture
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basic formulas

The accelerating structure needs to remain as
stable, for this purpose we choose the laser
spot size and intensity from the condition :

1/3

Matched

profile

P
]: k,wy,=k,R, =24/a, =>a0z2(—

P

c

—

The accelerating field in the ion channel
decreases linearly from the front reaching
minimum value with magnitude:

ek, |
~ K, R, = ~\Ja,

mca)

Maximum .
field

The acceleration process is limited by dephasing:

a, >1

3
; =L, zL,~ Wa | k
L~R, 3k, |k

distance )

[Acceleration




INSTITUTO
SUPERI OR

Scaling laws

The energy obtained by a group of particles is:

il 2
AE =eE L, =~mc

1/3 2/3
n,

0.8

P
P[TW])” 10"
100

E[GeV] = 1.7( =
n, [em™ ]

|

Aolum]

)4/3

Energy balance yields the maximum # of
particles that can be accelerated:

N =

=

8/15/ P
kor, \m’c’ /e’

PITW]
100

N ~2.5x10° Zoltm]
0.8

3D full PIC simulation with OSIRIS for a
200TW, 30fsec yields 300pC at 1.5GeV in
agreement with the theory.
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Parameter design for GeV and beyond

INSTITUTO
SUPERIOR
TECNICO

P(PW) | ©(fs) | n,(cm~) | wy(um) | L(m)| ao Anc/np | Q(nC) | E(GeV)

0.200 100 1.0x10%7 45 0.52 1.76 60% 0.57 9.9
2.0 100 3.0x10" 47 0.18 5.45 0% 1.8 10.2
2.0 310 1.0x1016 140 16.3 1.76 60% 1.8 99
40 330 4.0x1016 146 4.2 7.6 0% 8 106
20 1000 | 1.0x10'° 450 500 1.76 60% 5.7 999

1000 1000 | 6.5x10'° 460 82 12.1 0% 40 1040

Note: Channel guiding: 60% and 40%; Self-guiding: 0% ; external injection: 60%; self-injection: 40% and 0%
P/Pc=0.7 for 60% case, and 2 for 40 % case
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Stable e-beams: Laser injection

LILAC: D. Umstadter et al., PRL (1996)
Colliding Pulse: E. Esarey et al. PRL (1997)
LIPA: C.I. Moore et al., PRL (1999)



Stable self trapped beams near 1 MeV with nC charge
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E=1MeV + 10% FWHM
central energy stable £5%
divergence ~ 10 mrad

observed in LOASIS experiments
- | Laser focused downstream
| of a thin Hydrogen plasma Electron Beam Averaged
jicer. 8§ ] : Magnetic Spectrum
s A Mechanism: Trapping on plasma
— &8 down - ramp (PIC) >
YU i) ()}
Bl E
. B : o)
. = | ! o
Plasma n = 3x10'%cm-3 ®
G
®
Produces stable electron beams: Magnetic Spectrum X
nC charge g
S
Z

0
0.1 1 10
Beam Energy, MeV

Divergence

stable > 1 hour.

(as long as observed)

repeated > 10 run days 0.78 Energy, MeV 1.06

Geddes et al., submitted



Repeatable Small Energy Spread Beams:
Colliding Pulse Injection

rj;}l ‘||||
Self trapping produces (so far) unstable beams: reliance on beam loading limits flexibility

Control over electron load phase and number is needed for higher quality beams
Use the beat between two counter-propagating laser pulses to give particles a momentum and

phase ‘kick,” allowing control over trapping

Linearly sensitive to laser parameters -> superior stability
Concept Phase Space
" T T 207 % T I
YA [ Trapped + |
2 0U5) N N NN L5} ‘-.,_T;sgﬁzd\\ Focused /
-8 [ A oy G 1.0/ oo\ Wake Orbit
o 05 \ A / | \ ':—» i . OI‘blt
Q /ﬂ |' |I I a2 |l ! ! ! F \ /
2 025 |f ’n S S A 0.5
3 ;I |I| || ll || Il || ll A }//3 Z
% O 1| 1 IlI 1| lI ln ’ \ I'n S
g | ] | Ill c05F s
S -025 \ | b Lo :
g Vo L - Separatrices
| [
-05 |ll III ll'.| "II ¢ ] 15 winj
3 -2 -1 0 1 2 3
Y

-073
-10 -3 0

w = plasma wake phase = kp 7 —a)pt

Esarey et al., PRL (97); Schroeder et al., PRE (99), Fubiani et al. PRE (04)
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Experiment: colliding 2 pulses

K. Nakamura et al., Proc. AAC (2004) v Implemented 2-pulse, 30° crossing angle
W. Leemans et al., Femto Beam Sci, M. Uesaka, Ed. (2005) .
Top view

» Expected bunch properties ¢ beam

* Femtosecond bunches
 %-level energy spread
« > 10 pC charge . B ®-. 9

i Y Gasp} ‘ ' .k(foll. beam

B
2,

Both beams B = i

Physics enténgled due to dark current
no clear sensitivity to timing scan

0.2
2
o Experiment now under way in channel -> no
s : dark current, long structure.
O . Main beam
0.0 . : Use as injector into long, channeled stage
04 1 pours 08
, hours

 Other experiments underway, e.g., LOA, NRL two-gasjet experiment



«ar» Experimental set-up

to shadowgraphy diagnostic

electron spectrometer

Pump beam

700 mJ, 30 fs, O£ whm
I ~ 3x1018 W/cm?
a,=1.2

=16 ym




From self-injection to external injection
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n,=1.25x101° cm-3

angle (mrad)
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LOA
AACO6, Lake Geneva, Wisconsin, USA July 10-15 (2006)
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Optical injection by colliding pulses
leads to stable monoenergetic beams

spectre Tirstat_22h2, 30 lignes

100 120 140 160
E (MeV)

AACO6, Lake Geneva, Wisconsin, USA July 10-15 (2006)

STATISTICS
value and standard deviation

Bunch charge= 19pC, 6= 6.8 pC
Peak energy= 117MeV, o =7 MeV
AE= 13MeV, o = 2.5 MeV
AE/E=11%,6=2%

Divergence= 5.7 mrad

Pointing stability= 1.8 mrad




L . . . NRL Plasma Ph):sics Division
748 Laser Injector/Guided Acceleration Experiment
o

LIPA: Laser lonization and Ponderomotive Acceleration

Off-axis Parabola

% TVZ Ongoing experiment:
npu .. .
* inject and accelerate electrons in a plasma
0 TW . channel
Input Polarizer .. . .
\ » laser 1gnition for ablative capillary
discharge
M2 Gas Jet

f Ignition Laser
Capllla%

Colhmato@ Current Monitor

Magnet D . h%gh energy.electron spec?tron.qeters
* high resolution gated optical imager
D Maget 2 . F:oherer}t Thomson scattering as wakefield
diagnostic
Scintillator



NRL Plasma Physics Division

Quasi-monoenergetic Electrons from He and N,

Two Gas Jet Experiment 36000 |

31000 ~
Energy spectrum

. 26000 -
from He gas jet

21000 -

counts/MeV

Wakefield jet

16000 -

11000

Energy spectrum

from N, gas jet Mev
LIPA jet

Laser parameters:
50 fs, 8 TW, 5x1018W/cm?
intensity at focal spot

HD-LIPA

From N, Gas jet 1 mm long. 10!° cm3

Both jets plasma density.

D. Kaganovich et al., Phys. Plasmas (2005)



Radiation Production:

Sources and Beam Diagnostics



[ﬂ'll] Wakefield Snapshots using Frequency Domain Holography

a!?"é's

enrich experiment-theory dialog
N. Matlis et al., submitted to Nature Physics (2006)

TESLAS 30 TW Pump ()

Wakefield n, = ny + dn(t) t t t
O spectrometer

Chirped ' lonization Ch;rped =>
Reference (2w
Probe (20) Front (2w)

Measured Wake Simulated wake

Radial Distance [um]
Radial Distance [um]

800 600 400 200 0 -200 800 600 400 200 0 -200

Time [fs] Time [fs]
will be discussed in N. Matlis’ plenary talk at 3:30pm, Monday
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"'| Next generation radiation sources rely on coherence

L (@)= {N <N - g} (0)

g(k) =] pa)e”dz

Dominates if 0, < A

» Coherence => FEL, Optical manipulation of beams

* Femtosecond bunches from advanced accelerators
— 100 MeV, 1 mm-mrad normalized emittance, %-level energy spread ?
» Will emittance be preserved at higher energy ?

» Will relative energy spread reduce ?
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Coherent THz from LWFA: pump-probe experiments

Laser Pulse

OAP2 Electro-Optic Transmission [arb. units]

TR 2
< Electrons OAP1 1.15
OAP3 Plasma 065
05 ’\/-
Target Chamber (vacuum) 1.15
PE window 600 200 _Ezf.e%a(;'rz[?g] 300 600
Si wafer Lens, M4 Polarizer 05!
Coated/ </ Probe Beam
mirror 0 &=
ZnTe _05 i
_1 ! . , , - . , , , |
Lens -1500 -1000 -500 0 500 1000 1500
Analyzer Delay < [fs]
Lens Diode _ _
* Spectrum consistent with <50 fs bunch

» Charge and bunch shape stability
* Intrinsic synchronization
* MeV/cm reachable

» Relies on transition radiation from
plasma vacuum boundary

W.P. Leemans et al., PRL 2003 . . . . i
C.B. Schroeder et al., PRE 2004 Non-linear dynamics in semiconductors

J. Van Tilborg et al., PRL 2006 * High field superconductors
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Electron beam driven wake

- Betatron (synchrotron) radiation: Wang et al., Phys. Rev. Lett. 88, 135004 (2002)

Incoherent x-ray sources developed for first experiments

T\

1 April 2002

Volume 88, Number 13

\v/—;wm\l: 4.0 mm

;’1-‘;! o Betatron

X-Rays

E. Esarey et al., PRE 2002
A. Rousse et al., PRL 2004

W)

8x10°

« Thomson scattering radiation:

100 J
10 ps Laser
0.5 GeV e-beam

Photon flux (Ph/s/0.1% B

4.6 54

1-50 keV Xrays Phréton e?igrgy [MeV]
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Thomson Scattering X-ray Source/Beam Diagnostic

X Ray Source Electrons see laser as undulator

Demonstrated with RF accelerator
limited by charge density

[ J e'
laser EEnEaL\» /\ A /\ > Xrays
Radiation upshifted by 2y2
1 80MeV electrons ~ 100keV photons
Jet Laser accelerators offer intense,

short electron beams.
108 photons/shot’

.X.ra.y .Di.ffrac.ti(.)n. Shows Chggggs In Stmgtgré | 104-105 ph/shot/0.1%BW'

10fs pulse

Time resolved X ray diffraction, imaging

Possible resolution of beam evolution
over propagation

*Following Catravas et al, Meas. Sci. Tech. 2001



DI®CLES  Optical deflection and conditioning of NebIaSka
— femtosecond MeV electron bunches Lincoln

Colliding an ultra-intense laser pulse and a

relativistic electron beam leads to energy and
intensity dependent deflection.

supersonic
nozzle\j

2 —» initial electron beam

— final electron beam
—P Deflecting laser pulse

1st laser pulse — accelerates electron beam
2nd laser pulse — deflects electron beam

Conditioned Electron Beam
f~— _ T.=18MeV -

.21 0.45 MeV |

2
@

2
=)
T

HE) [arb. units)

=
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T

=
o
T

500 1000 1500 2000 2500 3000 3500 4000
Energy [keV]

Higher intensities condition

MeV electron beams

a, E =+ AE e/5SnC
(MeV) (10%)

2.5 1.20+0.45 9.02

5.6 2.35+0.45 7.03

30004

— N

(&)} N

o (%)}

o o
1 1

Signal (a.u.)

750+

single beam
two beam
® calculated

Beam Centroid (degrees)

-900 -600 -300 0O 300 600 900

Time (fs)

S. Banerjee et al., Phys. Rev. Lett. 95,
_ _ 035004 (2005)
Ultraintense laser pulses optically select, near-monochromatic

femtosecond MeV electron bunches without space-charge broadening.
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An LWFA based FEL ?

LWFA beam parameters

0.006}
(a,=1 A, =1) 500 pC
0.005¢

Normalized energy, y 2000
. . 0.004} O'), / Yy<p
Normalized emittance 1 mm mrad P
0.003} 50 pC
FWHM duration 20 fs -~
Charge 0,5 nC 0002
Peak current 0.001F S
Energy spread (projected) 0.01 OL. . . . . .
0.1 05 1 5 10 50
wavelength (nm)
FEL parameters 1 GeV LWFA 0.25 GeV LWFA
Normalized beam energy 2000 500
Undulator wavelength 1 cm 1 cm
Undulator strength | | *Will emittance be preserved?
Radiation wavelength 2 nm 30 nm  <\Nill AE/E be low enough ?
FEL parameter 2:107 5107
Saturation length 4.7 m 1.8 m *European and Asian efforts
Photons/pulse at saturation underway
Beak brightness (ph./s/mm?*/mrad*/0.1%BW) 5-10% 10%
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" Scaling to Future Laser Driven Accelerators

Lasers at > 300 TW, > 300 W

_ ) Staging of'modules: AE, phase
High rep-rate, high average power

Stable injection

Challenges
\/
10 GeV, low energy spread & emittance 3-D modeling, improved algorithms
Guiding over meter scale Reduced models

Understanding of:
- Laser evolution, shaping, depletion, spectral shifting
- Bubble regime, self-trapping, self-guiding experiments
- Beam dynamics, applications, optimization (THZ, X-rays, FEL’s)



Advanced accelerator research worldwide
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BERKELEY LaAB
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/\| .’h| Summary

« High quality e-beams
— Few percent energy spread, few mrad, 100 pC
— Accelerate over dephasing length, “tune” on power and density
— 100 MeV: 10 TW, few-mm gas jet, densities 10'8-101% cm3
— 1 GeV: 40 TW, few-cm plasma channel, densities 10'8-10'° cm3
- Laser injection methods
— Stable, reproducible, high quality beams
— Experiments underway: LOA, LBNL, others...
- Prospects for acceleration > 1 GeV
— Staging (injector + dark-current-free channel)
— Modeling and scaling laws
« Challanges
— Optimization: Tailor laser and plasma parameters
— Diagnostics: Wakefield, laser, e-beam (emittance, fs-resolution)
— Verify physics: Nonlinear evolution, pump depletion, dephasing
— Staging: Long channels, laser+e-beam transport
— Stability: Laser injection, feedback
— Modeling: Reduced (time-averaged, quasi-static) codes
— Applications: High-average power lasers



