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Observation of improved electron beam quality
from a laser plasma accelerator
by post acceleration heam shaping

Lodewyk Steyn LPGP, Orsay France

https://arxiv.org/abs/
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Achieving high quality beams is a general goal of laser wakefield acceleration

e Source for applications

* Eupraxia Arie Irman Talk
- * FEL ’ Wed PS5 17:20
Advanced LinEar collider study GROUp * Multistage acceleration Coxinel FEL

High quality beam in our context

PRA A

* High Charge Q > 100pC

* High mean energy E > 100 MeV

* Low energy spread A?E < 1%

* Low emittance (€, < 1mmmrad)
o Low Divergence 0,ms < 1mrad
o Small Spot size o, =10 um

* Repetition rate f>1Hz

* Repeatability Stability shot to shot
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Achieving high quality beams is a general goal of laser wakefield acceleration

e Source for applications
* Eupraxia
.  FEL
Advanced LinEar collider study GROUp * Multistage acceleration

High quality beam in our context

PRA A

* High Charge Q> 100p ——
* High mean energy E > 100 MeV
* Low energy spread A?E < 1%
* Low emittance (€, < 1mmmrad)
o Low Divergence 0,ms < 1mrad
o Small Spot size o, =10 um
* Repetition rate f>1Hz
* Repeatability Stability shot to shot
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lonisation combined with tailored density profile is useful to control electron
injection

* lonization injection allows high charge at low laser intensity
* a, = 1.4 ionize N>t > Nt + e~

* Possible at low gas densities
* n, =~ 108cm=3

* Low nonlinearities in laser-plasma interaction

» Straightforward tailoring of density profile in gas cells
 Making and manipulating plateaus and density ramps

— N4+ —>N5+ — N5+—>N6+ — N6+ —>N7+

1.0 ( ”

o0
]

»

in optical cycle
S e e
- N\ RN @)\
.

ADK tunnel probability

[N

®
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® Self-Injection
Colliding Pulse Injection

B onization Injection

X
4

Examples Laser wakefield results

Tailored-density Injection

[onization Injection assisted by tailored-density

L
*

Truncated Channel Injection

This Work

) H, over 30 cm, 5% N> over 12 cm

Biagioni Arxiv 2024
arXiv:2412.16910

Picskley PRL 2024
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https://arxiv.org/abs/2412.16910

Plasma lenses are used to decrease divergence after acceleration

Second jet

Laser pulse

Electron bunch

Thaury N. Com 2015

Phosphor screen

pulse

(@)

laser

P. Chen, Part. Accel. 1987
Lehe PoP 2015

Chang PR Applied 2023

« Adiabatic Matching » i.e. Emittance preservation
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Floettmann PR AB 2014
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Divergence (mrad)
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Plasma Density (1 0'° cm_a)
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Plasma Dechirper is used to decrease energy spread

E 14 .. —3 H
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. — Experimental setup and laser parameters
M) NN

HELMHOLTZ ZENTRUM
DRESDEN ROSSENDORF

e lanex

DRACO Laser

e A1y = 0.8um

e 25

* 24 um FWHM spot size
30 fs FWHM duration

* Modelled as a Flattened
Gaussian beam

© N=8' W ; .

o wog=14um Injection region

|
I
I
I
I
|
|
|
|
I
I
| * Injection on the Nitrogen downramp
I * Acceleration in the Hydrogen Plasma
: in second compartment.
| * No intermediate focusing equipment
| between source and Lanex.
I
I
I
|
|
|
|
I
I
I
I
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High spectral brightness heams observed at different
plasma densities

Angular charge density [pC/mrad]

O 7 14 21 28 35 _ B
% AE = 5 MeV, 41 pC > 8,0-8
CU 2.5 ] Ne = 1x 1018cm=3 (_H 2 :
s 0.7 mrad 2 E
E 0 | { Qrotar = 60 pC S £
° 2.5 . & %
O —4.0° :
8 v 0 £ 4.0
O 2.5 n, = 1.7 x 108cm™3 = 2
sq-l) 0 — 0.5 mrad { o p= =
> (" £ °
= —2.57 JL 5 S
- I E 1 | ' ' ' 1 o P 0.0
0 25 50 75 100 125 150 175 200 A, S
Energy [MeV] ”
q
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Spectra of 107 shots plotted with increasing peak energy values for n, = 108 ¢m-3

LABORATOIRE DE PHYSIQUE DES GAZ ET DES PLASMAS

~ 0.2m,c

#Lpgp

180

e

10

(b)

0

| | | 1 | | 1 | | |
10 20 30 40 50 60 70 &0 90 100
Sorted Shot Index

L. Steyn, LPGP, EAAC 2025

dQ/dE [pC/MeV]

All spectra obtained for the same
input parameters

Laser focus and down-ramp location
fluctuations lead to injected charge
variations
Qg = 100 pC, E = 100 MeV
Q.in, = 50pC ,E = 160 MeV

See Poster
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CFD : Creating a downramp and long plasma tail

Overall Density Profile

<o g — S S == ElectronDensity
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Electron trapping is controlled hy laser focusing Smile:)
in the nitrogen density downramp

- nys+ =0
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The electron heam is accelerated with a chirp

Longitudinal
30
20 - 3.0
25 Q@
~
— 20 <
E . :
= 15 &
- o S
- 0.5 ml§\
—20 1 H 0.0
_30 1 I I I
0 10 20 30 40 50
X - ct [pm]
~200 -150 -100 -50 0 50 100 150 200
Ex [GV/m]
e
E 1.5
Z 10 At x=3.8 mm
g
E
8
1]

#LPpgp

L. Steyn, LPGP, EAAC 2025

Smilei)

Transverse
30
20 - 3.0
2:0 Eg;
10 A Q
— 2.0 )
= S
=2 0 15 O
~ S
1o 1.0
- 0.5 g
s L 0.0
—-30 T T . .
0 10 20 30 40 50
X - ct [pm]
=100 =75 —a0 —-25 0 23 al) 75 100
Ey-cBz [GV/m]
7 * Longitudinal forces impose a space-energy chirp

* Transverse forces generate betatron oscillations
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Transition from laser to beam driven wakefield occurs in the downramp Smilei)

Longitudinal Transverse
30 30
20 - 06 ___ 06
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151 3
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3 = e Transition for laser to beam excitation of wakefield
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5 l * Longitudinal field has become decelerating
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Dechirper and plasma lens occur in the long plasma tail Smilei)

Longitudinal Transverse
30 30
20 - — 0.35 —_—
0.3 & 0.30 &
QO 025
) . )
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o = L015 S
3 > 3
01 — L 0.10 :
A L 0.05 .,
l
—20 0.0 = L 0.00 =
-30 T T T ; ~30 4 T T T T
0 10 20 30 40 50 0 10 20 30 40 50
X - ct [pm] X - ct [pm] S—
-20 -15 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
| , B Ey-cBz [GV/m]
-4 -2 0 2 4
Ex [GV/m]
=, ell ; * Wakefield is dominated by beam driven effects
g I . . . . . . . .
S At x=8.5 mm The longitudinal field is dechirping due to wakefield
e 7 from the front of the beam
E 0.5 1 e Rear of the beam experiences higher transverse
2 o0 forces
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Transverse momentum spread is reduced in down ramp and long plasma tail

lel8
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Dechirping results in higher spectral intensity : Qrywun T » AEpwym !

le18
% 151 -3 Comparison of simulation with experiment
5 A 200
£ 1.0 L 2
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=
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3 40
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* The FWHM represents the front of the beam
e x=1.5—-4mm Acceleration (up to 180 MeV)
o Full Width Half Maximum AE grows in this zone
e x>4 mm AE decreases - (a) (b)
. . . | I I |
* x>10 mm Qinside AE increases 0 3 6 9 5 10
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Emittance is conserved for FWHM electrons O

1el8

1.5 A — n, - 3.0
* Phase space shows that FWHM electrons are o —— Sxnn+ 2.5
at the front of the bunch. IS 1.0 - — 20 _
S e first Injection |, . S
. : : ] * Last injection
e x < 6 mm, full emittance is conserved which & 00 . L 1.0
means adiabatic matching. L 0.5
0.0 — ————— 1
3.0
* x > 6 mm, the full emittance is not - — el
conserved = 20, £ FWHM
N - g,
FWHM w £ 157 '
e X: 6->9mme is constant S €
FWHM : 5 10
e x: 9->14mme increases as -
QrwyMm increases. y
. . . - 150
* Thusin LPT the emittance is: |
* conserved in the front of the bunch. % 3 0 S
. . ~~
* slightly degraded in the rear of the bunch. = § 44 o5
FLy S
cffE 2 1 0 &
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Summary preprint

ExPenmental observation of hlgh quallty Observation of laser plasma accelerated electrons with

beam with: transverse momentum spread below the thermal level
Angular charge density [pC/mrad] .
* 180 MeV 0 7 14 21 28 3 S = https://arxiv.org/abs/2506.18047
e 40 pC [FWHM] E‘, 25 § 8-Og
: = o.o> 3 S Related Posters
* Divergence 0.5 mrad = RN
. d Q 0 = 4.0% Independent Control of Electron Injection and
Low Transverse Momentum Sprea g 2 3 2 a Acceleration in a Laser Plasma Accelerator —
- : 0'°> ol I A. Panchal et al
 AE=6 MeV s A : ‘EE O.Og anchal et a
o Enéﬂgy [1\142(35\;] A Enhancing Electron Beam Quality Through
. . . Customized Density Gradients in Laser Wakefield
Density profile that allows: A coeleration
e Shape beam - L Steyn et al
Longitudinally
Transversely Plasma Lens effect Plasma Dechirper
Simulation reproduces closely
experimental observation T R
Pe rs pECt ive s : _ _30010 2?5 5?0 7.'5 10'.0 12|.5 15:A0 17'.5 20.0
. . . ore %0 2.5 5.0 75 100 125 150  17.5  20.0 X - ct [pm]
e Redesign for |mproved.qu;illlty and stability -_— —
e Use of source for applications Ey-cBz [GV/m] Ex (GV/m]
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