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Laser Electron Accelerator

T. Tajima and J. M. Dawson
Department of Physics, University of California, Los Angeles, California 90024
(Received 9 March 1979)

An intense electromagnetic pulse can create a weak of plasma oscillations through the
action of the nonlinear ponderomotive force. Electrons trapped in the wake can be ac-
celerated to high energy. Existing glass lasers of power density 10! /cm? shone on plas-
mas of densities 10'® em™? can yleld gigaelectronvolts of electron energy per centimeter
of acceleration distance. This acceleration mechanism is demonstrated through computer
simulation. Applications to accelerators and pulsers are examined.

VOLUME 54, NUMBER 7 PHYSICAL REVIEW LETTERS 18 FEBRUARY 1985

Acceleration of Electrons by the Interaction of a Bunched Electron Beam with a Plasma

Pisin Chen‘®
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305

and

J. M. Dawson, Robert W. Huff, and T. Katsouleas

Department of Physics, University of California, Los Angeles, California 90024
(Received 20 December 1984)

A new scheme for accelerating electrons, employing a bunched relativistic electron beam in a
cold plasma, is analyzed. We show that energy gradients can exceed 1 GeV/m and that the driven
electrons can be accelerated from yome? 10 3ygme? before the driving beam slows down enough to
degrade the plasma wave. If the driving electrons are removed before they cause the collapse of the
plasma wave, energies up to 4y§mc? are possible. A noncollinear injection scheme is suggested in
order that the driving electrons can be removed.
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Principle of plasma acceleration
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Principle of plasma acceleration

From Maxwell’s equations, the electric field
in a (positively) charged sphere with uniform
density n; at location ris

E(r)— 36

The field is increasing inside the sphere

Let’s put some numbers

n=10'¢ cm
P05 Il E= 10 —




PRA/\GA Plasma Wake-Acceleration
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PRA/\GA Plasma Wake-Acceleration
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PRA/\GA Plasma Wake-Acceleration
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PRA/\GA Plasma Wake-Acceleration

Horizon2020

Bubble (€, ~ 10 Gv/m)

Laser Pulse (.~ TV/m)

Fa e "ﬂﬁlft‘-" L 1'*00‘,1 o !-

. _o% *
-‘?-" ot e .'. ,.-.-...

transv

~25 um

~100 UM Plasma electrons
(~330 fs) (plasma cell, ~1 07 ecm?)

This accelerator fits into a human hairl



‘Plasma electrons

~ TV/m) . (plasma cell, ~1 0" cm?) Horizon2020
.‘.‘."-."Ji' AR <l e 'l".'.':‘:':.'::.'v.'; oy ;:-.
*% 2, :' ... - .' g

o 0 0 e
Lreuer

Electron beam
_Laser Pulse (200 TW, ~25fs,E,___
ot - !ﬂ.lb..‘:c':.‘.'\ J‘o:. .r.

L0
.f

PRA

~ 10 GV/m)

Plasma cavity
. Laser Pulse (€~ TV/m)

o PR DT
I..i:' < .:.’}‘ °

B3

~70 um + |
~100 um Plasma electrons
(330fs) (plasma cell, ~10" cm?)




Diffraction - Self injection - Dephasing T Depletion
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PWFA beam line at SPARC _LAB
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Plasma Temperature and Density =

Active galactic
nuclei

ICF plasmas

Solar corona

o Tokamaks Sun core

Arcs, sparks
Giant planet

A -
lonosphere C"' i——u cores
w 2 ~\ S :

Glow discharges

1ol '+ § Flames . . |

(‘;Pr-?dé N SN ek R0

: s Complex

Interstellar plasmas
gas




Principle of plasma acceleration

Driven by Radiation Pressure
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LWFA‘ |
driven by high-power lasers.
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Linear Wakefields

I:,RA/\GA (R. Ruth / P. Chen 1986) pE—
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«—— Head of e Bunch

Accelerating

slope of acceleration
- head gets lower
energy than tail >
energy spread

Phase from Wake Origin

Ralph ABmann | CAS | 27.11.2014




Non Linear RegimeEllipsoidal Bubble Model

J—Electron
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Transverse envelope dynamics of beam slices in a uniform .= WE =—Lfz
charged ellipsoidal model of the plasma bubble regime TIE,, £,

Abdul Mannan'?, Alessio Del Dotto', and Massimo Ferrario




Uniform: Cylindrical Beam: Model with:ionized gas background
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Lorentz Force

F. =e(E, - bcB;)=

g

= (1- gf.+b°g't,)

Generalized Envelope Equation
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Matching in a Plasma Accelerator with {=n /n, and f,=0

Let consider the charge screening effect of the plasma background with particle dgnsity n
by defining {=ny/n,, where gis the bunch particle density ang=D. We also do not include
any external focusing element so thgtH0. The envelope equation can be recast as:

. v, 2In, 21 £
o'+—0'+—L =
Y lyyno Il,yo yo

or by recalling the definition of the Alfven currentdnd of the beam current I=gpn$ it can be
written in a more familiar form as:




Transverse beam dynamics inside the plasma

Envelope evolution
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Courtesy P. Tomassini



With the typical beam parametersn a plasmaacceleratar 1 kA peak current,1 mm normalized
emittancejnjectionenergyg,—300andspotsizeabout5 nm, the laminarity paramete(43) resultsto be
r <1, i.e. the beamis emittancedominated We have also to neglectthe adiabaticdampingterm,
settinggd &i.e. no accelerationThis approximations quite strongbutit will allow usto find atleasta
propermatchingconditionthatholdsat the entranceof the plasmacolumn It follows thatthe envelope
equationcanbe approximatedy thereducedexpression

Matched spot size [um]

2x1017 4x1017 6x1017 8x1017

Plasma Density [cm-3]




Envelope evolution
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The near future
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PrAGA A New European Highech User Facllity

Funded by the
European Union

S the first Europeanproject that developsa dedicatedparticle acceleratorresearchin
ovel plasmaaccelerationconceptsdriven by innovative laserand linactechnologies

FEATURE EcPRAXIA

Building a facility with very high field plasma
accelerators, driven by lasers or beams
1 1 ¢ 100 GV/m accelerating field

Shrink down the facility size

EUROPE TARGETS
A USER FACILITY FOR
PLASMA ACCELERATION

. . Ralph Assmaljm. Massimo Ferrar_io ar!d Carsten Welsch dgscrihe Fhe status of
Producing particles and photons to support e o W s
2 several urgent and timely science cases E - :

LKC,

1ses of
chrotron light, Including soft and hard X-r
ircular or linear machines. Such light s

Drive short wavelength FEL

Pave the way for future Linear Collide

https:// www.eupraxiafacility.org


https://www.eupraxia-facility.org/

FEL is a well established technology
PRA A . e ;
(But a widespread use of FEL is partially limited by its size and costs) SR

First proposal to build an
XFEL at SLAC (USA)
= FLASH (Germany) — first FEL
- operating in the XUV and soft
X-ray region — begins user
operation
LCLS (USA)— first hard XFEL )00 3
begins user operation
0 SACLA (Japan) begins
FERMI@Elettra (Italy) 0 BRrOpaation
begins user operation
PAL-XFEL (South Korea)
begins user operation
" European XFEL (Germany)
begins user operation
Completion of the DCLS
VUV FEL (China) n1Q SwissFEL (Switzerland)
begins user operation
0 SXFEL (China)expected

LCLS-I (USA) expected to begin user operation

to hcgiu operation

Photon energy
O VUV 0
0O Soft X-ray
O Hard X-ray

SHINE (China) expected
to begin operation

New facilities are expected to begin is considering the scientific case
operation in the next 5 years in for an XFEL.
the USA and China, and the UK Iulia Georgescu

LinacCoherent Light Source (LCLS) Conceptual Design R§HCARA593 April 2002 UC-414



PRA ,GA Plasma accelerated beam driven FEL

It's a CHALLENGEe FEL is extremely sensitive to the beam quality.

L i it < & Low emittances
ow (geometric) emittancese; = Low energy spread
1 High current
Low relative energy spready d < §pfel X 1/3
1 2T 2 I eak
here = — | —— (A K |[JJ 2
W ,Ofel 47'(' 73 ( u [ ]) ZeIA
Exponential growth gain length saturation
]. Z/Lg L o >\’LL
P(2) = 5 Foe " 3pr Pp ~ 1.6 pfei Poeam
e

=> A poor beam quality causes an increasépand a reduction ofP.



Basic beam quality achieved in pilot leiperiments

PRA,«A 2021 Plasma FEL Feasib“ity Proven: Laser-driven _ PRA/\GA 2021 Plasma FEL Feasibility Proven: Electron-driven n_

” o Recentground- Single Spike SASE
nature e .. LT KLY

spectrum
breaking results in @“
Frascati: '3 .
First FEL lasing from Waveengit o
a beam-driven
plasma accelerator

Simulation

Pompili et al., Nature 605,
Recent ground-breaking result in China 659-662 (2022)

Energy (nJ)

500 MeV electron beam from a laser wakefield accelerator
M i St FEL lasing amplification of 100 reached at 27 nm wavelength (average
radiation energy 70 nJ, peak up to 150 nJ)

PRA ,.dp. Seeded UV free-electron laser driven by LWFA

Collaboration Soleil/HZ Dresden, published on
Nat. Photon. (2022). https://doi.org/10.1038/541566-022-01104-w
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PRA A Wide International Collaboration
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UPRAXIA Consortium tod®¢# institutes from 18 countriesplu
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PRA, 1A Distributed Research Infrastructure

{» Beam-driven plasma user facility
EuPRAXIA Headquarter

& Laser-driven plasma user facility:
candidates
@® National node/Cluster

Second site will be decided in Preparatory
Phase project.

Excellence centers (EC) perform technical
developments, prototyping and component
construction. Number of EC’s, locations,
roles, responsibilities reviewed in Prep.
Phase.

PRA 1A
=

Horizon Europe

Theory &
simulations

(P)

Advanced

‘ Applications

Beamlines (UK)

Plasma Acc. &
High Rep. Rate
Dev. (D)

Technology
Incubator (CZ - ELI)

mr Data Center (H)

Beam-driven plasma user facility
EuPRAXIA Headquarter

Beam Diagnostics
Center (CH)

A large collection of

the best European
know-hows

in accelerators, lasers an
plasma technologies

Network organization
- Sites (PWFA/LWFA)
- National nodes

- Technology clusters

4 candidates for LWFA:
- CLPU, Salamanca

- CNR-INO, Pisa

- ELI ERIC, Prague

- EPAC-RAL, UK



PrA A Headquarter and Site IEUPRAXIA@SPARC_LIGE

Frascati's future facili

b mMmon ae A
Beamdriven plasma
accelerator

Europe’s most compact
and most southern FEL
The world's most
compact RF accelerator
(X band with CERN)
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EUPRAXIA@SPARC
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Expected SASE FEL performance/s' ¢

E

, In the Energy region between gen and
Units Full RF case Plasma case CarbonK-edge2.34 nm ¢ 4.4 nm (580 eV -280

Electron Energy Je i | eV) water is almost transparent t@fradiation

Bunch Charge 2 b while nitrogen and carbonare abs@fbing(and

Peak Current 1 ; Scattering)

RMS Energy Spread

RMS Bunch Length

RMS matched B

RMS norm. Emittance

Slice length

Slice Energy Spread

Slice norm. Emittance

Undulator Period “
Undulator Strength £ _
Undulator Length “

Comin Lengih

Chapter 2. Free Electron Loser design principles

Pierce Paramaterp

Radiation Wavelength

Undulator matching i, ) J
Saturation Active Length IS -

Bel samples
Energy per pulse 838 - protein clusters VIRUSES and cells
Photons per pulse D 3 living in their native state

Possibility to study dynamics

Table 2.1: Beam parameters for the EuPRAXIA @ SPARC_LAB FEL driven by X-band linac or
~10**photons/pulse needed

Plasma acceleration



Single Protein Imaging with hard xrays




Single Protein Imaging with hard x-rays




Single Protein Imaging

http://Icls.slac.stanford.edu/AnimationViewLCLS.asp
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Courtesy J. Osterhoff



