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:r}rl ||ﬁ Laser radiation pressure excites plasma wave to
drive compact particle accelerators

Outline
= Collider sketch — requirements
= Self trapping — narrow AE/E, GeV energies, radiation
= Controlled injection  — improving beam quality
= HEP stages — 10 GeV with PW lasers + staging

Process: Laser radiation pressure (red) displaces electrons
Space charge causes oscillating density ‘wake” moving with the laser (blue-green)

Wake eleciric fields of of ~ GV/cm accelerate pariicles (white) (LWFA)

Trapped Energy gain ~n-1 (10 GV at 10'"/cc)
particles Laser Length ~n¥2  (1m at 10'7/cc)
o ."MOOW Gradient ~n'2 (10 GV/m at 10'7/cc)
T l

Laser w,&L ~A,  (100fs at 10'"/cc)

Ay~100pum at 10'/cc

Depletion ~ Dephasing for a,> 1

Tajima & Dawson PRL 1979;| Esarey et al. TPS 1996; Leemans et al., IEEE Trans. Plasma Science (1996); Phys. Plasmas (1998)
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/\I \ LWFAs for High Energy Physics:
Conceptual (strawman) collider lay-out

Electron —> <— Positron

200-500 m, 100 stages

A
" T& 1 TeV %
— — / {
pand 12

b '
200-500 m, 100 stages
10 GeV, 10'7/cc stage near optimal* 10 GeV

2000

g LR

3 . .
;’1.00: Simulation Challenges:
2 = Source/injector:
() [ .
o | = Energy spread & emittance control
£ » m-scale stages — reduced/scaled models
s | = Efficiency — deep laser depletion
£ S00p = Energy spread & emittance preservation —
R Y @ < structure, radiation, scattering
© gl Nstage L. o]
10" 10 10" 10" 10" 4
n (cm?) .

*Schroeder et al., **Panasenko et al., Proc. AAC 2008
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/\l |A Self trapped experiments: ™G

percent energy spread, verify scaling N\

=l aser channeling: first low AE/E beams =Capillary channels+low n,=GeV in 3 cm
=10 TW laser, 2mm plasma @ 2x10'%/cc =40 TW laser, 3cm plasma@4-5x10'8/cc
Phosphor iz . —
pulse P>
s>

Interferometer Mode imager
Charge density

'E;;L & VORPAL Simulation

087 X(mm) 0.9 005 0550503 04 06 08 100N 0.9 [GeV] 1.1

sim@25p(

_%ﬂtﬁrimen
P “«\
l" ‘\

Divergence (mrad)

<1 O8[pC/ GeV/S]

EIectronenergy(MeV)
= 3 mrad divergence, AE/E 4%, E,,,~170MeV  * 1 GeV beams, stable beams at 0.5 GeV
Geddes et al., Nature 2004* Leemans et al., Nature Phys 2006

= Simulations show physics of self trapping production of narrow AE:
beam loading and dephasing — MHour simulations in 3D
mrad divergence and % energy spread — momentum accuracy

= Bunch energy scales as expected with laser, plasma
*Also: Faure et al.; Mangles et al. Nature 2004; Tsung et al. PRL 2004 VORPAL : Nieter et al., JCP 2004
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Modeling low emittance injectors
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/\I » Control injection to improve
beam quality and stability

Self trapping control of phase” > Self trapping transversely™ -
tradeoff of stability, quality MeV degrades emittance
Trapped electrons \}lersus a0 Prransverse, €9
w f Laser , density,
| y SELI]]
;—é& a0=2.15 | g_
I =
2 22 2.4 a02.6 2.8 3 705 X(IJm) 740
= Separately control trapping, = Controlled trapping at low wake
acceleration for precision, stability amplitude

Requires injection of fs bunch with ym precision — all optical injectors 7

*Expt’s: Leemans et al. Nature Physics 2006, Nakamura et al. PoP 2007 **Geddes Ph.D dissertation 2005, Tsung et al. PRL 2004
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/r\ A Plasma downramp trapping: T
all-optical low-AE, low-¢ injector \

Low momentum spread
single shots

Divergence (ea. image +33mrad)

0 0
Jet location (um)

Validate: VORPAL simulations vs. diagnostics Couple injector to channel
+ MeV momentum, Ap ~ 200 keV/c mi o o
+ 20-50 keV/c transverse momentum | .'/ e = o=
+ 70% laser transmission 210+ 210 o |

« Ultrashort bunch — THz diagnostics
Physics: ramp controlled trapping threshold

Ramp - channel: low AE at high E

"10 P_[MeV/c] 30

experiments in progress
Geddes et al, PRL 2008, JPCS 2008.; G. Plateau, proceedings PAC 2007;  Concept: Bulanov PRE 1998
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/\I ||ﬁ Detailed control over phase space
using colliding pulse injection

Beat between two counter-propagating lasers controls phase space

Laser intersection Phase space control
R 2.0 J
s 1.5 “Trapped\ Trapped + //
Wake Orbiy ~~ Focused
1.0 \ Wake Orhit
0.5
Yﬁ S ¥ R —— ntrapped
) 0£5 ........... Wake
1' . Beat Wave Orbit
“UL Separatrices "
-1.5 inj
s
-2 -1 0 1 2 3
%
___Bunch charge versus a,
0.4 la,~1 in 40 ym, resonant
_ Theory: Esarey et al., PRL
— 0.3 | (no ~6.9x10'7/c (97); Schroeder et al., PRE
< 0 (99), Fubiani et al. (04);
-y Expt: Faure et al., Nature
0O.1°! 2006, Toth et al., PAC 2007,
Kotaki et al., JPCS 2008
O te . ]
0 0.2 0.4 0.6 0.8

aq

=L ow emittance injector development:
= Explicit and envelope simulations to resolve trapping,
= Key development: Momentum accuracy, launchers.
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Staging to HEP energies



/\l : Scaling to 10 GeV TX\H

BERKELEY LAB

= Guiding : Channel < ™
10 GeV
= Dephasing: Electrons outrun wakefield
Phasing n.~1017/cc
. 1 40 J laser
Dephasing Length: L, < " )
| I
Energy gain: AW, o . BELLA proposal — LBNL
¢ 40J, PW, high rep rate
= Efficiency: depletion ~ dephasing 10 GeV
injection
staging
89 = 1 diagnostics

= Spot size ~ pulselength ~ 0.5 Ap

11
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Quasilinear regime optimizes e+/e- acceleration

a,=4

= Bubble regime

)

A
co/ K. &
o g f—"
— =t
3 o
S
o &
= o

: ‘I'

= high field, loading
= wake curvature

= focuses e-

= defocuses e+

= Quasilinear
= linear: symmetric e+/e-
= mildly nonlinear a, ~1-2
= near symmetric, high gradient
= Beam loading via shaped field

Linear, nonlinear scalings are of same order

12
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v Scaling with density used to

freeeeer |||| ] T H
simulate 10 GeV stages \
= Full 3D, explicit 10 GeV simulation not yet practical / \
= Scale simulations w/ constant:
= Key problems: plasma size, m-scale length, vy, Liaser/Mo
= Wylh,
n aO
= Scaled explicit simulation — use + verify:
= Self focusing ~ ag2(WlA,)? Wake scales with density
: Scaled simulations at a=1
= Energy gain ~ A 2for const. a5 & (Ljzse/Myp) 1= U

E, - max 40 GV/m

. n,=10" cm-3
. . O . E,-max 120 GV/m

1=

\_ energy gain~ A ? )

= Fill theory gaps - scaled stage design Resolve
depletion,
2D/3D structure, a, dependence, etc. b?fafj;?ng

= Use with reduced simulations at full scale

= Envelope, Quasistatic
Resolve

= Lorentz Betatron
oscillation
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» Beam loadin
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= Fjeld structure scales

g demonstrates regime for

]
efficient accelerator operation
= Beam loading characterized:

= scaling with kpor, a,, density, and in 2 & 3D

-

Beam loading at 10'° density

4

'3d-50 pC |

25 30
kpx

555

15

10

~

~ 2d - 41pC;

(

25

/

30 35
X

k
Geometric factor connects charge in 2 /3D ~1 at k.o, =2/

. kp0r~ 2 > 500pC 10" cm?3
10 % of laser energy into electrons

T

H

Beam loading scaling allows
prediction of stage charge

~

100

7’

-+ 2D ’
g 0fr D &
§ 40} A& -
o L +* .
¥ 207 * ]
,
Ot :
0 250 500
n,/107 H
C 0 R
Al 5, o
density & k L: koo, =0.3 1 1.8
koL =2, a,=1 +
ng = 10" cm=3
koL =2, a=1 +*  *
ng = 10" cm=3
kL =1, a,=1.4 +

ng = 10" cm=3

Cormier-Michel et al., Proc. AAC 2008
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/\I m Adjusting charge and length

TBCH

flattens field for minimum energy spread 7%

Beam length adjusts wake loading

/ Beam loading versus\

, bunch length
= Flattens field across bunch
0.4 T nocharge | .
= Reduces AE o, = 0.85 um I’
\
\
027 \ / | -
Bunch & laser wake nearly balanced \ /|
: /
=  Symmetric bunches o “ / \
| .
= Shaped bunch can further reduce AE* : 0.0 \ I’ \
\ / |
{ I
Phase bunch to optimize energy -0.27 =y “
\
‘04 MEFEFEE NPT B B R
90 92 94 96 98 100
KX

Cormier-Michel et al., Proc. AAC 2008

* Katsouleas et al Part. Accel 1987
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rereen) ||ﬁ Taper allows optimization of TACH
beam phase and energy spread |
= Increasing density taper locks phase* Spectrum at dephasing (10'° cm)
3.5 T J T
= Easiest for buckets far behind laser ‘ljlect% o taper
pOr = '
= Linear taper 50% beam loaded > Lok S
3D charge: 22.5pC % L st
= 60% n, change over dephasing g
_ . _ >225pC at 107cm3 "
= 4 x gain energy, 30% depletion, k,L=2 8 GeV energy gain 0.5}
% 0.0t—"1_\. ; .
= Percent energy spread 3% energy spread (FWHM) 0 20 40 60 80 100 120
P, (Mev/c)
= Positron acceleration nearly symmetric i C1-Tannss iasanan
y Sy positrons o laper
= Wake is mildly nonlinear same beam parameters '
= 2.5
= Slightly reduced phase (positron gain >225pC at 10'7 cm3 > Lol
80% of electron gain) 6.5 GeV energy gain % L st
5% energy spread (FWHM) = ol
0.5
0.0=

0 20 40 60 80 100 120
Px (Mev/c)

*Katsouleas PRA 1986
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/\I »Tune laser pulselength:
rreeeer |||| . T H
— A
Efficient stage near k L =1
/ Stages at fixed laser energy\ Electron spectra
Laser —— Ep::fg " Accelerating > Fk,L=2, 225pC,
Energy — | ° _4| .. Field — 4 Z?/(Z?E\//Egaln
~ P O /o)
- }: 3 £0.7 m length
8 =
L < 2
i 2
S 3 — 1 \
.~ Q
L =
83 §- Ob P e wnreruill BPPPRN :
= = 0 20 40 60 80 100 120
o 2 P, [x100 MeV at 10'7]
& 9
< P g Resolve laser depletion, broadening
_____ - S Q(laser envelope| —{laser spectrum
. ol 2|
I <|
o | o E- -é‘-_
0 0.5 X/, dephase | 1.5 > ot
L | L Dl
\ 0 466 x[um] 933 1400/ Q| €| \
o -

At kpL =1: 16 GV/m for 10 GeV, efficient 0.94 X(mm) 0.98 0 w/iw, 2
depletion at dephasing

= |[ncrease efficiency — shaped bunches, laser pulses 17
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“/r} A Transverse field structure control TR
’\| for emittance control N
= Emittance matched bunch radius << A, for nonlinear & Gaussian-laser linear
= Mesh refinement may be needed — especially for reduced codes
= Laser mode shaping regulates emittance matched bunch radius, loading
a I
Laser Envelope Ey @ 101° Ex@ 10" On Axis — Ex, -~ Ey
Scale 1 scale 35GV/m  scale 70GV/m , ,
ol Ey reduced 8x ;
of - 21 Phase controlled :
. ‘ g /\,--’"'~~ [,L.—
| B |
> g ]
St _
oL .1 ok Ob | ~ | | L
M6 X(um) 54 D26 X(um) 54 926 X(um) 54 ' 57 X(um) 45
\ )

=Detailed emittance — integrate momentum accuracy, radiation, scattering
18



rfrr}rl \ Envelope and Quasistatic simulations T

r I _ ) : H
f\|ver|fy stage design at 10 GeV density & r-z \
= Axisymmetric 2D quasistatic (WAKE**) _ —NAKE & VORPAL scaled
= 10 GeV density of 107 }
= \Wake structure matches scaled sim.
= Scaled simulation fields valid
= No significant ion motion
‘ ‘ k;x l "~ 525
. : Vays @i VORPAL Explicit VORPAL Envelope
Slie DRel e 1500 proc-hour 1500 proc-hour
] Resolve Only 7\'p W:\:kelield E, ((JV‘/m)ul <-/:37,{7mm Wakefield E, ((?V/nl)nl('r—3748 mm
= |mproved laser dispersion 0 F:” ol F;
= Resolve wave breaking R ls 0y s

=

il s il 15

40 3 -4 R}
0} " 40 4

338 340 342 34 3146 340 3742 3744 3746 3748
A (mm) X (mm)

*B.Cowan, et al., Proc AAC 2008; **Antonsen & Mora, Phys. Plasmas 4, 217 (1997) 19
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“/'}l |... Envelope and Quasistatic simulation ~ —+
depletion and bunch considerations N\

Integrated fluence profiles (J/m) %10°

= Model 10 GeV stages at full scale
Correct Betatron period

y (um)

= Envelope model challenges:

= Deep depletion — fast oscillating term

= Small bunches

5 . 0.0 0.1 0.2 0.3 0.4 0.5
* |ncreased resolution requirement or ? il
Separates envelope & oscillation Depletion — high frequency oscillation
/H_\\\ 35 1029 ISpatizyil p()\h:cr spc'ctrum‘ after .] 9 m'

a

Power (arb. units)

3.0
— 2.5
- . 2.0
(e ———— i
L 1.0 |-
A: 0.5

—————— U\ ' ! i
'
4" '
l ()'%‘0 0.2 0.4 0.6 0.8 1.0 l.‘2 1.‘4 1.6
k- /ko

B.Cowan, et al., Proc AAC 2008 20
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f

H

= Nonlinear scalings similar*- coeficients differ
Eelectron-bunch~ 1/n

= P~1/n
EIaser ~1/n1>
= Fora,=2:
= n,=1.3e17
= k,L=kw, = 22,05 ~ 2.8 -> 41um
EIaser ~40J
= 10 GeV

Near-linear focusing for e
Restricted phase for e*

arate envel illation
ESg;r) e envelope & OT%C' atio

ons ositrons
scale 200pC At 10 GeV scale 200pC at 3 GeV
“ | 11 GeV scale gain “| 3GeV scale gain
| AE/E10% | AE/E 17%

> =

< <

> | >

() (<))

= =

= | | *

o Ll A_Jl&“i o

0 Px[MeV/c] 174 1 Px[MeV/c] 41

a a,=2 nonlinear
scaled Ex =230-550 GV/m
10 GeV stage Ex = 23-55 GV/m

\I39 X[um] 80 39 X[um] 80/

a a,=1 quasilinear
scaled Ex = 135-165 GV/m
o

Y{um]

(o}

~
1

\88 X[um] 125 88  X[um]
*Lu et al, PRL 96, 0165002 (2006). 21
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“/,}' » Simulation challenges
for LWFA development

= Accurate kinetics and bunch emittance

(]
Do
©

= |mprove accuracy in momentum advance

0
(1]
o8 Sg‘gac 0 q
&

% WS{ f"n‘?

= Mesh refinement at particle bunch

= Noise control — fluids, smoothing, EM dispersion

= Radiation & scattering

= Key model development
= Explicit PIC, Fluid, hybrid

Long stage scaling, EM dispersion,
Momentum accuracy

= Laser Envelope model, Quasistatic

= Meter scale structures Resolve depletion/wavelength shift,

Small bunch
= Accurate reduced, scaled models
= Optimal Lorentz Frame
= EM dispersion (laser propagation) _ _ _ _
Diagnostics (simultaneity),
= Error accumulation, Scaling Noise control, Backward waves



