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‘ Outline

BERKELEY LAB

» Basics of Laser-Plasma Accelerators (LPAS)
» Measurements of LPA beam properties
» transverse emittance (~0.1 mm mrad)
» beam duration (~ 5 fs)
» correlated energy spread measurements
» Path to improved LPA beam quality (higher brightness)
* improved quality and stability requires controlled injection
» Prospects for an FEL using LPA electron beams
» Path to higher electron beam energy
* 10 GeV LPA with BELLA PW laser at LBNL
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f\ " Laser-plasma accelerators (LPAs
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Tajima & Dawson, Phys. Rev. Lett. (1979); Esarey, Schroeder, Leemans, Rev. Mod. Phys. (2009)
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/“N \ Laser-plasma accelerators:

>10 GV/m accelerating gradient
E ~ (m(;wp) ~ (96 V/m) \/ng[cm—3]

Plasma wave (wake) field: E ~100 GV/m (for n~10'8 cm-3)

>103 larger than conventional RF accelerators = “>km to <m”

Accelerating bucket ~ plasma wavelength
<> ultrashort (fs) bunches (<A, /4)

e beam charge (set by beam loading): ~10-100 pC }') high peak current
~10 kKA

e beam duration (set by trapping physics and density): <10 fs
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f\ A Experimental demonstration:
GeV Beam in 3 cm using LPA

‘ o 1.5 J, 46 fs laser
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H-discharge capillary: .-~
~10"® cm-3 density plasma
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f\l |« Strong focusing forces in plasma wave

r n

produces synchrotron radiation

Strong focusing of plasma wave:
Betatron motion: B/} ~ Egk,r

. betatron

motion = (fs, broadband, hard x-ray) synchrotron radiation
/l'/'l,/;/‘ synchrotron
):\ radiation
B @
A, 1/2A’ 9 aﬁ/y
(A (2}/) P 1op

a >> ]

=
%

Esarey et al., PRE (2002)

=
=

wiggler parameter:
a, ~0.13\Jy n[10" cm™]r, [um]

" . 0.0 0.5 10 15 2.0
critical frequency: a)/a)

ho,[keV]=1.1x107y’a[10" cm™r, [um]

hw,. ~ 10 keV
for 500 MeV beam

=
o

d2l/dwdQ (arb. units)

=
=

= X-ray spectra non-invasive, in situ, single-shot measurement of beam size 6



f“\ Synchrotron radiation spectrum yields in situ
measurement of beam size ~ 0.1 micron

concrete
alacton residual el
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|aser pubse spectrometer (b)
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= beam size, ox = 0.1 micron rms
= normalized transverse emittance estimate:
Y Ox 06 = 0.1 mm mrad -
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Faraday rotation used to measure
bunch length: ~5 fs

A. Buck et al. Nature Physics (2011)

Max-Plank-Institut fir Quantenoptik

Magnetic field around bunch
and Faraday rotation
of probe beam

polarization

Polarizers

Beamsplitter

/ Lens
Microscope objectiv

~ Drive beam direction
— Magnetic field

_ Probe beams

.

Electron bunch

e-beam: 2

HLWS-20
:800 nm ;
t65mJ [
i8.5fs

e

0 Mév, few pC

Ultra-short (few cycle) laser used to
measure e-beam magnetic field
using time-resolved polarimetry

Faraday (polarization) rotation:

R- and L-wave along direction of B
in plasma have different phase
velocities

e-beam generates azimuthal B-field
and rays of probe beam pass above
and below beam are rotated in
opposite directions

= single-shot, in situ, non-destructive measurement of e-bunch duration:
T= 5.8 fs FWHM



/“\l A CTR spectrum used to determine

r ‘m

bunch length: ~few fs

Lundh et al. Nature Physics (2011)

Injection pulse

Laboratoire N " Towards CTR
g . = Dipole diagnostics
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Laser propagation direction
>

“Bubble regime”: uncontrolled trapping

INF&RNO simulation . . )
20 e Ultra-high intensity laser (a>2):

\/a>kp7°L/2

* Drives large amplitude density wake
and formation of co-moving electron-free
cavity

* Low wake phase velocity (and large
wake amplitude) allow self-trapping of
plasma electrons

plasma density Vp X 1/\/5

-20|

Kp(z-ct)

e Continuous (uncontrolled) injection result in large (1-10%) energy spreads
* Energy gain proportional to injection time = chirped energy distribution 44
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/\I v Trapping physics results in large energy
spread, chirped energy distribution

e Continuous (uncontrolled) injection result in large energy spreads
e Energy gain proportional to injection time = chirped energy distribution

longitudinal phase space
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e Controlled (triggered) trapping =

e - improve stability and energy spread
Kp(z-ct) 11

INF&RNO simulation
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nf“\l |'ﬁ CTR of laser-plasma generated microbunching

e | indicates small slice energy spread
i
’ "« Operate plasma at high density (~10"° cm-3)
betatron ! = A, short, laser group velocity slow
motion ’ h j . .
6] . Beam interacts with drive laser
A = momentum modulations (~laser period)
E
& < 77599 0 301 0
" * laser /ot e T

Phosphor

9

OTRZ ccb

1.1x10° 0
W

-
="

C. Linetal., PRL (2012) OTR1

Target

erro
Reflected Laser
Magnet I|;a§|er Shielding Phosphor
Spectrometer > CCD
Laser OTR1 Foil
[ OTR2
OTR1 CCD OTR2 Foll
Phosphor
e- / Screen
; Mirror
: | ! ! Coherent enhancement observed
; ! Vo
Om 23

in spectral range 0.4 - 0.9 micron
m 3.8m 41m

= Observed coherence implies slice energy spread of ~0.5% ks



/\l A Electron injection methods
for laser plasma accelerators

Ponderomotive injection
D. Umstadter et al. PRL (1996) ... L
Colliding pulse injection Boost electron
momentum

E. Esarey et al. PRL (1997)
C.B. Schroeder et al. PRE (1999) ﬁ
J. Faure et al. Nature (2006) ...
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-




~

reeceeer]

,_

Trapping and wake phase velocity
controlled via plasma profile

Trapping: high wake amplitude + low phase velocity

1 dx,\ !
Plasma wave phase velocity E{> Bp=— =05 (1 g Kl)\ dZP)
p

(—) (—)
e > ] | ] ] @

d\,/dz > 0 dAp/dZ'<IO
Phase velocity reduced by Trapping enabled Trapping terminated
& Negative plasma density gradient i‘s’ Y : | . Y
. 3 rappe
& Theory: Bulanov et al. PRL 1997 £ *, Wake Orbit
® Experiment: Geddes et al., PRL 2008 2 "
N -
dne/dz <0 I:> d)\p/dz > () o~ ‘1’(5) oooooo Wake Orbit
Since )L X — 15

/n * ‘ ~ Phase ‘
e =2 -1 0 1 2 3
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’\ A Trapping, wake amplitude and phase velocity
- controlled via laser focusing with plasma lens

BERKELEY Lan RN

< U
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____________________________________ Q
0 8. a Focusing laser:
B -1 <

2 Metr p dag/dz > 0
9 ensity
c
%ncap: N
) e~ — = — — _
o e RRE d\,/dz > 0

& |ncreasing laser intensity lowers phase velocity through increase in
non-linear plasma wavelength (enables trapping)

& Decreasing laser intensity (after focus) can terminate trapping
& Density can control effect via self-focusing (plasma lens)

Experiment: Gonsalves et al., Nature Physics (2011)
Theory: Schroeder et al., Phys. Rev. Lett. (2011)



-~

A Integrated injector and accelerator
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| demonstrates improved stability

Charge density
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"\ A Stable e-beams from jet+capillary:
| variation; 6% charge variation

Charge density [nCIMeVISR] Charge density [nCIMeVISR]

BERKELEY LAB
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Slow beat wave of colliding pulses:
boost momentum into trapped orbit

Colliding pulse injection: 3 pulses

Concept Phase Space
1 ' ' 2N ™ 2.0 .
:5 075 '. | 1.5 Trapped
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3 05 na YR = | :
=) 025 II | I,l (e 0.5
g \ | ||\ | o
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Experiments: 2 pulses Esarey et al. PRL (1997);
" : : Schroeder et al. PRE (1999);
Driver (&) Collider (a,) Fubiani et al. PRE (2004)

Electrons

gas jet (n)



Colliding Pulse Showed Injection At Low Density

40 -
I T —— L —————
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~0 ingle pulse injection
b . .
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lonization at peak of laser pulse:
place electrons at correct phase for injection

lonized He and

= lonized N®"7* NU* electrons

L 6+,7 +

E Trapped N electrons

cd electrons

C \ .

¥, - / _ @
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M. Chen et al., JAP (06); T. Rowlands-Rees et al., PRL (08); Pak et al., PRL (10); C. McGuffey et al., PRL (10)



lonization Injection Demonstrated By Several Groups

NUCLEAR ENGINEERING
AND
RADIOLOGICAL SCIENCES ‘
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Pak et al.; PRL 104, (10); C. McGuffey et al.; PRL. 104, (10); talk by X. Wang



Energy spread reduced by mixed gas injector & pure He accelerator

Injector (He/O) Acccl;ratmn (HL)
" e | "o et eteagtegt

Injector+AcceIerator

— SIOM

v PEESR AR SREARTARA

SRR

03 05 1

Energy (MeV) Energy (GeV)

Energy spread ~5%

Injector + i
Acceleratori
1

100 200
Electron Energy (MeV)

100 200
Electron Energy (MeV)

J.S. Liu et al., Phys. Rev. Lett. 107, 035001 (2011); B.B. Pollock et.al., PRL 107, 045001 (2011)
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lonization injection:

transverse momentum spread

2.0
Injected electrons: 1'5’
lonization of high 1.01
atomic states near 05!
peak of laser pulse.

0.0\ \A_—7 NN\ e |

PinPhuid

— (I) '05 i T ExF’ICX']O_
) s s s s . t d apic
3 -25 -2 -15 -1 -05 1.0 ntrappe 3
Eﬁ‘p 15 Trappeg pﬂ:id
2. . WO sl 30 25 20 15 -10 -05 O
— M X/)\.p
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£ 03  Egs55 t=80T, o . .
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>
\ 0_045 1 10 A Reanne “
%1 0.40 —=-Pyrms| — 1
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Transverse momentum spread due to
residual momentum and large
transverse injection area

(8P, erm>1-0m c)

p, +qA, / c =constant
-10
pJ_f = AL (t = tionization )/C

260 270 280 290 300

M. Chen et al., Phys Plasmas (2012) Larger transverse injection area.



S

frrereer |m

To get low transverse emittance injection:

Transverse colliding pulse + ionization injection:
small emittance bunch

1. Electrons have low initial transverse momentum at injection position
2. Injection position should be as close to the bubble axis as possible

0.03,
drlver pulse

'g‘ ' collider pulse &=
.E.O'OO collider pulse &% I”] I i"
> | =, T

-0.03

0.000 0.035 0.070
X (mm)

Simulations show low transverse emittance:

<0.08m.c, 0,<1pum, £,~0.05um

lonization can increase charge ~ 10 pC

Py [MeV/c]
(@)

-1

1

. .

Electron final injection position
~ L=0.79mm (b) !
3 23 32

Px [MeV/c]

M. Chen et al., submitted (2012)
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* Energy: ~ 100 MeV - 1 GeV
— Using 10-100 TW lasers and mm - cm long plasmas
Charge: ~1-100 pC
— Depends on tuning, energy spread due to beam loading
« Energy spread: ~ 1 - 10% level
— Depends on amount of charge, trapping physics
 Normalized Emittance: ~ 0.1 micron
— Based on divergence (~ 1 mrad) and e-beam spot (~ 0.1 micron)
 Bunch duration: ~1-10fs
— Based on optical probe, CTR, and THz measurements
* Rep. rate (laser system): 1-10 Hz
— Limited by availability of high average power lasers
* Foot-print (laser system): ~ (few meter) x (few meter)

LPA beam parameters achievable today

Driver for GeV Laser Plasma Accelerator:
Commercial 30 W-average (10 Hz), 100 TW-peak laser system
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XUV FEL at LBNL

Laser-plasma accelerator driven

\_

laser: plasma
30 TW, 40 fs, channel
1018W/Cm2 3 cm, 1018

(

single-pass, high-gain FEL

111111

focusing
optics ~4m
0.5 GeV,

electron beam
20 kA, dE/E=0.5%

111111

Undulator 5 m

FEL output:

2.18 cm period, K=1.8 \N\N\/—

A=32 nm
1013 photons/pulse

K. Robinson et al.,
IEEE QE (1987) )

Ti:Al

O, laser

Plasma capillary

LPA e-beam
c)

10115""I'"'I""I""I""I""?
(ool Radiation: :
E  Resonant wavelength 32 nm
0oL FEL parameter 7x10-3
- 1D gain length 0.15
§ 10% 3D gain length il
p E Spont. rad. power ]
2 107l Slippage length 3
- Energy/pulse 0.2mJ ]
10°F E
1o5|;— —E|
GINGER ]
simulation ]
Q00 o8 170 268 857 447 536

Z (m)



=~ A Coupling LPA electron beam to
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undulator at LBNL
-

XUV spectrometer

Undulator

Magnetic
Spectrometer
Lanex

Caplllary

BPM & OTR THUNDER Undulator

» Diagnostic of electron beam (emittance and energy spread)
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/\I ‘Q Experimental measurement of
undulator radiation at MPQ

M. Fuchs et al., Nature Physics (2009)

20
3 0
* Measured 1st and 2nd harmonic: £ S
! :
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n=8x10"8cm= _§ 210 MeV 3 K=0.55 A=

0.85J, 37 fs - ~10 pC =2 =5 mm "

—Por A=17 nm <P Max-Plank-Institut
(scree&]) S?Z’D fiir Quantenoptik
Aluminium v -/
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quadgrupole Undulator < Transmission
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:
Gold
Laser beam \ soe
\ 0

’(‘ W Phosphor
screen 2

Magnetic
spectrometer
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f\l |A 10 GeV laser-plasma accelerator
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requires ~ 10 J laser

Plasma density scalings:

Energy gain: W ~ (mcwp/e) Lace X 1/ miylow density plasmas (~10'7 cm-3)

~3/2

: 3 /12
Accelerator length: [ .. ~ )\p/)\L XN =) long plasma channels (~m)

Laser energy/power: Ulaser X n—3/2

1 } =) more laser energy (~10 J)

Plaser XN

drive laser:
a,=1.5
P/P. =1
U =40 J
T,=130fs

triggered - nlasma channel
Injection

» \[ ~1017 cm-3 ]-» 10 GeV electron beam

—
>

<&
<+

<1m

30



BELLA: BErkeley Lab Laser Accelerator

BELLA Project at LBNL.:
>40 J in <40 fs at 1 Hz laser and supporting infrastructure

1 PW laser facility

-

" 10 GeV e-beam from a meter long plasma

RN R LT f & &7 BELLA Project funded by:
L <= i P Office of Science High Energy Physics

E__ Schedule:
Laser commissioned mid-2012
First LPA expts.: October 2012

31



BELLA Facility: state-of-the-art PW-
laser for laser accelerator science

Control room BELLA Laser Compressor

Beam dump Plasma source

-
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BERKELEY LAB

Bep =

LPA

ey = 0.1 micron

0.5 GeV
4% energy spread
[=3 kA (~5 1)

LPA 6D beam brightness comparable
to conventional sources

>

N

Enx€ny€nz

be~ 9 x 10-12

1/1
N(/A):bﬁj\c—s

7"66710'7

2

LCLS
ey = 0.4 micron )
13.6 GeV
0.01% energy spread
[=3kA )

» bs~ 9 x 1012

* Energy spread order of magnitude too large (for soft-x-ray FEL;
p ~ few x103)

e Bunch duration < slippage length (for soft x-ray FEL)
 Emittance exchange?

33
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:‘>| v Application of (experimentally demonstrated)

r ]

= LPA beams to FELS

Beam stretching:

Mitigates slippage .
LPA e-beam 6|_> "" '-::::“ < ................. >
S "I" \“‘ E’

ey = 0.1 micron o ---4 chicane B--3> o -->| undulator
500 MeV © °
2% (rms) energy spread time time
I=5KA C. Schroeder et al, THPD57

Transverse gradient undulator (TGU):
Mitigates energy spread

LPA e-beam
[ O o fv =nAy/y  -->

energy

energy

v+ Ay

time

Z. Huang et al, THOB02
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f\l \ Potential impact of LPA for future compact
light source development

BERKELEY LAB

» Compact accelerator. multi-GeV beam from LPA: ~10-100 GV/m
- Plasma accelerator: 1-10 GeVin<1m
- Entire accelerator (laser) facility < 100 m2, “university scale”
 Ultra-short (moderate charge) bunch generation:
-1-10 fs, 1-100 pC, high peak current (1-10 kA)
Intrinsically synchronized particles and light
- seeding (from laser harmonics)
- pump-probe experiments
Hyper-spectral (ultrashort x-rays, gamma rays, THz, protons, etc.)
Flexible: single laser system drive multiple LPAs, multiple beamlines
High peak brightness source.
- average brightness presently limited by average laser power
- advances (over next decade) in lasers (high average power,
efficiency) will enable high average power applications

35



