Staging of Independent Laser Plasma Accelerators (LPASs)
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High gradient LPAs offer path to colliders

* Plasma provides a structure to sustain high field gradients (GeV/m)
* High field gradients require high peak power: laser driven, particle beam driven

Limits to single stage energy gain
* Laser Diffraction (~Rayleigh range)
o mitigated by transverse plasma density tailoring (plasma channel)
* Beam-Plasma Wave Dephasing

o mitigated by longitudinal plasma density tailoring (plasma taper)
* Laser Energy Depletion: energy loss into plasma wave excitation

For high gradient, laser depletion necessitates staging laser-plasma accelerators
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Vision: LPA linear collider concept

Leemans & Esarey, Phys Today (2009) Scaling laws indicate

Schroeder et al., PRSTAB 13, 101301 (2010) o operation at 7,~10*" cm™

o Quasi-linear regime (a,~1): e*and e’
focusing control

o Staging & laser coupling into plasma

. T — channels
3 o « ~10Jlaser/energy per stage
*  multi-GeV energy gain/stage
1o
BELLA PW
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BELLA Center

Staging expts.

Required laser technology
development
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o ~100-200 kW avg. power/laser ot o -

o tens of kHz
o High wall-plug efficiency p



Strategy report for Advanced Accelerators from DOE covers laser and

beam driven plasma + dielectric wakefield

- @ENERGY D
Advanced Accelerator

Development Strategy
Report

Image credits: lower left LENL/R. Kaitschmict, upper right SLAC/UCLAW. An

Document available on DOE-HEP website

in response to a recommendation by the
HEPAP Accelerator R&D Subpanel:

“convene the university and laboratory proponents
of advanced acceleration concepts to develop R&D
roadmaps with a series of milestones and common
down selection criteria towards the goal for
constructing a multi-TeV e*e~collider”
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BELLA laser: (still) highest rep. rate PW-laser for high
intensity LPA experiments towards 10 GeV

Petawatt laser operating at up to
42 Jin~30fs at 1 Hz
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Intensity ~1.5x10%° Wcm™2
Acc. fields ~10-50GV/m




4.25 GeV beams have been obtained from 9 cm plasma channel powered

by 310 TW laser pulses (15 J)

*C. Benedetti et al., proceedings of AAC2010, proceedings of
ICAP2012 30
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- Measured) longitudinal profile (T,= 40 fs) —— © ©
- Measured far field mode (w,=53 pm) AE/E 5% 3.2%
* Plasma: parabolic plasma channel (length 9 cm, Charge ~20 pC 23 pC
~ 17 -3
N, 6-7x10~" cm ) Divergence 0.3 mrad 0.6 mrad

W.P. Leemans et al.,PRL (2014); A.J. Gonsalves et al., PoP (2015)



Scaling towards 10 GeV requires lower densities

LPA scaling laws
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Scaling towards 10 GeV requires lower densities

. 98
LPA scaling laws S
S

o Laser-plasma interaction length: ~.12000 S,
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ns-scale Heater Pulse enables deeper channels with better

mode matching

Decoupling of Ignitor and Heater

9cm discharge capillary
N b
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Electron beams at the 8-9 GeV level are expected from simulations

that include as many measured properties of laser and plasma

Laser: U=36 J, w0=59.8 um, T=66 fs (FWHM of intensity)
Plasma: n,=1.6x10'" cm=, Rcap=200 um, laser heater (2.3 J, 10 ns)
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All plasma-based Staging of Laser Plasma Accelerators

Stage I: gas jet - injector Coupling ll: tape-driven plasma mirror

Coupling I: active plasma lens | | Stage |l: discharge capillary- accelerator

stage I P L TREX:
asjet | omalens laser 1: 1.3J, 45fs
PM tape
/\ laser 2: 0.6, 45fs
laser 1

iS . " ‘ _ i e
laser 2 V' | lanex screen ; %
removable i

85mm ( )

lanex screen

N {,_.‘;,_.,_“ U.S. DEPARTMENT OF Office of ce 0 CHNOLOGY & -
=2 (GIENERGY |1 smmnomaons AT A P)))

BERKELEY LAB



N B R B S T I e

§§&&&&KK&§KKK&KKK

i
dott
dott
doitt
ot
dt
ot
it
it
ok
b
b
ik
ok
ok
ok
ok
o
o
o
i
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
o

1.
i

i

i

ot
ot
ot
ot
ot
ot
ot
ot
o
o
o
i
i
o
A
i
o
i
i
e
e
e
i
e
e
e
e
e
e
e
e
e
e
s
s
s
s
s
e
g
g
e
e
e
o
o
o

o
o
s
s
s
i
s
s
i
s
i

HEnSa e
HEnSaa s
HEnSaa
HEnaanan s
HEnoa s
HEnSagE el
HEnaada el
HEnSaga s na s
HEnaagan s nan
HEnaaga s
HEnaagal s nan s
HEnEamal el
HEnSaman e el
HEnSamal gl
HEnSamaE el
HEnEamai el il s
SR
HEnSaal s nai gl s s
HEnSaal il s L

O T I e T S B e

i
i
ik
ik
ik
ik
ik
ok
ok
i
o
o
o
o
o
o
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
-

R
T e O e O I T I BT
L O e I I R
T T R N R
B TIEE R T R R T
T TEE RN T R R e

R R e N R I R R

i
i
i
i
M
M
M
e
e
i
i
i
e
e
e
e
e
e
e
e
e
e
e
e
e
S
S
e
S n
San
San
Sl
Sl
Sl
S n
Sl
e n
S n
s
Sl
s
s
2 n
s
s
s
s
o
o
o
o
=
=
=

i
i
i
e
e
e
L
e
L
L
L
e
L
L
L
e
e
L
L
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
o
e
e
o
o
o
o
o
o
o
o
o
o

R R N I R e
e e S

i
i B
i o
e o
e o
e o
e o
e o
e o
e o
L o
L o
e o
L o
L o
L o
e o
e o
e o
e o
e o
e o
e o
e o
e o
e o
e o
e o
e o
e o
e o
e o
e o
e o
e o
e o
o =
o o
e o
o o
o o
o o
o o
o o
o =
o o
o =
o =
o o
o o

independent LPAs

o

ﬁ%ﬁ%ﬁﬁ%%ﬁ%%ﬁ%%ﬁ%ﬁ%%ﬁ?amﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ

SEmaaa s naE wﬁ%
ﬁﬁ%ﬁ%ﬁﬁﬁ%%ﬁﬁﬁ%%ﬁﬁﬁ%%@%ﬁ

ing of two

&
-
SEnaanal nal s s L
EEmaEmSIEE SRl e L
SEnaaal s naae s s
SEnaaal s naane s s

CE e
SEnEaNREE e L Y
SEmaamal S naae s naa s
SEmaamal s naaE e
SEmaaAEE R aae e
SEmaamAl SRR
SEmaamAl S naae e
SE SR n el E s

T

b

| %

i
i
e
i
o
o
o
o
o
o
o
o
-
.
.
-
-
-
-
-
-
-
-
-
-
-
Y
.
i
CRRIR G R

EEEEE

.
-
-
-
-
=
-
-
s
-
.
.
i
4
N
-

e
e
e
e
e
e
e
S
S
S
S

istage Coupl

HE RN
HE R
HEERRNR R
HEEERRR R
HEmSRRAR RS
HEmSRAR RS
HEmSRAR R
HEmSRAR R
HEmSRRSRR S
BRSNS

Mult
tor

injec

I I M i
I N e

o

L m
mﬁﬁﬁﬁﬁﬂ#%ﬁﬂﬁﬁ#ﬂﬂﬂﬂﬁﬂﬂﬁ
A

i e el B
f e
R e R
R e e
4 R R i e
\%Eﬁ%mmmmmmmmmmmmmmmmmmmmmmm

G

e
o
i
i
i
-
i
i
i
-
-
-
-
-
-
-
-
-
o
~

Eﬁﬁ%%%%%%%%%%%%%%ﬁﬁﬁ%ﬂ

%&
o
o
"
B2
o
s
Y
2
Lo
o
o
o
o
o
o
S
o
e
S
S
S
i
i
S
i
i
i
i
o

manE R

i
B
B
B
B
o
o
o
o
o
o
o
o
o
o
o
o
B

oo
hana e
R R R
R R R

i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
L
i
L
L
L
i
B

e
4L 4 B A Y 00 VD AV 00V D VA 0V DV VT

.
.y e

LRI e e e

i
R e
B
o
e
e
PR e
i
e

el
e
SRR I
| e
e

. e

e R

e
. o aan mal s e e
e Bl amal el e
L e ]
Tl il s
e ]
s ]

L
.
L

e e
s s
s s
e nna s an
Lo

aRbE e
e e
Ty

L)
-

F........____ ..
Y e heeend Rl LRl gl
o e al el s e
BEEL i n ol nal s e e
|
EEaamiaa il il s e
Bl aamal . il e e
BEEL amal il sl
He i amal el sl e

EEna e

EEna R

Ena R
b
b
b
b
b
b
b
naeaa R R
b
Enaema LR
Enaema R
Enaama R
L
R
L
L
R
EEmEnm R
fEEmanms R

b ]
b ]
L]
b ]
L]
b ]
b ]
b ]
b ]
b ]
b ]
b ]
b ]
b ]
b ]
b ]
b ]
b ]
TSR R
SRR R e e
SR R e e
SRR R e e
SRR R e e
SRR R e e
SR R e
SR R R
SR R e R
SR R R
SR R s

BRI R
{ododidndnandad

12

ATAP))

ACCELERATOR TECHNOLOGY &
APPLIED PHYSICS DIVISION

Office of
Science

_ U.S. DEPARTMENT OF

Y/ENERGY




Stage I: Turnkey gas jet operation in ionization injection regime

provides tunable injector beams of excellent stability

Stable energy and charge Steering possible
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Developed Active Plasma Lens for efficient e-beam coupling to the

2"d stage and emittance measurement

Tunable, ultra-high field
Plasma lens

Plasma-filled capillary

Electron
bem

Electro

Electrode

Electrode

Discharge pulse enables gradients of
>3000 T/m:

400
3501
300t

Emittance measurement:

source size of 5 um

Experiment

Magnet|c spectrometer
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Active Plasma Lens enables transport of 15% of the injector

charge to a spotsize < the wakefield acceptance

Beam profiles at Stage 2 entrance Beam spectra within wake acceptance
100F s 0.008} .
with lens: without lens:
0 > efficiency 15% efficiency <1%
- 2 0.006}
= 1]8 ,g
50} £ 0.004
100} %
< 0.002}
100}
0.000t
50 60 80 100 120 140
= of energy (MeV)
U . Broad energy spread of the injector beam
Ty With lens limits charge coupling to the 2" stage

60 80 100 120 140 wakefield due to the chromaticity of the
MeV plasma lens.
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Multistage Coupling of two independent LPAs

Coupling Il: tape-driven
plasma mirror

i
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Tape-driven Plasma Mirror (PM) to couple in the 2"9 stage laser pulse

at cm-scale to maintain the overall acceleration gradient

Plasma Mirror design Plasma mirror performance

High reflectivity (80%)
Excellent mode quality (Strehl ratio >0.8)
Small pointing fluctuation (~9um)

- - +2mm

o @

Q

& — S

3 08l W\ S

A 0.6 | 7 ~ Wads e ;U

probe g \ ' N

g N

Soal A -

] e ! s, plastic 8

* Active feedback control 0 s, metallic N
. [~ . N

e Stable operation over hours of run time P p'ait'lcl_ iy
, metallic )

O-O n 1 1 1 1 1 |p 1 1 1 I E

-20 -10 0 10 20 30 40 =N

N

relative focus location (mm)

Sokollik et al. AAC proc. (2010) Optimize material and laser polarization
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Multistage Coupling of two independent LPAs

Stage I: gas jet -

injector eap 1.
stage ,i: Plasma jeng
. . gas je
Coupling I: active j\ PM tape
plasma lens ?

Coupling Il: tape-driven
plasma mirror

e
lanex screen &;g%
i = B anh =

Stage Il: discharge (removable)
capillary- accelerator

lanex screen

o Relative delay of both laser arms is controlled by an optical delay stage
with fs-precision
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Staging Experiment: Energy gain of withess beam by timing of

second laser (wake phase)

Modulation period of 80fs consistent with a plasma frequency at a

density of 2x10'%cm

300 | T T (lg) :| : : I:(d)l -l----'-----l 50
B L | 1 H
280 | RN i ref.
> BN ! I 40
— ’I. I
s 200 T W it | : 5
bl I i I ' [ U H - I 2
> 240 Eom G0 Lfr | o7 et | cor ) W 1 J30 <&
an RN P =iy 7ol ||"| By . [
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2 220 I w iy U VR A TRt =
° e hrlr] 0 TR e | S
><' 200 r. oI I '. 9 4 : )
< L % ED | 1 I
= 150 f wEE i
= I i
N ! i 410
160 ! : ! T L ot sttt
-600 -400 -200 0 200 400

delay (fs)

Previous plasma lens calculation suggest
that 1.2pC of trapped charge corresponds to
a wake trapping efficiency of 30%

o 2l ' | (©)1
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2 ) x0.1
400 600
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Eo0 o ]
o) P44 : al
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2 E 3 . ]
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2 o D ‘ ]
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E o0 ]
_2 .
0 400 MeV/e 600
640 A

- 100

—
=)
S

60 8>0 100 120 140
MeV

e
nC MeV'st'

(9102) 061 ‘0SS 24mpN “[D 12 2YU1IS °S
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Simulation reproduce staging signatures at correct

magnitude

Comparison of experiment and simulation

%
0 a 0
= Y
_ L e 8
-100 % --100_ -100 % ' ‘ ] S
3 | ]
: TR o
=00 = owr -200 {8 ; - *
1 ..., )
2 2300 . o : ‘ ~
& - & -300 ¢ R N
E E T% 100 §
2 -400 . '3 -400 |8 =1 - S
' ]
-500 - -500 - W
w
A S
-600 - -600 (S = —_
o
700 I >
-700 -700 8 .
400 200 400 ~
MeV =
energy (MeV) energy (MeV) N
reference subtracted D

* Recurring post acceleration (100 MeV) at the plasma frequency

 ~1pC of charge at energies >200MeV

e Analysis of simulation results unravels details of the acceleration/ deceleration
processes
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~10 GeV electron beams from STAGING experiment using

BELLA: simulations show high efficiency capturing and
acceleration in LPA2 of the bunch produced by LPA1

100
— injector Energy
~30cm  10cm 8cmlcm  20c¢m ~30 cm 80| spectra
D > < 4Cg—|><->< > <
b lens <
Laserl LPA1 - LPA2 o g 60 after LPA1
=BELLA [no=(2-3)x10""cm3]yy ineh [n,=(2-3)x10%cm] S w \ after LPA2
J, 80 fs) o -
injector aser2 < \‘
: BELLA/2 (15 J, 80 fs) 20| '
/ \ \ offl ., M., ‘
2 4 b S 2
E [GeV]

-, Bunch dynamics in LPAL op Bunch transport LPAL — LPA2 12 Bunch dynamics in LPA2
, delay=-434.6 fs
sl % 10| delay=-430.8 fs
F Y Bunch energy : : _ delay=-426.9 fs
= 2 g
m >t w i Bunch energy
S ki e T S
oo 4kE A E? -~ 6
= S T o >
O N . S 4
= - Relative energy 5 [ e
2 spread a R e
- 1t w 2L Relative energy
spread
0 1 1 1 1 1 1 1 1 1 0 Il L 1 1 1 1
o 10 19 20 20 30 3 10 20 30 4 o 10 15 20 25 380 35
s [em] s [cm] s [em]
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~10 GeV electron beams from STAGING experiment using
BELLA: simulations show high efficiency capturing and
acceleration in LPA2 of the bunch produced by LPA1

— injector Energy
10cm 8cm 1cm 20 cm 8 spectra
Mﬁ

l . cap Iens .

LPA2 = 6 after LPA1
[n,=(2-3)x10%cm™?] 2 \

after LPA2

\

27¢cm
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A second beamline on BELLA is proposed for 5 GeV+5GeV staging
and will enable ultra-high intensity experiments

Current beamline




A second beamline on BELLA is proposed for 5 GeV+5GeV staging
and will enable ultra-high intensity experiments




Conclusions

Inverse Bremsstrahlung heating necessary to deepen
the plasma channel for 10GeV

Turnkey operation of 100 MeV injector by ionization
injection with gas jet

Developed active plasma lens with gradients in
excess of 3000 T/m to focus GeV-level e-beams for
efficient coupling of accelerator stages

First demonstration of external injection in
an all-LPA staged accelerator experiment

Future plan: Prototype the first two stages (10 GeV)
of an LPA based collider

dQ/dE [pC/MeV]
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Key to success: Staging Team

< 4\,?’/

S -

= %
oy
>

BELLA Center staging experiment team, from left, are Eric Esarey, Wim Leemans, Jeroen van
Tilborg, Carlo Benedetti, Kelly Swanson, Anthony Gonsalves, Joost Daniels, Sven Steinke, and
Kei Nakamura. Not pictured are: Cameron Geddes, Carl Schroeder, Nicholas Matlis, and Brian

Shaw. (Photo credit: Roy Kaltschmidt/Berkeley Lab)
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