“ | - ' .
High charge, >10 Ge‘v laser plasma electron acceleration
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Design considerations for laser-accelerators and -XFELs ~
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Community Milestone: 10 GeV from a
single stage

2016 | 2ms | 2020 | 2022 | 204 |

'0 GeV e-beams from a single stag
Goals Staging 2.0: demonstration of 5GeV+5GeV

10 GeV Present Positron beams

100 pC 5 GeV Goal: novel concept for a

4.3 GeV
PR, U-S. DEPARTMENT OF Office of =

0.1 GeV boost
JENERGY  science Unmatched Matched guiding z:g;g:;n:uﬂmw

Gising FewpC, 4%  100pC,>90%  pgir production from LPA
Fluctuates Stable, captured captured generated e-beam

Advanced Accelerator rorosucte, S ESII  Pogivon beam ceptured in PWFA

stage
Emittance Emittance : i
Development Strategy Second beamiive on BELL. - JRLCHR =R T Lo Ll

Laser tech R&D k-BELLA = kW class, kHz, 100 TW laser

Re pOrt Continuing Invention & Discovery Phase

5 Hz, 0.5-1 GeV beam kHz, 0.5-1 GeV beam
Modeling and simulations with hi-fidelity, high speed codes

10 GeV module o £ < 0.3 micron &< 0.1 micron Limited control feedback Full feedback stabilization
AE/E ~ 1-5% AE/E < 1% Low average power (<4 W) High average power (>1 kW)
5 GeV+5 GeV staaing Q~10 pC Q~10pC Pointing < 0.5 mrad Pointing < 0.05 mrad

y-ray source (>107 ph/s y-ray source (>10'0 ph/s)
LWFA powered FEL (XUV) LWFA powered FEL (1-10 nm)

Plasma target and energy recovery technology
Present Goals Goals

‘ Phase space shaping, efficiency, ’
diagnostics, tolerances

LS 00

Final focus, cooling, ...

Prototype Phase
Longitudinally uniform Tapered Heat mitigation and >10¢ shots
GeV linac — kHz rep rate J@50-100 GeV linac(s) — O(1-10kHz) Parabolic T Motiie stz
i : : = Photon acceleration to reach high
First applications (radiation sources) 10 cm >30 cm efficiency

1 kHz rep rate 10 kHz rep rate Spent laser energy recovery

S
o
Q£
8
O
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Collider conceptual
design report (CDR)

ign of concepts for colliders

Diagnostics

Collider tech.

3 kW class design report Non-invasive phase space diagnostics for 0.01-0.1-mm-mrad
(TDR)

Femtosecond resolution for slice properties
30 kW class

3-D plasma profile vs time
300 kW class
Prser

1D MHD 3 DMHD

Goals

Lasers

Image credits: lower left LBNL/R. Kaltschmidt, upper right SLAC/UCLA/W. An

2 weeks for 1 high res 3D BELLA simulation run <1 Hr for 1 high res 3D BELLA simulation run

Relativistic
Quantum
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GRAND CHALLENGE:
10GeV tfrom single laser-stage

enables room-sized XFEL and affordable eV collider
(necessary but not sufficient!)



Current record LWFA energy: LBNL - Bella- RF accelerator bunch injection into LWFA accelerator -
laser: 7.8 GeV (2019 singhua Univ., Y. Wu et al. (2020
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Relativistic

o o The 4 +1 PW laser system at the Center for Relativistic
Laser Science in South Korea
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Relativistic
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There are amendments to this paper

Electron energy increase in a laser
wakefield accelerator using up-
ramp plasma density profiles

Constantin Aniculaesei?, Vishwa Bandhu Pathak®?, Hyung Taek Kim'2, Kyung Hwan Oh?,
Byung JuYoo?, Enrico Brunetti*, Yong Ha Jang?, Calin loan Hojbota(®*3, Jung Hun Shin?,
Jong Ho Jeon?, Seongha Cho?, Myung Hoon Cho?, Jae Hee Sung™?, Seong Ku Lee(*?,

Bjérn Manuel Hegelich?? & Chang Hee Nam?'3

d The hybrid gas target can
generate supersonic gas jets
doped with any kind of

nanoparticles

The density and size of
nanoparticle controlled by the
laser energy, pulse width and

fluence

Electron peak energy and
energy spread greatly
improved

1 Electron beam divergence
decreased

electron injection into a wakefield at a 50 TVV laser

Ablation laser

_ \

\ Nanoparticles
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The Texas Petawatt Laser at Ul Austin

7 Main amp (MA)

| aser Parameters:

* 150 J
* 150 fs ‘
* 1 shot/hr

Pulsed power cave

* 2 Target Areas:
* F/40: 2x10'8 W/cm?
* F/3:10°" W/cm?
* F/1:>3x10%% W/cm?

e
SRS
Compressor
L 1

‘ \ ~ 7‘ : ~

/ . & e ]

FR isolator

: v
oscillator
oscillator | -

SP OPA pump

/40 focusing #
target system g

Target chamber
TC1: /3 or f1 |

o Target chamber
TC2: /40

[
(o

s ﬁ
Demonstrated Performance

* 3 GeV electrons
* 100 MeV protons
* 600 MeV carbon
* 4.4 GeV Au

* >1019 neutron/shot

* >50 MeV y-ray beam

B. M. Hegelich




Canonical TPW LWFA result: 2012 record
Xiaoming Wang, M. Downer, et al.
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ARTICLE
Received 2 Dec 2012 | Accepted 8 May 2013 | Published 11 Jun 2013 DOI: 10.1038/ncomms2988 OPEN

Quasi-monoenergetic laser-plasma acceleration
of electrons to 2 GeV

Xiaoming Wang', Rafal Zgadzaj', Neil Fazel!, Zhengyan Li', S. A. Yi!, Xi Zhang'!, Watson Henderson', Y.-Y. Chang’,
R. Korzekwa', H.-E. Tsai!, C.-H. Pai!, H. Quevedo', G. Dyer!, E. Gaul!, M. Martinez', A. C. Bernstein', T. Borger!,

M. Spinks1, M. Donovan', V. Khudik!, G. Shvets' T. Ditmire! & M. C. Downer'
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Experimental Setup

-f»Ablation laser

‘ Light Shieid = Nanoparticles

!

TP

Gas inlet :
\ > | | plate

B. M. Hegelich gé’
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B VWithout nanoparticles
® With nanoparticles
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Article

Free-electronlasing at27 nanometres based
on alaser wakefield accelerator

https://doi.org/10.1038/s41586-021-03678-x Wentao Wang'**, Ke Feng"?, Lintong Ke'?, Changhai Yu', Yi Xu', Rong Qi', Yu Chen’,
Zhiyong Qin', Zhijun Zhang', Ming Fang', Jiaqi Liu', Kangnan Jiang'?, Hao Wang',

Cheng Wang', Xiaojun Yang', Fenxiang Wu', Yuxin Leng’, Jiansheng Liu'™, Ruxin Li"** &
Accepted: 28 May 2021 Zhizhan Xu'

Published online: 21 July 2021
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Texas Petawatt Beams: FEL Potential?

The Texas Petawatt Laser system can be used to generate beams with interesting possibilities,
as the energies and charge delivered are significant.

The rough beam parameters for the shot shown in the white circle are given below. While

certainly impressive, they are not quite suitable to drive a free-electron laser as the energy
spread is too large. Additional beam manipulation must be done.

2.5

800
40
03

18 10 6 4 3 2
Energy (GeV)
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Beam Slicing to Improve the Beam Properties

If we add a dispersive section that has
controllable R, and can be made
isochronous and dispersion free as

necessary, and if the LWFA generated

electron beam has small slice

emittance, then one could slice out a

b) . .
small potion of the beam with
Coulomb reasonable energy spread. This potion
scattered
. o of the bunch would have parameters
g — R—— suitable for single pass FEL operation.
Coulomb

scattered

x oc AE/E oc ¢

Femtosecond and sub-femtosecond x-ray pulses from a SASE-based free-electron laser

P. Emma, et al.
SLAC-PUB-10002

21 Confidential and Proprietary Information of TAU SYSTEMS, Inc.



FEL Operation at the the Water Window

E [keV]

L - Slicing the beam in afore mentioned manner and using a
parameterization for FEL performance” gives the following
beam and FEL properties. Saturation in the water window

—
o

Attenuation length [um]

IS achieve with a 16.4-m long undulator

Quantity Value
Energy [GeV] 2.3
rms Energy Spread [%] 0.5

Source Condenser Sample  Objective
with central stop

Charge [p(C] 200
rms Bunch Length [fs] 10
Ceometric Emittance [nm-rad] 0.3
Undulator Period [cm] 2.78
Undulator K value 2.6
Resonant Wavelength [nm] 3.0
. : Resonant Photon Energy [eV] 413
Laboratory water-window x-ray microscopy Average Beta in Undulator [m] =
Mikael Kordel, Aurélie Dehlinger, Christian Seim, Ulrich Vogt, Emelie Fogelgvist, Jonas A. Sellberg, Holger Stiel, and Hans M. FEL RhO Parameter 0.005
Hertz 5
Optica Vvol.7, Issue 6, pp.658-674 (2020) - https://doi.org/10.1364/0PTICA.393014 1d FEL Gain Length [m] 0.245
Eta: 3d beam quality reduction term 2.44
. 3d FEL Gain L h 0.84
Conclude: We may already have beam properties 2 FEEnsgzitr;?i]on S 62
within regions of the TPW laser laser wakefield S ’
. . 5d Saturated Peak Power [CW] X4
accelerated beams that could potentially drive a N OPTTATION FOR AN X RAY
single pass FEL in the water window to saturation FREE ELECTRON LASER DRIVEN BY SLAC LINAC"

Ming Xie, Lawrence Berkeley Laboratory, Berkeley, CA 94720, USA

22 Confidential and Proprietary Information of TAU SYSTEMS, Inc.




Summary

» Wakefield Accelerators hold a huge potential to make accelerators and light sources ubiquitous and
accessible

* |mpressive recent progress
» demonstration of PWFA with both electron and proton bunches (Facet, AWAKE)
 staging of LWFA - PWFA (HZDR and others)
* Injection of RF accel. bunch into LWFA (Tsinghua)
« >24h stable LWFA operation with ML (Des)
« LWFA-driven FEL @ 27nm (SIOM)
« >10 GeV, ~500s pC by nanoparticle assisted LPWFA (UT Austin)

* How to optimize emittance, energy spread, reproducibility simultaneously?

* What is the most promising laser-driver?

B. M. Hegelich
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