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Conceptual designs
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B. Hidding et al., Phys. Rev. Lett. 104, 195002 (2010). A. Martinez de la Ossa et al., Phys. Rev. Lett. 111, 245003 (2013).
B. Hidding et al., Phys. Rev. Lett. 108, 035001 (2012). A. Martinez de la Ossa et al., Phys. Plasmas 22, 093107 (2015).
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PRA /\GA Hybrid LWFA | PWFA design with ionization injection

Horizon 2020

Injection jets‘ LWFA stage PWFA stage
High-power ull 77 — u 7/ a High-quality
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LASER driver - PWFA driver

LWFA witnhess PWFA withess
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LWFA with lonisation injection PWFA with Wii injection
- R
Why adding a PWFA stage? High-brightness (6D),
» Energy gain: High transformer ratio in blowout regime. GeV class electron beams
» Emittance reduction: Novel injection techniques for applications demanding
in PWFA for the generation of low emittance beams. high-quality e.g. FELs.
. . M I
» High-current, low energy spread: Energy chirp balance _ _ I,
by means of beam-loading requires high-current witness. High 6D brightness B

€7 (0~ /7)
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PRA 1A

First Stage: LW

*x X %

Simulation: LWFA with ionization injection =

Horizon 2020

-A with 1onization injection

Gas iet (H/N) L WFA stage PIC simulation example
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A. Pak et al., Phys. Rev. Lett. 104, 025003 (2010).
J. Couperus et al., Nature Comm. 8, 487 (2017).
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Simulation: LWFA with ionization injection
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Simulation: LWFA with ionization injection

Witness beam
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PRA 1A Simulation: LWFA with ionization injection

Horizon 2020

Witness beam from LWFA with ionization injection

0.6

: | z= 2.0 mm
0.5} Ci;jS(;)gZ pn(i oo | Q=189.8pC

/ @ 2:522'{:/; ! i;; 15?17 1 M|\r/T|1av

; g gy STV oz e@un LWFA beam (after 2 mm)
b emowmoewe | £ - Energy: 340 MeV
10 o] 2, °_‘ """"""""""" # - Energy spread: 2.5%
30f i ——Emm S ; - Charge: 190 pC
20 | - Current: 30 kA
10} 20} - Duration (fwhm): 6 fs
ok _ I - Norm. emittance: ~5 pm

_26 -24 -5 0 5
€ [um] X [um]

Average acc. fielo Ly, = (A,120)* (@, 0) k;' ~ 7 mm -urther acceleration
(E,) ~ 180 GV/m AE = (2, 20)* (@,7) \fag mc?/2 =~ 0.85 GeV 'S possible...

W. Lu et al., Phys. Rev. ST Accel. Beams 10, 061301 (2007).
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PRA /\6A

Simulation: LWFA with ionization injection

Witness beam parameters until laser pump depletion length

LASER/plasma parameters

3D simulation
(after 2 mm)

Extrapolation
(after 7 mm)

ao
Energy

Plasma density

Acc. distance

Injection length

WP14: Hybrid Laser-Electron-Beam Driven Acceleration | Alberto Martinez de la Ossa | 3rd EuUPRAXIA Collaboration "

908 TW
27 fs

17 pm

3.18
2.8 J
2 x 1018 cm-3
2 -7 mm

0.2 mm

Average energy
Energy spread

Energy spread
(sliced)

Norm. emittance
Charge
Duration (fwhm)
Peak current

Brightness

370 MeV
2.5%

1-2 %

~d Um
190 pC
6 fs

30 kA
1.2 KA/um?

~800 MeV
~2%

~1%

~d Um
190 pC
6 fs

30 kA
1.2 KA/pm?
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PRA IA Simulation: LWFA with ionization injection %
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Horizon 2020

Scaling to EuUPRAXIA laser operating a 10 times less dense plasma

Fix ‘normalized’ laser parameters
Gas jet (Hz/N) LWFA stage P
\ CZO — 318 ka — 215 kaO — 45
Laser u_l ‘ﬁ//_l H
Ise R _ B
PE e — Py x n, b &~ Pyt x n, 32
Gas cell (H2) | peak power laser energy
no=2x101 cm-3 E np_l L, np_3/2
~22 Cm = energy gain acc. distance
. Laser parameters
P,=1PW <= PR A/\G A Wétness beatrp ptl)ropellrtledg
/10 — 200 nm - Same current for beam loading
_ 54 - Length and emittance scale as 1 _1/2
Wo = D7 pin - Charge follows same scaling p X1
T =85 {s o
a~ = 3.18 : or~—eb L. xn — _
0 5 _Energy spread = _ ;2 et O,F « n, 32
& =383 5 op/E n, - Total energy in witness
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PRA /\GA

Simulation: LWFA with ionization injection

* X %
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*
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Horizon 2020

Scaling to EuUPRAXIA laser operating a 10 times less dense plasma

Gas jet (Ho/N)

LWFA stage

LASER/plasma parameters

Withess beam
(via ionization injection)

Laser u_| L |j F_:_O

pulse

ﬁ | """ . Gas cell (Hy) I Wo

no=2x1017 cm-3 a0
~22 CmM Energy
) Laser parameters
' ; Plasma density
Z 0~ é()I())W <):' PRA /\dA Acc. distance
— nm .
0 Injection length
WO — 54 //lm
T =85 {s
& =88]

-------------------------

980 TW
85 fs

94 um

3.18
88 J
2x 10177 cm-3
4 -20cm

0.6 mm

Average energy 1-5GeV
Energy spread ~2 %
Energy spread 0.5-0.1 %

(sliced)
Norm. emittance ~15 pm
Charge 600 pC
Duration (fwhm) 19 1s
Peak current 30 kA
Brightness 0.12 kA/pm?2

LWFA with Il for the production of nC multi-GeV beams.
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PRA 1A Simulation: PWFA with Wii injection

Horizon 2020

Second Stage: PWFA with wakefield-induced ionization injection

Gasjet (H/He)  PWFA stage PIC simulation example

l ' Z= 259 mm
electron i | [ | . | | electron 0 —
beam T beam — . N it et
PN ............................................. 0 g ol A - ”
2 GeV, 190 pC At Gas cell (H2)| 5 Gev, 10 pC '; | .. g
nt=8x 1018 cm-3 5k A
~ 2 Cm : e el
Drive beam from LWFA c E iy /m
Average energy 2 GeV 3 . :
Energy spread 3 % X _5 _ Ez,wit = — 490 GV/m R i~ 3
Energy spread (sliced) 3% — S . —————— ———— ——
Norm. emittance 10 pm -15 -1 O -9 O 5
Charge 190 pC C [Mm]
Duration (fwhm) 19 fs
Peak current 10kA A. Martinez de la Ossa et al., Phys. Rev. Lett. 111, 245003 (2013).
Brightness 0.1 kA/um? A. Martinez de la Ossa et al., Phys. Plasmas 22, 093107 (2015).
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Simulation: PWFA stage with Wii injection

Plasma blowout

Drive beam
(17 KA)

Wakefield cathode
Y / He ionization

A. M. de la Ossa et al., PRL 111,/2’45003 (2013)
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Simulation: PWFA stage with Wii injection

| '.Z'.,\...-it'ﬂeSS beam

A. M. delaOssa et al.,, PRL 111, 245003 (2013)
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PRA 1A Simulation: LWFA with ionization injection

Horizon 2020

Witness beam from PWFA with Wil injection

z= 2.6 mm 4__
A(ZD;Z1(;I..(;|; fr(ri i ix== 1;-11595m
e e PWFA beam (after 2.6 mm)
T emtmseewe | 2| ' - Energy: 1.2 GeV
| e | | - Energy spread: 0.5%
15;_ ek |5 I - Charge: 11 pC
o 2f - Current: 15 kA
5F : j - Duration (fwhm): 1 fs
b om————— Al - Norm. emittance: ~100 nm
-11.6 -11.4 -11.2 1 0.5 0 0.5 1
C [um] X [um]
Average acc. field Further acceleration AE, . = IfEdri,o ~ 6 GeV

(E,) ~ 465 GV/m IS possible. .. transformer ratio

A. Martinez de la Ossa et al., Phys. Plasmas 22, 093107 (2015).
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PRA IR LPWFA design with ionization injection: EUPRAXIA example  [Ji8

Horizon 2020

.--Laser beam .. .- Electron beam .
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+ ap=23.18 no=2x1017cm=3  Laserblocker n;=8x108cm3 . Ymc2=5GeV
T=85"fs : LWFA witness SR PWFA witness | "VFA driver . AY/Y=02%
. Energy =83J - o . Charge =11 pC .
L , o Sl AR ,
5 ..... i-:i .................................................. T = - = - -
LWFA with lonisation injection PWFA with Wii injection
0.6 .
[ | z= 2.0mm ! | z= 2.6 mm
—_— i : Q =189.77 pC — [ ! Q=11.14pC
XS, 05¢ | AT = 0.64 um ‘E kS, AZ = 0.09 um
T o4 g um nergy A~ = R R S R o se s oo
(.2. r """ , e - gy = 377 m - d bl- y ,YW ,Yd (.2. eny = 1.33 x 100 nm
o oaf oubling o
; | (p,) = 0.37 GeV/c 1 (p,) = 1.209 GeV/c
0.2 - - _ ,
40 ;
—— Eu ;frgta??’]/i’] 15L —— gu ;Ergta%(?i 0.1%]
30 - ! —e— mitt.x um . —e— Em!tt.x[x 100 nm]
| —e— Emitt. y [um] Brlghtness B ~ Ib o : —e— Emitt. y [x 100 nm]
20 | : - |
- : 2 [
j s booster €, |
10 | : _
NN x 10000 A

26 24 116 _11.4 _11.2

€ [um] T [um]

WP14: Hybrid Laser-Electron-Beam Driven Acceleration | Alberto Martinez de la Ossa | 3rd EUPRAXIA Collaboration "Week" | Liverpool UK | July 4 - 6, 2018 | Page 15



PRA 1A Hybrid LWFA | PWFA design with Trojan horse

Horizon 2020

————————————————

— ’g“‘TH laser pulse(s) |

l

/‘ - f | |
-

— o . l

- | . |

| |

TH-PWFA plasma stage

high-brightness

LWFA driver
. - witness bunch

witness matched
to undulator

LWFA-generated

e-bunch drives PWFA stage

LWFA plasma stage

B. Hidding et al., Phys. Rev. Lett. 104, 195002 (2010).
B. Hidding et al., Phys. Rev. Lett. 108, 035001 (2012).
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PRA 1A

Proof-of-concept 3D Particle-In-Cell simulation

E, (evim] R,

E, [GV/m]

401(a) witness release Zece=0-075¢m | (b) witness S e
£
=
>
|
3 | £
- g {0 @
> e
'—‘450 / - = .e.
, Ears =
A 3 3000 - B - 1-2
&4 2225 - Tel .7
Sk T a150-
-200 -150 -100 -50 0 -200 -150 ~100 ~50 0
¢ [um] ¢ [um]

No additional complexity compared

\’S. to Trojan Horse injection
Im

G. G. Manahan, et.al., Nat. Commun. 8, 15705 (2017).

Energy chirp compensation in a single TH-PWFA stage

* 4 *

Horizon 2020

. Ultrahigh 5D brightness withess beam

release

. Witness beam is accelerated to high

energy

. Second high charge escort beam release
using plasma photocathode laser

. Escort beam is trapped and the

wakefield is reversed locally

drive beam

focus 1

injector laser

1st [aser pulse
witness release

delay stage
e y stag

| 2"d |aser pulse
escort release

parabola 2

- plasma volume
focus 2 / \

ﬁ\ /

escort
witnhess

-
-
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AWims [MeV]

PRA 1A

-/8

Energy chirp compensation in a single TH-PWFA stage

energy W [MeV]

E, [GV/m]

(b)

0.0 0.3

0.6 0.9 1.2 15 18 21 24 2.7 3.0
acceleration distance [cm]

G. G. Manahan, et.al., Nat. Commun. 8, 15705 (2017).
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PRA 1A

Energy chirp compensation in a single TH-PWFA stage

W, 0an = 502 MeV
AWnlIK/WHINHn = 1 2 o/o
£,=31nmrad

=1

0 1 2 100 200
¢ (pm) N

(MeV)

AVVnns

Bgy (<10 Am 2/0.1%BW)

12 15 1.8 2.1
acceleration distance (cm)

0.9

2.4

27

3.0

2
2
[ 0, ' S
W MeV)
" (b) 307 ()
20
< 10
:‘h £ 43 o 9 g 0.
-10
W, 000 =773 MeV _20. W, 0an = 1031 MeV '
AVVm.sNV« |||||| =0-3 % AVV,menmn = 06 0/0
¢, =33 nm rad -30 £,=33 nmrad
-2 -1 0 1 2 100 200 -2 -1 0 1 2 100 200
& (um) N ¢ (um) N

J Normalized emittance still at nm rad level
1 Residual energy spread AW = 2.56 MeV
1 Relative energy spread of AW /W = 0.3 %

£ Unprecedented ultrahigh 6D Brightness
B¢p ~ 5.5x10'7 A/m? rad?/0.1%BW

G. G. Manahan, et.al., Nat. Commun. 8, 15705 (2017).
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PRA AéA Energy chirp compensation in a single TH-PWFA stage

Horizon 2020

Relative energy spread scaling
” y : High-energy example

10 10 10

10
—— A, =100 pm
1R A, =300 pm
NS —— A,=500 um

—— Current (kA)
——- E.spread (x0.1%)
— &, (X10 nm)

= &,y (x10 nm)

AWIW (%)
RS

10 —— _
500 401 Q=5pC
O¢ rms = 0.3 UM
301 W, =1631.1 MeV
200 AW, W, =0.15%
2071 ¢,=33nm
B, = 1.2e+03KA/um"/0.1%bw
_ 300 |
8 r S
= = 0 T
~< "
200 % e
—101 |
100 -20-
_30_
1000 2000 3000 4000
W (MeV) ~40- | | | ‘ | |
-1.50 -0.75 0.00 0.75 1.50 100 200

¢ (Mm) N (a.u.)
G. G. Manahan, et.al., Nat. Commun. 8, 15705 (2017).
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PRA IA Hybrid LWFA | PWFA: Summary

*
Horizon 2020

Conceptual designs for hybrid LWFA - PWFA
for the production of multi-GeV, superior quality beams.

Hybrid LWFA/PWFA with Wii injection:
—nergy and brightness transformer: 2 x energy, 10000 x brightness.
Stable beam loading conditions for low energy spread: ~0.1% at 5 GeV energy.

Simple setup.
Hybrid LWFA/PWFA with TH and the Escort dechirping technique:

The beam loading process Is decoupled from witness beam production.
Keeps the ultra-low emittance of the witness beam.
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