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i
Challenges in Laser-wakefield acceleration for

reaching electron energies beyond 10 GeV

= Self-phase modulation = Staging is hard!
and laser pump depletion
Synchronization, Beam size
matching, charge loss,
- Laser in/outcoupling,
emittance growth in beam
transport, etc.

Drive laser transfers its
energy to the plasma.

= What about Plasma-wakefield
accelerators?

= Dephasing limit

Laser propagates below vacuum speed of light,
so accelerated electrons outrun wakefield Another accelerator required,

energy gain limited by transformer ratio,

o beam-instabilities.
= Laser pulse guiding

Guiding of high-power lasers over extended ~ . e
distances at low densities <1017 cm-3 Tl e/
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= Traveling-Wave Electron Acceleration

(TWEAC)
Top View

{

es@r 7 = Pulse-front tilted laser enforces
vacuum speed of light propagation
of laser overlap in plasma.

a=®P2 2> V=

slit ndzzle :
Obligque laser beam geometry

continuously feeds a ,fresh” portion
of the laser beams into an
unperturbed plasma.

field cycling length

L (accelerator) > L(depletion length)

Is fine, as long

\2
‘ y t L (field cycling length) < L(depletion length)
2
~ . e
Debus et al., Phys. Rev. X 9, 031044 (2019), DOI: 10.1103/PhysRevX.9.031044 ~ “&X5i_, &
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TWEAC geometry in a nutshell

Q/“"

1.) An extended gas jet slit nozzle defines

: : . . o~
a line focus axis for cylindrical optics. () HZDR
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TWEAC geometry In a nutshell

2.) Afirst, obliquely incident ultrashort laser pulse
with a carefully tuned pulse-front tilt creates a comoving focus. i
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TWEAC geometry In a nutshell

wg/"

3.) A second, symmetric laser pulse

) : o~
overlaps with the first laser. () HZOR
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TWEAC geometry In a nutshell

A

4.) The laser overlap drives a wakefield

moving with the vacuum speed of light. ooy :‘ - ——o
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TWEAC type lasers are experimentally feasible
using standard optics

Optical setups for TWEAC are similar to Pulse synthesis using two-grating setups
Traveling-Wave Thomson-Scattering provides tunability by varying pulse-front tilt.
n, = 800 /mm 1035nm laser & = 34°
n, = 1000 I/mm

optimal grating
configurations

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

-
______
-~ .~
""""
.....

= .
-
=

Opo = 20,

& plane of
optimum compression

—10F =000
ay, = 11°

second grating rotation angle € "]

0 : /) g, =210
Cylindrical Gpoc = -68 .: :' B = -48°
mirror -15L. : VNS, .
15 20 25 30
Traveling-Wave Thomson-Scattering aims for first grating incidence angle ;, [ ]

High photon yields per shot, low bandwidths, tunablitity and all-optical FELs
A. Debus et al., Appl. Phys. B 100 (2010) 1, 61
K. Steiniger et al., J. Phys. B 47 (2014) 23, 234011 [0‘ =02 D> Vyge= C]

K. Steiniger et al., Front. Phys. 6 (2019),
“Building an Optical Free-Electron Laser in the Traveling-Wave Thomson-Scattering Geometry*.
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ithub.com/ComputationalRadiationPhysics/picongpu
PIConGPD | |||° P YSIESIPIEONIP

picongpu.readthedocs.io

® Opg («ﬂ

n\IlDIA

XEON PHI 1

Non-rotationally symmetric 3D geometry | Lt/. 1

Long acceleration lengths beyond

LWFA depletion and dephasing lengths POWER9
P4

Requires robust laser insertion, extraction and arm
absorption techniques at simulation boundaries AMD 1

High requirements on performance, intel
resolution, memory and boundary conditions
)Spack
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. SCIE I
Simulate TWEAC A
woT = -
. EVim of . ) ) ) o
using PICon@iDi.M aan—s W
o EX 4 L _
= Field strengths of plasma m-< .
cavity and focusing fields Eof |1 H
are comparable to LWFA. o > . :
= V-shaped cavity profile K / ; e
in the plane of 0.5
laser propagation. l
0.30
= Existence of side cavities. 2 } 17 o015
= At constant density ) ) 3
self-injection is absent. o Q 015
a,=3.5 each arm ; a,= 7.0 in overlap . 090
®=60°; n,=6.4 - 108 cm3 ; 1=10fs (FWHM) '
-0.45
] N »
Debus et al., Phys. Rev. X 9, 031044 (2019) Yemum "
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i
TWEAC eliminates the dephasing and depletion limit.

+0.75 electron density [10°cm™] N punch max(t) 10% max( E’, ,eer(t:) ) contour 1.0 field strength E, [TV/m] +1.0
WFA ., .| [Tweac, 2
w8 i |

;r‘\\f"’i\‘
(i

\
|
I
|

i S !
|
|

If | 1
Ul Ji.;J' il .

M

i
A ; L A\ ~
| After injection at 15% L, L=0.83 mm L %
y 4 e-bunch laser pulse
T_, front edge front edge
y
L < -
10um After injection R G o P [
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TWEAC eliminates the dephasing and depletion limit.

T T
A3 I

LWFA

?

+0.75 electron density [10°cm™] N punch max(t) 10% max( E’, ,eer(t:) ) contour 1.0 field strength E, [TV/m] +1.0
r i EAC, %
] |

i
] i I

Ml " ‘
L
|

' ;
& 1 -

At 50% L, L=29mm | | ;

y 4 e-bunch laser pulse

T_, front edge front edge

y
10“m 1 DRESDEN (‘i e ey
After 50% dephasing length S P P [
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TWEAC eliminates the dephasing and depletion limit.

ne—bunch,max (to)

electron density [10"°cm?] 10% max( E’, ,eer(t:) ) contour 1.0 field strength E, [TV/m] +1.0

ST T =
TWEAC, %
£ I
x 1
W,
fi
i
t=aamm | | # o
y 4 e-bunch laser pulse )
T_, y front edge front edge
10um After 75% dephasing length PR ::‘ VA
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i
TWEAC eliminates the dephasing and depletion limit.

+0.75 electron density [10°cM™]  Ng punch max(t) 10% max( E’, ,,¢er(to) ) contour -1 field strength E, [TV/m] +10
I I I =
VEAC, *
p | N
[ - 1 q
' | i
il i i
na i 1 1 i
vy .i
§ | i 1
At 100% L, L=57mm |
z e-bunch laser pulse
T_) frontedge  front edge
y
. . —
10um After 100% dephasing length  emeseen V) S |
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TWEAC eliminates the dephasing and depletion limit.

+0.75 electron density [10°cm™] N punch max(t) 10% max( E’, ,eer(t:) ) contour 1.0 field strength E, [TV/m] +1.0
AWFA © | [Tweac
. N i
ey, i . [l
I |
i } “i il
N Y i
il 11 I =
0 I i 1 = 1 X
AL175% L, . | & L=10mm . Xl P ! = -
y 4 e-bunch laser pulse
T_, front edge front edge
y
: < .
10pum After 175% dephasing length  “z ()} HZDR
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TWEAC mean electron electron energy evolves
linearly with acceleration distance

0.0 0.5 1.0 1.5 2.0

T T T T o T

A : ] 177 pC

10 | —! =.% I WEAC bunch

: EREN
= S+ 3 =D charge
(05 B 1 l(g
= 08} :
9 =
e
) i 78 pC
(CCJ 06 F bunch
3 [ charge
[
5 I
B 04F
Q@ L '
(b 1 1
[ 1 1
[4V] L ] 1
(b
£ 02F P ]

r . " TWEAC gas profile with plateau at n,=3.2-1 0"cm’

I 1 1 1 1 1 1 : : | 1 1 1 1 1 1 ]

0 0.5 1.0 1.5 2.0

acceleration length [L,] -
DRESDEN L‘ e ey
12.5 mm total plasma length ~  Cu% N Feudr
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TWEAC maintains quasi-stationary
plasma conditions

acceleration length [L,]

0.0 0.5 1.0 1.5 2.0
— T T T T T I T ' 1 I T ' ' 1 T T T T . ]
g = 4 LWEA S: _“.' ] '”,"..\ o~ — s et
8_ S 3f § ! ‘ ey .at kA 4 i
O 2r TWEAC §': .-+ LWFA self-phase modulation and depletion
0 = L —r————— 'w- -I"I .
T 35 1 | o Tt T ' no TWEAC self-phase modulation
c.—. +H—,— -+ttt
QO O ——— .
2%5 F el 21 no TWEAC dephasing -
D_8_|:—1 - T 177'.’:" ,"'"‘-rn‘ -
et S | %' e ‘el LWFA dephasing -
gge-2f S L o o
E -D I [ ] [ [ [ I [ ] 1 [ ] [ l '] [ 1 1 I '] :' [ [ I [ ] “'-
0 0.5 1.0 15 2.0
acceleration length [L,]
- TWEAC accelerator length can be made longer
without dephasing or depletion.
Debus et al., Phys. Rev. X 9, 031044 (2019) R G o P [
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i
How does TWEAC scale in laser energy?

° orthogonally
907 = .
E.. polarized lasers

-

. 2, &

) N | ILBLLLLLLL UL L L LLL LR

— 50F : - o

S [ TWEAC @ 60° Lo

= | At injection

(o)) 1 — -

c a- : .;I“"'j‘, e L 2 . 1

g 10 :T\I-aé = TWEAC’w "‘ “ VVlaser X aOTOLlntw$Sln(¢)
2 - o same la =5 3 .

s 5.0 ::.;__.__\_N_Ep_‘ _______________ Low mmc!ence angles ¢
O L | /ﬁ-WEAC @ 50[ reduce required laser energy,
I provided that

> 2

2 10E2: TWEAC -

e E&: 3 Leye < Laep
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u .
st - where L.y. = Lirans/ sin(¢)
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3 i1 ann L 1 1aliih L 111 Interaction dlStance Lint-

0.5 1 5 10 50 .
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o lectron dejnsity [10‘gcr:19] (L\
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Debus et al., Phys. Rev. X 9, 031044 (2019) Tl e/
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Degrees of freedom for high-energy efficiency
operation of TWEAC

= Use small incidence angles
to increase time of laser within main interaction region.

= Pump depletion lengths can be shorter

than the LWFA dephasing length.
= Use laser pulse durations that are shorter than the plasma wavelength.

= TWEAC lasers do not rely on guiding.
- Laser spot sizes can be significantly smaller
than the plasma wavelength.

= Exploit quasi-stationary acceleration conditions in TWEAC.
-  Wakefields locally can sustain high charges.

= TWEAC focal geometry can enable large interaction volumes.

-  Especially useful if flat beams are a goal. v N DR
ccccc pt v‘
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. . ;
Low-angle TWEAC setups enable [ TWEAC 1

electron acceleration with high P =3.5°

laser to electron beam efficiencies | 46.8% gfficiency |
_in laser i@ el. beam enerfy

= High energy efficiencies can be reached
46.8% laser to electron beam energy efficiency,
3.78 J/GeV energy-gain efficiency
at 1.0 GeV/cm acceleration gradient

= High electron beam charge
1.8nC down-ramp injected charge,
330MeV with 18.9% energy spread (rms)

= Flat electron beam
2.2um x 4.8um x 13um (rms)

from transversally extended cavity. 1 J 1
W | ] ] ] ]
2.5 - 1018 cm3, a,=6.0, 800nm, w, =1.2um, 1251 0.1-E° E’. ... [arb. units] E°
330MeV with 18.9% (rms) energy spread _
| ] L] ==
0.1 S

- 19 -3
Debus et al., Phys. Rev. X 9, 031044 (2019) electron density [10 "cm™]
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i
How does TWEAC scale in laser energy?

i 1 1 1 1 LI B L L 1 1 1 LI L L LAAJFJ\I 1 LI |
1000
ELI type lasers
—_ could reach the
- .
.y enerqy frontier
3 100 &
[}
[
(b}
O
0
2 10
o)
[72]
(4y]
-
1
Low-power
high-rep.
lasers 1 5 10 50 100 500 1000

Electron energy [GeV]

Debus et al., Phys. Rev. X 9, 031044 (2019),
,Circumventing the dephasing and depletion limits of laser-wakefield acceleration®

LWFA scaling based on N s e
g VA

DRESDEN

C. B. Schroeder et al., Phys. Rev. Spec. Top. - Accel. Beams 13, 101301 (2010). concept 4
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i
How does TWEAC scale in laser energy?

Towards low plasma densities:
TWEAC does not require laser guiding.

For TWEAC, the length of a single stage is
independent of electron density, and thus
primarily determined by available laser facilities
and targeted accelerator applications.

Towards high plasma densities or high electron energies:
TWEAC does not require staging.

Paper published
Debus et al., Phys. Rev. X 9, 031044 (2019),
,Circumventing the dephasing and depletion limits of laser-wakefield acceleration®

LWFA scaling based on N s e
C. B. Schroeder et al., Phys. Rev. Spec. Top. - Accel. Beams 13, 101301 (2010). P encent -y g VA
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Conclusions

Traveling-wave electron acceleration (TWEAC)

Eliminates the LWFA dephasing and depletion limits.
= Quasi-stationary plasma conditions without (parasitic) self-injection.

» No laser self-phase modulation along direction of electron
acceleration.

= Can in principle be arbitrarily extended in a single stage
up to the energy frontier.

Thank you for your attention!

Debus et al., Phys. Rev. X 9, 031044 (2019), DOI: 10.1103/PhysRevX.9.031044 o

« DRESDEN

,Circumventing the Dephasing and Depletion Limits of Laser-Wakefield Acceleration® ... PNy NMar
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Pump laser depletion within
field cycling length is negligible

F s Numerical results from 3D PIC simulation (PIConGPU)
y o :
L) O -4 L_simulated pump depletion at focus
Z o :
a - =4
. ° energy loss [%)] of 2 o
a -8} total field energy 8 & -
e £ E, field energy Ay
&L/ a sy
£ o <
&5 0-12F  Ly-Shadwick pump depletion estimate 7
S 4 (v F |
,\v& & L Ia_ser focus —_ i : ]
o ké? P plasma P P TP TP PP TP
Q B aser focus 0 1 2 3 4 5
S in vacuum _ .
N propagation distance [mm)]
, 800nm, $=5°
T S 3.5, w,,=1.2um
G Simulated pump laser depletion

smaller than analytical estimate
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Pump laser depletion within
field cycling length is negligible

Zoom-in of interaction region

e — ' -2.0
1 0 L . Laser pulse close to focus in plasma
"3 ' Max. field strength a,=3.35
= o - 4
n C
S'o 0.6} : 2
O O . 15 8
-O q_: - . f {\HIII\ g
— O 5
®as 0.2f . S
S
o ——— e T S T e e e 1.0 g’._
. <
s 3.0F peak-a,invacuum =
B c - in plasma 3
- *g’a 20F 05 3
a i %
O]
e& 101
P --I .' .-. |'. PRI BRI SRR B - 0.0
-15 -10 -5 0 +5 +10 +15
0 1 2 3 4 5 y[pm]

propagation distance [mm]

Debus et al., Phys. Rev. X 9, 031044 (2019)
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Tabulated energy efficiency results of
LWFA and TWEAC 3D-PIC simulation scenarios

Accelerator
configuration

accelerator type LWFA TWEAC TWEAC TWEAC
incident angle ¢ - 60° 5.0° 3.5°
electron density 3.2-10¥8cm?3® 3.2-10¥8cm=3 3.2-108cm3 25-108cm3
peak-a, 7.0 7.0 7.0 6.0

laser spot size wy , 7.9 um 1.2 um 1.2 um 1.2 um
pol. state of laser(s) linearly parallel crossed crossed

< -
Debus et al., Phys. Rev. X 9, 031044 (2019) Tl e/
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Tabulated energy efficiency results of
LWFA and TWEAC 3D-PIC simulation scenarios

Accelerator performance

char. wakefield-driver-

3.28 J 35.60 J 3.58 J 2.36 J
energy per Ly,
cavity volume 7.90 - 103 um3 >12.8 - 103 um3 7.20 - 103 um® 30.9 - 103 um3
mear acceleration 1.44 GeV/icm 0.752 GeV/cm 0.799 GeV/cm 0.995 GeV/cm
gradient
injected charge 78 pC 177 pC 2520 pC 1770 pC
Energy-gain efficiency 4.65 JIGeV 96.6 J/GeV 9.15 J/GeV 3.78 JIGeV
Laser-electron beam- 4 54, 0.183 % 27.6 % 46.8 %
energy efficiency
=
Debus et al., Phys. Rev. X 9, 031044 (2019) R G o P [

Mitglied der Helmholtz-Gemeinschaft
European Advanced Accelerator Concepts 2019 | Elba, Italy | September 15" — 20t, 2019 | Dr. Alexander Debus



TWEAC synchronicity condition
IS Independent of plasma density

AQ B 9 = A() B 0
R SR 2 -

focal line

plasma YA
5 .(.f.‘ 4By B
vacuum At p = AygBy/c optical paths

Translationary symmetry of gas target maintains the vacuum speed of light

synchronicity condition for the laser pulse-front tilt: @ = (b/ 2
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Staging in TWEAC requires
minimal electron beam transport distances

Single TWEAC stage

driven by two laser beams

Two shorter TWEAC stages

driven by four smaller laser beams.

Due to the oblique laser beam geometry TWEAC stages can be placed

with only sub-mm to mm beam-transport distances in between.

(L‘ - Il ———]
il A
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.
TWEAC focusing fields
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